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Abstract. A two-stage converter with high output voltage
ratio and reduced current stress of the inductors and partly
reduced voltage stress is discussed. The function is explained
with the help of voltage and current diagrams. The voltage
transformation ratio changes between a quadratic step-up for
duty cycles lower 0.5 and a double Boost converter for duty
cycles higher than 0.5. Dimensioning hints, the control law for
feed-forward controls, the transient when the supply is turned on
is discussed and some simulations are given. A comparison to
other two-stage converters is also treated.

Key words. Quadratic boost, double boost converter,
feed-forward control, start-up.

1. Introduction

A comprehensive review of voltage-boosting techniques
with a reference list of 309 items can be found in [1].
Basics can be found in the text books e.g. [2, 3]. For our
paper especially relevant is [4]. Other interesting papers
which all have further references are e.g. [5-13]. In our
paper a converter which has, depending on the duty cycle,
two different voltage transformation ratios, is treated.
Another interesting aspect is the partly reduced voltage
stress across the semiconductors and the halved currents
through the coils.

Fig. 1 shows the converter. It consists of two electronic
switches (S1, S2), two diodes (D1, D2), two inductors (L,
L), and two capacitors (Ci, Cy).
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shifted by 180° and with a duty cycle of two thirds. Fig. 2
shows the control signals.
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Fig. 2. Control signals.

One can see that one period consists of four modes, two of
them are equal. During mode M1 both electronic switches
are turned on and The diodes are off. During M2 S; is still
conducting and D; is turned on. When S; is turned on
again, the converter is again in mode M1. When S; is
turned off, the converter changes into mode M3 where
only S, is conducting and the diode D; takes over the
current through L, and D; is off.

A. Voltage transformation ratio and voltage stress across
the semiconductors

The voltage transformation ratio of the converter can be
easily found by investigating the voltages across the
inductors. The mean value of these voltages must be zero
in the steady-state. Fig. 3 shows the voltages across the

. coils.
Fig. 1. Two-stage Boost converter. ) U2
JULL ; F U,
. /1 —
2. Converter in the steady-state ¢ -1
First we study the converter in the steady-state. Both 11 L
transistors are controlled with control signals which are U =Uo Uy = Uz +Uc

https://doi.org/10.24084/repqj20.218

61

Fig. 3. Voltages across the inductors.
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From the voltage-time balance at the inductors L; and L,

u.d =|U1_Uc1|(1_d) @
Ud=U,-U,+U.,|L-d) )
one gets
U, 1
el - 3
U, 1-d ®
U 2
= —= — 4
U, 1-d @

The converter is a double Boost converter. Now it is easy
to get the voltage stress of the semiconductors. Fig. 4

shows the voltages across the electronic switches.
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Fig. 4. Voltages across the electronic switches.

The maximum voltage across the electronic switches is
only half of the output voltage. This is a decisive
improvement upon the normal Boost converter. Looking
on the voltages across the diodes leads to the sketches
shown in Fig. 5.
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Fig. 5. Voltages across the diodes.

The stress across the output diode D is also only half of
the output voltage, the stress across D1, however, is equal
to the output voltage. Therefore, only one diode must
withstand the output voltage, the other diode must only
withstand half of it. It is clear that the maximum voltage
of the semiconductors must be chosen higher using a
security factor.

B. Connection between the currents

The currents through the capacitors must be zero in the
mean in steady-state. Therefore, one has to consider the
currents through the capacitors first. One has to start with
Cz. Only when S; is turned off, the diode D; is
conducting. When D is off, the load must be supplied by
the capacitor C,. Looking at C; shows that during mode
M2 the negative current through L, flows through it, and
during M3 the current through L; has commutated into Ci.
Fig. 6 shows these connections.
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Fig. 6. Current through the capacitors.
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The connection between the mean values of the inductor
currents and the load current can be calculated according
to the charge balances

|_ ILoad|d :(i'-z_ ILoad j(l_d) (5)

‘_nz (1-d)=Tul-d) . ©)

It is evident that the mean values of the currents through
the inductors are equal and dependent on the load current
according to

- - |
lu=1Iw =—1L_°a; . (7)

The currents through the semiconductors can now be
drawn according to Fig. 7 for the electronic switches and
to Fig. 8 for the diodes, respectively.
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. Fig. 7 Currents through the active switches.
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Fig. 8 Currents through the passive switches.
The sum of the currents through the coils is equal to the
input current. The load current is equal to the mean value
of the current through the output diode D,. Fig. 9 depicts
the input current, the currents through the coils, and the
load current.
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Fig. 9. Up to down: input current, currents through the coils, load
current.

C. Converter with a duty cycle of lower 0.5

The two-state converter with the enhanced voltage
transformation ratio will be used when high voltage step-
up is necessary, otherwise a one stage converter would be
used. Therefore, the function of the converter was
discussed for a duty cycle of greater than 0.5. For a lower
duty cycle than 0.5, again one period consists of four
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modes. In mode M1 switch S; is on and S; is off. In the
continuous inductor current mode diode D; is off and D,
is on. Mode M2 starts when S; is turned off, now both
electronic switches are off and both diodes must conduct.
When S; is turned on, mode M3 begins. S; is still off, D
turns off and D; continuous to conduct. When S; is turned
off, the fourth time segment of the period starts which is
equal to M2. Mode M1 and M3 both last dT, the weighing
of M2 is (1-2d)T. The use of the voltage-time balances for
the inductors

U, d=U,-U,)1-2d)+U -U, )d (8)
U.d :(Uz _Ul_UC1)(1_d) )
leads to the voltage transformation ratio
U1 (10
U, (1-d)
and for the voltage across the intermediate capacitor to
= L (11)

Uy (1—d)2U1 :
For a duty cycle lower than 0.5 the converter works as a
quadratic step-up converter with limited duty cycle!
The control law for the converter with the reference value

U, can be calculated according to
d=1- |91 |
LJZ
Fig. 10 shows the voltages across the inductors, the input
current, the current through the inductors, the load current,
the output voltage, the input voltage, the voltage across

the intermediate capacitor, and the control signals.
V(IN,UDS_S2)

(12)

V(IN,UDS_S1)

~I(Vin)

I(Rload)

V(D2Anode,UDS_S2) Viin)
V(g2)

Fig. 10. Up to down: voltage across Lz; voltage across Li; input
current, current through L, current through Lo, load current;
output voltage, input voltage, intermediate capacitor voltage,

control signals.

3. Dimensioning hints

The duty cycle d for both electronic switches is the same.
During the on time of the switches, the input voltage lies
across the inductors. From the voltage transformation ratio
(4) one gets for the duty cycle

d U,-2U, .

0, (13)
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With a chosen ripple of the inductor current Al_ and the
switching frequency f, one gets the equation for the
inductors according to
|_:U1U2_—2U1_
U, -Al -f
When the switch S; is turned on, the diode D is off.
Therefore, the load is supplied by C; alone. The voltage of
it decreases by the value AUc,. One can now calculate the
value of C, according to
C. = (UZ _2U1)| Load
7 U, AU, f
The voltage across C; decreases during the off-time by
AUci. For a desired AUci one gets for the minimum
capacitor

(14)

(15)

|
Load
Cl_— .

16
AU, f (19)

4. Turn on of the input voltage

An important aspect for all converters is the question
“what happens, when the input voltage is applied to it?”.
Two applications are especially interesting: first the
converter is supplied by a solar generator or another
current limiting source and second it is supplied by a
source with low impedance e.g. a battery in a car or in a
strong DC-grid. When an input source with a low output
impedance is used, a large charging impulse occurs.

A. turn on of a current limiting source

In this case the current cannot exceed the short-circuit
value of e.g. the solar generator. Two current loops which
form resonant circuits exist. One with a lower frequency
consisting of L; and the output capacitor C,, which is
typically larger than the intermediate capacitor Ci, and
one which is formed of L, and the series connection of C,
and C,.

B. turn on of a low impedance source

When the voltage is applied to an ideal resonant circuit,
the voltage across the capacitor increases up to the double
value of the applied voltage. In our case both diodes turn
on and the input voltage is applied to the resonant circuit
consisting of L; and C,. The input voltage is also applied
to the other resonance circuit consisting of the series
connection of L, C; and C,. Therefore, the voltage across
C; starts in the negative (that is the wrong) direction.
When electrolyte capacitors are used, this will lead to a
break-through of C; and the voltage is limited at a
constant negative value. When D; turns off - this happens:
When the currents through the inductors compensate each
other (the current through L, is now already negative) -
the voltage increases across Ci.

The turn-on process can be described by three stages.
Immediately after applying the input source to the
converter, stage Z1 occurs. Both diodes turn on (both
switches are off and the small parasitic capacitors of them
are neglected). With the help of the state-space description
a fourth order system has to be solved. A better way to get
the results is to use the mesh current method.
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For Z1 one has three meshes and therefore three mesh
currents. Two mesh currents are identical with the
inductor currents, so we use as variables i1 and i2. The
third mesh current is called is. The mesh equations are
therefore

di, 1
=L == |i,dt 17
L arou ar)
di, 1. 1
U, =L —2 4+ i, dt+—|i,dt 18
=L g Jlutte g fi (18)
di, 1 di
2+ i dt+L,—2=0 19
Sy LA (19)

The third mesh equation (19) results in is and is equal to
zero. For the mesh currents (which are equal to i1 and iL2)

one gets
i, =U, &sin[ ! t
VLo eL

i, =U, [—SC g [StCo| o
L, (Cl +C, ) CC,L,

The voltage across the output can be calculated with
t

:ij(iunu)dt .
CZ

0
These results are valid until D, turns off. This happens
when the current through D, reaches zero

i+, =0= (23)
GG,

U, &sin Ly +U, sin ClJrczt :
L C.L L, (Cl + Cz) CCL

This equation can be solved numerically or graphically
and one can now calculate the initial condition for stage
Z2.

When the diode D, turns off, only mesh 3 is effective. One
can write for the mesh current iz in this second stage Z2

L—2 diy +—j| dt+ue, (T, +L, C:;?’ =

(20)

(22)

UCZ

0. (24)

The two inductors are in series and the current through
them must be zero at the beginning

d|3 17, _
(L) Cllnsdwum(rl)—o.

The state variables can easily be calculated from the mesh
current iz according to

(25)

iy, =is. (26)
i, = . (27)
=Cij dt+ Uy (T). (28)

Mode Z2 ends, when the current through the diode D;
reaches zero after the time interval T».
When D turns off, D, turns on again and stage Z3 begins.
Now the mesh current which is equal to i, is effective and
leads to (29) which follows here

. t t
ey 2 it ug () + < [t e ().

20

U, =L
botdt ¢
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With the help of Laplace transformation one gets

iLz(t):[Ul_um(Tz)_ucz(Tz) G5,

(Cl +C, )Lz
.Sm[ [c.+C, "j
CICZ L2

This mode ends when the current reaches zero and D
turns off again.

(30)

I(C2)

1(C1)

_V(DZAnodeUDS 82)

Fig. 11. Turn-on of the input voltage, up to down: current
through output capacitor Cz, current through intermediate
capacitor Cy, current through Lz, current through L1, voltage
across Ci, and output voltage.

Inspecting Fig. 1 one can conclude that the stationary
values of the capacitors (the electronic switches do not
work now) will be a little bit lower than the input voltage
(when the voltage across C, gets lower than the input
voltage, the diodes turn on and charge again C,) for the
output capacitor C, and nearly zero for Ci. Fig. 11 shows
a simulation.

5. Start-up and feed-forward control

For a desired output voltage U, one can write for the
control law
U, -2U,

Ve (31)
To get a positive duty cycle the reference value must be
greater than two times the input voltage. Fig. 12 shows the
reference value and the currents through the inductors in
the upper picture and in the lower one the reference value,
the output voltage, the voltage across the intermediate
capacitor, and the input voltage. After 0.5 ms the input
voltage is turned on. One can see that after a short time the
output voltage is a little bit lower than the input voltage.
After 3 ms the reference value starts to ramp up and about
2 ms later the feed-forward controller starts to work. The
output voltage reaches the reference value after about
3.5ms. From now on the output voltage follows the
reference value. At 15 ms there is a step in the reference
value. There is now a short transient. At 20 ms one can
see an input voltage step which again leads to a transient.

d:
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Fig. 12. Up to down: reference value (grey) and the currents
through the inductors (violet and turquoise) in the upper picture
and reference value (grey), the output voltage (green), the
voltage across the intermediate capacitor (blue), and the input
voltage (red) in the lower one.

More details concerning the design of the feed-forward
control can be found in [14].

6. Comparison to other two-stage Boost
converters

In this section other two-stage Boost converter topologies
are treated.

A. Interleaved Boost converter with only one diode

This converter (Fig. 13) splits the energy of the input into
two parts. So the currents through the inductors and
through the electronic switches are reduced. Both
transistors and the diode must block the output voltage.
The voltage-time balance across the inductors

U,-2d =|U, -U,|(1-2d) (32)
leads to the voltage transformation ratio
M=Y2__ 1  withd<o5 . (33)
U 1-2
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Fig. 13. Interleaved Boost converter with only one diode.
The voltage stress across the semiconductors is equal to
the output voltage. The input current is shared into the two
inductor currents. One has to keep in mind that the duty
cycle of the electronic switches must be lower than about
0.4. In reality one also has to control the symmetry of the
inductor currents.

Fig. 14 shows the currents through the inductors (which
differ in their values by 10 %), the input current, and the
load current. The lower diagram shows the output voltage
and the control signals of the active switches.

The clocks are interleaved and the input current and both
inductors have a frequency which is doubled (in our case
400 kHz)!
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Fig. 14. Up to down: input current (turquoise), currents through
the inductors (grey and dark green), load current (dark blue);
output voltage (blue), input voltage (green), control signals.

B. Interleaved Boost converter with two diodes

The two converters work really completely in parallel
(Fig. 15). To increase the frequency of the input current
(double it), the control signals for the transistors are
shifted by 180°.

b -
T
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D, _
. N e I
sjh sj*
— 1

Fig. 15. Interleaved Boost converter with two diodes

The voltage transformation ratio M is the same as for a

normal Boost converter.

M=z b (34)
U, 1-d

The advantage of this concept is that the handled energy is

split. The voltage stress of the devices, however, is equal

to that of the normal Boost converter.

Fig. 16 shows the currents through the inductors (which

differ in their values by 10 %), the input current is equal to

the current through Li, and the load current. The lower

diagram shows the output voltage, and the control signals

of the active switches.
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Fig. 16. Up to down: input current (turquoise), currents through
the inductors (grey and dark green), load current (dark blue);
output voltage (blue), input voltage (green), control signals.
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C. Cascaded Boost

The cascaded Boost converter (Fig. 17) consists of two
cascaded Boost stages. The voltage across C, is therefore

1
U. =—U,. 35
C1 1—d1 1 ( )
This leads to the voltage transformation ratio according to
u, 1

U, fd)d) (36)

Using the same duty cycle for both stages one can write

S__1 37)
Ul (1_d1)
.L-] D] Lg Dz
. MO ™~
Uy ﬂq O, =7 l ﬂq Co—/— R Us

‘ Fig. 17. Cascaded Boost converter.

The cascaded boost converter is a quadratic converter and
especially useful for higher voltage transformation ratios.
A disadvantage compared with the here treated converter
(Fig. 1) is that both stages have to transfer the whole
power and not only half of the power. Furthermore, the
voltage stress of the semiconductors of the second stage is
equal to the output voltage.

Fig. 18 shows the currents through the inductors (which
differ in their values by 10 %), the input current is equal to
the current through Li, and the load current. The lower
diagram shows the output voltage, the voltage across the
intermediate capacitor, and the control signals of the
active switches.

L1) i(L2)

I{Rout)

V(in) V(n001) Vigl) Vig2)

i i

Fig. 18. Up to down: currents through the inductors (grey and
brown), load current (dark blue); output voltage (green), voltage
across intermediate capacitor (red), input voltage (blue), control

signals.

7. Conclusion

A two-stage converter with two voltage transformation
ratios depending on the duty cycle was analyzed. The
converter is a quadratic step-up converter when the duty
cycle is lower than 0.5 and has a double boost
characteristic for duty cycles higher than 0.5. The stress of
the semiconductor devices is reduced. The converter is
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especially useful for solar, fuel cell, battery, and micro
grid applications.
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