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BIDIRECTIONAL STEP-UP /STEP-DOWN DC-DC CONVERTER
WITH MAGNETICALLY COUPLED COILS

The paper is focused on bidirectional up/down DC-DC converter with magnetically coupled coils (MCC), which can be utilized as a part
of power semiconductor system in traction, automotive, or industrial applications like renewable energy sources. Proposed solution of main
circuit of bidirectional converter should serve for energy transfer from source to load, and vice versa, whereby parameters of electrical vari-
ables like voltage, current and power are able to be adapted based on the current requirements of application. Their values can be increased
or decreased in first (energy transfer from source to load) or in third (energy transfer from load to source) quadrant of converter's operation.
The boost effect of output voltage can be increased - if it is not sufficient one - by appropriate ratio of number of inductor windings.

Keywords: DC-DC power converter, bidirectional step-up/step-down converter, duty cycle factor, transfer function, parasitic parameters,

steady-state operation.

1. Introduction

Process of energy recuperation is well known phenomena,
especially in the field of traction applications. Nowadays, the recu-
peration of energy is used in the industrial, commercial and also
in the consumer sector. The main factor, which allows this break-
through, was development of technology in production of power
semiconductor structures and research of new topologies of main
circuit of switched mode power supplies (SMPS), which are working
in two-quadrant (2Q bi-directional) operation [1]-[3]. Although,
there are now a variety of schemes of DC/DC bidirectional con-
verters, the disadvantage of these solutions is high complexity, or
lack of versatility, which is associated with limited utilization of
mentioned topologies. The main reason for this are specific require-
ments for their properties, particularly possibility of change of elec-
trical values as wide as possible. Another disadvantage of existing
solutions in terms of universal utilization is relatively high mater-
ial costs.

Nowadays, the existing solutions of bidirectional converters can
by divided as follows: The first group includes cascade DC/DC
converters in buck-boost topology, second group are non-isolated
half-bridge topologies, in another group the multi-tank non-isolated
Cuk and Sepic topologies are presented and last group involves
so-called split topologies, using pi-filters at the input and output of
converter. The mentioned drawback in the comparison with pro-
posed solution is considerably higher number of components in
the system resulting in higher complexity of topology, lack of ver-
satility and insufficient dynamical range of input and output para-
meters

2. Bidirectional step-up/step-down converter with MCC

The main circuit of proposed converter, based on boost DC-
DC converter [4]-[6], is composed of three main parts (Fig. 1).
The first is given by primary capacitive filter together with primary
transistor T1. Second part consists of the most important part of
converter - bifilar wound coil, whose windings are connected in
order to create auto-transformer with common ground on the
primary and secondary side. If target application requires total gal-
vanic isolation between primary and secondary side, it is possible
to realize the proposed converter as an isolated bidirectional con-
verter. This approach can also be done by simple modification of
the main circuit with the use of auxiliary switch. The last, third
part of the proposed converter is composed of secondary transis-
tor T2, of a filter and of load/appliance.

It can be seen from Fig. 1 that the primary as well as secondary
part of converter have in principle the same functionality. Based
on this property both parts can behave as input or output of the
converter (the secondary side is dissymmetrical to the primary
side), and, therefore, the energy transfer from source to load and
vice versa can be simply and effectively realized. Simultaneously the
modification of the electrical variables magnitudes (increase or
decrease) can be done in a wide regulation range. Based on the
operating conditions, the converter functionality is held in the first-
or third quadrant of operating characteristic.

The main advantages compared to other solution of bidirec-
tional DC/DC converters are:
- extra-wide regulation range of electrical variables at given output
(step-up/step-down)
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Fig. 1 Block scheme of proposed bidirectional DC-DC converter with MCC [7]

- low complexity of the main circuit within achievement of high
universality
- possibility of isolated and non-isolated version

The analysis of proposed converter

The proposed converter, whose principal schematic is shown
in Fig. 1 is classified as DC-DC converter. The following analysis
is oriented on the determination of state space variables and on
the investigation of voltage-transfer characteristic in both direct
and recuperative mode of operation.

The operation of converter both for directions (energy trans-
fer from source into load) and for recuperative (energy transfer
from load into source) mode can be divided into two operating
intervals:

- interval K, — t,): transistor T} (T5) closed, transistor T, (T)
open;

Ids1

Power | Jg 1
Source c1 /‘\

- interval [z, — T): transistor T, (T,) open, transistor 75 (7))
closed.

Fig. 2 shows schematics of the proposed converter, whereby
parasitic resistances are considered, and due to fact that their
presence is influencing voltage transfer characteristic. This impact
is negative and, therefore, must be accepted during state space
model setting and its consequent derivation.

The state space model for the proposed converter is derived
for the operating condition when the converter operates at direct
mode. Here, it must be noted that considering recuperative oper-
ating mode the state space will be the same, whereby only one
change applies specifically for the input/output arguments in the
case of voltages and currents (input will act as output and vice
versa).

Load/
Appliance

Fig. 2 Block scheme of proposed bidirectional DC-DC converter with MCC
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where:

iy, is the current in the primary side

i, isoutput capacitor voltage

r, is the sum of series parasitic resistances
r, is the parallel parasitic resistances

L, is value of primary inductance

U, is input voltage

R, isload resistance
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The voltage transfer characteristic can be derived from the
comparison of ripple current during the first and second interval.
The analysis outgoes from the equation of inductor’s voltage:
di,
dt

(2)

u, —

3)

After linearization, the next formula is valid for ripple current:

_UDT

Al T

(4)
where:

D is duty cycle,

T is switching period of converter.

Comparing the value of ripple current during interval when
transistor T1 is closed with the ripple current from the interval
when transistor T1 is open leads to:

U-p-T U:(—=D)T

L, L, '

When L, = L,, thus N, = N,, where N, and N, are numbers
of primary or secondary turns and all parasitic resistances are
neglected, then the next equation for approximate computation of
voltage transfer function can be written:

V.__ D
U (1-b)
Figure 3 shows graphical interpretation of voltage transfer char-

acteristic with ideal waveform (without parasitic ones), and voltage
transfer waveform when parasitic resistances are being considered.

(%)

(6)
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3. Simulation investigations of proposed converter’s
properties

In this chapter we would like to investigate the voltage transfer
functions of the proposed converter based on parametrical simu-
lations from OrCAD/Pspice. Based on this, and after comparisons
with theoretical assumptions it is possible to demonstrate existing
deviations in voltage transfer function.

Next figure shows voltage transfer function of the proposed
converter whose input/output parameters are as follows:

Uy=124V, fgy = 50kHz, L, = L, = 300 pH(N, = N,),
Upyr = var, lyyr = var, Pyyr = max. 25 W,

load resistance R, = 48 Q,

Parasitics , = 0.24, 0.48, 0.96 and 1.44 (x:

—_ U211
'

08 1
— duty cvele

Fig. 3 Voltage transfer function of proposed converter at 100% power
loading and various parasitic resistances from 0 to 1.44 Ohm

Load 100, 200 and 20%, R = 48, 24 and 240 Q:

=8 100% load

=a—200%load
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1] 0.2 04 LX) 08 |
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Fig. 4 Voltage transfer function of proposed converter at 20,
100 and 200 % of power loading
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It is evident from Figs. 3 and 4 that

- idealized relation of voltage transfer ration U,/U, on duty cycle
D (i.e. = D/1 — D) is not valid for entire range of duty cycle
(E(0:1);

- consequently, voltage transfer characteristic is not monotonic
one but it has a local extreme at which derivative of the trans-
fer is changing; it is a critical point of characteristic;

- control system used should be acting just in ‘secure’ range from
0 to a critical value of duty cycle D,,;,, otherwise it must have
a variable structure.

4. Experimental verification of bidirectional
step-up/step-down converter with MCC

The experimental set/up was built (Fig. 5) with parameters:

Uy=124V, fgy = 50kHz, L, = L, = 300 pgH(N, = V,), C

load resistance R, = 48, 24, 240 Q, Pyyp = var. 25 W as
maximum, depending on load resistance.

Fig. 5 Experimental set-up of proposedbidirectional
step-up/step-down converter

There are results carried-out by measurement on experimen-
tal set-up of the converter at 20-, 100-, and 200 % of the load under
resistive loading.

| | =100 load | |

== 200" load

—>0U2/Ul
-
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— duty cvele

Fig. 6 Experimental voltage transfer functions
of proposed converter at 20-200 % load

Output power can be calculated from the carried-out transfer
characteristics in Fig. 6

U: (2:24] 404
Pour = : Po == =48 W
R 48 2 24
at D = 0.75;
1-24) 2
PM:( )2524:12W
48 2 24
at duty cycle D = 0.50;
1.41 24} 2
P48§l:( ):224 =24W
48 2 24

at duty cycle D = 0.625;

It is possible to calculate the requested power (24 W) also
under 24 Q load resistance

24y

Puo =" = =24W

at duty cycle D = 0.65.

So, for a fair design of the converter elements it is necessary
to determine at what output voltage we want the requested power.
Possible improvements of operation and efficiency of the converter
are to be reached by works [8]-[10].

5. Conclusion

The bidirectional step-up/step-down converter was presented
in the paper. Simulation experiment results worked-out using
OrCAD/PSpice programming environment showed that voltage
transfer characteristics feature two parts: the first one with posi-
tive derivative part, and the second one with negative derivative
part. Maximal output voltage doesn’t depend only on a duty cycle
of electronic switches but also on the parasitic parameter values of
the converter circuit elements. The experimental set/up measure-
ments verified results of simulation and theoretical assumptions.

Presented solution of bidirectional converters based on buck-
boost DC/DC topologyconsists of substantial lesser components
than classical cascade DC/DC converters or non-isolated half-
bridge topologies, and features: an extremely wideregulation range
of output voltage, low complexity of main circuit within achieve-
ment of high universality, and possibility of isolated and non-iso-
lated versions. Such a converter system can be utilized as a part of
power semiconductor system in traction, automotive, or industrial
applications like renewable energy sources.

As future work we suppose the investigation of transient
behavior -, efficiency analysis- and control system design of that
type of bidirectional step-up/step-down converter.
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