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Abstract: - In the continuous inductor current operation the tristate DC/DC converters have three modes. In the 
first mode, the active switches are on and energy is transferred into the coil. In the second mode, the coil is 
short-circuited and the current in the coils stays constant, and in the third mode, the free-wheeling diode takes 
over the current. In the here used concept the active switch of the original converter is replaced by a series 
connection of two active switches and an additional diode is connected to the connection point of the two 
electronic switches. The other terminal of the diode is connected to the coil. This concept was originally 
applied to the Boost converter. In this paper, it is shown that the same idea can be applied to other DC/DC 
converters and the Buck and the Buck-Boost converters are shown. It is also possible to apply the concept to 
converters of higher order. Here the Cuk, Zeta, and SEPIC are treated. It is also possible to apply it to quadratic 
converters and the d-square converter is taken as an example. A converter with a reduced duty cycle is also 
treated and a modification that avoids the inrush current is also shown. Finally, an improved superlift converter 
is treated. The position of the zero of the transfer function is exemplarily studied. 
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1  Introduction 
The starting point for this investigation is the paper, 
[1], where a tristate Boost converter with coupled 
coils is treated. The circuit behind this converter is 
published in, [2], [3], [4], and a controller design is 
treated in, [5]. A tristate Boost converter with a 
topology with little reduced forward-losses is treated 
in, [6], [7], and an extension with zero-voltage 
switching (ZVS) can be found in, [8]. Another ZVS 
concept is treated in, [9]. An interesting topology for 
an inverting tristate Buck-Boost converter is shown 
in, [10]. The basics of converters and many 
topologies are described in all the textbooks on 
Power Electronics, (e.g., [11], [12], [13]). It should 
be mentioned that other concepts exist to achieve 
tristate converters, [14]. The circuit diagram of the 
tristate Boost converter is shown in Figure 1.  

In the continuous operation, the converter has 
three modes. The basic function is explained with 
ideal components (no parasitic resistors and infinite 
switching speed). In the first mode M1, both 
electronic switches S1 and S2 are on, the input 
voltage U1 is across the inductor L1, and the current 
increases. When S1 is turned off, the second mode 
M2 begins. Now diode D1 turns on and the inductor 
L1 is short-circuited. The current through the coil 

stays constant. When S2 is turned off, too, diode D2 
turns on, and the difference between the input and 
the output voltages is across the inductor, and the 
current decreases. 

 
Fig. 1: Tristate Boost converter 
 
The voltage-time balance in a steady state is 
therefore 

 TdUUTdU 22111 1     (1) 
 
and the voltage transformation rate is achieved to 
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Figure 2 shows the voltage transformation ratio 

for d2 as a parameter and d1 as the independent 
variable. The most interesting feature of this 
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converter is that the voltage transformation ratio is 
now linear for a constant duty cycle of switch S2. In 
the figure also the transformation ratio of the normal 
Boost converter is shown (the nonlinear line). 
 

 
Fig. 2: Voltage transfer ratio for the tristate Boost 
converter: d1 variable and d2 as parameter 
 

Figure 3 shows the voltage across the coil, the 
current through the inductor, the load current, the 
input and the output voltages, and the control 
signals of the switches in the steady state. All 
simulations are done with capacitor values of 
330 µF and inductor values of 47 µH, an input 
voltage of 48 V, except when other values are given.  

 

 
Fig. 3: Tristate Boost converter (up to down): 
voltage across coil L1 (grey); current through the 
inductor L1 (red), current through the load (violet); 
output voltage (green), input voltage (blue), a 
control signal for switch S2 (black, shifted), a 
control signal for switch S2 (turquoise) 
 
 
2  Basic Tristate Converters 
First, the other basic converters are changed into a 
tristate one. 
 
2.1 Tristate Buck 
The tristate Buck converter is shown in Figure 4. 
When both switches are on, the difference between 
the input voltage and the output voltage is across the 

inductor, and the current increases. When S1 turns 
off and S2 is still on, the current through the coil 
commutates into D1. The current stays nearly 
constant. When S2 is turned off too, the current 
commutates into the diode D2 and is free-wheeling. 
Now the negative output voltage is across the coil 
and the current decreases.  
 

 
Fig. 4: Tristate Buck converter 
 

The voltage-time balance can be written with 
the help of the duty cycles for both switches d1 and 
d2 (the duty cycle is defined by the on-time of the 
active switch referred to as the switching period) 
according to 
 

TdUTdUU )1()( 22121     (3) 
 
leading to the voltage transformation ratio 
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The connection between the load current and the 

mean value of the current through the coil can be 
found by the charge balance of the capacitor. With 

the mean value of the inductor current LI
_

one can 
write 

         12

_

21 1 ddIIIdd LOADLOADL 







 .       (5) 

 
The mean value of the current through the coil 

is therefore 

21

_

1 dd
II LOADL


 .     (6) 

 
Figure 5 shows the voltage across the coil, the 

current through the inductor, the load current, the 
input and the output voltages, and the control 
signals for the switches in the steady state.  
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Fig. 5: Tristate Buck converter (up to down): 
voltage across the inductor L1 (grey); current 
through the inductor L1 (red), current through the 
load (violet); output voltage (green), input voltage 
(blue), a control signal for switch S2 (black, 
shifted), a control signal for switch S2 (turquoise) 
 

Figure 6 shows the voltage transformation ratio 
for d2 as a parameter and d1 as the independent 
variable. The linear line corresponds to the normal 
Buck converter. The voltage transformation ratios 
for a constant duty cycle of the second switch are 
nonlinear. 

 

 
Fig. 6: Voltage transformation ratio for the tristate 
Buck converter d1 variable and d2 as parameter 
 
2.2 Tristate Buck-Boost 
Applying the tristate concept to the Buck-Boost 
converter leads to the circuit diagram Figure 7. 

 
Fig. 7: Tristate Buck-Boost converter 
 

When both switches (during the time interval 
Td1 ) are on, the input voltage is across the coil. 

When S1 is turned off and S2 is still on (during the 
time interval  Tdd 12  ), the inductor is short-
circuited by S2 and D1 and the current stays nearly 
constant. When S2 is turned off, D2 turns on and the 
current free-wheels through D2. Now the negative 
output voltage is across the coil and the current 
decreases.  

 
The voltage-time balance 

TdUTdU )1( 2211      (7) 
 
leads to the voltage transformation ratio 
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Figure 8 shows the voltage across the coil, the 

current through the inductor, the load current, the 
input and the output voltages, and the control 
signals of the switches in the steady state.  

Figure 9 shows the voltage transformation ratio 
for d2 as a parameter and d1 as the independent 
variable. The most interesting feature of this 
converter is that the voltage transformation ratio is 
now linear for a constant duty cycle of switch S2. In 
the figure also the transformation ratio of the normal 
Buck-Boost is shown (the nonlinear line).  

 

 
Fig. 8: Tristate Buck-Boost converter (up to down): 
voltage across the inductor L1 (grey); current 
through the inductor L1 (red), current through the 
load (violet); output voltage (green), input voltage 
(blue), control signal for switch S2 (black, shifted), 
control signal for switch S2 (turquoise) 
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Fig. 9: Voltage transformation ratio for the tristate 
Buck-Boost converter with d1 variable and d2 as 
parameter  
 
 
3  Higher order Tristate Converters 
 
3.1  Tristate Zeta Converter 
The circuit diagram of the tristate Zeta converter is 
shown in Figure 10. When both switches are on, the 
input voltage is across L1, when only S2 is on, a 
short-circuit of L1 occurs and the current stays 
nearly constant, and when S2 turns off too, the 
negative voltage across C1 is across the inductor 
and the current decreases. The voltage across C1 is 
equal to the output voltage during steady-state (the 
loop C1, L2, C2, L1 is always valid, and the mean 
value of the voltages across the coils must be zero). 

 
Fig. 10: Tristate Zeta converter 
 
The voltage-time balance across L1 can be written 
according to  

TdUTdU C )1( 2111   .    (9) 
 
The voltage across C1 can be found by looking at 
the loop L1, C1, L2, C2 which is always valid to 

21 UUC                 (10) 
 
leading again to the voltage transformation ratio of 
the Buck-Boost converter (Figure 9) 

2

1

1

2

1 d
d

U
UM


  .              (11) 

 

Figure 11 shows the voltage across the coil L1, 
the current through the inductors L1 and L2, the 
input and the output voltages, and the control 
signals for the switches in the steady state. 
 

 
Fig. 11: Tristate ZETA converter (up to down): 
voltage across the inductor L1 (grey); current 
through the inductor L1 (red), current through the 
inductor L2 (violet); output voltage (green), input 
voltage (blue), a control signal for switch S2 (black, 
shifted), a control signal for switch S2 (turquoise) 
 
3.2  Tristate Cuk Converter 
In Figure 12 the circuit diagram of the Cuk 
converter which was transferred into a tristate one is 
shown. During the time interval, when both 
switches are on, the input voltage is across L1, and 
the current increases. When only S2 is on, the 
current through L1 is shunted by the diode D2 and 
the current stays nearly constant. When both 
switches are turned off, the current through L1 free-
wheels through C1, D2, and back to the input 
source. Now the difference between the input 
voltage and the voltage across C1 is across the coil 
L1. The voltage across C1 is equal to the sum of the 
input and the output voltages. 

 
Fig. 12: Tristate Cuk converter 
 
The voltage-time balance across L1 is therefore 
given according to 

TdUUTdU C )1( 21111   .             (12) 
 
The voltage across C1 can be found by looking at 
the outer loop to 

211 UUUC                 (13) 
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leading again to the voltage transformation ratio of 
the Buck-Boost converter (Figure 9) 
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Figure 13 shows the voltage across the coil L1, 

the current through the inductors L1 and L2, the 
input and the output voltages, and the control 
signals of the switches in the steady state. 
 

 
Fig. 13: Tristate CUK converter (up to down): 
voltage across the inductor L1 (grey); current 
through the inductor L1 (red), current through the 
inductor L2 (violet); output voltage (green), input 
voltage (blue), control signal for switch S2 (black, 
shifted), control signal for switch S1 (turquoise) 
 
3.3  Tristate SEPIC Converter 
The tristate Sepic converter is depicted in Figure 14. 
During the on-time of both switches the positive 
input voltage is across the inductor L1. This coil is 
short-circuited when S1 is turned off. When S2 is 
also turned off, the input voltage minus the sum of 
the voltages across the output and the capacitor C1 
is across L1. Now one can write for the voltage-time 
balance across L1 
 

 2211 1 dUdU                 (15) 
 
which leads to the voltage transformation ratio 
(equal to that of the Buck-Boost converter, Figure 9) 
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Fig. 14: Tristate Sepic converter 

Figure 15 shows the voltage across the coil L1, 
the current through the inductors L1 and L2, the 
input and the output voltages, and the control 
signals for the switches in the steady state. The 
inductor values for this simulation are different from 
the ones that were used in the other simulations 
(L1=25 µH, L2=100 µH). Therefore, the current 
ripple through L1 is large. 

 

 
Fig. 15: Tristate Sepic converter with L1=25 µH and 
L2=100 µH (up to down): voltage across the 
inductor L1 (grey); current through the inductor L1 
(red), current through the inductor L2 (violet); 
output voltage (green), input voltage (blue), a 
control signal for switch S2 (black, shifted), a 
control signal for switch S2 (turquoise) 
 
3.4  Tristate D-Square Converter 
The tristate D-square converter is shown in 
Figure 16. In its original topology, [15], this 
converter has only one switch and three diodes. The 
converter is especially useful for higher voltages 
and powers when IGBTs are used because diodes 
have a lower forward voltage than IGBTs. The 
voltage transformation ratio is the square of the duty 
cycle. 
During M1 the input voltage minus the voltage 
across C1 is across L1 (when S1 and S2 are on, also 
D2 is on), during M2 the voltage is zero, and during 
the off-time of S2, the negative capacitor voltage of 
C1 is across L1. The voltage-time balance can be 
written according to 
 

   21111 1 dUdUU CC   .              17) 
 
The voltage across C1 can therefore be calculated 
according to 
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  .              (18) 

 
During M1 the voltage across L2 is the 

difference between the voltage across C1 and the 
output voltage U2. When S1 is off during M2 and 
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M3, the negative output voltage is across L2. The 
voltage-time balance is therefore 

 
   12121 1 dUdUUC  .              (19) 

 
The output voltage can now be written by 

112 dUU C .               (20) 
 
The voltage transformation ratio can now be given 
according to 
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  .              (21) 

 

 
Fig. 16: Tristate d-square converter 
 

Figure 17 shows the voltage transformation 
ratio for d2 as a parameter and d1 as independent 
variable. The quadratic line corresponds to the 
normal quadratic Buck converter. The voltage 
transformation ratios for a constant duty cycle of the 
second switch are slightly nonlinear. 

 

 
Fig. 17: Voltage transfer ratio for the tristate d-
square converter, d1 variable and d2 as parameter  
 

Figure 18 shows the voltage across the coil L1, 
the current through the inductors L1 and L2, the 
input and the output voltages, and the control 
signals for the switches in the steady state. 

 
Fig. 18: Tristate d-square converter (up to down): 
voltage across the inductor L1 (grey); current 
through the inductor L1 (red), current through the 
inductor L2 (violet); input voltage (blue), a control 
signal for switch S2 (black, shifted), a control signal 
for switch S2 (turquoise), output voltage (green) 
 
3.5  Tristate (2d-1)/(1-d) Converter 
This is a very special converter type and the circuit 
diagram is depicted in Figure 19.  
 

 
Fig. 19: Tristate (2d-1)/(1-d) converter 
 

Again the converter has three modes. During 
mode M1 both electronic switches S1 and S2 are on, 
and the input voltage is across the first coil L1. 
Mode M2 starts when S1 is turned off and is an 
idling mode. The current through L1 stays constant 
because now the coil L1 is short-circuited by the 
diode D1 and the electronic switch S2. When S2 is 
turned off, D2 turns on and the negative voltage of 
the capacitor C1 is across the coil L1, and the 
current through it decreases. The voltage-time 
balance is therefore 

 
      TdUUTdUTdU C )1()1( 221211         (22) 
 
leading to 
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A very interesting aspect of this converter is that 

compared to the original converter which has the 
voltage transformation ratio  
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which reduces the duty cycle to a value greater 

than 0.5, now lower duty cycles are possible, 
depending on the duty cycle of switch S2. 

Figure 20 shows the voltage transformation 
ratio for d2 as a parameter and d1 as the 
independent variable. The most interesting feature 
of this converter is that the voltage transformation 
ratio is now linear for a constant duty cycle of 
switch S2. In the figure, the transformation ratio of 
the normal (2d-1)/(1-d) converter is shown (the 
nonlinear line). The graphs are only valid for M 
greater than zero. So one can see that for d2 of 90 % 
a d1 of greater than 10 % is possible, or for d2=0.8 a 
d1 greater than 20 % can be used. 

 

 
Fig. 20: Voltage transformation ratio for the tristate 
(2d-1)/(1-d) converter: d1 variable and d2 as 
parameter  
 

Figure 21 shows the voltage across the coil L1, 
the current through the inductors L1 and L2, the 
input and the output voltages, and the control 
signals of the switches in the steady state for a 
combination of duty cycles greater than 50 % (60 % 
and 80 %). Figure 22 shows the same signals for 
d1=33 % and d2=80 %. 

 

 
Fig. 21: Tristate (2d-1)/(1-d) converter with 
U1=24 V, d1=60 % and d2=80 % (up to down): 

voltage across the inductor L1 (grey); current 
through the inductor L1 (red), current through the 
inductor L2 (violet); input voltage (blue), control 
signal for switch S2 (black), control signal for 
switch S2 (turquoise), output voltage (green) 
 

 
Fig. 22: Tristate (2d-1)/(1-d) converter with 
U1=24 V, d1=33 % and d2=80 % (up to down): 
voltage across L1 (grey); current through L1 (red), 
current through L2 (violet); load current (brown); 
input voltage (blue), control signal for S2 (black, 
shifted), control signal for S1 (turquoise), output 
voltage (green) 
 

Another interesting and important aspect of 
converters is the inrush current when the converter 
is applied to a stable input voltage. Figure 23 shows 
the inrush of the converter. A damped ringing with 
high amplitude at the beginning occurs. The output 
voltage is positive at the beginning (the converter is 
an inverting one) and not negative during the inrush. 
This can be dangerous for the applied load. 

 

 
Fig. 23: Tristate (2d-1)/(1-d) converter inrush, up to 
down: input current (red); input voltage (blue), 
output voltage (green) 
 

To avoid the inrush, a small modification of the 
converter has to be done, as shown in the next 
paragraph. 
 
3.6   Tristate (2d-1)/(1-d) Converter Type 2A 
The basic converter topology is shown in, [16], and 
the tristate version is given in Figure 24. Other 
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modified converters with reduced duty cycle are 
presented in, [17], and can also be transformed into 
tristate ones. Figure 25 shows the inrush into this 
converter. The modification of the position of the 
second capacitor avoids a large inrush current which 
stresses all components. The voltage transformation 
ratio is shown in Figure 20. 

 
Fig. 24: Modified tristate (2d-1)/(1-d) converter type 
2A 
 

 
Fig. 25: Tristate (2d-1)/(1-d) converter type 2A, 
inrush (up to down): input current (red); input 
voltage (blue), output voltage (green) 
 

Figure 26 shows the voltage across the coil L1, 
the current through the inductors L1 and L2, the 
input and the output voltages, and the control 
signals for the switches in the steady state for a 
combination of duty cycles greater than 50 %. 

 

 
Fig. 26: Tristate (2d-1)/(1-d) converter type 2A, (up 
to down): voltage across L1 (grey); current through 
L1 (red), current through L2 (violet); load current 
(brown); input voltage (blue), control signal for S2 

(black, shifted), control signal for S1 (turquoise), 
output voltage (green) 
 
3.7   Tristate Improved Superlift Converter 
Superlift converters, [18], are another interesting 
topology. The original converter, [19], has large 
peaks in the input current. This can be avoided when 
a small inductor L2 is placed in series to the diode 
D1, [20]. The circuit diagram can be seen in 
Figure 27. When both electronic switches are on in 
mode M1, the capacitor C1 is charged and during 
M3 the voltage across the capacitor C1 decreases. In 
the mean, the voltage across C1 must be equal to the 
input voltage U1. 

 
Fig. 27: Improved positive output super-lift Boost 
converter  
 

During M1 U1 is across the inductor, during M2 
the voltage across it is zero, and during M3 the input 
voltage plus the voltage across C1 minus the output 
voltage is across the coil L1. The voltage-time 
balance is therefore 

 
)1(2 22111 dUUdU                (25) 
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Figure 28 shows the voltage transformation 

ratio for d2 as a parameter and d1 as the 
independent variable. Again the curves are 
linearized.  

 

 
Fig. 28: Voltage transformation ratio for the tristate 
improved positive output super-lift Boost converter: 
d1 variable and d2 as parameter  
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Figure 29 shows the voltage across the coil L1, 
the current through the inductors L1 and L2, the 
input and the output voltages, and the control 
signals for the switches in the steady state. Also, the 
current through the inductor L2 which charges the 
capacitor C1 is depicted. 
 

 
Fig. 29: Improved positive output super-lift Boost 
converter, (up to down): current through L2 (dark 
green); voltage across L1 (grey); current through L1 
(red), current through L2 (violet); load current 
(brown); input voltage (blue), control signal for S2 
(black, shifted), control signal for S1 (turquoise), 
output voltage (green) 
 
 
4   Position of the Zero  
Converters with the possibility to increase the 
output voltage over the input voltage, like the Boost, 
Buck-Boost, Cuk, Sepic, etc. are non-phase-
minimum systems, which means they have a zero on 
the right side of the complex plane RHZ (right half-
plane zero). RHZs influence the phase and lead to 
further negative phase shifts. To stabilize the 
control, a lower crossover frequency is necessary 
and the whole system gets slower.  

To calculate the zero, a linear dynamic model 
must be derived and the transfer functions 
ascertained. This is shown now for the tristate Buck-
Boost converter. The state equation during M1 are 
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and during M3 
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Mode M1 must be weighted by d1, mode M3 

must be weighted by (1-d2) and the discharge of the 

capacitor by the load current is valid all the time. 
This leads to the large signal model 
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To get transfer functions of the converter for 

drawing Bode plots and to design controllers, (30) 
has to be linearized by the perturbation ansatz. The 
variables are written as the operating point value, 
written with a capital letter and a zero in the index, 
plus a small disturbance, written with small letters 
with a roof on top. Linearization leads to 












































































































2

1

1

1

10

1

10

1

10

1

10

1

1

11

20

1

20

1

1

00

11

10

d

d

u

C
I
L

U
L

U
L

D

u

i

RCC
D

L
D

u

i
dt
d

L

C

C

L

C

L

.      (31) 

 
With abbreviations, one can write (32) 
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Laplace transformation leads to (33) 
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The denominator is the same for all transfer 
functions 

211222
2 AAsAsDen   .              (34) 

 
The numerator of the transfer function between 
capacitor (output) voltage and the duty cycle of 
switch S1 can be calculated according to 
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The transfer function has no zero and describes 

a phase-minimum system. 
The numerator of the transfer function between 

capacitor (output) voltage and the duty cycle of 
switch S2 
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has a zero on the right half-plane, because B23 is 

negative. This transfer function describes a non-
phase-minimum system.  

The conclusion is therefore: one has to control 
the duty cycle of switch S1 and use a constant duty 
cycle of switch S2. 

As a second example, the modified tristate (2d-
1)/(1-d) converter Type 2A is used. In the same 
way, as shown before the small signal model is 
derived according to 
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This results again in a numerator for the transfer 
function between the voltage across C2 and the duty 
cycle d1  

 
1242312312 BAAADNumUC                (38) 

 
which has no zero and therefore results in a 

phase minimum system. 
 
 
5  Conclusion 
Tri-state converters, achieved by the method used 
here, have some very interesting features: 

 An additional degree of freedom in the 
voltage transformation ratio 

 Linearized voltage transformation ratio for 
converters with step-up capability 

 Phase minimum system for constant duty 
cycle of the second switch for converters 
with step-up possibility 

 
The concept can be used for many other DC/DC 
converter topologies. 
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