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Abstract

Starting from a negative output super-lift converter which has high repetitive input current peaks an improved
version is derived which avoids these peaks. The function of both converters is treated and the design explained.
Compared to typical step-up converters the converter has no inrush current, when applied to a stable input
voltage source. The voltage stress of the electronic switch and the diode is the same as for a noninverting Boost
converter. Although the converter needs two capacitors and two coils, the dynamics of the system can be
described by a second order system which simplifies the controller design. The large and the small signal
models are derived. A feed-forward control is shown. Simulations and some measurements are also included.
Keywords: DC/DC converter, inverting Boost, dimensioning, modelling, transfer function, feedforward control.

1. Introduction

There are several possibilities to produce a negative voltage out of a positive one. For small power (a few Watt)
simple switched capacitor converters can be used. For higher power it is much more efficient to use energy
conversion by a magnetic field. Classical power converters to produce a negative voltage are the Cuk and the
inverting Boost converters. These and other possible topologies are treated in the textbooks e.g. [1-3]. A
comprehensive review on step-up converters is given in [4]. Over hundred DC/DC converters are shown in [5].
The starting point for this investigation is the negative output super-lift converter [6]. This is an interesting
inverting step-up converter, but has the disadvantage of a high peak current. In this paper some improvements
of this converter are presented and explained.

2. Fundamental analysis

For the basic explanation ideal components are supposed, that means no parasitic resistances and extremely fast
switching. The electronic switch is drawn as a MOSFET. Of course other switching devices can be used. For
the explanation we follow [7].
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Fig. 1 Negative output super-lift converter.

The starting point, a negative output super-lift converter is drawn in Fig. 1. The converter consists of an
electronic switch S, two diodes (D1, D2), two capacitors (C1, C2), and a coil L1. The input voltage is connected
to the input terminals (1 is the positive and 2 is the negative input connector), the load is connected to the
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output terminals (3 is the positive, 4 is the negative output connector). Two modes can be distinguished. During
mode M1 the active switch S is turned on, and in mode M2 the active switch is off and the diode D2 is
conducting. During M2 the current through L1 has commutated into D2, which is in series with the parallel
connection of the output capacitor C2 and the load and in this way supplies the output. The voltage across C1
decreases. When S1 is turned on again, the current through L1 commutates into the switch S and the diode D2
turns off. Now also a second loop occurs: the voltage across C1 was reduced during M2 and is now lower than
the input voltage U1, therefore D1 turns on and C1 is charged up to Ul by an additional current peak. In the
stationary case one can set the voltage across C1 to U1 (the capacitor C1 is so large that the voltage across it is
nearly constant during one switching period). One can write therefore
Ucp =Uy. (1)

The voltage-time balance of the inductor L1 (in the steady-state the voltage across an inductor is zero in the
mean) can therefore be written as

Uyd =Ucy -U,|(1-d)= (U, -U,)(-d). (2)
Now one can easily determine the voltage transformation ratio M of the converter according to
U 1
M=—"2_-_-_ 3
U, 1-d @)

The voltage transformation ratio is the same as that of the classical step-up converter. The directions of the
voltages are drawn in their effectiveness and the output voltage is inversed in relation to the input voltage.

Due to the fact that the voltage across C1 is always nearly equal to the input voltage, the voltage stress of the
active switch is equal to the output voltage

Us =U, . (4)
The voltage stress across the diodes is also the same
Upy =Upp, =-U, . (5)

Summarizing one can say that the voltage stress of the semiconductors is equal to the one of the classical Boost
converter.

The disadvantage of this concept is the abrupt charging of the capacitor C1, which also stresses the input source
U1, the diode D1, and the electronic switch S1. When the switch S1 is turned off, the capacitor C1 is discharged
by the current through L1. Therefore, the voltage decreases by Auc;. When S1 is turned on again, D1 turns on,
too, and charges the capacitor up to the input voltage. Summarizing all parasitic resistors (from the electronic
switch S1, the diode D1, the capacitor C1, and the wiring) in this loop together into R, and modelling the diode
by a knee-voltage VD and the differential resistor RD one can write for this charging current according to
Kirchhoff’s voltage law

t t
Ul = Rl +VD +ij-|dt + (Ul —AUCl) AUCl _VD = Rl +ij|dt . (6)
C; 0 C; 0
Laplace transformation leads to
—€L D _R.(s)+—-=-1(s) . 7
(s) C. s (s) ()
Back transformation leads to the exponential current form
i(t) = exp| — t|. 8
(t) = Lo (8)

One has to keep in mind that this current flows, additional to the current through L1, out of the input source and

stresses also the active switch. The peak-value of this additional current is

A Aug -V

| =2¥c1 7 VD 9
- ©)

and decreases with the time constant
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7=C;-R . (20)
This process should end within the on-time of the active switch. The minimal on-time of the active switch
should therefore be about five-times the time-constant t
Tonmin =9:7=5-C;-R. (11)
This exponential current leads not only to an additional peak current stress, but also to additional losses. On the
assumption that the minimal on-time of the switch is equal or larger than five times the time constant, one can
write for the energy which is transferred into heat during one cycle (there is only a negligible error, when
infinity is taken for the upper limit in the integral)

0

[ _OO 2 _w (Auc, -V 2
Wq —-([URldt —!RI dt —_([R 2 exp C1~Rt dt . (12)

This leads to an additional loss energy per cycle

2
We, :M_ (13)
The loss is distributed across the parasitic resistances in the charging loop and depends on the switching

frequency according to

2
p, = f St Vo ) (Auczl Vo) (14)
Please keep in mind that this loss occurs independently of the value of the resistor! In the result the resistor does
not occur. Even when one uses the best available components, or even ideal components, this loss occurs and
no improvement is achieved!
With these findings we can define the limits of the resistor R, so that the maximum current is lower than a

A
chosen maximum value |

R> AU —Vo (15)
|
On the other side the resistor must be lower than
R< Ton,min ’ (16)

so that the capacitor can be charged up completely. To reduce the peak current, a discrete resistor which
supplements the parasitic resistors can be used without reducing the efficiency.

3. Improvement of the converter

3.1 Basics

In this chapter an improvement of the converter which has no additional losses (when ideal devices could be
used) is treated. The circuit is shown in Fig. 2, an inductor L2 is connected in series to D1.
When the active switch S1 is turned on, a loop according to the differential-integral equation occurs

t t
di . 1. di 1.
U1—Lza+ R|+VD+C—1_([|dt+(U1—Auc1) Auc; —Vp —Lza+ R|+C—1_([|dt . 17)
In the resistor R all parasitic resistors of the loop are subsumed. Laplace transformation leads to
M:L2~s-|(s)+R-I(s)+Ci-1~l(s). (18)
s

1
Now the charging current takes place as a damped harmonic ringing
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iy Aug —Vp Rl [ R
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Fig. 2 Improved converter.

This ringing stops, when the current reaches zero after the first half-period. For dimensioning the converter one
can neglect the losses. The ringing can now be simplified to a harmonic oscillation according to

i(t) = (Augy) \/(L::; sin[ Clle t] . (20)

The amplitude of the charging current is therefore
1= Augy [ (21)
I-2
The period T of this oscillation can be calculated from

o-24=2F_ | 1 (23)
T CL,

The current reaches zero after a half-period and the diode D1 turns off. This leads to the necessary minimal on-

time according to
Ton,min =TT CiL, . (24)

3.2 Dimensioning

The converter is an inverting step-up converter. If step-up ratios higher than two-times are desired, the duty
cycle must be higher than 0.5. Half of the switching period can be used for the charging of C1. The output
capacitor C2 has to supply the load during the on-time of the active switch. During this time the voltage across
C2 is decreasing by

d-T
1 | -d-T
Using the switching frequency f instead of the switching period T, one gets for the capacitor the equation
_lioan-d 26
2= i, (26)

Substituting the duty cycle by
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U,-u
d=—2 1 , 27
5 (27)
one gets the dimensioning equation for the output capacitor C2 according to
Cz > U2 _Ul A ILOAD . (28)
U2 AUCZ : f

To compensate the influence of the parasitic resistor of C2, a capacitor value of about two-times will be used.
The converter coil L1 can be calculated as in a normal Boost converter. During the on-time of the active switch,
the input voltage lies across the inductor L1, and the current increases by Al
U =L, 3'}; .
Inserting again the duty cycle one gets the dimensioning equation according to
L Ud T _Up-Up Uy
UMl U, Al
Now one has to dimension the resonance circuit. C1 cannot be chosen too large, as the recharge has to end
within the on-time of the active switch. During the off-time of the active switch the current flowing through the
coil L1 flows also through C1 and the voltage across it is reduced by

(29)

(30)

T
1 —
AUC]_ =— | let =
Cl
dT

Tu-(@-d)-T . (31)
C

The mean value 11 0f the current through L1 can be calculated by the charge balance across C2 (in steady-state
the current through a capacitor has to be zero in the mean)

lLonp -d = (TLl— ILOADJ(]'_ d) : (32)
This leads to
T -l (33)
The capacitor can therefore be dimensioned according to
_ I oap 34
T (34)
The resonance coil L2 has to be dimensioned for the minimal on-time and leads to the inequation
T2
L, <=M 35
2 7Z'2Cl ( )

By choosing the maximum amplitude of the recharging current, a second inequation can be found according to

Aug, FC
L Z(Ui# _ (36)

|
Fig. 3 shows the difference in the input current of the original circuit according to Fig. 1 and the improved
converter according to Fig. 2 with the same current scale. The difference can be easily seen. As shown above,
one can reduce the peak current without a reduction of the efficiency (also proved above) by inserting a resistor
in series to the diode D1. This resistor would not only damp the current, but also reduce the electromagnetic
disturbance. But using the resonance circuit (Fig. 3.b) to recharge the capacitor improves the efficiency and
reduces the electromagnetic disturbance much more, due to a slower derivative of the current.
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Fig. 3. Input current according to the converter: (a) Fig. 1, (b) Fig. 2, [7].

3.3 Improvement of the input current

The current flowing into the original converter (Fig. 1) and into the new one (Fig. 2) is pulsating. If this has
to be reduced, e.g. for EMC-reasons or for reducing the input capacitor, the position of the capacitor C2 can be
changed. Instead of connecting it between the output connectors, it can be connected between the positive input
and the negative output connectors as shown in Fig. 4.

+ 1
I
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Fig. 4 Converter with storage capacitor between in- and output.
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Fig. 5 (up to down): input current; current through the coils; input voltage, control signal, output voltage
according to converter: (a) Fig. 2, (b) Fig. 4, [7].
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Fig. 5 shows the input current, the currents through the inductors, and in the last graph the input voltage, the
control signal, and the output voltage of the converters according to Fig. 2 and Fig. 4. The scales are the same.
The difference lies in the input current. The current through the inductors are trapezoid through the main
inductor L1 and sinusoidal through L2. In the converter with C2 in parallel to the output terminals, the input
current is the sum of both currents through the two coils during mode M1 and zero during mode M2. The input
current is therefore pulsating. When the capacitor C2 is connected between input and output, a continuous input
current occurs and the maximum value is reduced. Furthermore, there are no steps in the input current which
reduce electromagnetic disturbances.

Another interesting fact is that the converter has no inrush current compared to other boost converter topologies.
This advantage is caused by the fact that the electronic switch is in series to the input voltage and no current can
flow into the circuit, when the power source is applied to the converter (naturally the electronic switch must be
turned off). To charge the capacitor a soft-start (increasing slowly the duty cycle until the desired voltage is
reached) must be carried out.

It should be mentioned that the converter works also well in the discontinuous mode.

4. Dynamics of the inverting improved super lift Luo converter

4.1 ldealized model

During mode M1 (Fig. 6.a) the electronic switch S is on and the diode D2 is off. D1 conducts only at the
beginning and turns off, when the current through L2 reaches zero. The capacitor C2 supplies the load. Diode
D1 is conducting until C1 is charged to the input voltage (or a little bit higher, when the resonance circuit is
only low damped; for ideal components the capacitor would charge up to Ul+Auc;). For the dynamics C1, L2
and D1 can be neglected, because the voltage across C1 is always nearly equal to about the input voltage U1,
and the current through L2 reaches zero during the on-time of the electronic switch S. Therefore, only two state
equations are necessary to describe the dynamics.

C1
1 s 46 D2 4 +, S +C1 D2 4
| AN ] AN
L2 L2
S Cc2
U1 %Ll = |u2 U1 L1 ° < u2
© D1 o
D1

NZ N7 I

a. 27 : ) 3 p 2 3
Fig. 6 Equivalent circuit during mode M1 (a) and M2 (b).
The state equations during M1 are

d L dt c,

In mode M2 (only diode D, is conducting) the voltage across C1 is the input voltage and as this voltage can
have changed in the next cycle, we write a small letter to show that this input function is a time variable. Now
one can write

diy; U -Ucy , duc, _i3—Uc,/R ' (38)

Combining these equations with the help of the state-space averaging method leads to
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[ d-1
d(iu 0 L i ] 39
E(J Lo % [J o) (39)
e C,R
Linearizing this nonlinear differential equation results in
[0 Btl o [L Ve,
dliu |_ L Jiw | b Loju] (40)
RN T
| C, C,R C,
The stationary equations for the operating point can be written according to
(Do —1)v'c20 +Upp =0 (41)
(1-Dg)li1o —Uc/R=0 (42)
leading to the operating point values of the improved converter according to
Ucao =ﬁulo’ (43)
UCZO 1 _ ILOAD (44)

I 0= = .
97 R 1-D, 1-D,
Now one can Laplace transform the linearized differential equation according to

s 1-D, i Ucao
_1-Dg S+ 1 \Uca(s) 0 _ 1o [ D(s)
| G RC, c,
For shorter calculation one can use abbreviations for the elements of the state and of the input matrixes
s —Ap }[ I11(s) ] _ {Bn B> :|(U1(S)j _ (46)
= A S—Ap |\Uca(s) 0 By |\ D(s)

Using Crammer’s law one can easily calculate the transfer functions. For the denominator one has to calculate
the determinant of the coefficient matrix

~Ap

Den = =52 A,S— . 47
“ Ay S— Ay, 225~ Ao A (47)
The poles can be calculated according to
2
A A
S1,= +%i (%} +ALA,; . (48)

The term under the root is negative and the poles are therefore conjugate complex. The imaginary part shows
the angular frequency of the poles and the damping is given by the real part.
One can calculate four transfer functions. The numerator is for Uc,(s)/D(s),

BlZ

NumU 2D = =B,,S+ Ay By, (49)

A 22
this transfer function shows a non-phase minimum behaviour. Fig. 7 shows a DC gain of 150, a sharp resonance
at 500 Hz (a larger output capacitor with 330 uF is used for the Bode plots: for a smaller capacitor e.g. 47 yuF
the resonance is shifted to 1350 Hz). The influence of the positive zero starts at a ten-time higher frequency
than the resonance. So the influence is marginal. The zero is on the right side of the complex plane. The larger
the inductor the nearer the zero to the ordinate and the larger the influence of the non-phase minimum
behaviour. The capacitors do not influence the position of the zero, only the operating point and the main
inductor L1 influence it. The zero of the transfer function between the output voltage and the duty cycle is
given by
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_lio S+Uczo(1— Do):0 s, :+Uczo(1_ Do) (50)

C2 L1C2 I L10 I-1
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Fig.7 Bode diagram between output voltage and duty cycle (solid line: gain response, dotted line: phase
response).

For Uc,(s)/U4(s), which describes the influence of the input voltage change to the output voltage one gets
Bll
Fig. 8 shows the Bode diagram between the output voltage and the input voltage. This is a phase-minimum

system. The phase jumps from zero to -180° at the resonance.
50dE-

NumU 2U1 = = AyBy . (51)

V{uc)

30dB-

sssepen

10d : _
.acdec 100 10 100K _qgdBe-oooiooeiendonid

30dB=y b

50dB i

-T0dB~

+%!
.
T

-90 4By —rrrrrrr —rrrry —

Laplace=(2.5790e7)/(s~2+5.0505e1*s+1.0316e7) 10Hz 100Hz 1KHz 10KHz 100KHz

Fig. 8 Bode diagram between output voltage and input voltage (solid line: gain response, dotted line: phase
response).

For the current one gets the numerator of I1L(s)/D(s)
B, —Ap
By s—Ayp

The zero is on the left side of the complex plane, the phase tends therefore only to -90 degree (Fig. 9).
I(L1)

90dB
80dB~
70¢B=
60dE-
50dB~
40dB~
30dB~
20dB-f~
10d B~

0dB: T T T Y T
Laplace=(1.2766e6*s+9.0539e8) /(5" 2+5.0505e1*s+1.0316e7) 1Hz 1342 100Hz 1KHz 1|;RHZ 100KHz

weenfl

Bl

Fig 9 Bode diagram between inductor current and duty cycle (solid line: gain response, dotted line: phase
response).
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The numerator for IL(s)/U1(s) (the current in dependence of the input voltage) is
Bll - A12
0 s-Ay
The zero is on the left side and shifts the phase by 90°. This is advantageous for the control of the current
directly, or in a two-loop control with inner current loop.

NumlU1= = ByyS— By Ay (53)

(L) - 120°

= 100°
i 80°
..... 60“

_ il 400
- 20°
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e B b Ll 8o
Aeeesssniisaidaredeisse iy 100°
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AC1

GILU1 -24dB-- -

Fig. 10 Bode diagram between inductor current and input voltage (solid line: gain response, dotted line: phase
response).

Now one can calculate the transfer functions. The transfer functions between output voltage and duty cycle and
input voltage are
_ Ia0 S+Uczo(1_ Do)

Ucas)_ Gy L,C, Uc,(s) _ (L-Dy) 1 (54, 55)
D(s) 1 (-Dy)} Uy(s) LC, 1 (@-D,f ’
245~ L7 bo) sP4s 4o 0L
RC, LG, RC, LG,

and the transfer functions between current and duty cycle and input voltage can be written according to

Ucao s+[ Ucao ILlO(l_DO)J 1., 1
lu@G)_ L LC.R LC, 1 (s) _ L LC.R (56, 57)
D(s) ) 1 (1-Dy) ’ Ui(s) 1 (1-D,) ’
sf4s 4 0L sl 4~ 4 F0)
RC, LC, RC, LC,
The position of the poles is
2 2
1 1 1-D
2RC, 2RC, LC,

4.2 Model with losses

The parasitic resistors and the knee-voltage of the diode Vp, are included. The state equations during M1 are

di 1 .
d_lilzrl{ul_(RLl"'RS)lLl} (59)

duc, ~ —Ucy _ (60)

During M2 we have

10
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di 1 . R
With
] Ri, —u
i, = o~ Yez (62)
R + Re»
one gets for the state equations
di 1 . .
d_lil:f{Jr Up —(Re1 + Rpp + Ry)is —Vpa —Ucs — Rcz'cz} (63)
1
duc, _ Riy —Ucy _ (64)
dt  C,(R+Rey)
Riy +Rsd + (Rgy + Rp, + R//Re,p)(A—d) (d-2)R 1 Vo (d-1)
. i = D\"
i ILl _ Ll Ll(R + Rcz) ILl + L (ul)+ L . (65)
dt Ucy R _; Uct 01 01
Cz(R+Rcz) Cz(R+Rcz)

4.3 Dynamics simulation

Fig. 11 shows the nonlinear model according to Eq. (65). The derivatives are given by currents produced by the
arbitrary current sources B1 for the current through L1 and B4 for the voltage across C2. The integration is
done by 1 F capacitors. The 10 MQ resistor in parallel has only stabilizing reasons and does not influence the
result. To achieve a current as result, the voltage across C1 is fed to a voltage controlled current source G1. The
current through the resistor named L1 corresponds to the current through L1. The input voltage and the duty
cycle are produced by the piecewise linear voltage sources V1 and V3.

.tran 100m .param C2=47u L1=47u R=60 VD=0.8 RD=5m RS=20m RC=10m RL=4m

.param {A111}=-5.1064e2 A221=-3,5455e2 B112=2.1277e4 K1=-1.7021e4
Jparam A112=-6.1699e2 A122=-2.12734e4 A212=2.1273e4 A222=-3.5455e2

—IL1

PWL(0 0 1m 24 50m 24 50.1m 20 60m 20 60.1m 24) » I
B1 D1 c1 G1
1 R1 <1> T 1
vi 10Meg D —[1 S, 1

~
=(-5.1064e2*V(d)-6.1699e2*(1-V(d)))*V(IL1)+(-2.1273e4*(1-V(d)))*V(UC2)+2.1277e4*V(U1)-1.7021*(1-V(d))
2ideal

[uez
V3 B2 84
R4 -
V=V(U1)/(1-V(d)) 10Meg

PWL(0 0 5u 0 40m 0.1 45m 0.63 70m 0.63 70.1m 0.66 80m 0.66 80.1m 0.63)
1=2.1273e4*(1-V(D))*V(IL1)-3.5455e2*V(UC2)

w1l

Fig. 11 Nonlinear model with losses included .
Fig. 12 shows the simulation circuit. The control signal is generated by the comparator U1, which compares the

saw tooth signal generated by the voltage source V6 with the duty cycle produced by the voltage source V1.
The active switch is a high-side one, therefore an isolated driver is necessary. The comparator is supplied only

11
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by plus and minus 5 V, so the output signal has to be amplified. This is done by the voltage-controlled voltage

source E1.
LUS_5 egezahnl
V4 Ve
IPP200N25N3

5 PULSE(D 1 3us 9.9u 0.1u 0 10u) Source —CUT
C1
i .
u

E
V5 *
4.7p D
5 thodeD2
MINUS_! L2
Vin 0.5p
t , C2== Rout
LUs_s T a7 60
vl ¥—AnodeD1
Saegezahnt igmal
Vi D1

LT1016
MINUS_ o

PWL(0 0 5u 0 40m 0.1 45m 0.63 70m 0.63 70.1m 0.66 80m 0.66 80.1m 0.63%
PWL(0 0 5u 24 50m 24 50.1m 20 60m 20 60.1m 24) .tran 0 100m 0 0.1e-6 startup

Fig. 12 Circuit simulation.

Fig. 13 shows the results. The duty cycle increases to obtain a soft-start of the converter. At 50 ms the input
voltage makes a step down and after 10 ms the input voltage steps back. At 70 ms the duty cycle is stepped up
and after 10 ms the duty cycle steps down to the previous value. The calculation with the model shows only the
mean values of the voltage and the current, but represents the dynamic behavior very fast and quite precisely.
The circuit simulation needs much more time for calculation and shows the ripple of the current (the broad red
band in Fig.13.b). For the study of the dynamic behavior this is not really necessary.
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Fig. 13 Start-up, input voltage steps, duty cycle steps, up to down: duty cycle (turquoise); current through L1

(red), input voltage (blue), negative output voltage (green), (a) nonlinear model, (b) circuit simulation.

4.4 Feedforward control

The converter can be forward-controlled by a simple control law. With this feedforward control input changes
can easily and faster be compensated. The control law can be derived directly from the voltage transformation
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ratio. For a desired reference value U, one can calculate the necessary duty cycle d in dependence on the input
voltage U1 according to

g=Y2=Y (66)

UZ

One has to keep in mind, however, that this control law is derived from the ideal voltage transformation ratio
which leads to a small error of the output voltage. One can calculate a more complicated control law by
including the parasitic elements of the converter; but still this law is deficient, due to the fact that the
components have tolerances, change their values depending on the temperature, and also change by aging.
Therefore, it is recommendable to combine the simple control law by a feedback controller which has only to
compensate the error of the forward control. Fig. 14 depicts the circuit used for the simulation. The control law
is calculated by the arbitrary voltage source B1. The reference value is generated by the piece-wise linear
voltage source V2. Fig. 14 shows also current i(L1), the input, the output voltages, and the voltage across C1.
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Fig. 14 Feedforward control: circuit simulation and up to down: current through L1 (red); input voltage (blue),
voltage across C1 (turquoise); input voltage (blue), output voltage (green).

4.5 Measurement of the function

Fig. 15 shows the input current and the currents through the coils.

Tek fun Trig™d
I B B

— FM_-“-\-‘.-«- ﬂﬂﬂﬂﬂﬂ F\H\"‘\-——'"_'-F'r.-

T\ N N

- n0h © 2 a.00ps Z5.0MESs [ A
& 1004 o ! 1000 points 3,00 A& J’muu‘
E Value Mewn i W Ted Dev ] 15: 11: 36

FMS BAMA 5876 253 9.329 2389

Fig. 15 up to down: input current (channel 1), current through L1 (channel 2), current through L2 (channel 3).
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5. Conclusions

The improved negative output super-lift boost converter has several interesting features:

Inverts the input voltage

Same transformation ratio as the classical Boost converter

Has no inrush current

Start-up can be easily achieved by slowly increasing the duty cycle

Combined with a positive output converter it can be used as supply for an inverter

Combined with a feedforward control it can be used for solar applications and for e-mobility to produce a
negative output voltage.
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