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1 Introduction 
There exist many DC/DC topologies to transform 

DC voltages. They are described in extension in the 
text books e.g. in [1], [2], [3]. Furthermore, 
studies were done to construct DC/DC converters 
[4], [5], [6], [7], [9]. Nevertheless, there are still 
converters which were not investigated in detail. 
In this paper we analyze a converter modified 
from the topology E3 constructed in [6]. The 
modification is done by a change of the position 
of the output capacitor. For the three modified 
basic converters one can consult [8]. The converter 
(Fig. 1) consists of an active (S) and a passive 
switch (D), two inductors (L1, L2) and two 
capacitors (C1, C2). First we discuss the basics, 
construct the model of the converter, design 
the elements and show some simulations. 

Fig. 1. Modified buck-boost converter 

2 Basic investigations 

2.1 Voltage transformation ratio 
The directions of the currents and the voltages are 
taken as they are. These directions can be found by 
simple inspections. For the basic analyzes we 
assume ideal devices, that means no parasitic 
resistors in the devices and infinitesimal switching 
speed of the semiconductors. The converter is 
already in the steady state mode (the signals in each 
period look the same), and is in the continuous 
inductor current mode (the inductor currents are 
positive during the whole switching period). The 
capacitors are chosen so large, that the voltages 
across them are nearly constant during the switching 
period. 

Due to the fact that in steady state the voltages 
across the inductors have to be zero in the mean, 
one gets 

 212 UUUC   (1) 
 21 UUC   .  (2) 

Another interesting aspect is that the voltage across 
L2 is always the same in both modes  

1212 uuuu CCL   .    (3) 
The voltages across the capacitors almost do not 
change during one switching period (because of 
appropriate large capacitor values). Therefore, the 
voltage must be practically always zero and the 
current through L2 must be constant. 
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The voltage transformation ratio can be calculated 
from the voltage-time balance of inductor L1 only. 
One can write  
     dUdUU CCC  1112     (4) 

  212 UUdU CC   .     (5) 
Therefore, one gets for the output voltage 

  12 1
U

d

d
U


 .      (6) 

A sketch of the voltages across the coils is shown in 
Fig. 2. The control signal is high during one third of 
the switching period. 

(a) (b)  

Fig. 2. Voltage across the inductors (a) L1, (b) L2  
 
2.2 Voltage stress across the semiconductors  
For the design of the converter the voltage stress 
across the active and the passive switches (Fig. 3) is 
very important. With KVL one gets for the voltage 
across the transistor during mode M1 the sum of the 
input and the output voltages 

 21 UUuS   .      (7) 
The same, but negative voltage can be found across 
the diode during mode M1 

  21 UUuD   .    (8) 

(a) 
t

uS
U  = U + U C2 1 2

 (b) 

tuD

-U  = -(U+U )C2 1 2

 
Fig. 3. Voltage across the semiconductors (a) 
switch, (b) diode 
 
2.2 Connection between the currents  
For the design also the amount of currents through 
the elements is important. We start from the output 
current (Fig. 4). The load current is nearly constant, 
because of the almost constant output voltage. 

  
Fig. 4. Load current 

The current through C1 is the same during both 
modes, i.e. always the difference of the currents 
through the inductors 
 211 LLC iii   .      (9) 
The mean value of the capacitor current is zero in 
the steady state. Therefore, one can deduce that the 
mean values of the inductor currents must be the 
same 

 2

_

1

_

LL II   .               (10) 
Further information one gets from the charge 
balance of C2. During M1 one gets from KCL 

   RLLC Iiii  212               (11) 
and during M2 

 2

_

2 IIi RC  .               (12) 
A sketch of the current through C2 is shown in 
Fig. 5.a. 

(a) (b)  
Fig. 5. Current through (a) C2 and L2 (b) 
 
Now it is easy to sketch the current through L2 
(Fig. 5.b). The current through L1 (Fig. 6.a) has the 
same mean value, but has a trapezoid form. 

(a) (b) 

t

i C1

i   -i   L2L1

 
Fig. 6. Current through (a) L1 and (b) through C1  
 
The current through C1 (Fig. 6.b) results from the 
ripple through L1. From the charge-balance of C2 
one gets for the mean values of the inductor currents 
in dependence on the load current and the duty cycle 

  dIIdI LLoadLoad 






  12

_

              (13) 

 LoadLL I
d

II



1

1
2

_

1

_

 .                 (14) 

The current depends on the duty cycle. From (6) one 
can calculate the duty cycle depending on the input 
and output voltages according to 
 122 UdUdU                (15) 

 
21

2

UU

U
d


  .                  (16) 

t

u L1
U + U - U  = U1 2 C1 1

u L2

t

i R I     = ILast

t

R

t

i C2 I    +ILast L2
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With 

21

1

21

211
UU

U

UU

U
d





             (17) 

the mean values of the inductor currents depending 
on the load current, the input and the output voltages 
can be written according to 

LoadLL I
U

UU
II

1

21
2

_

1

_ 
  .              (18) 

Only the current through the inductor L1 is 
flowing through the semiconductors when they are 
turned on  (Fig. 7)

(a) (b)
Fig. 7. Current through the semiconductors (a) 
switch, (b) diode 

One very interesting point of this converter is the 
constant input current (Fig. 8). 

Fig. 8. Input current of the converter 

3 Modelling 

3.1 Idealized converter 
The state equations for the idealized converter 
in mode M1 (active switch is conducting, 
passive switch blocks) are 

1

121

L

uu

dt

di CCL 
                 (19)

2

1212

L

uuu

dt

di CCL 
               (20)

1

211

C

ii

dt

du LLC 
                (21)

 
2

21212 /

C

Ruuii

dt

du CLLC 
 .             (22) 

The state equations for the idealized converter in 
mode M2 (active switch blocks, passive switch is 
conducting) are 

1

11

L

u

dt

di CL 
                (23)

2

1212

L

uuu

dt

di CCL 
                (24)

1

211

C

ii

dt

du LLC 
             (25) 

 
2

2122 /

C

Ruui

dt

du CLC 
             (26) 

The general state-space description consists of the 
state-equation (27) and the output equation (28)  

uBxAx
dt

d
                 (27) 

uDxCy  .                 (28) 
In the continuous inductor current mode, the 
converter has only two stages. The matrixes are 
marked with a line in mode M1 and with two lines 
above the symbols in mode M2. When the time 
constants of the system are large compared to the 
switching period, both equations can be combined 
by weighting them with the time they are valid 
within one period. To obtain the large system 
model, the two weighted model descriptions are 
added and the sum is divided by the period. 

 

















duBxAx

dt

d

duBxAx
dt

d

1

             (29) 

The state-matrix for the two modes is 







































RCCC

CC

LL

LL

A

222

11

22

11

1
0

11

00
11

11
00

11
00

(30) 

and is 








































RCC

CC

LL

L

A

22

11

22

1

1
0

1
0

00
11

11
00

0
1

00

.  (31) 

The state matrix for the large signal model is 
therefore 







































RCCC

d
CC

LL

L

d

L

A

222

11

22

11

1
0

1

00
11

11
00

1
00

.              (32) 

The input matrix can be written according to 

t

i S
I L1

t

i D

t

iIN
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
























RC

L
BB

2

2

1
0

1
0

                (33) 

leading to the state-equation 
 

 1

2

2

2

1

2

1

222

11

22

11

2

1

2

1

1
0

1
0

1
0

1

00
11

11
00

1
00

u

RC

L

u

u

i

i

RCCC

d
CC

LL

L

d

L

u

u

i

i

dt

d

C

C

L

L

C

C

L

L


































































































.(34) 

The output equation can be obtained by 

     1

2

1

2

1

2 11000 u

u

u

i

i

uy

C

C

L

L





















           (35) 

 
3.2 Linearized idealized converter 
The state equation is a non-linear one, caused by the 
multiplication of two variables ( 2Cud  , 1Lid  ). To 
obtain a transfer function of the converter, the 
system must be linearized. This is done by the 
perturbation method. The variables are written as 
the value of the working point (written with capital 
letters and a zero in the index) added with a small 
perturbation (written with small letters with roof on 
top) 

1101 LLL iIi


  2202 LLL iIi


  1101 CCC uUu


   

2202 CCC uUu


  1101



 uUu  


 dDd 0         (36) 
The linearization is shown for the first equation 

  2
1

1
1

1 1
CC

L u
L

d
u

Ldt

di
 .               (37) 

Inserting the perturbed values leads to 















 





 






 




2200110
1

11 1
0 CCCC

LL uUdDuU
Ldt

id

dt

di .(38) 

The multiplication leads to terms which consist of 
working point values, terms which are products of a 
working point value with a disturbance (a small 
signal value) and products of two small signal 
values. This equation is linearized when the product 
of the two perturbations is deleted. This leads to the 
small signal equation of the derivative of the current 
through L1 according to 

 






 




dUuDu
Ldt

id
CCC

L
20201

1

1 1
.           (39) 

For the working point one gets the connection 

 200100 CC UDU                (40)  
leading to   

10
0

20

1
CC U

D
U   .               (41) 

Using the disturbance concept for all four state-
equations results in the state matrix 

  







































RCCC

D
CC

LL

L

D

L

AL

222

0

11

22

1

0

1

1
0

1

00
11

11
00

1
00

           (42) 

and in the input matrix 

  































2

10

2

2

1

20

1
00

0
1

0

C

I

RC

L

L

U

B

L

C

L .              (43) 

The linearized model has now the duty cycle d as an 
additional input variable. The input vector must now 
be written as 

  












 



d

uu 1 .               (44) 

The idealized small signal model is therefore 












































































































































d

u

C

I

RC

L

L

U

u

u

i

i

RCCC

D
CC

LL

L

D

L

u

u

i

i

dt

d

L

C

C

C

L

L

C

C

L

L

1

2

10

2

2

1

20

2

1

2

1

222

0

11

22

1

0

1

2

1

2

1

1
00

0
1

0

1
0

1

00
11

11
00

1
00

 

           (45) 
 
3.3 Calculation of the transfer function 
The state equation in matrix form is now written 
with abbreviations as 
















































































































d

u

BB

B

B

u

u

i

i

AAA

AA

AA

AA

u

u

i

i

dt

d

C

C

L

L

C

C

L

L

1

4241

21

12

2

1

2

1

444241

3231

2423

1413

2

1

2

1

00

0

0

0

00

00

00

. (46) 

Laplace transformation leads to 








































































































)(

)(

00

0

0

)(

)(

)(

)(

0

00

00

00

)(

)(

)(

)(

000

000

000

000

1

4241

21

12

2

1

2

1

444241

3231

2423

1413

2

1

2

1

sD

sU

BB

B

B

sU

sU

sI

sI

AAA

AA

AA

AA

sU

sU

sI

sI

s

s

s

s

C

C

L

L

C

C

L

L

. 
(47) 

Written as a fourth order equation system gives 
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






































































)(

)(

00

0

0

)(

)(

)(

)(

0

0

0

0

1

4241

21

12

2

1

2

1

444241

3231

2423

1413

sD

sU

BB

B

B

sU

sU

sI

sI

AsAA

sAA

AAs

AAs

C

C

L

L

.              (48) 
The most important transfer function is the 
connection between the voltage across C2 and the 
duty cycle d. The numerator and the denominator 
can be calculated according Crammer’s rule and 
with the help of the developing axiom leading to 

D

DUN

sD

sU CC 22 _

)(

)(
             (49) 
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With the abbreviations (51, 52, 53)
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3.4 Modeling with parasitic resistors 
The equivalent circuits for the two modes 

are shown in Fig. 9 and Fig. 10. The results 
are shown in the appendix (A.1, A.2). 

We model now the bidirectional converter 
(Fig. 11). Both semiconductor switches have the 
same on-resistor value. 

Fig. 11. Bidirectional converter 

The large signal model (A3) and the small signal 
model (A4) are written in the appendix. The small 
signal model can be derived similar to the process 
shown in 2.2. 

4 Dimensioning hints 
The voltage and current stress of the devices can 

be taken from part 2. During the on-time of the 
active switch C2 is discharged by the load current. 
The voltage changes by 
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Solving, including (16) and rearranging leads to 
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The equivalent series resistor of the capacitor 
causes a higher capacitor value. The input voltage is 
across the inductor L1 and the current increases 
during the on-time dT by ΔIL. Including (16) and 
rearranging gives 
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With a voltage ripple across C1 of ΔuC1 and 
graphical integration  
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one gets 
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The resonance frequency fR of the tank L2 and C1 
can be chosen, e.g. one tenth of the switching 
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Fig. 9. Equivalent circuit of mode M1 
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Fig. 10. Equivalent circuit of mode M2 



frequency, to achieve a good damping of the 
switching noise. This leads to a value for L2 
according to 

1
222 4

1

Cf
L

R
  .              (59) 

5 Simulations 

5.1 Steady state 
In Fig. 12 and Fig. 13 the voltage across and 

the current through the diode, the transistor, and 
the inductors are shown. In the last diagram one can 
see the input voltage, the control signal and the 
output voltage. The duty cycle was chosen to 
about one third as in the sketches in part 2. In 
Fig. 14 the currents through capacitors and the 
input and output currents are depicted. 

Fig. 12. Up to down: voltage across the diode, 
voltage across the active switch, voltage across the 
inductors; input voltage, control signal, output 
voltage  

Fig. 13. Up to down: current through the diode, 
current through the active switch, current through 
the inductors; input voltage, control signal, output 
voltage  

• Fig. 14. Up to down: current through C2 
and load current, current through C1, input 
current; input voltage, control signal, output 
voltage  

5.2 Dynamic behavior  
In the Fig. 15, Fig. 16, Fig. 17, Fig. 18, and Fig. 19 
one can see the behavior of the circuit when the 
input voltage is turned on (Fig. 15), during the 
soft start (Fig. 16), during an input voltage step 
(Fig. 17), after a load step (Fig. 18), and when the 
duty cycle ramps down (Fig. 19). The signals 
are up to down: the load current, the input and 
output voltages, the current through the 
inductors, and the control signal of the duty 
cycle (the input signal of the pwm modulator). 
When the input voltage is applied (Fig. 15), a short 
ringing occurs, because the capacitors and the 
inductors form resonance circuits. These ringings 
vanish within 10 ms. Fig. 16 shows the soft-start 
of the converter. The control signal ramps until a 
duty cycle of 50 % is reached. When the preset end 
value is reached, a small ringing occurs. Fig. 17 
shows the influence of an input voltage step. 
This causes a large ringing, especially in the 
inductor L1. In Fig. 18 the influence of a load 
step is shown. This leads again in a pronounced 
ringing. In Fig. 19 the duty cycle is reduced by 
a ramp. The converter values are L1=47 µH, L2=5 
µH, C1=C2=330 µF. 

Fig. 15. Power on (signals as in Fig. 16) 
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Fig. 16. Soft-start, up to down: current through the 
load; input voltage, output voltage; current through 
the inductors; duty cycle control signal 

 

Fig. 17. Input voltage step, up to down: current 
through the load; input voltage, output voltage; 
current through the inductors; duty cycle control 
signal 

 

Fig. 18. Load current step, up to down: current 
through the load; input voltage, output voltage; 
current through the inductors; duty cycle control 
signal 

 

Fig. 19. Duty cycle ramp down, up to down: current 
through the load; input voltage, output voltage; 
current through the inductors; duty cycle control 
signal 
 
Some additional notes to Fig. 18. A step of the input 
voltage leads to an increased output voltage and 
therefore to an increased load current. The converter 
consists of resonant circuits and this causes ringing, 
especially pronounced in the inductor currents. In 
this case the duty cycle of the converter is constant, 
only the input voltage makes a step. The input 
voltage should change only slowly. This is 
commendable for all modified converters where the 
bulk capacitor is connected between the input and 
the output. 
The voltage across the bulk capacitor is the sum of 
the input and output voltages, so more energy is 
stored compared to a converter where the bulk 
capacitor is between the output connectors, when 
the same capacitor value is used, or a smaller 
capacitor value can be used for the same stored 
energy. The larger the bulk capacitor the lower the 
frequency of the ringing in case of fast changes of 
the load, the input voltage or the duty cycle. The 
duty cycle should always change with a ramp as 
shown during soft-start (Fig. 16) and when the duty 
cycle has to be altered (Fig. 19).  
It should be mentioned that this converter can also 
be used (in the two-quadrant version) in battery or 
super-capacitor energy-storage systems and 
especially in the one-quadrant version for 
application in lighting devices. In these cases the 
output current has to be controlled. 
 
 

5 Conclusions 
The paper was written in a more didactical way, 
especially in the chapters 2 and 3. Main aspects of 
this new buck-boost converter are 
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 Constant input and output current
 Capacitor C1 and inductor L2 form a low-

pass filter
 Voltage and current stress are equal to those

of the normal buck-boost converter
 The voltage across the bulk capacitor is the

sum of the input and output voltages
The low-pass filter suppresses the switching noise 
and increases the electromagnetic compatibility. The 
converter can be used, because of its buck-boost 
behavior, where step-up, and step-down of the input 
voltage and a large voltage transformation ratio are 
necessary, e.g. in auxiliary drives with DC motors in 
automotive applications. Other loads, especially 
when the output current is controlled, are lighting 
applications, especially for LEDs. 
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APPENDIX 

A.1. Bidirectional converter - weighted model (large signal model)
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A.2. Bidirectional converter - linearized model (small signal model)
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