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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 LTSpice. 
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1   Introduction 
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 
(2024/08/26), but directly no item about a tristate 
SEPIC. The tristate concept is shown in [4] with a 
comprehensive list of literature concerning this 
topic. Therefore, only the paper [5] with the basic 
idea for the Boost converter is mentioned here. The 
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 
connection point of the two electronic switches. 
Figure 1 shows the basic SEPIC converter and 
Figure 2 shows the application of the tristate 
concept. In the continuous operation, the converter 
has three modes. In the first mode M1 both 
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.  

 
Fig.  1: Original SEPIC 
 

 
Fig. 2: Tristate SEPIC 
 

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. 

 

 
Fig. 3: Tristate SEPIC (L1=25 µH, L2=100 µH), 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. 

 

 
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. 

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. 

 

 
Fig. 5: Control signals of the first switch (green) and 
of the second switch (black, shifted) 
 

The voltage across the first coil L1 has to be 
considered. During the on-time of the first switch 
S1, the input voltage U1 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 
U1 minus the output voltage U2 minus the voltage 
across C1 UC1. Therefore, the voltage-time balance 
is given by: 

)1()( 212111 dUUUdU C  .   (1) 
 

Inspecting the loop U1, L1, C1, and L2 one can 
immediately see that in the steady-state the voltage 
across C1 must be equal to the input voltage: 

11 UUC  .      (2) 
 
The voltage transformation ratio of the converter is 
therefore: 

2
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 . 12 dd     (3) 

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

 
Fig. 6: Voltage across the first coil L1 
 

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). 
 

 
Fig. 7: Voltage across the second coil L2 
 

 
Fig. 8: Voltage across the first electronic switch S1 
 

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. 

 

 
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). 

 

 
Fig. 10: Voltage across the first diode D1 
 

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). 

 

 
Fig. 11: Voltage across the second diode D2 
 

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: 

Lf

dU

L

TdU
IL

1111             (4) 

 

 
Fig. 12: Current through the first coil  
 

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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Fig. 13: Current through the second coil 
 

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. 

 

 
Fig. 14: Current through the first electronic switch  
 

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

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.  

 

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

 
Fig. 17: Current through the output capacitor 
C2 
 

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 C1 is 
shown in Figure 18. The current through L2 is 
flowing through the intermediate capacitor C1 
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. 

 

 
Fig. 18: Current through the intermediate capacitor 
C1 
 

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 d1 of the first switch. This is shown in 
Figure 19.  
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Fig. 19: Voltage transformation ratio with d1 as 
variable and d2 as parameter  
 

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

Holding the duty cycle d1 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 D1 is 
reversed-biased so no current is flowing through the 
second switch. The equivalent circuit diagram is 
shown in Figure 21 
 

 
Fig. 21: Equivalent circuit diagram for mode M1 
 
The state equations are 

 

1

1121111

L

iRiiRu

dt

di LLLLSL 
 ,    (5) 
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 ,     (7) 

 

 
2

222 )/(
L

RRu

dt

du CCC 
 .    (8) 

 
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 D1. The equivalent circuit 
diagram is shown in Figure 22. 
 

 
Fig. 22: Equivalent circuit diagram for mode M2 
 
The state equations are:     

    
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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. 
 

 
Fig. 23: Equivalent circuit diagram for mode M3 
 
For the first state variable, one gets from 
Kirchhoff’s voltage law (KVL) 

    

 

1

111112

2122221

1
L

iRuiRV

iiRiRuu

dt

di LLCLCD

LLDCCC

L 



 .         (13) 

 
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: 

R

uiR
iii CCC
CLL

222
221


               (14) 

one gets for the current through the output capacitor: 
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2

221
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Inserting into (13) leads to:               (16) 
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For the second state variable, one obtains                  
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The changes in the voltages across the capacitors 
are: 

1
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C

i

dt

du LC                 (18) 
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Weighting the set for M1 by d1, weighting the set 
for M2 by (d2-d1), and weighting the set for M3 by 
(1-d2) and combining them into the matrix form: 

VuBxAx
dt

d



,               (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                              
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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: 
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leading to  
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The stationary voltage across the first capacitor 

must be equal to the input voltage. This can also be 
recognized by inspecting the loop U1, L1, C1, 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: 
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and for the currents in the steady state one gets: 
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3.4.2  Linearization 
Linearization around the operating point leads to:  
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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: 
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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 

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 µH, L2=51.7 µH, C1= 330 µF, 
C2=363 µF, U1=48 V, D10=0.5, D20=0.75, 
IL10=IL20=8 A, R=25 Ω. For the denominator one 
gets: 
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For the numerator of the transfer function 
between the output voltage and the duty cycle of 
switch S1 one gets: 
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The Bode plot is shown in Figure 24. 
 

 
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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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 -270o for high frequencies. 
One complex pole is compensated by the complex 
zero. 

 
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 

 

2121

2010 1Num_U2_U1
LLCC

DD 
               (33) 

 
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. 
 

 
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  Ideal 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 

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. 
 

 
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.  
 

 
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. 
 

 
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.  
 

 
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 C1 
(blue) 
 

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 Figure 30. 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.  
 

 
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: 

221212 UUUU  .              (34) 
 

For the tristate converter with two equally 
controlled stages, this leads to" 
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The inequations:  

12 21  dd , 12 dd                (36) 
must be valid. 
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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 180o. 
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.  
 

 
Fig. 33: Interleaved two-stage RLT SEPIC 

 
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 360o 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. 
 

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

 Voltage transformation ratio with two 
degrees of freedom  

 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 (A1, transposed) becomes:  
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The fixed forward voltages of the diodes are written 
in the additional vector V (A2) 
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Using abbreviations for the elements of the state 
matrix A and for the input matrix B, one gets the 
denominator of the transfer functions: 
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The numerator of the transfer function between 

the output voltage and the duty cycle of switch S1 is 
given by: 
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The numerator of the transfer function between the 
output voltage and the duty cycle of switch S2 is 
given by: 
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The numerator of the transfer function between the 
output voltage and the input voltage is given by: 
    1141322311423123UMU2U1 BAAABAAAN  .     (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. 
 

 
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:  
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The losses are therefore reduced with equal 
transistors by: 
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In this case, this leads to an improved overall 
efficiency by 1 %
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