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Abstract—The boost topology with ripple cancellation network
allows Input and output current ripples atienuation, which means
the suppression of the input filter and a high reduction of the
output filter. However, to achieve the ripple cancellation, the com-
plexity and the number of components of the converter need to
be increased as compared with the conventional boost, A detailed
analysis is developed to specify the advantages and disadvantages
of this topology. This paper presents the averaged model that de-
rives the complex transfer function of the topology. The theoretical
transfer function is obtained. Due to the complexity of the seventh-
order transfer function that is obtained, a simplified second-order
transfer function is calcnlated to simplify control design calcunla-
tions. A comparison between the analyzed topology and a con-
ventional boost in terms of weight and losses is carried out. To
estimate the current ripple calculation, it is proposed to use the
ripple theorem, which allows an estimation of the efficiency of the
cancellation network using the averaged model. A prototype to
validate ripple cancellation and the dynamic analysis is developed.
Measured waveforms and Bode plots are enclosed. Current ripple
cancellation at the input and output in both conduction modes of
the converter is also validated.

Index Terms—Boost converter, dynamic analysis, ripple cancel-
lation, ripple theorem, two inductors.

I. INTRODUCTION

N the design of a converter for a space application, weight,
I volume, and clficicncy are crilical design parameiers. Sev-
cral boost-derived topologics have been considered for a partic-
ular space application: classical boost, interleaved boost, two-
inductor boost [1], boost with ripple cancellation network [2],
and boost with switch near ground [3], [4]. A comparison re-
garding power losses, bandwidth, weight, and volume between
the five candidate topologies is conducted in [5]. This com-
parison shows that the boost converter with ripple cancellation
network has several advantages over the classical boost ¢on-
verter for the considered application. This topology is analyzed
in detail in this paper and [urther comparison with a classical
boost converter is presenied.

A necessary clement for the correet operation ol the sysiem
is the filter, both at the input and the output. These two elements
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Fig. 1. Schematic of the boost topelogy with ripple cancellation network.

have a significant impact on the weight and size of the converter,
and also on the behavior of the system [6].

A new boost-derived topology, a coupled inductor boost with
ripple cancellation network, was proposed in [2] (see Fig, 1).
Two-inductor boost-derived topologies and their applications
can be found in [7]-[10]. This topology shows a de gain similar
to that in the conventional boost converter. The inpul network
relating La, Ry, Ca, Ci, and Ly ¢ allows input ripple altenuation.
By an additional inductor L3 (see Fig. 1), this topology also
reduces the output current ripple. Further details about the basic
operation of the topology and formulas relating inductances
L. and L, to achieve input ripple cancellation can be found
in |2].

Despite the increase in the number of components and also
in the complexity of this topology, it has several advantages
over the conventional boost converter, such as the reduction or
suppression of the inpul filter and the reduction of the oulput
filter. An important [cature of the ripple cancellation using this
topology is that it is valid under any working condition, both
in discontinuous conduction mode (DCM) and in continuous
conduction mode (CCM) and for all duty cycles. These char-
acteristics motivate further analysis, modeling, and prototyping
to evaluate more accurately the theoretical advantages of the
topology, and also a comparison with the conventional boost
converter,

In this paper, the averaged model of the boost converter
with ripple canccllation is obtained. The complex seventh-order
transfer function is calculated and a sccond-order simplifica-
tion is presenied. A comparison ol the boost converier with
ripple cancellation and the conventional boost in terms of dy-
namic behavior, weight, and losses is carried out. The averaged
model is used to estimate the input ripple on both converters.
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Fig.2. Averaged model of the boost topology with ripple cancellation network.
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Fig. 3. Averaged model validation by transient response of (a) output voltage

to duty cycle step and (b) simulated duty cycle to output voltage Bode plot.

Measurements of input and output current ripple cancellation
and Bode plots are also shown,

II. DYNAMIC CHARACTERIZATION OF THE BOOST TOPOLOGY
WITH RIPPLE CANCELLATION NETWORK

The analyzed topology is derived from the two-inductor boost
with coupled windings by adding the current cancellation net-
work. It is known that, under certain circumstances, some boost-
derived topologies with coupled inductors [3], [4] can cancel
the right-half-plane (RHP) zero, inherent to the classical boost
converter. The cancellation of the RHP zero yields improved
dynamic behavior and higher bandwidth. Therefore, in order
to evaluate RHP zero cancellation by the studied topology, the
averaged model and the theoretical transfer function are calcu-
lated.

The averaged model [11] of the boost topology with ripple
cancellation is obtained (see Fig. 2), replacing the three-winding
transformer with the magnetizing inductance (L;4), and de-
pendent voltage and current sources. Switching devices, like
MOSFET and diode, are modeled with dependent voltage and
current sources, respectively. The design parameters na , ng,

TABLE 1
SUMMARY OF WEIGHT AND LOSSES FOR THE CONVENTIONAL
BOOST CONVERTER

CONVENTIOMNAL BOOST 1/V Constraint Value Weight

Inductors L 1258 36uH 142,7gr
L, SA 2,4uH
Cy 100V 4,7uF

Capacitors C, 100V 47uF 65,1gr
Cin 100V 3,3uF

Total weight 207,8gr

Total losses 15,84 W

TABLEII
SUMMARY OF WEIGHT AND LOSSES FOR THE BOOST CONVERTER
WITH RIPPLE CANCELLATION

BOOST RIPPLE CANCELLATION I/V Constraint Value Weight
Lia 5A 51pH
Lig 7.5A 51pH
Inductors Lic 4105 0 3puH 91,56gr
L; A1A ok 10,2pH
Ly 5A 3uH
Cy 100V 3,3pF
C; A gnas 3,3uF
Capacitors Cy 100V 4,7uF 25,6gr
o 100V 3,5uF
C, 100V 3,3puF
Total weight 117,16gr
Total losses 14,4 W

and n¢ in Fig. 2 are the number of turns of L4, Lip, and Ly ¢,
respectively.

The validation of the averaged model is carried out by com-
paring the transient response of the averaged model and the
switched model at a duty cycle step (see Fig. 3). The parameters
used for this analysis are shown in Table IT. Damping resistance
has a value of 3 2, and turns ratio are such that ny = ng = 4nc.
An additional comparison is done between the simulated Bode
plot and the measured transfer function. This comparison is
shown in Fig. 11.

The next step is to analyze the Bode plots of duty cycle to out-
put voltage (see Fig. 3). There are two poles and an RHP zero at
low frequencies, and additional poles and zeroes at high frequen-
cies, but they do not influence the control design calculations.
The duty cycle to output voltage transfer function obtained is a
complex seventh-order system, with a fourth-grade numerator
and a seventh-grade denominator. The averaged matrices of the
state-space model of the topology are shown in Fig. 4. Details
about the used methodology can be found in [12] and [13].

Analyzing in detail the numerator n(s) of the obtained
seventh-order transfer function (1), parameter a4 [see (2)] is
always positive and ag [see (3)] is always negative. Applying
Routh—Hurwitz stability criterion, as a4 and a; have different
signs, there will be an odd number of RHP zeroes; thus, for all
design parameters, the RHP zero effect is present

n(s) = ay st tags’ +ass® +arst + ay (N
ay = ??,?Rl Ly L, CyCs (2)
ag = —niRy(1 — d). 3)
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Fig. 4. State-space matrices of the boost topology with ripple cancellation
network,

The dynamic characterization, focused on the RHP zero can-
cellation, can also be developed by calculating the simplified
transfer function, based on the decoupling of the fast and
slow subsystems method [14]-|16]. This new transfer func-
tion allows developing an analytical study of the conditions
that could entail an RHP zero cancellation and also simplify
and shorten the contrel design process. Applying the decou-
pling concept 1o the model of Fig. 2 (seventh-order sysiem),
Ve, Ve, and i, arc considered to be slow variables, while
Ve Veo,o ir,, and ip, are considered to be fast variables.
Following the practical averaging method for two time-scale-
discontinuous systems [14], the steady-state solution of the fast
system, (4)(7), is obtained. By substituting (4)—(7) into the slow
variables subsystem, and solving the resultant system of (8)—
(10), an equivalent second-order system is obtained [see (11)
and (12)]

dV X -
di’-* =0=iy, =0 ()
dVy. . .
S == Ve = Vg, 5
p7 = Vo, Cs (5)
Ve, _ gy, =i, R =0 (6)
dt :
diy,, _ A 1}01
@ 07 Vee=14g ™
Cy Ve, =—(1—d)iy,, —is, (8)

Ve, Voo
Ch 3 Ry + 1L, ()]
diy .
LIAT =(1-d)Vo, — V¢, (10)

It can be seen that a second-order system is presented al-
though three slow variables are identified. This simplification
is possible if capacitances Cy and C, are high enough, and, as
a result, the veltage on beth capacitors can be considered to
be the same. Analyzing in detail the mesh relating Vi, , Ve, ,
Ly, Lin, and Ly, since g = np, vollages across Ly, and
Lig, windings of an idcal transformer, are the samc. The vari-
able ¢, is identified as a fast variable, and L; being a small ac
inductor, mean voltages on both capacitors, €y and C'5, can be
considered to be the same. Thus, finally, a second-order equiv-
alent system is obtained [see (11) and (12)]. Equation (12) has
a different sign compared to the classical boost converter state-
space equivalent equation, as a result of the selected voltage and
current references,

An interesting property of this analysis is that the simplified
modcl corresponds Lo an equivalenl conventional boost con-
verter, whose equivalent inductlance is the inductance L4 and
the equivalent capacitance is the parallel of the capacitances Cy
and C,

Wi , Vi .

(O4+05)d—t” = (1—diy,, —% (an
diy,,

Lin=—p* = ~(1-dVe, + V. (12)

The main conclusion of this analysis is that the RAP zero is
not cancelled, and thus, the dynamic behavior of this converter
is similar Lo that of the conventional boost converter.

Fig. 5 shows the accurate matching between the full-order av-
eraged model and the reduced-order simplified transfer function
in the control design frequency range, that is, until RHP zero's
frequency, because the bandwidth of a converter with nonmini-
mum phase characteristics is approximately limited to one-third
of this frequency [17]. The parameters used for this analysis are
shown in Table II.

III. ComMPARISON BETWEEN THE BOOST CONVERTER WITH
RIPPLE CANCELLATION NETWORK AND THE CONVENTIONAL
Bo0ST CONVERTER

The dynamic analysis has shown that both topologies, con-
ventional boost and boost with ripple cancellation, have the same
dynamic behavior in the frequency range useful for the control
stage design. Therefore, a comparison between both topologies
in terms of weight and losses is of interest.

In order to make a proper comparison, both designs should
comply the fellowing conditions:

1) 500 W output powecr;

2) input voltage from 40 1o 96 V;

3) output voltage of 100 V;

4) maximum input and output current ripples of 20%, chosen

for a particular space application;

5) output voltage ripple of 1% of its nominal value;
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Fig. 6. Schematic of the conventional boost topology.

6) floating-capacitors voltage ripple of 5% of its nominal
value;

7) switching frequency of 150 kHz;

8) the magnetic components are designed using magnetics
molybdenum permalloy powder (MPP) toroidal cores,
which have a density of 8.7 g/cm”;

9) the capacitors used are self-healing, necessary for a space
application, chosen as a function of the capacitance and
rms current value.

The comparison shows that the weight of the magnetic com-
ponents and capacitors is 117 g for the boost with ripple cancel-
lation and 208 g for the conventional boost converter. In both
cases, the same input capacitor is considered, despite the fact
that this capacitor could have lower capacitance in the boost
converter with ripple cancellation.

Although the comparison of losses shows that both topologies
have similar values, the boost converter with ripple cancellation
is slightly better than the conventional boost (see Fig. 6) in
terms of MOSFET and magnetic component losses. Summaries
of both designs are shown in Tables I and II.

The number of switches and their voltage stress is the same
for both topologies; therefore, the ripple cancellation topology,
despite the higher number of components, is a better design
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Fig. 7. (a) Magnitude Bode plot of the ripple cancellation boost converter.
(b) Input current and ac component of the steady state of the switching signal.

option for these specifications, regarding weight and losses.
Although Ly is small, it could be substituted by the leakage
inductance of the main magnetic component [18], reducing the
number of magnetic components and the cost of the converter.

An estimation of the current ripple in the input and the output
of the topology can be obtained by applying the ripple theorem
presented in [19]. This theorem, when applied to the presented
averaged model, simplifies the ripple cancellation calculations,
saves simulation time, and allows a comparison between differ-
ent designs in terms of ripple cancellation efficiency.

By applying the ripple theorem proposed in [19], the peak-
to-peak (pk-pk) value of the ripple component in a state can
be obtained, to a very good approximation, from the magnitude
response of the control to state transfer function evaluated at the
switching frequency multiplied by the fundamental component
of the ac component of the switching signal

Xf'Pk-]Jk ~ |G;rd(2jﬂf-‘ﬂ)| %

This formula is valid for all load conditions, since the useful
information for the calculations is the pk-pk ripple and not the
exact shape of the ripple waveform. When (13) is applied to
input current, i.e.,

(13)

sin(0.57)
0.5

aripple of 95 mA pk-pk is obtained (4;,, in Fig. 1) for the ripple
cancellation boost converter, for an input voltage of 50 V (d =
0.5).

Fig. 7(a) shows the magnitude Bode plot of this input current
and the gain at the switching frequency (0.149) used to obtain
the current ripple given by the ripple theorem.

A transient simulation [see Fig. 7(b)] applying the ac compo-
nent of the steady state of the switching signal to the averaged

Aippepk ~ 0.149 = 95 mAppk (14)
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model is performed in order to check the theoretical calculations
of the input current ripple.

As a result of the established comparison conditions, a 2 A
pk-pk ripple is obtained for the inductor of the conventional
boost topology, for the same input voltage of 50 V. Therefore,
the input current ripple for this topology is more than 20 times
greater than in the two-inductor boost with ripple cancellation
topology.

IV. EXPERIMENTAL RESULTS

A 500 W prototype is developed (see Fig. 8) according to the
specifications shown in the previous section. The efficiency of
the converter is between 92% and 96.5%.
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Fig. 10.  Input and output currents of the boost with ripple cancellation net-
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boost topology with ripple cancellation.

In order to validate the current ripple cancellation for any
working condition, several tests in both conduction modes are
carried out. InFig. 9, the current ¢; (see Fig. 1)is the cancellation
network current, io is the current before the switching network,
and #;,, is the addition of both, the current supplied at the input. It
can be seen that the cancellation is achieved for both conduction
modes.

A critical parameter for input current ripple cancellation, the
inductor L, is designed with an inductance of 7.8 pH (about
20% less than the theoretical value) in order to evaluate the
effect of tolerances on current ripple cancellation. Although
total current cancellation is not achieved, due to the accuracy
of L inductance, it can be observed that input current ripple is
very small, around 15% of i3 current ripple.

Also, the output current is measured and the ripple cancella-
tion, which is practically achieved, is validated (see Fig. 10).



As mentioned in Section II, where the averaged model was
presented, a comparison between the simulated Bode plot and
the measured Bode plot is realized. It can be seen in Fig. 11
that both Bode plots fit in the frequency range of interest, below
one-half of the switching frequency.

V. CONCLUSION

A boost topology with ripple cancellation network has been
analyzed in this paper. This topology reduces input and output
current ripples, by means of a ripple cancellation network and
the magnetic component Ls, respectively. The averaged model
has been obtained and validated by a comparison with the mea-
sured Bode plot. The control to output voltage theoretical trans-
fer function has been obtained. Also, a reduced-order model
has been obtained in order to simplify the control stage design
and check that the RHP zero appears for all operating condi-
tions, as in the conventional boost converter. Using the averaged
model, the input current ripple of the boost with ripple cancel-
lation has been estimated and compared with the conventional
boost.

A comparison between this topology and the conventional
boost in terms of weight and efficiency has been performed. This
comparison shows that the ripple cancellation boost converter
takes advantage from the point of view of weight (117 g, 56%
of the weight of the conventional boost) and losses, especially
for aerospace applications. A prototype has been developed to
validate the current cancellation for both conduction modes,
including waveforms.
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