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Abstract — Negative output elementary super lift Luo converter (NOESLLC), which has the
significant advantages including high-voltage transfer gain, high efficiency, high power density, and
reduced output voltage/inductor current ripples when compared to the traditional DC-DC converters, is
an attractive DC-DC converter for the field of negative DC voltage applications. In this study, in
consideration of the voltage across the energy transferring capacitor changing abruptly at the beginning
of each switching cycle, the improved averaged model of the NOESLLC operating in continuous
conduction mode (CCM) is established. The improved DC model and transfer functions of the system
are derived and analyzed. The current mode control is applied for this NOESLLC. The results from the
theoretical calculations, the PSIM simulations and the circuit experiments show that the improved DC
model and transfer functions here are more effective than the existed ones of the NOESLLC to

describe its real dynamical behaviors.
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1. Introduction

As a key part for the DC switching power supply with
negative output voltage, DC-DC converters with negative
output voltage have been increasingly concerned by
researchers and engineers. Up to now, many DC-DC
converters with negative output voltage have been proposed
and designed [1-7], such as Buck-Boost converter, Cuk
converter, and so on. Among them, an attractive DC-DC
converter for achieving the negative output voltage,
referred to as the negative output elementary super lift Luo
converter (NOESLLC), was proposed by Luo and Ye in
2003 [7]. For this NOESLLC, as indicated in [8], it has the
significant advantages including high-voltage transfer gain,
high efficiency, high power density, and reduced output
voltage/inductor current ripples when compared to the
traditional DC-DC converters. Hence, after this converter
proposed, many researchers have focus on the modeling,
analysis, control, and application of this NOESLLC [9-13].
For example, under assumption that the voltage across the
energy-transferring capacitor is constant and equal to the
input voltage in the whole switching period, Li and Chen
investigated the NOESLLC operating in discontinuous
conduction mode (DCM) and derived the voltage transfer
gain depending on switching frequency, duty ratio, inductor,
and load resistor [9]. Indu and Chamundeeswari utilized
this NOESLLC to realize the maximum power point
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tracking (MPPT) for photovoltaic system, and the results
described that, under the given solar insolation and
temperature, this converter can draw maximum power from
the PV panel by adjusting its duty ratio [10]. Jayashree and
Uma proposed the quasi resonant NOESLLC and indicated
that it has low switching losses for its zero voltage
switching which is suitable for aerospace applications [11].
Under assumption that the internal resistance of the
source has been known, Chamundeeswari, Seyezhai and
Arul Robin established the full-order averaged model and
designed the sliding model controller for the NOESLLC
[12]. Moreover, under assumption that the voltage across
the energy-transferring capacitor is constant and equal to
the input voltage in the whole switching period, Kumar and
Jeevananthan established the reduced-order averaged
model and designed the sliding model controller for the
NOESLLC [13]. All the above results are helpful for the
NOESLLC in practical applications.

Unfortunately, the previous results about the modeling
and analysis of the NOESLLC have some drawbacks since
the assumptions are a little unreasonable, such as the
assumption in [12] means that the internal resistance of the
source must be known, and the assumption in [13] means
that the abruptly changing on the voltage across the
energy-transferring capacitor has not been considered. As a
result, the existed averaged models of the NOESLLC are
not effective enough for describing its real DC and small
signal dynamical behaviors. In other words, it is necessary
to establish the improved DC model and transfer functions
for the NOESLLC.

The rest of this paper is organized as follows. In section
2, the circuit operation of the NOESLLC is briefly
described and some glimpses from PSIM simulations are
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presented. Then, the improved averaged model of the
NOESLLC operating in CCM is established, and the
improved DC model and transfer functions are derived in
section 3. In section 4, the current mode control is applied
for the NOESLLC and the close-loop transfer function is
derived. In section 5, the comparisons are given to confirm
the effectiveness of the derivations. Then, the hardware
circuit is designed and the circuit experiments are presented
for further validations. Finally, some concluding remarks
and comments are discussed in section 7.

2. Circuit Operation and Some Glimpses

The NOESLLC is shown in Fig. 1, and it consists of one
power switch Q, two diodes D, and D,, one inductor L, one
energy-transferring capacitor C,, one output capacitor C,
and one load resistor R. The power switch Q is driven by
the PWM signal v; with the period being 7 and the duty
cycle being d. The input voltage is denoted by v;, the
current through the inductor L is denoted by i;, and the
voltages across the capacitors C, and C, are denoted by
respective v, and v, It is assumed that the passive
components, L, C, and C, are lossless and the effects of
on-resistance of power switch Q and diodes D, and D, are
neglected.
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Fig. 2. Equivalent circuits for the NOESLLC operating in
CCM: (a) Mode 1; (b) Mode 2.

As described in [7], there are two modes in the
NOESLLC operating in CCM, and their respective
equivalent circuits are shown in Fig. 2(a) (mode 1 within
(NT<t<(N+d)T)) and Fig. 2(b) (mode 2 within
(N+d)T<t=(N+1)T))).

In mode 1, the power switch Q and the diode D, are
turned on whereas the diode D, is turned off since its biased
voltage is inverse. As a result, the energy-transferring
capacitor C, is charged by the input voltage v;, in very
short duration of the time period, and immediately its
voltage is equal to the input voltage v;,. The inductor L is
magnetized and its current i; rises. The output capacitor C,
supplies the energy to the load resistor R. The associated
equations for the mode 1 can be established as follows.

di, _v,

dt L

dv, v,
20— _ 1
dt RC, 1
vb = vin

The equivalent circuit for the mode 2 is shown in Fig.
2(b) and the power switch Q and the diode D, are turned
off whereas the diode D, is turned on. Hence, the inductor
L is demagnetized so that the inductor current #; falls, the
energy-transferring capacitor C, is discharged and its
voltage v, falls, and both of them provide the energy to the
output capacitor C,, and the load resistor R. The associated
equations for the mode 2 can be given by

di, v,+v,
d L
dt C, RC,
dv, i
@G,

The circuit parameters are chosen as v;,=12V, L=991uH,
C,=2.2uF, Cy=40uF, R=50Q, D=0.4, /=20kHz, and T=1/f.
Based on the PSIM software, the simulated results about
the voltage v, and the PWM signal v, are shown in Fig.
3(a). The voltage v, the inductor current i; and the PWM
signal v, are shown in Fig. 3(b). From (1), (2) and Fig.
3(a), it is obvious that the voltage v, equals v, within
NT<t<NT+dT while this case is not satisfied within
NT+dT<t<NT+T. Thus, the assumption that the voltage
v, is equal to v, in the whole switching period is a little
unreasonable and unacceptable. This is why the existed
averaged model of the NOESLLC in [13] dose not include
the energy-transferring capacitor C,. In the following
sections, by considering that the abruptly changing on
the voltage across the energy-transferring capacitor, the
improved DC model and transfer functions of the
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Fig. 3. PSIM simulations for the NOESLLC operating in
CCM: (a) The voltage v, and the PWM signal v,; (b)
The voltage vy, the inductor current i; and the PWM
signal v,

NOESLLC will be derived.

3. Improved Averaged Model

For convenience to establish the averaged model of the
NOESLLC, some symbols are defined. x is denoted by the
circuit variables of the system, such as, i;, vy, v, d and v,
(x), X, and x are defined as its averaged, DC, and small
ac values, respectively. Also, the following items are
assumed.

(X)=X+Xx with X<<X (3)

According to (1), (2) and using the averaging method
[14-15], the averaged model of the NOESLLC can be
expressed as follows.
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di,) (v,)d+{v,)A1-d)+{v)(1-d)
dt L A
div) _ (i)=d) () @

dt C, RC,

It is evident from (4) that the expression for the voltage
(vp) must be derived to get the complete averaged model
for the NOESLLC operating in CCM.

Fortunately, from (1), (2) and Fig. 3(a), the expression
for the voltage (v,) can be easily calculated by using the
geometrical relations.

v,) =) —ai,)(1-d)’ ©)
where a=1/(2fCy).

Hence, the improved averaged model for the NOESLLC
can be derived by substituting (5) into (4), and its result is

d<iL>:<V,-n>_a<iL>(1—d)3+<vo>(1—d)

dt L L L
a0 _ G)=d) () ©
d ¢, &G,

Thereby, the DC equilibrium point of the NOESLLC can
be calculated by taking (3) into (6) and then setting all the
small signal items to be zero. The expression is

Viﬂ

I, = 3 2

a(1-D)’ +R(1- D)
_ RV,

*" 4(1-D)* +R(-D)

From (7), one can see that both the DC values of the
inductor current i; and the voltage v, are affected by not
only the DC input voltage V;,, the load resistor R and the
DC duty cycle D, but also the switching frequency f and
the energy-transferring capacitor C,.

The small signal model of the NOESLLC operating in
CCM can be derived by taking (3) into (6), and then
removing the second and higher order small ac terms since
their values are very small. The formula is

2 _ —DYy. M2 . D
di,_1-D. _a0-D),  sal,(4-D} V5 5
@ L L LU
con .
LN Gl R S
a ¢ “TrRG TG

Consequently, using Laplace transform on (8) and the
transfer functions’ definitions, the input-to-inductor current
transfer function G,(s), the control-to-inductor current
transfer function G,(s), the control-to-output transfer
function G,,(s) and the input-to-output transfer function
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G,,(s) of the NOESLLC can be derived as follows

i, (5)
Giv(s)=,l\L_ =
VM(S){;S:O
v sC,+G ©)
s’LC, +s(LG+aCy(1-D)*)+(1-D)*(1+a(1- D)G)
e

;,,,m:o (10)
(al, (1-D)* —V,)C,s +(3a(l- D)G +2)I,(1- D)

s*LC, +s(LG +aC,(1- D)*)+(1- D)*(1+a(1- D)G)

d($) | (-0 3 (11)
sl,L+V,(1-D)=2al, (1- D)
$’LC, +5(LG +aC,(1- D)) +(1- D)} (1+a(1—- D)G)

\30(.5‘)

v, (s)

d(s)=0 _(1_D) (12)

s’LC, +s(LG+aC,(1- DY)+ (1—- D)*(1+a(l- D)G)

G, (s)=

From (9)-(12), it is obvious that the improved transfer
functions are affected by the energy-transferring capacitor
C,. For example, when C,=1pF, 2uF, 4uF and 13pF, the
peak gains of G;/(s) equal 14.1dB, 18.2dB, 22.2dB and
27.5dB, respectively. In other words, the peak gain of G;(s)
will increase with the value of the energy-transferring
capacitor C, increasing.

4. Current Mode Controlled NOESLLC

The current mode control is applied for the NOESLLC.
Its circuit schematic is shown in Fig.4 and it consists of the
current compensator and the PWM generator. Here, the
current i; is transformed into the voltage with the same
value by using the current sensor. The output voltage of the
current compensator is defined as v,. The PWM signal v,
can be generated by comparing the voltage v, with the
ramp signal V,,,,,, whose expression is

t
I/mmp :I/L+(VU _VL)(FmOd 1) (13)
where V; and V;; are the low and high threshold of the
ramp signal V,,,,,, respectively. T is the switching period.
The mathematical model for this current mode control can
be given by.

dd Rv,/' diL i Vrer
——=- - + (14)
dt RV, dt RJV.C, R,C,

Fig. 4. The current mode control

By taking (3) into (14) and then separating DC and ac
items, the following expressions can be obtained

I,=V, (15)
d(s)=—H(s)i,(s) (16)

R
here H(s)=—2—(1+
where H(s) RW,Vm( sR,C,
(10) and (16), the closed-loop transfer function of the
current mode controlled NOESLLC can be derived and its
result is

) . Then, by combining (9),

2
s°+bs
GC[V(S): 3 2 (17)
a,s” +a,s”+ass+a,
where
1
RC,’
1-D I, R,
a, = (1-D+—L

C(J Rvde
R,C, +RC _DY
+(Gal, (1= Dy —y,) v T %0 al = D)
RC,R,V,C,  RC,

L R,
aw=la, =g +a(1-D)’ +(3al, (1~ D)’ —%)RM’V”I ,
. - 1,(1-D) +3a1L(1—D)2—V0
“ CRV,C, RV,RCC,

Thus, the stability of the current mode controlled
NOESLLC can be identified by observing the poles of (17).
If all the poles are in the left side of the complex plane, it
means that the system is in stable operation.

5. Comparisons

In order to confirm the effectiveness of the above
derivations preliminary, the comparisons among the
calculated results from the derived model here and the
existed model in [13] and the PSIM simulations are carried
out. Note that, the PSIM simulations about the bode
diagrams are obtained from the switch model of the
NOESLLC, not its averaged model, so that it can be used
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among the theoretical calculations from the derived
model here and the existed model in [13], and the
PSIM simulations

Table 1. The poles and zeroes of G,(s) under different
values of the energy-transferring capacitor C,

Cb }\,12 7\3 Z V%) State
8.0uF -227.6+£16921.41 -923.1 -500 0 Stable
12.0pF -120.8+16709.4i -936.2  -500 0 Stable
16.0pF -65.87+16600.31 -943.1 -500 0 Stable
20.0pF -32.46+16534.31 -947.4  -500 0 Stable
24.0pF -9.965+16489.51 -950.3  -500 0 Stable
26.3uF -0.078+16469.8i -951.6  -500 0 Stable
26.4uF 0.308+16469.2i -951.6  -500 0 Unstable

to confirm the effectiveness of the derived transfer
functions preliminary [16-18].

5.1 Comparisons of transfer function in open-loop

In practical applications, the precise of the transfer
function is very important for consequently control design.
Thus, it is necessary to validate the effectiveness of the
derived transfer functions. Here, only the transfer function
from inductor current to the duty cycle, that is G, (s), is
chosen as an example. Fig. 5 shows the calculated results
from the derived model here and the existed model in [13]
and the PSIM simulations. Obviously, the derived model
here is more in good agreement with the PSIM simulations
than the existed one.
mode controlled

5.2 Stability of the current

NOESLLC

The poles and zeroes of G,;(s) under different values
of the energy transferring capacitor C, can be calculated
from (17) and presented in Table 1, and its pole-zero plot is
shown in Fig. 6. Note that, the circuit parameters for the
current mode controller are R,,=2.7kQ, v,,=0.7V, R~
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Fig. 7. Time-domain waveforms of the voltage v,, the
inductor current i; and the PWM signal v, for the
current mode controlled NOESLLC from the PSIM
simulations

100Q, C,,=10nF and V,,=3V. From Table 1 and Fig. 6, it is
found that the current mode controlled NOESLLC is prone
to operate in unstable operation when the value of the
energy-transferring capacitor C, increases. Specifically, if
C,<26.3pF, the system is in stable operation. Otherwise, it
is in unstable operation. For example, under C,=44.2F,
the PSIM simulation results about the voltage v,, the
inductor current i; and the PWM signal v, for the system
are shown in Fig. 7. Obviously, the system is really in
unstable operation. However, from the existed model in
[13], it is impossible to analyze the influence of the energy-
transferring capacitor C,, on the system’s stability since it is
not included in the existed model.

6. Circuit Experiments

To validate the derivations and analyses further, the
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Fig. 8. Full schematic experimental circuit for the current
mode controlled NOESLLC
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Fig. 9. Experimental time-domain waveforms for the
NOESLLC in open loop (Time: 100us/div): (a) The
voltage v, (Upper: 10V/div) and the PWM signal v,
(Lower: 10V/div); (b) The voltage v, (Upper: 10V/
div), the inductor current i; (Middle: 500mA/div)
and the PWM signal v, (Lower: 10V/div)

current mode controlled NOESLLC is designed by using
the circuit components and integrated chips, and its full
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Fig. 10. Experimental time-domain waveforms for the
voltage vy (Upper: 10V/div), the inductor current
ii (Lower: 1A/div) and the PWM signal v,
(Lower: 10V/div) for the current mode controlled
NOESLLC under C,=44.2pF (Time: 200us/div)

schematic experimental circuit is shown in Fig.8. Note that,
the power switch Q is realized by the MOSFET IRFP064N
and driven by the PWM signal v, from the photocoupler
TLP250. Diodes D, and D, are realized by MUR810. The
current transducer LAS55-P is used to measure the inductor
current i;. The JFET input operational amplifier LF356 is
used to construct the current compensator. The voltage
comparator LM311 is generally applied to generate the
PWM signal v,by comparing the voltage v,, with the ramp
signal V,,,,- In addition, the digital oscilloscope GDS 3254
is applied to capture the measured time-domain waveforms
via the high voltage differential probe P5200A.

6.1 Experiments for the NOESLLC in open-loop

Under the given circuit parameters in section 2, the
circuit experimental results for the NOESLLC in open loop
are shown in Fig. 9. By comparing Fig. 9 with Fig. 3, one
can see that they are in good agreement with each other
and there really has the jump on the voltage across the
energy-transferring capacitor C,.

6.2 Experiments for the current mode controlled
NOESLLC

Choosing V=15V, V=15V, R,=510Q, R;=1.5kQ,
R»=15Q and R=100Q for the current mode controller, the
circuit experimental results under C;,=44.2uF are shown in
Fig. 10. From Fig. 10, it is easily seen that the current
mode controlled NOESLLC is really operates in unstable
operation. Also, for the unidirectional conductivity of the
diodes, the voltage v, and the inductor i; can not be
increased all the time so that the oscillation occurs and
its oscillation frequency is smaller than the switching
frequency f and these are in good agreement with Fig. 7.
Therefore, the energy-transferring capacitor really has an
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important influence on the stability of the current mode
controlled NOESLLC.

7. Conclusions

By using the averaging method and in consideration of
the abruptly changing on the voltage across of the energy-
transferring capacitor C,, the improved averaged model of
the NOESLLC converter operating in CCM is established.
The DC model and transfer functions of the NOESLLC
operating in CCM is derived and four types of transfer
functions, that is, the input-to-inductor current transfer
function G, (s), the control-to-inductor current transfer
function G,(s), the control-to-output transfer function
G,4(s) and the input-to-output transfer function G,,(s), are
derived. The theoretical calculations from the derived
model, the PSIM simulations and the circuit experiments
are in good agreement with each other, and all of them
describe that the improved DC model and transfer
functions here are more effective than the existed ones for
describing the real dynamical behaviors of the NOESLLC
operating in CCM.
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