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Abstract: - The Sepic is a very well-known DC/DC converter topology. A tristate converter extends the circuit
by an additional electronic switch and a diode. Three modes follow each other within one switching period.
During the first mode M1, both transistors are on and both diodes are off. In the second mode M2 only the
second switch is on and the first diode is conducting, and in mode M3 only the second diode is conducting. The
voltage transformation ratio is a function of the duty cycles of the two electronic switches. In a typical tristate
converter, the current flows through the second switch during the first two modes. In the converter treated here,
the current is flowing through the second switch only during the second mode, so the losses are reduced
compared to the normal tristate converter. The function of the converter is described in the steady state by the
voltages across and the currents through the components. The large and the small signal models are derived.
When the duty cycle of the second switch is held constant and the duty cycle of the first switch is used as a
variable, the voltage transformation ratio is linearized, and additionally, the converter operates as a phase
minimum system. The calculation of the transfer functions is explained and further possible modifications are
shown. The start-up and the reaction of a short-circuit are investigated. The considerations are proved by
simulations with the help of LT Spice.
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1 Introduction : e 5
The SEPIC (an abbreviation for single-ended —
primary inductor converter) is a very well-known
converter topology treated in all the textbooks on
Power Electronics, e.g., [1], [2], [3]- Looking at the
IEEE Explore databank one finds 1650 items vt A v2
(2024/08/26), but directly no item about a tristate v

SEPIC. The tristate concept is shown in [4] with a k
comprehensive list of literature concerning this Fig. 1: Original SEPIC
topic. Therefore, only the paper [5] with the basic

idea for the Boost converter is mentioned here. The . L1
electronic switch of the Boost converter is replaced
by a series connection of two electronic switches -
and a diode, where the cathode is connected to the b1 .
connection point of the two electronic switches. H %Lz
Figure 1 shows the basic SEPIC converter and J:*S‘

Figure 2 shows the application of the tristate v vt 7 vz
concept. In the continuous operation, the converter ] .
has three modes. In the first mode M1 both Fig. 2: Tristate SEPIC

electronic switches S1, and S2 are on and both
diodes D1 and D2 are off. In the second mode, M2
the first switch S1 is off and the diode D1 is on, S2
is still on, and in the third mode M3 also the second
switch S2 is turned off and only the second diode
D2 is conducting.
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In this basic tristate concept, the second switch
S2 is on during the first and the second mode, and
the sum of both currents through the coils L1, L2 is
flowing through it and produces losses. Another
disadvantage of the circuit according to Figure 2 is
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that during M2 the current through L2 is flowing
back into the source. So a part of the energy that
was taken out of the source during mode M1 and
M3 is fed back during M2. This can be interpreted
analogously to a reactive power in a sinusoidal net
which produces additional losses. Figure 3 shows
the input current, the current through L2, the input
voltage, the output voltage, the control signal of S2,
and the control signal of S1. It can be seen that
during M2 current flows back to the source.

1 A(Vin) : 1(L2)

V(sigma2)+5

1]

Fig. 3: Tristate SEPIC (L1=25 puH, L2=100 uH), up
to down: input current (dark violet), current through
L2 (violet); input voltage (blue), output voltage
(green), control signal of S2 (dark green), control
signal of S1 (turquoise)

In the here presented tristate converter
(Figure 4) S2 is also turned on during M1 and M2,
but only during M2 the currents through the
inductors are flowing through it. Furthermore, the
input current is continuous and no energy is
oscillating at the input.
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Fig. 4: Reduced loss tristate SEPIC

2 The Converter in the Steady-State
To better understand the converter one should study
the voltages across and the current through the
components. This can be done with a scattered
paper and a pencil. Here we show the considerations
and the results by a simulation.
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Starting with the control signals and a duty
cycle d1 of the first switch of 0.5 and a duty cycle
d2 of the second switch of 0.75 one gets Figure 5.

V(sigma1 V(sigma2)+5
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2 NBE 223

Ops 2us 4us 6us 8us 14ps 20ps
Fig. 5: Control signals of the first switch (green) and
of the second switch (black, shifted)

10ps 12us 16ps  18us

The voltage across the first coil L1 has to be
considered. During the on-time of the first switch
S1, the input voltage Ul is across the inductor, in
mode M2, when only the second switch S2 is
conducting, the voltage is zero, and in the last mode
M3 the voltage across the coil is the input voltage
Ul minus the output voltage U2 minus the voltage
across C1 UCI. Therefore, the voltage-time balance
is given by:

Uldl :|GJ1_U2 _U01)|(1_d2)- (1

Inspecting the loop Ul, L1, C1, and L2 one can
immediately see that in the steady-state the voltage
across C1 must be equal to the input voltage:

Uc =U,. (2)
The voltage transformation ratio of the converter is
therefore:
U, d
U, 1-d,’

d, >d, 3)

The signal sequence of the voltage across L1 is
shown in Figure 6.

S0V : V(in,C1+)

1T e
20v=

v
=20Vt~
40V~
50V - ; ; i
sov .
T 1117 S H H -U1-U2-uC1
120V- T T T
Ous 2us 4us 6us

Fig. 6: Voltage across the first coil L1

T T T T T T
8us  10us 12us  14us  16us  18us  20ps

Looking at the second coil L2 one sees that
during M1 the voltage across C1 (which is equal to
the input voltage) is across L2, during M2 the coil is
short-circuited, and during M3 the negative output
voltage is across L2. The voltage across L2 must
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have the same shape as the voltage across L1
(Figure 7).

Now we consider the voltages across the
semiconductors. For the first electronic switch one
gets for the first mode M1 zero (the switch is turned
on), during M2 the voltage across C1, and for M3
the sum of the voltages across both capacitors

(Figure 8).

V(C1-)

OV : : : : :

v
20V : :
-20Vf

40V
-60V--
-8V : : :
ETITIIVE SRS S S m—
A2y
Ops 2us dpus Bus

Fig. 7: Voltage across the second coil L2

T T T T T T
8us 10ps 12ps  14ps  16ps  1Bps 20ps

Vic1+)
=] UC1+U2

160V -
140Vt
PPYIVE IS SR SN S | N
100V
80V -
sov-{ -
40v--
20v4 i H H
1} H - S S S
-Zﬂ" I l T ' ;
Ops 2us 4ps Bus

Fig. 8: Voltage across the first electronic switch S1

T T T T T T
8us 10us  12us  14ps  16ps  18us  20ps

During the first two modes, the switch S2 is on
and has to block the output voltage during M3. The
signal is shown in Figure 9.

V(drain_s2)
- —

120V=
100V
8oV -
60V
40v=
20V=----

uz2

-20V- T T T | T | l l |
Ops 2us LITE 6us 8us 10ps  12ps  14pus  16ps  1Bps  20ps

Fig. 9: Voltage across the second electronic switch
S2

During mode M1 the first diode D1 has to block
the voltage across C1. During M2 the voltage must
be zero (a little bit positive due to the forward
voltage of the diode) and during M3 the diode is not
conducting but the voltage is still zero. The
transistor S2 blocks the output voltage and the diode
D1 is still forward biased (Figure 10).
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V(C1-,Drain_S2)

60v-] -
40v--
20v] - : :
ov4-- OSSN NS -
20V - i

40V

T T T T
Ops 2us dps Bps 8us

Fig. 10: Voltage across the first diode D1

T T T T T
10ps 12ps  14ps  16ps  18us  20ps

During M1 the output diode D2 has to block the
negative sum of the two voltages across the two
capacitors. During M2 only the negative output
voltage is across D2, and during M3 it is conducting
and the voltage is zero (Figure 11).

20V
oV
-20v-
-40v--
60Vl
-80v4-
-100v]-
-120v-
40V - S— —

-160V- T T T
Ops 2us dps Bus

Fig. 11: Voltage across the second diode D2

V(C1-.uul£|us)

quetsuz) §T

L l L) T l
8ps 10ps  12ps  14ps  16ps  18ps  20ps

The current through both coils increases during
mode M1, stays constant during M2 and decreases
by the same value during M3. The signal form is
shown in Figure 12 for L1.

The change of the current through L1 (and L2
when both inductors have the same value because
C1 is also charged to U1 in the steady state) is given
by:

U, dT U,

T 4)

AIL:

244

I(L1)

20A=1

164

124~

Bhed

45

oA T T T
Ops 2us dps Bus

Fig. 12: Current through the first coil

T T T T T T
8us 10ps  12ps  14ps  16ps  18ps  20ps

The current through L2 must have the same
form (because the voltages are equal across both
coils) (Figure 13) as the current through L1. The
starting point, however, differs.
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AN I(L2)

T N N

8/ N~ N

Ops 2ps 4ps 6ps 8us 10ps

Fig. 13: Current through the second coil

12us  14ps  16pus  18us  20ps

During M1 the current through the first
electronic switch is equal to the sum of both
inductor currents (Figure 14). The spikes at the
beginning of the modes M1 and M3 are caused by
the turn-off of the diodes D2 at the beginning of M1
and D1 at the end of M2.

During M2 the current through S2 is equal to
the current through D1 and both currents through
the inductors are flowing through D1 and S2
(Figure 15). The spike is caused by the turn-off of
D2 and the charging of the parasitic capacitors. The
current is constant because both coils are short-
circuited and the current through them stays
constant.

i 1d(S1)

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

Fig. 14: Current through the first electronic switch

18us

D AA 1d(S2)

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

Fig. 15: Current through the second electronic
switch S2 and the first diode D1

18us

Figure 16 shows the current through D2. During
mode M3 the current through the coils is flowing
through this diode. The mean value of the current
must be equal to the load current, because all charge
transported through the diode D2 is used by the
load, and no charge is necessary for the output
capacitor in the mean.
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1(D2) I(R1)

X
S

a o
bowooNn 2
4 3 >

N
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=

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

Fig. 16: Current through the second diode D2
(black) and the load (brown)

1(C2)

\ N\
N N\
N

o a N

Vbbb bowooNa®
> >

Ous 2ps 4ps 6us 8us 10us  12us  14ps 20ps

Fig. 17: Current through the output capacitor
C2

16us  18us

The current through the output capacitor is zero
in the mean. The time-axis is equal to the load
current shown in Figure 17. During the modes M1
and M2 the load is supplied by the capacitor C2.

The current through the first capacitor CI1 is
shown in Figure 18. The current through L2 is
flowing through the intermediate capacitor ClI
during M1 in the negative direction. During M2 and
M3 the current through L1 charges the capacitor C1.
The mean value is zero in the steady state. The
spikes are caused by the turn-off of the diodes.

1(c1)

8 ™\ \
N N
A
4
T [
o T~ T~

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

Fig. 18: Current through the intermediate capacitor
Cl

The voltage transformation ratio (3) has an
interesting feature. When the duty cycle d2 of the
second switch is constant, the voltage
transformation ratio is a linear function of the duty
cycle dl of the first switch. This is shown in
Figure 19.

Volume 24, 2025



WSEAS TRANSACTIONS on CIRCUITS and SYSTEMS
DOI: 10.37394/23201.2025.24.2

D2-0.8

—n2-0
—D2-0,1
2,50 —D2=0,2

D2107 —D2-03

2,00 —D2=04
D2=0,5

D2-0,6

02-0,7
D2=0,8

Fig. 19: Voltage transforrnatlon ratlo with dl as
variable and d2 as parameter

4,00 BUCK_BOOST
ﬁM

3,50 D1-0.7

3,00 D1=06

2,50 D1-0.5

2,00 D1=0.4

1,50 / D1-0.3

-~ D1=0.2

Fig. 20 Voltage transformatlon ratio with d2 as
variable and d1 as parameter

Holding the duty cycle dl of the first switch
constant and using the duty cycle d2 of the second
switch as a variable leads to a hyperbolic voltage
transfer function as shown in Figure 20. Keep in
mind that these curves are only valid for the
continuous mode and in steady-state. So for low
values very small load resistor would lead to these
results.

3 Model of the Converter

In the model, the parasitic resistors of the coils and
the capacitors are included. The on-resistors of the
active switches describe the turned-on transistors.
The conducting diodes are modeled by the
differential resistor RD and a fixed voltage VD,
representing the knee-voltage.

3.1 Mode M1: Both Switches S1, S2

Both switches are turned on but the diode DI is
reversed-biased so no current is flowing through the
second switch. The equivalent circuit diagram is
shown in Figure 21
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1 uu RL1 CH:I. RC1 D2 r
+
RL2 D1 RC2
RS1 R
L2 =2
gnsz
U1 u2
J

Fig. 21: Equivalent circuit diagram for mode M1

The state equations are

ﬁ: u - RSI(iL] +iL2)_ Ry (5)
dt L ’
di,, :_RSl(iL] +ii5)+Ug; —Rejis — Rt (6)
dt L, ’
duc, _ -,
dt c, ™
duCZ — —Ucs /(R+ RCZ) . (8)
dt L,

3.2 Mode M2: S1 has been Turned Off and
therefore D1 has Turned On

Only during M2 current is flowing through S2 and

through the diode DI1. The equivalent circuit

diagram is shown in Figure 22.

1 RL1 €1 Rel D2 -
° +Il
RD1
RL2 RC2
s1 VD1 R

L2 -+ Cc2

u1 RS2 u2

]

Fig. 22: Equivalent circuit diagram for mode M2

The state equations are:

%: u _(Rsz + RDI)(iLI +iL2)_VDI _(RCI + RLZ)iLI —Ug
dt L
)
di, _ —(Rsz +Rp Niuy +it2)—Vor —Risis (10)
dt L,
duc, _ iy
=Ll 11
dat G, (1
duc, _ —Ucy /(R+Rey) (12)
dt L, ’
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3.3 Mode M3: Mode M3: The Second
Switch S2 has been Turned Off and
therefore the Second Diode D2 has
Turned On

Now only the second diode D2 is conducting and

feeding energy into the output. The equivalent

circuit is shown in Figure 23.

VD2  pp2 _

Lt RA— Ay € )W
1l . 4 |
o 1f t

RC2

U1

V | V
] ' b
Fig. 23: Equivalent circuit diagram for mode M3

u2

For the first state wvariable, one gets from
Kirchhoff’s voltage law (KVL)
Uy —Ucy —Realcs = Rpo (iy +is ) -
diy; _ —Vpy —Reiiyy —Uei — Ry (13)
dt L

The current through the capacitor C2 is neither a
state variable nor an input variable. Therefore, it
must be replaced. With Kirchhoff’s current law
(KCL) at the output and Ohm’s law:

Realcs +Uc
—L2¢2  TC2 14
2 (14)

one gets for the current through the output capacitor:
_ Rli +is)-Ue,

Il =ley +

ic, = 15
o= (1)
Inserting into (13) leads to: (16)
- iLl(RCI +Rpy + R, +RY// Rcz)_
. R
i5(Rpy + R//Rgy )—Ugy —Uey| ——— |+Uu; =V
& ~ L2( D2 CZ) Cl CZ( R+ Rczj 1 D2

dt L,

For the second state variable, one obtains
_iLl(RDZ +R// RCZ)_iLZ(RDZ +R, +R// Rcz)

R
gy = |-V
diL2 ~ CZ(R"‘RCQJ D2
dt

L,
(17

The changes in the voltages across the capacitors
are:

dug, iy

= 18
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duc,
dt

- R +ii5)—Ues ‘ (19)
Cy(R+Rey)

Weighting the set for M1 by dl, weighting the set
for M2 by (d2-dl), and weighting the set for M3 by
(1-d2) and combining them into the matrix form:

%X=AX+ Bu+V, (20)

and using the same parasitic parameters for the two
electronic switches and the two diodes leads to the
state matrix A, the input matrix B, and the constant
vector V (given in the appendix).

3.4 Idealized Model

To get the idealized model, all parasitic resistors are
set to zero and so is the forward voltage of the
diodes leading to

0 0 dlL—l (dzL—l)_
: 1 1 . 1
i NI —
L 0 0 d (d, 1) L L
g | e
dt| uc I-d _d 0 Uc
Cc Cc
u 1 1 u
7 -d, 1-d, o /Lo
'c, G CiR |
21

3.4.1 Operation Point Connections

The operation point values are written in capital
letters with an index of 0. From the equations of the
derivations of the currents one gets:

D,-1 D,,—1|U -1
|: 10 20 :|( Clojz( JUIO (22)
Dy Dy—1]\Ucy 0
leading to
Ucio
—=0 (23)
Uio
and
UCZOZ DIO . (24)
Uy 1-Dy

The stationary voltage across the first capacitor
must be equal to the input voltage. This can also be
recognized by inspecting the loop Ul, L1, CI1, L2.
In the steady state the voltages across the inductors
must be zero in the mean. Therefore, the voltage
across C1 must be equal to the input voltage.

From the third and the fourth lines of the matrix
equation one gets the operating point currents:

1700 “Du]lun) (0]
- LOAD
1- D20 1- DZO IL20 1

and for the currents in the steady state one gets:

(25)
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Mo _ Do
lloap 1-Dy
2o 12Dy
lloap 1-Dy

3.4.2 Linearization

(26)

@7

Linearization around the operating point leads to:

0 0 Dy -1 (Dzo -1)]
A L Ly A
;L' 0 0 Dy (Dy -1) ;Ll
i I | _ L, L, L2 4
dt| » 1-Dy, Do 0
uc —_— — 0 0 uc
A C, C, A
Uea) |1-Dy 1-Dy , 1 [Ue2
. G, C, C,R |
1 Ucio Uy |
L L L N
0 Ucio Ucao us
A
L L di| (8
e+l A
0 —_ 0 d
C 2
0 0 LRI
L C2 i

The disturbances around the operating point are
written in small letters with a roof on top.

3.4.3 Laplace Transformation
Laplace transformation of (28) leads to:

S o 1=Dy 1-Dy
L L
0 s Dy 1-Dy I1(8)
I—2 Lz ILZ(S) _
D—-1 Dy s 0 Uci(s)
DCl 1 DCl 1  Ve®
20 ~ 20 ~ 0 s+
L G C, CyR | 29)
1 Ucio Ucao
L L L
0 UEIO Ufzo U,(s)
- ILio i I 50 . D1(s)
L R GO
0 0 ot lia
L C2 i

From this equation, twelve transfer functions
can be calculated which describe the system around
the operating point. Most important are the transfer
functions of the output voltage (the voltage across
the output capacitor) in dependence on the duty
cycles. The transfer function between the output
voltage and the input voltage is important to
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describe the disturbance caused by changes in the
input voltage. All twelve transfer functions have the
same denominator

3.4.4 Transfer Functions

The transfer functions can be calculated with the
help of Crammer’s law. The parameters of the
converter for drawing the Bode plots are (with a
tolerance of 10 % for the second coil and the second
capacitor) L1= 47 uH, L2=51.7 uH, Cl1= 330 uF,
C2=363 uF, Ul=48V, DI10=0.5, D20=0.75,
IL10=IL20=8 A, R=25 Q. For the denominator one
gets:

(1_D10)2 + DIZO +

C,L C,L
Den=s'+ 1 _s'4s? L
C:R +(1—D20) +(1—D20)
C.L CL,
2 2
ot [0=pyP D3], [(1-Ds)
CC,R| L L, | |CC,LL,
(30)

For the numerator of the transfer function
between the output voltage and the duty cycle of
switch S1 one gets:

Num U2 D1 = s> 1ZBoMio i+ Lo |

CZ LI L2
. 31)
+5 IL10+|L20 (I_Dlo)_ DlO +(1_D20p010
CICZ Ll L2 CICZ L1 LZ
The Bode plot is shown in Figure 24.

80dE Viu2) 10°
70d 20°
60d \ 0°
50d N -20°
104 NG 40°
30d -60°
20d ‘ N -80°
10d : 100°

odi Rl N 4 120°
-10d s N 140°
-20d i 160°
-30d| . = 180°
-40d 200
-50dB 220°

10Hz 100Hz 1KHz 10KHz 100KHz

Fig. 24: RLT SEPIC, output voltage referred to the
duty cycle of the first switch: Bode plot (solid line:
gain response, dotted line: phase response)

The transfer function describes a phase-
minimum system. The zeroes are on the left and
compensate for the phase shift of two poles. The
second complex pole pair is near to the complex
zero which is on the left side of the complex plane.

For the numerator of the transfer function
between the output voltage and the duty cycle of
switch S2 one gets:
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Num U2 D2 =s2 (1-DyMex Li+Ly _
- C, LL

2
_s o+ 120 (1_D10) +D_120 Jr(l_Dzo)-cho
CC, L L, CGCLL,

. (32)

The Bode plot is shown in Figure 25. The
complex zero is situated on the left side, and the real
zero is on the right side of the complex plane. The
phase shift is therefore -270° for high frequencies.
One complex pole is compensated by the complex

ZEero.
V(u2)

80dB 30°
70d 0°
60d -30°
50d < 60°
0d : -00°
30d 120°
. S
20d . \\ 150°
; o
el e i o
-10d s 240°
-20d fee <i-270°
-30dB r--300°
10Hz 100Hz 1KHz 10KHz 100KHz

Fig. 25: RLT SEPIC, output voltage referred to the
duty cycle of the second switch: Bode plot (solid
line: gain response, dotted line: phase response)

For the numerator of the transfer function
between the output voltage and the input voltage
one gets

Num U2 Ul = Dig(1~Dyy) (33)
C1C2 Ll L2

The Bode plot is shown in Figure 26. This
transfer function is again a phase-minimum system.
The two resonant pole pairs can be clearly seen.

V(u2)

60dB- 80°
40d 40°
20d! AN 0°
od -40°
-20d s -80°
14

-40d . \\ 120°
-60d o 160°
BA%S S t

-80d 3 200
-100d . \\ 240°
-120d . ~ 280°
-140d < 320°
-160d 4--360°
-180dE 400°

10Hz 100Hz 1KHz 10KHz 100KHz

Fig. 26: RLT SEPIC, output voltage referred to the
input voltage: Bode plot (solid line: gain response,
dotted line: phase response)

4 Start-up and Short-Circuit

4.1 ldeal Inrush

Connecting the converter to a very stiff input
voltage, e.g. car batteries, a large inrush current
occurs. To demonstrate this a simulation is shown in
Figure 27. No load is applied to the converter. The
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current through L1 is larger in the first half period
because D2 turns on, too. The ringing is damped by
the parasitic resistors. The currents go down to zero,
and the voltage across C1 terminates at the value of
the input voltage. For the simulation, the inductance
values are taken constant. In reality, the coils will
saturate and the current will even be larger. When
the load is applied, the output returns to zero
because the output capacitor is discharged by the
load. The peak value of the resonant current is
caused by the input voltage multiplied by the square
root of the value of C1 divided by the sum of the
inductors L1 and L2.

1{L2)

u T T T T T T T T T
Oms. 6ms 12ms 18ms 24ms 30ms 36ms 42ms 48ms S54ms 60ms

Fig. 27: Ideal inrush with no load, up to down:
current through the second coil L2 (violet); current
through the first coil L1 (red); voltage across the
intermediate capacitor (turquoise), input voltage
(blue), output voltage (green)
4.2 Start-up of the Converter with
Additional Pre-Stage

To avoid the inrush current, an additional pre-stage
consisting of an electronic switch SIN and a diode
DIN can be connected between the input source and
the converter. The circuit diagram is shown in
Figure 28.

s;NJ_ \nrlw] ,,Io-,%\ ::Hl %,32" [outplus
¥ b1
Z5DIN E L2 e R
UIN u1 J:. * :Lsz u2
J J L
Fig. 28: RLT SEPIC with additional pre-stage

The circuit starts with a pwm signal beginning
from zero up to the continuous on-time of the
additional switch SIN. Figure 29 shows a simulation
of the currents through the coils and the voltage
across the intermediate capacitor. Within about
23 ms the switch SIN is completely turned on.
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When the input switch is continuously on, a small
damped ringing between the two inductors and the
first capacitor C1 occurs. In the case of an error, the
pre-stage can also be used as an electronic fuse. To
avoid an overvoltage caused by the parasitic
inductance between the pre-stage and the input
source a pulse capacitor should be connected
between the drain of SIN and the anode of DIN.

In the case of no load and constant clocking the
voltage at the output increases and can lead to
dangerous rates. The controller must stop the
clocking. When the input current exceeds a limit,
the electronic fuse can stop this, too.

(L2}

0,20} - . :
0.0A] ¥ AAANAAAANAA e
0.2 1 Y L

Fig. 29: Start-up of the pre-stage to avoid the inrush,
up to down: current through the second coil L2
(violet); current through the first coil L1 (red);
voltage across the intermediate capacitor (green)

4.3 Short Circuit at the Load Side

Using the converter with the pre-stage, the switch
SIN can be used as an electronic fuse and the
converter can be disconnected from the input
source.

I(L2)

IL1)

AN

V(C1plus.Clminus)

Fig. 30: Short circuit at the output, up to down:
current through the second coil L2 (violet); current
through the first coil L1 (red); output voltage
(green), the voltage across the first capacitor Cl
(blue)
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Using the converter without pre-stage, an error
on the load side leading to an output short circuit
will engender a large current on the input side.
When the error is detected (e.g. by measuring the
input current which increases over a limit, a
comparator can produce an error signal), the
electronic switches are blocked. The currents go
down and reach zero. A damped ringing occurs.
This is shown in Figure30. The intermediate
capacitor blocks the input current.

5 Modifications

5.1 Floating  Two-Stage  Reduced-Loss
Tristate SEPIC

Floating two-stage converters is an interesting

concept for combining two converters. The

references [6], [7], [8], [9] show examples. The
circuit diagram of the two-stage RLT converter is
shown in Figure 31.

anHI'T L11 Cllil.

]
(]
I+

[out_plus

3

& p11

L,
s11 ..‘Lsn

in_minas] - 5.;

u22 u2

(¥
<1
=

]

2.
2
LY

,-!,'!!2“ ] K]ilil
Fig. 31: Floating two-stage RLT SEPIC

The two converters work at the same input
voltage, and the output voltage is the sum of the
output voltages of the two converter stages minus
the input voltage:

U2=U21_U1 +U22. (34)
For the tristate converter with two equally
controlled stages, this leads to"

2d 2d, +d, -1
U,=| —+-1U,=—"—"2—U,. 35
N W TR

The inequations:

2d, +d, >1, d, >d, (36)

must be valid.
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I(L21) I(L22)

T

i

in
V(sigma21)+12 V(Sigma12,C12-)+24

7 S SO S
120V
TNV B
80v-]
[

Ous 2us 4us Gus. Bus 10us 12us 14us 16us 18us 20ps
Fig. 32: Floating two-stage reduced loss tristate
SEPIC, up to down: current through the second coils
of stage 1 (grey), of stage 2 (dark green); current
through the first coils of stage 1 (red), of stage 2
(violet); output voltage (green), input voltage (blue),
the control signal of switch S22 of stage 2 (dark
violet, shifted), the control signal of switch S12 of
stage 2 (brown, shifted), the control signal of switch
S21 of stage 1 (dark blue, shifted), the control signal
of switch S11 of stage 1 (turquoise)

To increase (double) the frequency of the input
current, the control signals are shifted by 180°.
Figure 32 shows the current through the second
coils of stage 1 and of stage 2, the currents through
the first coils of stage 1 and of stage 2, the output
voltage, the input voltage, the control signal of
switch S2 from stage 2, the control signal of switch
S1 from stage 2, the control signal of switch S2
from stage 1, and the control signal of switch S1
from stage 1.

5.2 Interleaved Two-Stage Reduced-Loss
Tristate SEPIC

In the interleaved concept the converters are

connected in parallel. Besides many others the

references [10], [11], [12], [13], [14], [15], [16],

[17], [18], [19], treat this concept.

gy 1 cu D2 (owph
i " i of
211
%u: =c2 sﬂ
- L,
Jnsu ..Lszn.
u1 H - vuz
n_pher] S—
L2 c12 D22
A ¥
Jz p12
g 122 —cz2
] L,
J-— s12 _.Lszz
] -

Fig. 33: Interleaved two-stage RLT SEPIC
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Fig. 34: Interleaved two-stage reduced-loss tristate
SEPIC, up to down: current through the second coils
of stage 1 (grey), of stage 2 (dark green); current
through the first coils of stage 1 (red), of stage 2
(violet); output voltage (green), input voltage (blue),
control signal of switch S22 of stage 2 (dark violet,
shifted), control signal of switch S12 of stage 2
(brown, shifted), control signal of switch S21 of
stage 1 (dark blue, shifted), control signal of switch
S11 of stage 1 (turquoise)

The converter stages are supplied by the same
input source and feed the same load. To increase the
frequency of the input current, the control signals
are shifted by 360° divided by the number of stages
n. Figure 33 shows two converter stages connected
in parallel. In Figure 34 the signals in the steady
state are shown.

5.3 Modified Reduced-Loss Tristate SEPIC
The modification concerns the position of the
second capacitor, [20]. Normally the capacitor is
connected between the output terminals. Here now it
is connected between the positive input and the
positive output terminals. The direction of the
voltage changes between the step-down and the
step-up operation. Therefore, C2 cannot be an
electrolytic capacitor. This must not be a
disadvantage at higher frequencies, and it is
necessary for systems built to last for a long
lifetime. Figure 35 shows the circuit diagram, and
the plus pole is marked for a step-up operation.

inpl L1 C1 D2 l—vutplus
S M

1
D1
12
J: s1 ? Lsz )
u1 — ’: u2
| .

T
Fig. 35: Modified reduced-loss tristate SEPIC in the
boost operation
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3A-

Fig. 36: Modified reduced-loss tristate SEPIC, up to
down: current through the second coil L2 (violet);
current through the first coil L1 (red); output voltage
(green), input voltage (blue), control signal of
switch S2 (dark green, shifted), control signal of
switch S1 (turquoise)

Figure 36 shows the current through the second
coil L2, the current through the first coil L1, the
output voltage, the input voltage, and the control
signals of the electronic switches.

6 Conclusion
The converter has several interesting features

e Voltage transformation ratio with two

degrees of freedom

e Linearization of the voltage transformation
ratio
Avoiding a non-phase minimum system
Continuous input current
Both electronic switches are low-side ones
Short circuit proved
Improved efficiency

The converter can be used as switched-mode
power supply and as a driving stage for a DC motor.
It can be applied among other cars and in renewable
energy applications.
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APPENDIX

The parallel connection between the load R and the
parasitic resistor RC2 of the output capacitor C2 is
abbreviated by R//RC2 in the state matrix (A3).

The input matrix (Al, transposed) becomes:

BT{i 00 o}.
Ll

The fixed forward voltages of the diodes are written
in the additional vector V (A2)

(l_dl)\/D

I‘l
(1 _dl)\/D

(AT)

L2
~ (Rey +Rp)1=d)+ Ry +Rsdy +R/Rey(1-d;)  Rp(l=d)+Rsdy +R//Rey(1-d,)  d; -1 (d, -1)R
L L L LR+Re)
Rp(1-d,)+Rsd, + R//Rg,(1-d,) Reid, +Ryy +Rsdy +R/Rey(1-dy)  dy (d, -1R
L L L L(R+Rc,)
1-d, 4y o o
C, C
R(1-d,) R(1-d,) 1
0o -t
C,(R+Rc,) C,(R+Rc,) C,(R+Rc,)

Using abbreviations for the elements of the state
matrix A and for the input matrix B, one gets the
denominator of the transfer functions:

Den =s* — Ays® — (AL A + Ay Ay + AsAy + Ay Ay )s?
+ A44(A13A31 + AP )5+ A Ay Ay Ay —
= AP A A — AsPos A Agy + Ay Az Ay Ay (A4)

The numerator of the transfer function between
the output voltage and the duty cycle of switch S1 is
given by:

NUMU2DI = (A,,B,, + A;,B,, )s?
+ (A13A41832 + Ar3Ay0 B3, +)S +
(A13A32A41822 - A23A32A4IBIZ -
= A3A ALBy, + Ay Ag A B)

(AS)

The numerator of the transfer function between the
output voltage and the duty cycle of switch S2 is
given by:
NUMU2D2 = B,,s’ +(A;;B5 — Ay,B,;)s?
—(A23A32843+A13A31543)3+ .
(A13A32A4IBZ3 - A23A32A4lBl3 - A13A31A4ZB23 +
A23A3 1A42 Bl3)
(A6)
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The numerator of the transfer function between the
output voltage and the input voltage is given by:

NUMU2UT =+As3 A5 A58 — Az Ay Ay By - (A7)

Improvement of the efficiency

The improvement of the efficiency is shown by a
simulation. Figure A shows the current through the
second switch for the normal tristate converter and
for the reduced loss tristate converter.

1644
144
1244

IRMS_S2=16.9A

- IRMS_S2_RLT=11.

i
]
| i
Fig. A: Current through the second switch, up to
down: normal tristate converter; reduced loss tristate
converter

The losses at all components are equal between
the traditional tristate converter and the one with
reduced losses, except the losses across S2. Figure
shows the currents through these devices for both
concepts. The rms value is also given.
Corresponding to the normal tristate converter, the
reduction of the rms value can be given by:

| -1
RMS,T ~ 'RMS,RLT
=33%.

(A8)

I Rms RLT

The losses are therefore reduced with equal
transistors by:

lawst — 1R

RMS,T RMS,RLT =559, .

I 2
RMS,RLT

(A9)

In this case, this leads to an improved overall
efficiency by 1 %
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