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Abstract: - Two concepts are combined in this paper. First, the tristate concept, where the electronic switch of a
DC/DC converter is replaced by a combination of two electronic switches and an additional diode. This leads to
two interesting features: first the voltage-transformation ratio can be linearized and second the system can be
transferred into a phase minimum system, which makes the control easier. The second two tristate Boost
converters are combined to a floating double Boost converter. The basic function of the converter is explained.
The large and the linearized small signal models are derived, transfer functions calculated, and Bode plots
drawn. The dynamic behavior is studied with transfer functions and by circuit simulations done with LTSpice.
The inrush is studied and a modification of the converter is shown to avoid dangerous overcurrents.
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1 Introduction active switches with the same duty cycle) in the
The starting point of these investigations is the steady state is given by:
floating double Boost converter as shown in
Figure 1. U;-d =[U; -Uc|(-d) (2)
1 e B = which leads to the voltage across the capacitors:
| |
U
’I‘Y‘VUl E-lﬁ 51 ::c‘;,.f UCl :UCZ N ﬁ ' (3)
V
— .'Ti e R
= B T s . With (1) and (3) the voltage transformation ratio is
|82 T | |ue obtained according to:
. BN . Motz _1rd (4)
—a Ul 1_d

Fig. 1: Floating double Boost converter
The circuit diagram of the floating double Boost

The converter consists of two Boost converters, converter can be found in [1], [2], [3], [4], [5]. In
each realized by a coil, a switch, a diode, and a [1], the converter is used for a photovoltaic system
capacitor. The two converters are connected in and combined with a robust control. The application
parallel at the input and Wor_k in series at the output. shown in [2], is a combined fuel-cell and
At terminals 1 and 2 the input voltage source is supercapacitor system. In [3], an observer system is
connected. The load is applied to the terminals 3 and applied to the converter. [4], shows again fuel cells
4. One can immediately see that the output voltage as a supply and in [5], the converter supplies a DC
is given by the voltage across the two output micro-grid. In [6], [7] and [8], the converter is
capacitors of the two Boost converters minus the combined with the interleaved concept for each
input voltage: Boost part. [9], uses additional resonant circuits. In

[10], the diodes are replaced by electronic switches.
U, =Ugy +Ucp Uy 1) So a bidirectional operation is possible.

The voltage-time balance across the inductors
(we use a symmetrical design and control both
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2 Floating Tristate Double Boost

Converter

The floating double converter concept (one can use
other converter stages instead of the Boost) is now
combined with the tristate concept. Here the active
switch is replaced by a series connection of two
active switches S1, S2, and a diode D1 which is
joined to the connection point of the two electronic
switches. The other terminal of the diode is
connected to the coil. Figure 2 shows this concept
applied to the floating double-boost converter. The
tristate concept goes back to [11], and is deepened
in [12] and [13]. The concept can be extended to a
bidirectional one, [14], [15]. So energy flow in both
directions is possible and the onward losses can be
reduced. An improvement to reduce the switching
losses is presented in [16]. The tristate concept is
mainly applied to the Boost converter. In [17], the
tristate concept is not only applied to the Buck and
the Boost converters, but also to the Buck-Boost, the
Cuk, the Sepic, the Zeta, the D-square, the (2d-
1)/(1-d), and to the improved super-lift Boost
converters.
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Fig. 2: Floating tristate double Boost converter

In the continuous inductor current mode, the
tristate converter has three modes. In mode M1 both
active switches are turned on and the input voltage
is across the inductor, in mode M2 S1 is turned off
and the inductor is short-circuited by S2 and D1.
The current through the coil stays now nearly
constant. In mode M3 S2 is off and only D2 is on.
Now a negative voltage is across the coil and the
current through it decreases.

The voltage-time balance of a Boost part can be
written according to:

U1d1:|U1—Uc|(1—d2) (5)

which leads to the voltage transformation ratio:
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U, 1-d,

(6)

The voltage transformation ratio of the whole
converter is therefore:

&_21+d1—d2 _1_1+2d1—d2

7
U, 1-d, 1-d, @

with the limitation
d,>d,. (8)

The voltage transformation ratio with constant
duty cycle d2 and variable duty cycle d1 is shown in
Figure 3. The transformation ratio is linearized and
higher compared to the normal floating double boost
converter (FDBC) without the tristate concept.

/";—'- "

Fig. 3: Floating tristate double Boost converter,
voltage transformation ratio: duty cycle of S2 as a
parameter and duty cycle of S1 as independent
variable

The voltage transformation ratio with constant
duty cycle d1 and variable duty cycle d2 is shown in
Figure 4. The transformation is lower compared to
the normal floating double boost converter (FDBC)
without the tristate concept, and the curvature is
smaller.

Fig. 4: Floating tristate double Boost converter,
voltage transformation ratio: duty cycle of S1 as a
parameter and duty cycle of S2 as independent
variable
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Figure 5 shows the converter in the steady state.
The current through the coils and the load current
are shown in the upper graph. In the lower graph the
output, the input voltages, and the control signals of
the switches are shown. The two converter stages
are controlled in an interleaved way, the signals of
the second stage are shifted by 180 compared to
those of the other stage.

The tristate converter suffers again from the
inrush current when applied to a stiff input voltage.
The inrush is equal to the one of the normal floating
double Boost converter.

e e =
1oy : v
14a4
1204
1o

1

Fig. 5: Tristate floating Boost converter, up to
down: Current through L1 (red), current through L2
(violet), load current (brown); output voltage
(green), the control signal of S2_2 (dark green,
shifted), the control signal of S1_2 (grey, shifted);
control signal of S2_1 (black), the control signal of
S1 1 (turquoise)

3 Model of the Converter

3.1 State-space Models

The two stages are built similarly and both converter
stages are controlled by the same duty cycles. The
converter can now be described by a second-order
system! So it is not necessary to distinguish between
the inductors and the capacitors, one can write only
L for the coils and C for the capacitors. The load
current can be written according to:

(9)

During mode M1 both active switches of the
stages are turned on and the state equations for the
change of the current through the inductors and the
change of the voltage across the capacitors are:

dip u duc  (-2uc +y)/R

’ = . 10
d L dt C (10)
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For the mode M2 (S1 is turned off and D1 turns

on) one gets:
di, _
dt

duc _(-2uc+u)

IR
(11
dt C (13)

When the second electronic switch S2 is turned off,
D2 turns on and D1 turns off, and the describing
state equations are:

dip U —ue duc i +(=2uc +u)/R
dt L ' dt C '
(12)

To get the weighted model of the converter one has
to weigh the equations of the three modes by d1, d2-
di, and 1-d2, respectively, and add them. This leads
to the large signal model:

o, 0o Go1] | [Lrdi-d,

Bl = — L L L

dt(uc] 14, 2 U 1 (W@
C RC RC

Linearizing leads to the small signal model:

A 0 D2_1 A
dlic | Loy,
dt| 1-b, _2 |

¢ C RC |\

. (14)
14D;g—Dyy Uyp Ugg—Uyg || ia
L L L q
[ S P s
RC c Jda
The connections at the operating point are:
(Dzo _1)Jco + (1+ Dy - DZOplO =0 (15)
resulting in:
1+ D, —D
Ugp=—"22—2U 16
Cco 1_ Dzo 0 ( )
2 1
(1_ Dzo)I to~5Yco+5Up0=0 7
R R
leading to:
2U-,-U |
o= Co 10 _ "LOAD (18)

R(l_ DZO) - 1- D20 .

Using abbreviations for the elements of the state
and the input matrixes leads to the Laplace
transformed system for the coil current and the
voltage across the capacitors in the s-domain
according to:

Uy (s)
[ s Ay }(MS)HB“ Biz B“} Dy(s)
—Ay S=Ap|Uc(s)) [Ba 0 By Dz(s)
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(19)
The output voltage is given (in the time-domain) by:

0, <o z(lt j+[—1](ul). (20)

All six possible describing transfer functions have
the same denominator:

Den =52 — Ay, - S— APy = (5 + ) + 0? (21)

The damping factor and the angular resonant
frequency can now be written by:

5= % and w=1/A,A,, 5> (22)
and with the parameters of the converter to:
1 (1-Dy) 1
d=—and w= |— 2 __~ 23
e o= \Tc e B

The smaller R and C the better the system is
damped and the ringing is reduced.

The parameters of the converter are L=47 pH,
C=330 puF, R=6.25Q, and the working point is
described by U10=24 V, UC0=39.8 V, I1L0=17.5 A,
D10=0.33, D20=0.5. All Bode plots and step
responses are calculated with these values. The

damping factor is 5:%=484 and the angular

frequency is »=3986s"" and the frequency 634 Hz.

3.2 Transfer Functions
Now the numerators of the transfer functions have
to be calculated.

3.2.1 UC(s) in Dependence on D1(s)
The numerator can be found by:

BlZ

S
Num_UCDlz‘
—Ay 0

=Ap1Byy. (24)

The transfer function is a simple second-order
phase-minimum system and the phase tends
asymptotically to -180°. The damped ringing is
caused by the poles. Figure 6 shows the Bode plot
and Figure 7 the step response. The resonance is in
good coincidence with the calculation.
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Fig. 6: Transfer function between capacitor voltage
and duty cycle of switch S1: Bode plot (solid line:
gain response, dotted line: phase response)
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Fig. 7: Transfer function between capacitor voltage
and duty cycle of switch S1: step response (1 %)

3.2.2 UC(s) in dependence on D2(s)
The numerator is now a first-order function

B3 =5-By3+ AyBi3. (25)

1 23

Num_UCD2 =

B2s is negative. The zero is therefore on the
right side of the complex plane
__ AriBig _ (Uco —Ulo)(l— Dzo)
B23 ILOL

Sz (26)

and the converter is, like other step-up converters,
described by a non-phase minimum system.

The zero on the right side shifts the phase of the
system to another -90 at high frequencies to -270°
and leads to a slower controlled system. The higher
the value of the coil, the nearer the zero at the
imaginary axis, and the greater the influence of the
zero. Figure 8 shows the Bode plot and Figure 9 the
step response for a change of the duty cycle of 1 %.
The response starts first in the wrong direction, the
voltage reduces first and increases a little bit later.
This is typical for systems with zeros on the right
side.
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Fig. 8: Transfer function between capacitor voltage
and duty cycle of switch S2: Bode plot (solid line:
gain response, dotted line: phase response)
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Fig. 9: Transfer function between capacitor voltage
and duty cycle of switch S2: step response (1 %)

For a simpler control (the plant is a phase
minimum system) it is useful to control the
converter with d1 and d2 fixed. The duty cycle of
S1 must be lower than or equal to the duty cycle of
S2.

3.2.3 UC(s) in Dependence on U1(s)
The numerator of the transfer function between the
voltage across the capacitor and the input voltage:

P =5-By +AyBy;  (27)
1 21
leads to a zero on the left side of the complex plane
at:

Num_UCU1=

_ABy __ (Uco _UlO)(l_ Dzo)R

S, =
z B,; L

(28)

and to a phase minimum system. The phase tends
now to only -90° at higher frequencies. Figure 10
shows the Bode plot and Figure 11 the step
response.

This transfer function is especially necessary
when a disturbance feedforward is applied.
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Fig. 10: Transfer function between capacitor voltage
and the input voltage: Bode plot (solid line: gain
response, dotted line: phase response)
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Fig. 11: Transfer function between capacitor voltage
and the input voltage: step response (1 V)

O

Sometimes the control of the current through the
coil is of importance e.g. by using the converter for
supplying light emitting diodes, or when using a
two-loop control.

3.2.4  IL(s) in Dependence on D1(s)

The numerator of the current through the inductor
and the duty cycle of switch S1 can be calculated
according to:

B —
Num_ ILD1= (1)2 S_AZAl; =Bia-s+ApB,.  (29)
The zero is at:
s, =—Ay, :C_i (96751, 154 Hz)  (30)

and is at the left side of the complex plane and the
phase tends now to only -90°. The control is
therefore easy. Figure 12 shows the Bode plot and
Figure 13 the step response.

- - 2 oy 3
W Mz AL 1o WK

Fig. 12: Transfer function between the current
through the coil and the duty cycle of switch S1:
Bode plot (solid line: gain response, dotted line:
phase response)
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Fig. 13: Transfer function between the current
through the coil and the duty cycle of switch S1:

step response (1 %)

3.25 IL(s) in Dependence on D2(s)

The numerator of the transfer function between the
current through the coil and the duty cycle of switch
S2 can be found in

Bz -Ap
Num_ILD2 = =B ,-5— +A.B
— 823 S—A22 Bl3 A22813 A12 23
(31)
The zero lies at
s, = PoBla—AgByy 2 (L-D,)l o (32)
Bl3 RC (UCO_UlO)C

and again the transfer function describes a phase
minimum system. Figure 14 shows the Bode plot
and Figure 15 shows the step response.
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Fig. 14: Transfer function between the current
through the coil and the duty cycle of switch S2:
Bode plot (solid line: gain response, dotted line:
phase response)
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Fig. 15: Transfer function between the current

through the coil and the duty cycle of switch S2:
step response (1 %)

3.2.6 IL(s) in Dependence on U1(s)

The numerator of the transfer function between the
current through the coils and the input voltage is
obtained by:
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Bu —Ap
N ILUl= =B;-s— B
um_ By, S— Ay Bi1-S—ApBi + ALByy
(33)
The zero is again on the left side at
s, = PeBu-AuBy 2 2-Dy) gy

Bi1 RC (1+ Dio— Dy )CR
Figure 16 shows the Bode plot and Figure 17

the step response.
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Fig. 16: Transfer function between the current
through the coil and the input voltage: Bode plot
(solid line: gain response, dotted line: phase
response)
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Fig. 17: Transfer function between the current
through the coil and the input voltage: step response

1v)

The control of the current is easy for all three
input variables and can be done by a PI controller.
In a two-loop control, only a P-controller for the
inner current loop is necessary. More results are
shown in section 6.

4 Inrush

A very important aspect of a converter is its inrush
current when the input voltage is applied. This is
especially important when the input source is stable
and can deliver a large current.

Figure 18 shows an inrush when the converter is
applied at 24 V (the used converter parameters are
L1=L2=47 uH, C1=C2=330 uF). The input voltage
goes up within 10 us. The currents through the coils
rise nearly sinusoidal (damped by the load resistor),
and when the current reaches zero the diodes turn
off. The voltage across the capacitors rises to nearly
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double the input voltage, then the capacitors are
discharged by the load (with an exponential
function). When the voltage across a capacitor is
lower than the input voltage by a forward voltage of
the diode, the diode turns on and recharges the
capacitor with a damped sinusoidal waveform. The
current through the load is supplied by both
converter stages. From the load current one can
imply that the output voltage is negative at the
beginning.

T

’ ll Y T
Fig. 18: Tristate floating double Boost converter:
inrush with load resistor 6.25 Q, up to down: load
current (brown); current through L2 (violet); current

through L1 (red); voltage across C1 (green), input
voltage (blue)

Figure 19 shows the inrush when no load is
connected to the converter. The converter
parameters are the same as for Figure 18. The
current through the inductors are sinusoidal half-
waves. The voltage across the load becomes
negative until the capacitors are charged so that they
can compensate for the input voltage. The voltage
across the capacitors reaches nearly two times the
input voltage. (Without losses across the diode and
the series resistors of the coil and the capacitor, it
would reach double the input voltage exactly).

s

B

Fig. 19: Tristate floating double Boost converter:
inrush with no load, up to down: output voltage
(turquoise); current through L2 (violet); current
through L1 (red); voltage across C1 (green), input
voltage (blue)

E-ISSN: 2224-266X

Felix A. Himmelstoss

This converter has a large inrush current when
connected to a stiff input voltage, as are batteries
and DC microgrids. The inrush current is two times
the resonant current of the resonant circuit formed
by the coil and the capacitor of a converter leg
leading to

I =2\/§ul . (35)

One should also keep in mind that the inductor
will saturate and decrease and so the current will get
much higher!

With an additional input transistor SIN which
starts with a duty cycle from zero and increases to
one by a ramp function, the current into the
converter can be reduced and controlled. This
additional transistor SIN can also be used as a fuse
to turn off the converter very fast in the case of a
short-circuit, open circuit, overcurrent, or overheat.
Between the drain of the transistor SIN and the
anode of the additional diode DIN, an input
capacitor CIN has to be connected (Figure 20).
Figure 21 shows the turn-on with no load and
Figure 22 with load. The current through L1 is
depicted, the current through the other coil looks
equal, and the input current is therefore double as
large. The output voltage, the voltages across the
capacitors, and the input voltage are also shown in
these figures. No dangerous current occurs, but the
output voltage is negative again at the beginning.

SIN 1

UVIN (138

CIN " DIN
. - 2 -
Fig. 20: Pre-stage to avoid the inrush and to serve as
an electronic fuse

Fig. 21: Floating double Boost with additional
inrush current reduction (no load), up to down:
current through the first coil (red); output voltage
(dark green); the voltage across the second capacitor
(turquoise); input voltage (blue), voltage across the
first capacitor (green)
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Fig. 22: Floating double Boost with additional
inrush current reduction (with load), up to down:
current through the first coil (red); output voltage
(dark green); the wvoltage across the second
capacitor(turquoise); input voltage (blue), the
voltage across the first capacitor (green)

5 Floating Tristate Modified Double
Boost Converter

5.1 Circuit

Another way to avoid the large inrush current is to
modify the Boost stages. Instead of connecting the
capacitors across the output of the Boost stages, one
has to connect them between input and output as
shown in Figure 23.

]
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i
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e
Fig. 23: Floating tristate modified double Boost
converter

5.2 Inrush
Figure 24 shows the currents through the coils, the
input, and the load. There is only a small ringing
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and no dangerous current. The function is the same
as was shown for the basic structure, but the input
current is changed and the voltage stress across the
capacitors is reduced to the difference between
output and input voltages of the respective Boost
parts. No negative output voltage occurs.

13

Pt

j’\f‘\/\/\’v‘“"

|

Fig. 24: Modified tristate floating double Boost
converter with load, up to down: load current
(brown); current through L2 (violet), current
through L1 (red); input voltage (blue), output
voltage (green).

5.3 Model of the Modified Converter
When the position of the capacitors is changed, the
converter is modified. The model of the converter
can be obtained in the same way as for the normal
floating tristate Boost converter according to
Figure 2 and results in:

d,-17 d,

dfi 0 L [t T
E(ch: ﬂ i[ucj+ 1 (ul)' (36)

C RC RC

Linearizing leads to the small signal model:

A o Deolir,
dlic - L |,
dt uc 1-Dyp _ 2 Uc

C RC
Dip Uy U | U
L L L |4
I I | &
—~- 0 --L g
RC c | d2

(37)
which leads to the same transfer functions. Only B11

and B13 change their values.
The output equation:

u,=[0 2{& j +[u,) (38)

leads to the output voltage.
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6 Simulations
To prove the model a comparison with the
simulation of the circuit is done.

Figure 25(a) shows the simulation with the
small signal model with the help of the transfer
functions. The change of the voltage across the
capacitor is shown around the working point. It
starts with a step-up of 1 % for the duty cycle di,
after 20 ms the d1 goes down by -1 %. After another
20 ms, the duty cycle d2 jumps up by 1% and
jumps back after 20 ms. After another 20 ms, the
input voltage makes a step of plus 1V and steps
back after 20 ms. Figure 25(b) shows the results
done by a simulation of the converter circuit. One
can see that the dynamic behavior is very precisely
modeled with the transfer functions. The converter
is switched to 100 kHz and one can see the ripple of
the current (one can see the band within which the
current is changing).

[1E]]
e

14

1A

143

1

(b)

Fig. 25: Change of the capacitor voltage caused by
steps every 20 ms, d1 up and down by 0.01, d2 up
and down by 0.01, and U1 up and down by 1V (up
to down): changes of the current through L1 (red),
current through L1 (red); output current (green),
voltage across C1 (turguoise), input voltage (blue),
a. small signal model, b—circuit simulation

The circuit simulation takes much longer (24
minutes, including 10 ms for the inrush, and 20 ms
for start-up which are not shown in Figure 25) than
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the simulation with transfer functions (a few
seconds) on the used computer. Therefore, for the
controller design the linear model would be used to
check the results. The complete circuit simulation
with inrush and soft-start is shown in Figure 26.

2004

'SH
104

A

LYy

) Nmy

Fig. 26: Soft-start, steps of the duty cycle of d1 and
d2 and steps of the input voltage (up to down):
current through L2 (violet), current through L1
(red); output current (green), voltage across C1
(turquoise), input voltage (blue)

7 Conclusion
The combination of the tristate and the floating
double converter concepts leads to a new and
interesting DC/DC converter, especially useful for
fuel-cell and DC-micro-grid supply, with useful
features:
¢ High step-up ratio
e Linearization of the voltage transformation
ratio, when the duty cycle of switch S2 is
kept constant and the duty cycle of S1 is the
variable
e The converter is a phase-minimum system
in this case
e Reduction of the voltage transformation
ratio and smoothing of the characteristics,
when the duty cycle of S1 is kept constant
and the control occurs with the duty cycle of
S2, in this case, the converter is a non-phase
minimum system
e Doubling the AC component of the input
current, when the two converter stages are
controlled with 180° shifted signals
e Changing the position of the capacitors
according to Figure 23 avoids the inrush,
when the converter is connected to a stiff
input source, like batteries or a stable DC
micro-grid, avoids also a negative output
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voltage during turn-on, and reduces the
voltage stress of the capacitors

Symmetrical design and using the same
duty cycles for the electronic switches in the
two Boost stages reduces the converter to a
second-order system

The second mode of the converter can be
additionally used to control the converter in
the case of errors

The converter can be used also for charging

batteries and to supply light-emitting diodes. In this
case, an inductor should be connected in series to
the load and the current through it has to be
controlled. The floating output voltage can be used
as the input of an isolated converter, e.g. a two-
switch forward or flyback converter. It should be
mentioned that the concept can be extended into a
bidirectional system when the electronic switches
and the diodes are replaced by current-bidirectional
switches consisting of an electronic switch and an

antiparallel

diode. Furthermore, other ftristate

converter types as shown in [17], can be combined
with the floating double converter concept.
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