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Abstract

To supply a high voltage load from a low voltage source (e.g. battery pack) often a converter is
required with a high conversion ratio. Boost converter topologies with coupled inductors have
emerged displaying a high efficiency, a low overall component count, a simple topology, and the
need for only a single low-voltage active switch. However, in some applications the output of the
converter must be capable of reaching voltages below the input voltage. To solve this problem. a
buck-boost-converter topology can be derived from the boost converter with coupled inductors.
However, if the different positions for the capacitors in the buck-boost topology are considered,
several variants can be distinguished. The properties of the different topological variations are
studied. Eventually, a topological choice is made based on the proposed criteria for a 175-V
supply, converting 175 W from a 24-V battery. The theoretical results are compared to the
results retrieved from a prototype converter.

I. Introduction

Nowadays, a lot of applications that were formerly supplied from the mains, have become battery
operated (e.g. electric drilling machines, other electric hand equipment, electric kitchenware,
electric lawn mowers, etc.). In most of these applications low-voltage motors are applied that
in many cases have a low efficiency (low-voltage commutator motors), suffer from a low power-
weight ratio or are very expensive. Nevertheless, the universal series motor, the motor used in
most mains operated equipment, is rather efficient (n~ 70%), has a high power-weight ratio
(0.5 kW /kg) and is very cheap [1]. Moreover, this motor can also be supplied directly from a
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de source. The main disadvantages of the universal series motor are the limited lifetime, the
required maintenance and, for battery equipment, the high supply voltage. As for most consumer
products, the limited lifetime of this motor poses no problem, the only remaining problem for
battery operated equipment is the high supply voltage. Hence, a converter is required with a
high conversion ratio (e.g. a factor 10). If a simple topology like the boost converter would be
used, this would imply operation with a very high duty ratio (D > 0.9), a very large VA-rating
for the switches and a very low overall efficiency of the converter.

Similar problems exist for buck-type converters trying to accomplish very low conversion ratios
(e.g. a factor 1/10). To avoid a very low duty ratio, quadratic buck converters with a conversion
ratio proportional to D? have been reported [2-4]. The main disadvantages of these converters
are the high component count, and the complexity of both the topology and the control strat-
egy. Moreover, it is doubtful whether any of these quadratic buck converters can outperform
a cascade of two buck converters when comparing overall system cost and efficiency. Driven
by the demanding requirements of modern power-hungry microprocessors, new topologies have
emerged [5,6]. By using coupled inductors, these converters are able to combine a low conversion
ratio with a good efficiency and a moderate complexity.

A similar story applies to boost-type converters with a high conversion ratio. Converters with
a quadratic or higher order conversion ratio [7] suffer from circuit complexity, high component
count and low efficiency. To avoid these disadvantages boost converter topologies using a coupled
inductor have been presented [8-11]. The main features of these converters are a high conversion
ratio, a high efficiency, a single low-voltage active switch, a single inductive component, a low
overall component count and a simple straightforward topology.

However, if the converter supplies a universal series motor for applications such as electrically
assisted bicycles [1], the motor torque must remain controllable also at very low speeds. Con-
sequently, the converter output should not only be capable of supplying high voltages, but also
voltages lower than the input voltage.

In [9] it was shown that by making a small modification in the topology of the boost converter
with coupled inductors, a buck-boost converter can be derived with a conversion ratio ranging
from O to high values. As already demonstrated in [9], different variants for the buck-boost
converter with coupled inductors exist. In this paper the different variants are discussed. From
this analysis the optimum topology is chosen for converting a 24-V battery input into an output
ranging from 0 V to 175 V. Experimental results show the high efficiency that can be reached
with these type of converters.

II. Review of the Operating Principle of the Buck-Boost Converter with Cou-
pled Inductors

The topology of the proposed converter is depicted in Fig. 1. This converter can be derived from
the boost converter with coupled inductors depicted in Fig. 2 by moving the position of the load
(represented by the resistor R). As the topology of this buck-boost converter is derived by a
small modification of the boost converter presented in [8,9,11], the operating principle remains
basically the same and is therefore reviewed only briefly. The buck-boost converter of Fig. 1
consists of a switch 57, diodes D1 and Do, an intermediate capacitor C7, an output capacitor
Cs and a transformer-inductor encompassed by the dashed line in Fig. 1. This transformer-
inductor is characterized by the primary inductance L1, the secondary inductance Lo, and the
total leakage inductance Lyo (here entirely assigned to the secondary). If the number of turns
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Fig. 1. The proposed buck-boost converter  Fig. 2. The boost converter with a high con-
with a high conversion ratio version ratio

in the primary and the secondary windings are n; and ne, respectively, the following applies:

Ly ni\ 2
b (_> . (1)
2 ng
The key waveforms of the buck-boost converter are shown in Fig. 3. The convertor is supplied
from a dc source with a constant voltage vy,. The capacitors C7 and Cy are sufficiently large, so
that the voltages v, and v, are virtually constant. Note that the output voltages of the boost

converter (Fig. 2) and buck-boost converter (Fig. 1) are denoted with v/, and v,, respectively;
both quantities are related by

Vo = 'Ug — Vin- (2)

Assume that right before time ty there exists a current is(ty) in diode Dy, while the current
i1(tp) in the primary of the coupled inductor is zero. At ty the switch S; is switched on and
the voltage vs across the switch 51 becomes zero. Because of that, a voltage appears across the
secondary of the transformer Lo that decreases the current io in diode Do. Hence, between
and t; the current in diode Do is commutating to the switch S;. During this interval the diode
Dy is conducting and the voltage vy remains equal to the voltage v/, (2). Due to the presence
of the leakage inductance L2 of the transformer, the di/d¢ of the current iy is limited and the
diode recovery losses of the diode Dy are reduced. Moreover, the switch S is switched on with
zero current.

At time t1, the current io in the diode D2 reaches zero and diode Do blocks. Between times ¢;
and o, the voltage vs across the switch 57 remains zero and the current ; in the primary of the
transformer rises. Meanwhile, the voltage v2 is determined by the capacitor voltage ve, and the
transformed primary voltage, or

n .
vz(t)zvcl—ﬁvin for  te ]ty tof. (3)

As the diode Dy remains reverse biased, the current i remains zero during this time interval.

At time to, the switch S is turned off very fast, the current is commutated to the parasitic
output capacitance (Cyss for a MOSFET) of the switch S (this short time interval is not shown
in Fig. 3) and the voltage v, ramps up quickly. Hence, the switch S; is switched off with zero
voltage. As the following applies:

/
Vo — V4 < vCy — Ui
ng ni ’

(4)
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Fig. 3. The key waveforms of the proposed  Fig. 4. The conversion ratio of the proposed
buck-boost converter buck-boost converter as a function of the duty

ratio D and the transformer turns ratio na/n;

the current prefers to run in the secondary of the transformer, but is prohibited to commutate
instantly by the leakage L,o. Consequently, between time t9 and t3 both diodes D; and Do
conduct current and the current ¢; is gradually commutating to the secondary of the transformer.
Meanwhile, the switch voltage vg is clamped to the capacitor voltage v, and the voltage vo
equals the voltage v),.

At time t3, the current ¢; reaches zero and diode Dy is blocked. All the current is commutated
to the secondary of the transformer and is used to charge the output capacitor through the diode
Ds. Between t3 and t4. the switch voltage v is

ni
Vg = Vi + n—2(v(', —vey) < veys (5)

a voltage slightly smaller than the voltage ve,. Eventually, at time ¢4 the starting situation (at
time tg) is reached again.

If the leakage inductance L,o of the transformer is small, the conversion ratio of the proposed
buck-boost converter can be derived by combining (2) with the conversion ratio reported in [11]
for the boost converter

Vo M2 D
Vin - ni 1-D’ (6)

with D the duty ratio of the switch S;. The voltage across the intermediate capacitor C'; remains
unchanged as compared to the boost topology. Hence, this formula can be copied from [11]:

v, 1
/Uinwl_D. (7)

The conversion ratio of the buck-boost converter (6) is shown in Fig. 4 as a function of the duty
ratio D and the turns ratio na/n; of the transformer. Note that if the turns ratio na/n; is chosen
equal to zero (n2=0), the topology (Fig. 2) and the conversion ratio (Fig. 3) of the “regular”
buck-boost converter are obtained. For transformer turns ratios na/n; >1, high conversion
ratios can be achieved, while the duty ratio D remains smaller than 0.6 (This duty-ratio range
is favourable as it provides a good silicon usage and a high efficiency at full load.). Moreover,
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Fig. 5. Different topological variations of the buck-boost converter with coupled inductors

the voltage across the capacitor C7 remains independent of the turns ratio of the transformer
(7). Consequently, a low-voltage switch S; and a low-voltage diode D; can be chosen, though
the output voltage v, can be up to 10 times higher than the input voltage vyy,.

In the case where the leakage inductance L,o cannot be neglected, the conversion ratios in the
converter become load dependent. In general, the output voltage v, sets with increasing load
current and is slightly lower than the value predicted by (6). On the contrary, the voltage ve,
across the intermediate capacitor rises with increasing load current and becomes slightly larger
than stated by (7).

III. The Different Topological Variations

The two capacitors C7 and Cy in the topology of Fig. 1 can be connected to different nodes
without altering the principles of operation of the converter. The different possibilities result
in 8 different topological variations of the buck-boost converter with coupled inductors Fig. 5.
Three of these topological variants, viz Figs. 5(c), 5(d) and 5(h), were published before in [9].
So as to decide which variant is best suited for the application, several properties of the different
topological variations are studied.
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Fig. 6. The input current waveforms of the  Fig. 7. The winding construction in the
different topological variations transformer-inductor

A. Input Current

An important property of a topology is its input current! waveform. The different input currents
for the different variants are shown in Fig. 6 (the current in the primary of the transformer 7;
is added as a dotted line for comparison). In this figure four different input current waveforms
can be distinguished:

1.

iin =1iq =41 —iRr: (igr is the dc current through the load R) This input current waveform
belongs to the variants of Figs. 5(a), 5(e) and 5(g). and is characterized by a relatively low
rms value and by the limited values of the di;, /dt. A disadvantage of this current waveform
is that during a significant interval of time current is flowing back to the source.

iin = {p = 91 — ip, + 92 — ir: This input current waveform applies only for Fig. 5(b). The rms
value of the input current is the lowest of all variants of this topology. However, the slope of
the current is very high when switch 5] is switched off. The input current becomes negative
only during a very small interval of time every switching period.

iin = ie = 41 — t2: The converter of Fig. 5(c¢) has an input current waveform like i, in Fig. 6.
The current slope is also limited in this case, but slightly higher than for the current i, of
case 1. However, the rms value of the current is the highest of all four cases. This is also the
current waveform with the largest portion of current flowing back to the supply.

iin =iq =41 — ip,: The input current iy applies to the cases of Figs. 5(d), 5(f), and 5(h).
The rms value is higher compared to cases 1 and 2, but lower than for case 3. The slope of
the input current is again high. These topological variants are the only ones with a current
waveform that remains positive over the entire switching period.

B. Capacitor Voltage Rating

The maximum voltage rating of a capacitor is in most cases determinative for the price and size
of this passive component. Depending on the topology, three different values for the maximum
voltage V™ of the capacitor C are possible:

!The input current is the current é;, supplied by the source vin.
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L VE™ =1 f’D vin: This lowest possible voltage rating applies to the topologies of Figs. 5(b),
5(d) nd 5(f)
2. Vg = 1 —pUin: The intermediate VE** rating belongs to the topologies of Figs. 5(a), 5(c).

a,nd 5(e ) If the duty ratio D is hmlted to e.g. 0.6, this voltage rating is 66.7% higher than
the rating of case 1.

3. V = n1 D L 5 Vin: In most cases the number of secondary turns ns is larger than the number
of prlma,ry turns ni. For a transformer turns-ratio of 4 and a duty ratio lower than 0.6, the
maximum voltage across C] can adopt values that are 566.7% higher than in case 1. The
topologies of Figs. 5(g) and 5(h) suffer from this very high voltage rating for capacitor Cy
and are therefore less favourable.

For capacitor Cs three different voltage ratings are also possible. However, the difference between
the distinct cases is less pronounced than for capacitor Cy. The different cases are:

1 Ve = Zf = Dvm The lowest possible voltage rating for capacitor Cy applies to Figs. 5(e)
a,nd Figs. 5(f).

2. VE = (D + Zf) T Dvm For a transformer turns-ratio of 4 and duty ratio D limited to 0.6,
thls value is 15% higher compared to case 1. The topologies of Figs. 5(c), 5(d), and 5(h)
display such a voltage rating.

3. Ve = (1 + %f) ﬁvm: This last rating is 50% higher compared to case 1, and is valid for
Figs. 5(a), 5(b), and 5(g).

As the voltage ratings of capacitor Co only mildly varies over the different topologies, no specific
topology can be rejected solely based on this last rating.

C. Capacitor Current Rating

The rms current ratings for the capacitors C7 and Ca vary only slightly over the different
topologies of Figs. 5(a)—(f). In all these topologies the rms current for C is much larger than
that for Co. However, for the topologies of Figs. 5(g) and 5(h), the current rating for capacitor
(4 is approximately equal to that for C] and, hence, much higher compared to the other variants.
Based on the required high voltage rating for C; (previous subsection), and the high rms current
rating for capacitor Cb, the topologies of Figs. 5(g) and 5(h) can in most cases be rejected
beforehand.

D. Output Voltage Ripple

The output voltage ripple Awv, is for most variants determined by the impedance value of the
output capacitor Co and the ripple present on the de supply vi,. As in most cases a significant
voltage ripple is allowable across C, the capacitance value of this capacitor may be chosen rather
low. However, because of the series connection of the capacitors C and Cs in the topologies
of Figs. 5(e) and 5(f), the voltage ripples of both capacitors add up. Hence, for these two
topologies, C'1 must also have a significantly large capacitance value, if a low output voltage
ripple is desired.

E. Choice of Variant

Based on the above criteria, the best-suited topology for a certain application can be chosen. In
our case a converter was required for the supply of a universal series motor from a battery input.
Topologies (g) and (h) are rejected because of the high rms current rating of capacitor Ca. Based
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on the criterion of capacitor voltage rating, the topological variant (f) is the absolute favourite,
with the lowest voltage ratings for both capacitors C; and Cs. However, the voltage rating of
capacitors can only adopt certain values predefined by the manufacturers. As a result, the voltage
ratings of the capacitor sometimes may be significantly larger than the theoretically required
value, allowing for another topological variant with a somewhat higher required capacitor voltage
rating. Therefore, topological variant (b) is chosen finally. Though this topological variant
suffers from a 50% higher required voltage rating for capacitor Cs, the rms value of the input
current is the lowest possible.

IV. Experimental Results

To test the theoretical behaviour of the proposed buck-boost converter, a 175-W prototype
was built, converting a 24-V battery input into a 175-V output. Hence, for this prototype a
conversion ratio of approximately 7.3 is required. The conversion-ratio graph (Fig. 4) shows
that for duty ratios lower than 0.6, the turns ratio of the transformer should be 4, at least. For
the prototype, the minimum required turns ratio of 4 was chosen. The converter is switched
at 100 kHz. As a significant ripple is allowable on the intermediate voltage v¢,, the capacitor
C has a relatively low capacitance of 10 uF (a polyester film capacitor rated for 100 V). This
converter is designed to supply a universal series motor. Hence, a relatively high output-voltage
ripple is allowable. Therefore, a 1 pF / 250 V polyester film capacitor was chosen for the
output capacitor Co. The primary and secondary inductances of the transformer-inductor are
L1 =26.5 pH and Lo = 419 pH, respectively.

The transformer-inductor was constructed with an ETD39 core of 3C85 material. As the
di/dt of the commutating currents is mainly determined by the leakage inductance Lyo of the
transformer-inductor, the leakage inductance was maximized. Fig. 7 shows a cross-section of the
construction of the transformer-inductor. To avoid proximity losses in the wires caused by the
fringing field around the centre gap in the core material (core is not shown in Fig. 7), a cylin-
drical centre spacer (10 mm wide) is added on the coil former. The primary winding consists
of a single layer with 10 turns of 1.2 mm wire, which is sandwiched between two layers of the
secondary winding. The secondary winding consists of a total of 40 turns of 0.71 mm copper
wire. To increase the leakage inductance without adverse effects on the proximity losses, the
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inter-winding space is increased by inserting a cylindrical winding spacer (2 mm thick) between
the different winding layers. The resulting leakage inductance is L,2 = 12.9 pH.

For the switch S1, a 100 V MOSFET was used with Rgyon) = 0.023 (2: FQP70N10 of Fairchild
Semiconductor. As the maximum blocking voltage for diode D; is below 70 V, a 100 V schottky
diode (50WQ10FN of International Rectifier) was used (by using a schottky diode the conduction
losses are decreased). Although the rate of change of the current is is limited by the leakage,
it still remains significant (—dia/dt ~ 25 A/us) between ¢y and t; (Fig. 3). Therefore, a new
Gallium-Arsenide schottky diode (DGS3-030AS) of IXYS was used with a blocking voltage of
300 V and a current rating of 3 A.

The voltage waveforms of the converter at full load are depicted in Fig. 8. The waveforms show
a good agreement with the theoretical waveforms of Fig. 3. For this experiment the duty ratio
of the switch S; was set to 0.6. The converter delivered 175 W to its 175-V output, while the
capacitor voltage Vi, stayed at 66 V. Note that both (6) and (7) are approximately fulfilled.

Finally, the efficiency n for the converter was tested as a function of the output power P, and for
different output voltages V,. The results are depicted in Fig. 9. The efficiency of the converter
peaks at 93% and remains above 90% for a wide output-power range and output-voltage range.
(The measurement for 175 W at 75 V was omitted because this load condition exceeds the power
rating for the diode Do in the prototype.)

V. Conclusion

To supply a high voltage load from a low voltage source, a converter with a high conversion
ratio is required. If the load power needs to be controlled down to 0, this converter must often
be capable of also supplying output voltages lower than the input voltage. Converter topologies
that fulfil these requirements, have been presented before. One of the topologies that catches the
eye due to its straightforward topology and its high efficiency is the buck-boost converters with
coupled inductors. However, if all the different locations of the capacitors in this topology are
considered, different topological variants can be derived. In this paper, the topological variants
are compared based on their different properties. The resulting criteria allow to choose the right
topology starting from the load requirements. Finally, a topology is chosen for the supply of a
universal series motor from a low voltage battery. Experimental results show that this converter
can attain a high efficiency over a wide output-power range and output-voltage range.
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