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Abstract: This paper presents a comparative evaluation among the modified Cuk, modified
buck-boost, and conventional boost bidirectional dc-dc power converters. It is shown that the
efficiency of modified de-dc Cuk power converter is the highest though the component count is
the highest. It is also shown that the current ripples can be further reduced by integrating the
two inductors of modified dc-dc Cuk power converter in one magnetic core. This paper shows
that the modified dc-dc buck-boost power converter has almost no advantage compared to the
conventional dc-dc boost power converter. Several experimental results are included to clarify
the analysis.
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1. Introduction

In order to reduce the CO2 emission to the atmosphere, it is expected that electric cars will
replace the internal combustion engine (ICE) cars in the near future. As a transition to fully
electric cars, many manufacturers have produced hybrid and plug-in hybrid cars. Including in
this transition is the use of dual dc voltage system in the cars. In conventional ICE cars, the
dual dc voltage system is useful to accommodate more electrical loads in the cars that
eventually will improve the engine efficiency.

A bidirectional step-up dc-dc power converter is commonly used in modern cars as an
interface between one dc voltage and another dc voltage. For example in dual dc voltage
conventional ICE cars, a bidirectional step-up dc-dc power converter is used as an interface
between 14 V dc system and 42 V dc system. A bidirectional step-up dc-dc power converter is
also used in battery charger/discharger. Various dc-dc power converter topologies were
proposed and some of them have been put into practices [1]-[21]. In car applications,
simplicity, high-efficiency, and high reliability are very important. Moreover, low current
ripple and high power density are desirable. For this reason, the most commonly used is the
one based on the nonisolated bidirectional boost dc-dc power converter. In order to reduce
further the current ripple, the multiphase arrangement is commonly used.

Similar to the developments in photovoltaic power generation systems, a partial rated step-
up dc-dc power converter has also been proposed to improve the efficiency of bidirectional
boost dc-dc power converter. The partial rated step-up dc-dc power converter is derived from
the modification of buck-boost de-dc power converter [20]-[21]. It is shown here, however, the
losses of existing partial rated step-up dc-dc power converter is almost no different to the
conventional boost dc-dc power converter. Moreover, the input and output current ripples of
this converter are higher than the conventional boost dc-dc power converter as it is derived
from buck-boost de-dc converter.

This paper presents a new bidirectional step-up dc-dc power converter that is derived from
Cuk dc-dc power converter. As it is derived from Cuk dc-dc power converter, the input and
output currents are continuous with low ripple content. Though the number of passive
components is more than conventional boost de-dc power converter, it is shown theoretically
and experimentally that the losses are lower. The expressions of input and output current
ripples are derived in this paper. It is also shown that the current ripple can be reduced further
by integrating the two inductors into one magnetic core. Several experimental results are
included to show the performance of the proposed converter.
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2. Bidirectional Step-Up DC-DC Power Converters

This section discusses the derivation of the proposed bidirectional dc-dc power converter.
The discussion is started by discussing the conventional boost dc-dc power converter and
modified buck-boost power converter. The discussion is then followed by the proposed
modification of Cuk dc-dc power converter. Here, the discussion neglects the effects of voltage
drops across the inductor and switching devices.

The scheme of conventional bidirectional boost dc-dc power converter is shown in Figure 1.
Instead of MOSFET, IGBT can also be used as the active switching device. Transistors O; and
0; receive complementary ON-OFF signals, transistor Q; receives an ON (OFF) signal when
transistor 0, receives and OFF (ON) signal. If the load current is positive (negative), the
current flows through transistor Q; (D;) when transistor Q; (Q:) receives an ON (OFF) signal.
When the transistor O, (Q;) receives an ON(OFF) signal, the current flows through diode D;
(Q2) when the load current is positive (negative). Under continuous conduction inductor
current mode, the average output voltage is
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Figure 1. Conventional bidirectional boost dc-dc power converter.
v, = Ld_ (1)
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where a is the duty cycle of transistor Q;. According to (1), the output voltage is infinite when
the duty cycle is closed to unity. In practices, the maximum output voltage is limited due to
voltage drops across the inductor and switching devices. Under continuous inductor current
mode, the source current is continuous with low ripple content. DC current with low ripple
current is important for battery, PV, and fuel cell. The output current, however, is
discontinuous with high ripple content. Thus, a large electrolytic output filter capacitor is
required. In this conventional dc-dc boost converter, the rated voltages of switching devices
and dc filter capacitor are equal to the output voltage.

A partial rated step-up dc-dc power converter has been proposed in [20]-[21] in an attempt
to improve the efficiency. This converter can be considered as modification of conventional
buck boost de-dc power converter as shown in Figure 2(a). In this conventional buck-boost dc-
dc power converter, the average output voltage under continuous inductor current mode is
— aEd

Vo =

- 2

The advantage of this conventional buck-boost dc-dc power converter is the possibility to
step-down and step-up the dc voltage. The disadvantages of this converter are discontinuous
input and output currents with the associated high ripple content and the output voltage polarity
is reversed.

The load of conventional buck-boost dc-dc power converter does not need to be connected
to the terminal as shown in Figure 2(a). There is other terminal as shown in Figure 2(a) with
average voltage that is equal to (1). If the load is connected to this terminal, the converter
became as the one shown in Figure 2(b). In this case, the output voltage is always higher than
the input voltage and the output voltage polarity is not reversed. For the same output voltage,
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the required duty cycle of the transistor will become lower than the conventional buck-boost
dc-dc converter. Thus, as it is shown later, the losses will be lower compared to conventional
buck-boost dc-dc power converter. Compared to conventional boost dc-dc power converter,
however, the losses will be the same. The average inductor and switching device currents are
the same as conventional dc-dc boost power converter. The difference is only on the rated
voltage of the filter capacitor that is lower than the conventional de-dc boost power converter.
The average voltage of the dc filter capacitor is equal to (2). As the input and output currents
are discontinuous, this modified buck-boost dc-dc power converter is not recommended for
battery charger/discharger.

Figure 3(a) shows the scheme of conventional bidirectional Cuk dc-dc power converter
[22]. This converter can also be considered as the dual of conventional bidirectional dc-dc
buck-boost power converter. The main advantages of this conventional bidirectional Cuk dc-dc
power converter are the continuous input and output currents with low ripple content. The two
inductors can be integrated into one magnetic core to save space and to reduce the inductor
current ripple. Thus, this converter is suitable for battery charger/discharger, PV power
generation system, and fuel cell power conditioner The main disadvantage of this converter is
the reversed output voltage polarity. The average dc output voltage of this dc-dc power
converter is equal to (2).

Similar to the derivation of modified buck-boost dc-dc power converter, there is other
terminal that can be used as a load terminal as shown in Figure 3(a). If this terminal is used
then the modified bidirectional Cuk dc-dc power converter is obtained as the one shown in
Figure 3(b). The average output voltage of this new converter is the same as (1). The average
dc output filter capacitor is the same as the modified bidirectional buck-boost dc-dc power
converter that is lower than the conventional boost dec-dc power converter. Moreover as the
output current is continuous, the rated current ripple of the dc output filter capacitor will be
much lower than the conventional boost dc-dc power converter. The main disadvantages of
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Figure 2. (a) Conventional and (b) modified bidirectional buck-boost dc-dc converters.
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Figure 3. (a) Conventional and (b) modified bidirectional Cuk dc-dc converters.

using modified Cuk dc-dc power converter are the need of additional capacitor C and one more
inductor. Though additional inductor is required, it is shown here that the losses are lower than
the losses of conventional bidirectional boost and modified buck-boost dec-dc power converters.

3. Output Voltage Comparison
The three step-up dc-dc power converters have the same output voltage as shown by (1).
This expression has been derived by neglecting the voltage drops across the inductors and
switching devices. In practices, these voltage drops cannot be neglected. Due to these voltage
drops, the maximum output voltages are limited. Moreover, these voltage drops create
conduction losses in these de-dc power converters.
By using a simple state-space averaging technique, it can be shown that the average output

voltage of conventional boost dc-dc power converter is
_ Eg-Vge-Vp-a? Rpg+Rpe+Rgll-cl
- L& (1-@? L ©)

Vi

when the load current is positive, and
_ Eg+Vpil-@l+Vp e | Rp+Rgll-wl+Age
Vi = L@ (1-@? L “4)

when the load current is negative. In deriving (3) and (4), it is assumed that the voltage drops
during conduction state are

for the transistor, and
VD=VD +RDiD (6)

for the diode. In (3) and (4), Ry is the resistance of boost inductor Ls The filter capacitor is
assumed as an ideal capacitor.

By using the same method, it can be shown that the output voltage of modified bidirectional
buck-boost de-dc power converter in Figure 2(b) is the same as given by (3) and (4). Thus, the
voltage characteristics of modified bidirectional buck-boost and conventional bidirectional
boost dc-dc power converters are the same. Once again by using the same method, the output
voltage of modified bidirectional Cuk dc-dc power converter is
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. Eg-Vgpe-¥p -l _ Rgll-zo+?a®)+Rpu+Rpil-o) 7 7
LT l-g 1 -g)® L
when the load current is positive, and
| Egtipl-alevpe Rd[i—2w+2zz:l+3!,2(1—w)+ﬂpw 3
Yi = 1-& (1—gi? L ®)

when the load current is negative. In deriving (7) and (8), it is assumed that the inductors L4
and L, have the same resistances that are equal to R,.

Eqns. (3)-(4) and (7)-(8) show that the voltage drop across the inductors in modified Cuk dc-
dc power converter is lower than the ones in modified buck-boost and conventional boost de-dc

converters. If both sides of (3) are multiplied by Ir, the result is
Ey-Vg&-Vg 1—c) Ry+Rge+Rgll—e) .
L (1-e)? L ©)

w =
e L—a

The source current of the converter is
I,=1,(1-a) (10)

Based on (9) and (10) then the losses of conventional bidirectional boost and modified
bidirectional buck-boost dc-dc power converters under positive load current are

P[nss[ = Ed*r.s(_ lif.*rf. -

_ V@-R’+Vp 1-c Rd+ﬂ@-ﬁ'+ﬂg 1-g a
- 1-& L (1-@)? b (1)
By using the same method, the losses of modified Cuk dc-dc power converter is

P = g rr+:-'f.:.— ] I+ Rd(1—2w+2|:z:-}_+:;§w+ﬂ,;(1—z) If (12)

Comparison between (11) and (12) shows that the conduction losses of modified
bidirectional Cuk dc-dc power converter are lower than both modified bidirectional buck-boost
and conventional bidirectional boost dc-dc power converters.

Figure 4 shows the plot of eqns. (11) and (12) when the switching devices are assumed as
ideal devices with no voltage drops. This figure shows clearly that the losses in modified Cuk
power converter are the lowest compared to the other two power converters. As the switching
losses of these three converters are the same, the efficiency of modified bidirectional Cuk dc-
dc power converter will be the highest.
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Figure. 4. Loss comparison.

3. Ripple Comparison

Ripple analysis is important to determine the required inductors and capacitors. In this
section, the inductor current ripples, capacitor current ripples, and source current ripple of the
three dc-dc power converters are compared. By using a simple time domain analysis, it can be
shown that the inductor current ripples of modified bidirectional Cuk dc-dc power converter

are
_Lg-MeEy

€7 p3a L (13)
_ Lp-MeEy
ET oaaTa f (14)
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where M is the mutual inductance between the two inductors in modified bidirectional dc-dc
Cuk power converter, and

&=Lyl — M (15)

Eqns. (13) and (14) show that the inductor current ripples can be reduced by coupling the
two inductors in one magnetic core. The inductor current ripple (13) is the same as the source
current ripple. The inductor current ripple (14) is the same as the current ripple that must be
absorbed by the output filter capacitor C,.

The rms value of ripple current through the transfer capacitor C can also be obtained as
L)z

o =1{~%) (16)

As this capacitor current ripple is high, it is recommended to use nonelectrolytic type for
the transfer capacitor C. This current ripple cannot be reduced by increasing the switching
frequency.

The inductor current ripples of modified buck-boost and conventional boost dc-dc power
converters are the same as given below
1 wEp
¢~ g a7

In the case of conventional bidirectional boost dc-dc power converter, the inductor current
ripple (17) is the same as the source current ripple. In the case of modified bidirectional buck-
boost de-dc power converter, the rms value of source current ripple is

g W2

L=n{*) (18)

The current ripples that must be absorbed by the output filter capacitors of modified buck-
boost and conventional boost dc-dc power converters are the same, that is

g W2

1,=15{%) (19)

As the size of capacitor is mostly determined by the ripple current rating, the size of output
filter capacitor of modified bidirectional Cuk dc-dc power converter will be the lowest.

For summary, Table 1 shows comparison among the modified bidirectional Cuk, modified
buck-boost, and conventional boost power converters. In order to simplify the comparison, it is
assumed that the two inductors of modified bidirectional Cuk dc-dc power converter are equal
with inductance of L. Moreover, it is also assumed that the two inductors are uncoupled.
Though the component count is the highest, the modified bidirectional Cuk dc-dc power
converter has the highest efficiency. The modified bidirectional; buck-boost converter dc-dc
has almost no advantage compared to conventional bidirectional boost dc-dc power converter.
As the input and output currents of modified Cuk dc-dc power converter are continuous, this
converter is suitable for PV and fuel cell power generation systems. This converter is also
suitable for battery charger/discharger as it is found in automotive systems.

4. Experimental Results

A small experimental system as the one shown in Figure 3(b) was constructed. Two power
MOSFETs were used as switching devices in this experiment. Uncoupled two equal inductors
of 2.2 mH were used as Ls and L,. The switching frequency of power converter can be varied
from 5 kHz up to 10 kHz. The capacitance C is 1000 uF and the capacitance C, is 1000 uF. The
dc source is obtained from a dc power supply that is maintained constant at 36 Vdc. A constant
load of 107 Ohm was used as the load in this experiment.

Figure 5 shows the output voltage as the function of duty cycle of the modified Cuk
converter. Ideal curve is the calculated results when the voltage drops across the switching
devices and inductors are neglected. The nonideal curve is calculated results when the voltage
drops are taken into account as given by (6). Measurements were conducted under two
switching frequencies. It can be seen that the derived expression is accurate in predicting the
output voltage.

Figure 6 shows the experimental and calculated results of current ripple through inductor Ly
of the modified Cuk converter. The current ripple is measured by using a digital ampere meter
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that able to measure the ripple current component separately from the dc component. Very
good agreement between calculated and experimental results can be appreciated from this
figure. Similar results are obtained for current ripple through inductor L,. Similar to other dc-dc
converters, the output filter capacitor current ripple can be reduced further by multiphasing

technique.

Figure 7 shows the efficiency of the modified Cuk dc-dc converter when the duty cycle is
changed. The load resistance during this experiment was constant. As it is predicted, the
efficiency is higher when the duty cycle is small. When the duty cycle is small, the efficiency
can be up to 99%. The efficiency can be increased by reducing the resistances of the inductors.
Moreover, the losses across the switching devices can also be reduced by using modern power
devices [10].

Figure 8 shows the current through the inductor L, when the power flow is reversed. In this
experiment, another dc voltage source was connected in parallel to the load. The duty cycle of
the power converter is then adjusted to make the power flow is reversed. This figure shows the
bidirectional power flow capability of the proposed power converter.

Table 1. Comparison of bidirectional step-up dc-dc power converters.

Modified Cuk Conventional Boost Modified Buck-Boost
Circuit l 2 L,
[oad]
Passive Two inductors and two capacitors One inductor and one capacitor One inductor and one capacitor
components
Active Two transistors, two diodes Two transistors, two diodes Two transistors, two diodes
components
Average 5 By =l — (1 a) 5 B -e —(i-a) 5 By V= W(1—w)
output T 11— b 1—w LT 1—o
voltage _Rald Zar )+ Rgnr £y(1-a) _Bat Rou+ B4 a) Ry + Bgae+ 8,01 — )
- a): : 1-g) ' T ti—ar M
Source 7 1 ek, z 1wk . FEEEE
5= = =
Current YT N TI 2 = A (1 _ “J
ripple
Output n 1 wky R @ L = o e
. = L=1r = [ J

capacitor Bl £ * (1 - aJ LA
current
ripple
Transfer L= [ o J‘“
capacitor C T M M- Not Applicable Not Applicable
current
ripple
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Figure 5. Measured and calculated output voltage as a function of duty cycle
for modified Cuk converter.

394




Andriazis Dahono, et al.

0,4
Measured
0,35 Calcutated /
- — alculates
= os
o 025
o
‘T 02
- /
< 0,15
[ /
=
= o1
=
© o005
o
o 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8

Duty Cycle (a)

Figure 6. Measured and calculated results of inductor current ripple for modified Cuk
converter.
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Figure 7. Measured efficiency of modified Cuk converter.
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Figure 8. Inductor L, current of modified Cuk converter when the power flow is reversed.

5. Conclusion

Performances of three bidirectional step-up dc-dc power converters have been compared in
this paper. Though the component count of modified bidirectional Cuk dc-dc power converter
is the highest, the efficiency is the highest compared to other two bidirectional dc-dc power
converters. The modified bidirectional step-up Cuk dc-dc power converter has continuous input
and output currents with lower ripple content. The derived expressions are useful in designing
the proposed bidirectional dc-dc power converter. Experimental results are included to verify
the analysis results.
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