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Abstract-The paper focuses on a new driving strategy for improving
the efficiency of power converters even if they are not used at there
nominal power. The converters are using an output filtering
structure with magnetical coupling. These filtering structures are
usually employed to minimize in a significant way the mass of the
converters. These filters are normally sized to work with a fixed
number of phases. To optimize the magnetic components, it is
necessary to take into account some physical constraint, as the iron
sections of the magnetic circuits and saturation problems. These
problems are tricky, especially in case of the variation of the
number of phase. A new control strategy is presented for
interleaved and multilevel structure. Finally converter simulation
results are compared with the experimental results. A 1.6kW (115V)
converter realization is presented.

Index Terms-Power converters, Interleaved, Power efficiency
1. CONTEXTE, INTRODUCTION

One of the challenges for power electronic devices is to
participate at the global reduction of energy consumption and
therefore to increase the converter’s efficiency. One of the
most interesting benefits of the interleaved structures is to
provide a high efficiency in wide power range (from few
percent of converter’s nominal power to its nominal power).

Many applications, like solar power plant or VSD systems
with variable torque loads, need very wide power range [1]. A
classic converter that has a nominal efficiency above 95%,
will see his efficiency decreasing to 85 % if it works at 50% of
his nominal power. If the output power continues to decrease
to 25% of the nominal output power, the efficiency will be
reduced at about 50%.

In this paper, we present an original control strategy to
ensure a high efficiency, independently of the output power. It
is based on an interleaved power electronics structure. Part 1T
presents the power electronics structures and the control
strategy. In order to optimize the volume, it will show the
specific constraints on the magnetic device used in these
structures. In the part III, we will explain how the magnetic
devices have been adapted for this original control strategy.
To validate the results, two demonstrators has been built: a 4
cells multi-level and a 6 cells single phase 115V-17A inverter.
Part IV presents the experimental setup and the results.

II. POWER ELECTRONICS STRUCTURES AND
CONTROL STRATEGY

This part presents different structures that could be
used, i.e. interleaved or Multi-Level structures [2] [3]. In this
paper, we will use both structures together in order to obtain
the best performances in terms of efficiency and volume.
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A.  Interleaved structure.

This structure is composed of different paralleled cells.
The driving signal of each cell is phase shifted. This structure
allows to reduce by a factor N (N is the number of cells) the
output current ripple and increases the apparent switching
frequency by the same factor (N*Fyiching) [4]. For a defined
output ripple frequency, the interleaved structure needs a
smaller switching frequency than traditional power converters.
Another advantage is that the output power is distributed
between the different cells. This allows reducing the current
rating of the different transistors. The switching and
conduction losses are therefore smaller than for classical
structures.
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Figure 1: Interleaved structure [9]
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B.  Control strategy

This method offers an interesting solution to increase the
converter efficiency for output power much lower than the
nominal value. The idea is to use only a part of the cells, so
that each cell always works close to its nominal power as
shown on figure 2 and 3. This solution is particularly
interesting for converters dedicated to battery or solar cells
applications. Each cell was dimensioned for a nominal power
of 200W.

Our control strategy has the characteristic to maintain the
output switching frequency constant, even if the number of
cells changes. This induces that the switching frequency of
each cell changes, depending on the number of cells used. The
table 1 shows the switching frequency of each cell versus the
number of cells used.

N of active cells 1 2 3 4 5 6

Switching frequency of | 292 | 146 | 97 | 73 | 58 | 48

each cell (kHz)

Table 1 : Switching frequency of each cell versus the
number of cells used
The increase of the interleaved cell number with the output
power induces a reduction of the switching frequency of each
switch. Therefore the switching losses are reduced and the
global efficiency will be higher.



To realize improved magnetic devices there are several
possibilities. Two of the classical structures are presented
below.

e  Monolithic coupler [5] [6], which uses only one magnetic
core Figure 5.

e  Coupling transformers between the different output phases
of the interleaved converter. On Figure 6, the Cyclic
cascade structure is presented [7]. Note that other coupling
strategy using transformer can be used, like showed in
Figure 16.

Efficiency

Power
Figure 2: Efficiency optimization (blue), efficiency on
variable cells (red).
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b Figure 5: Interleaved structure with monolithic coupler [9]
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Figure 3: Efficiency optimization (blue), efficiency on classic m—w ey L |
inverter (red). = ol he )
In this control strategy, all cells will not work . r.‘%'
simultaneously. To ensure the same lifetime and limit the — W, !u=” |
constraint on the power transistors, the working time of each ! — S
cell should be equal. In fact, if only one cell would be used, Figure 6: Interleaved structure with coupling transformers
the losses in the cell’s power components will be much higher.
This is due to the necessary increase of the switching For the efficiency optimisation, we will see how to

frequency to maintain the output frequency constant. In this  use an interleaved converter using a magnetic coupler at the
case, it would be necessary to use bigger transistors but this ~ output with only a reduced number of phases.

will produce an increase of the losses, or to upsize the cooling The main problem is due to in the coupling between
system of each transistor. the phases. In the case of the interleaved structure with
A solution is to equalize the operating time of each output  coupling transformers, it is necessary to ensure that the current
phase by making a circular bearing system of the cells. can always pass through the different magnetic circuit. This

should be done even if some converter cells are shut down. A
solution consists in short-circuiting the phases of the magnetic
coupler as presented on Figure 7.

C. Magnetic filtered output voltage
In interleaved converters with filtered output voltage,
the filters represent an important part of the converters weight.

To solve this problem, it is necessary to find the best o e B e W
compromise between the weight of the input and output filters : e i
and the weight of power electronic elements. The classical m— -
solution uses independent inductors as shown on Figure 4. I WMagnetical i o
. . ) . cell 4 2400 | coupling I
This method imposes a very important weight and the i
. . . . . . Cell 5 120° H ,
magnetic device conception is therefore crucial. Multi-level
and/or interleaved structures allow interesting opportunities. R __________| I
Lp
S . ] L
™ Figure 7: Additionnal switching to short-cut the unused
7 r—r—lr-\ | phases of the magnetic output filter.
. . 5
: : The necessity to adapt the switching frequency of the
Lp converter is not only for guarantee the rate of the output current
EHS— ' ripple but also to avoid the saturation of the magnetic circuits
Figure 4:  Filtered output voltage  with for both technologies (monolithic or coupling transformer).

independent inductors [8]
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III. EFFICIENCY CONTROL AND MAGNETIC
STRUCTURE

The choice of the output filtering structure must be
made according two requirements: the magnetic losses and the
capability of functioning with a variable number of cells. To
minimize the magnetic structure and to reduce the losses, it is
important to choose an output filtering structure that permit to
keep a symmetrical distribution of magnetic flow in all the
parts of the magnetic circuits.

A.  Interphase transformers

The studies of the “magnetic couplings” are based on
transformer whose each winding is connected like shown on
Figure 6. The solution presented is based on individual
transformers with two windings, which are produced with
standard cores. This configuration makes it possible to transfer
energy between each phase.

To operate, the connection of the transformers should
be a closed loop. When a cell is not in use, the current can not
circulate in the phase anymore. So the loop between all the
transformers is open. This implies that the AC part of the
current will be the same from one phase to another, but the
DC part will be different [10], due the transformer (Figure 8).
These current unbalances will have a significant effect on the
magnetic field in the magnetic circuits.

w g Courant DC

i% ]
| I— —

-]

® Cent
Figure 8: Distribution of the DC part of the current in each

winding, for a converter with 6 cells. In this structure the
cell 4 is unused.

To achieve the continuity of operation, a solution is to
short-circuit the unused windings connected to the cell like
shown Figure 9. By short-circuiting the filter, it is possible to
close the loop between the different transformers. On Figure 9
(a), we can see that the circulating currents in phases 3 and 5
are connected by the transformer connected on phase 4. The
DC courant will be also equitably distributed into all the
magnetic structure Figure 9 (b),

Cell 1 0*

+50%

+H0% ! T
cell 3 120° Y

+650%

Cell 4 180°

+60

60 Cell 5 240% - AOOLLLATTY -
Cell 6 300° | — o A B

— | a)

415

w o Cell Cowurant

L] o k1 P o -

Cell b)
Figure 9: (a) Example of 6 cell structure with short-circuit
component on cell 4. (b) In blue, courant into the different
winding. In blue, courant from the converter.

In practice, the coupling between phases 3 and 5 will
generate additional losses. However, in case of reduced power
this solution ensures a good compromise. The principal
disadvantage of this system is the number of additional
semiconductors required. The components must be controlled
at turn on and turn off, be bidirectional in current and voltage.
Several configurations of semiconductor devices can then be
adopted (see Figure 10).

Figure 10: Switch semiconductors configuration with
Transistors base.

Figure 11 presents time domain waveforms of the
inverter with magnetic couplings. It shows the current ripple
of the six-cell converter.

Ch1 Fréquence
402.4 Hz

lphase /
6 "

Ch1 5.00 AQ 50.0v M1.00ms A Ch2 5 27.2V

1+ ~38.0000us

Figure 11: Experimental inverter waveforms with 6 cells

On Figure 12, the converter works with 5 cells. One
of the six cells is short-circuited and the FPGA (control circuit)
has changed the phase shift. With one cell less, the courant
ripple increase of a sixth. To keep it at the same level of a
converter using 6 interleaved cells, we can increase the
switching frequency of cells like it is showed on table 1.



©520us  A: 104mA
s @  164mA |

Ch1° 20,0V [@F 2.00 A M1.00ms A Chl S 41.8V-
1 1+7:0.00000 s

Figure 12: Experimental inverter waveforms with 5 cells

The Figure 13 presents time domain waveforms for the
6 interleaved cells inverter with only 5 cells working and no
short-circuit. When the current increase, the ripple becomes
very high, this is due to the decrease of the value of the
apparent inductance (due to the magnetic core saturation).

o,

'saturation

2
0

I To 0y TR St mA s M d000s] A T 7 248V
Figure 13: Experimental inverter waveforms with 5 cells

and no short-circuit.

In the case of interphase transformer, one of the
drawbacks of this filtering method is that the magnetic core
section depends on the number of phases and of the switching
frequency. As the magnetic elements can not be changed
during use, this strategy imposes to modify the switching
frequency of each cell according to the equation (1).

E

S 4
fer
4XN XBemaXX.]CmaxXN

spire

(1)

phase

Table 1 gives the switching frequencies associated
with a 6 cells converter. The magnetic core is dimensioned in
the most critical case where the maximum magnetic induction
is calculated with one cell. This condition is adapted for the
case of a converter which optimizes the output with a variable
number of cells.

Another effect is due to the reduction of the
maximum induction (before magnetic saturation) in a material
versus the frequency of use (Figure 14). This phenomenon
increase the switching frequency of the converter (table 2
compare to the table 1) in case of reduces number of cells in
use.
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Figure 14: Maximum induction according to the
frequency of two usual magnetic materials (SO0OF, N97) for a
density of losses of 300mW/cm3

For our application, it is preferable to have the
variation of the magnetic induction versus frequency as low as
possible, so the N97 core seems to be appropriate. The core
500F with a very significant variation, it is well adapted to an
application with a fixed number of cells.

N of active cells 6 5 4 3 2 1

Switching 20 | 90 | 150 | 240 | 330 | 660
frequency of each
cell (kHz), 500F

Switching 30 | 40 | 62 110 | 210 | 420
frequency of each
cell (kHz), N97

Table 2: Active switch frequency of the converter according
to the number of cells. For magnetic core S00F and N97.
Another possible magnetic structure is presented on
Figure 15. It allows using a variable number of -cells,
Figure 16. However, the cells are always working by pair. A
coupling transformer is use for a pair of cells; each cell is
phase shifted of 180° from the other cell of the pair, Figure 15.
The drawback of this magnetic structure is that coupling
between all phases does no longer exist.

i 1 et e '
1800 f]
i Coll 2 180°
Cell 3 60r
~180° #
Cell 4 240°
Cell 5 1207
180
i Cell 6 300°

Figure 16: Efficiency optimization (blue), effiéiency on
variable cells (red).

The number of transformer is divided by two
compared to figure 6, but the cross section of magnetic circuit



of each transformer is twice bigger, and the global volume is
bigger. However, the volume is smaller comparing of the use
of fully independent inductances as presented in figure 4.
Therefore, this method is a compromise between volume,
efficiency optimisation and simplicity of implementation.

B.  Monolithic transformers

In monolithic structures, the different windings are on
the same magnetic core. They have high filtering
performances for a very low weight whereas are more difficult
to realise. Figure 17 and Figure 18 illustrate this symmetry.
The monolithic couplers can be produced many different ways.
The most current topology is called in “scale”. In this
topology a problem of over sizing appear, because in some
columns of the magnetic circuit there are strong
concentrations of magnetic flow, Figure 17, [9] and [13].

4
1 &

Figure 17: Distribution of the maximum induction value in a
monolithic magnetic structure using a topology in “scale”.

"
EIPE IR TR T -

Another structure is the structure named “circular”. It
allows having a uniform distribution of flow in the whole
magnetic structure, Figure 18. This circular topology is based
on standard magnetic cores which are associated together. It
can be used only for an even number of cells, equal or higher
than 4 [14].

™ G psithn

1T 10 & 38 7 00100 1713615 .
Figure 18: Core diagram and magnetic field in a circular
topology.

One drawback of this structure is in the case of
electrical (and magnetic) unbalances. Indeed if a winding is
open, the current in this winding will be null. So the magnetic
reluctance will be very low (in this leg), and the magnetic flow
will pass mainly by this leg. It will change the global flow
distribution in the entire magnetic circuit, and it will cause
some local magnetic saturation. To avoid this drawback, the
classical solution is to oversize the magnetic circuit section
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(and of course the weight of the magnetic part of the converter).
The end of this part will show how this structure can be used
for operation with a variable number of phases despite this
drawback.

For the following study, we chose to work on the
circular monolithic coupler, due to its simplicity and the good
distribution of the magnetic flow. The most of the following
results are obtained on a test bench with 4 and 6 phases circular
magnetic structure.

A drawback is that the magnetic circuit doesn’t
contain an air-gap, the flows generated by each phase are
totally channelled by the unused leg and each phase can then
be interpreted like a simple independent inductance [7]. The
ripple of the resulting current in each phase will be at the
switching frequency and an unequal concentration of flow
occurs in the magnetic circuit. It is necessary to oversize the
coupler according to the tolerated number of unused legs.

Figure 19 presents time domain waveforms for the
inverter with coupling transformers. The converter work with
4 stages.

Figure 19:
monolithic filter and 4 cells

If we use only two phases (on the four of the total
converter), the magnetic filter is equivalent of two independent
inductors with no air-gap. So the magnetic core will saturate,

Figure 20 and Figure 21 a.
Tol Exic | .
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Figure 20: Experimental inverter waveforms
and no short-circuit.

If we connect in short-circuit the unused phases, a
courant appear on the unused winding, Figure 22. The flows
will take another way and will not use the arms in short-circuit,

Figure 21 b.

w1th 2 cells



Figure 21:
(a) 2 cells are used and no short-circuit. In (b) 2 cells are
used and short-circuit on the both un-used phases.

Circulation of flow in a coupler with 4 cells. In

Tk =, -

o }‘1 -37 o " Y Short-circuit widing
' | courant

Phase courant

B 08 A TR 100 Al M4Gbus A Chi o 40.6mA
Figure 22: Experimental inverter waveforms with 2 cells
and short-circuit.
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Figure 23: D1agram of reluctance in case of a circular
topology. The different colours show the zones where the
flows are identical. The curves represent flows in these
various zones.

In the transverse bars of the coupler, flows have all
identical forms. Figure 23 shows the magnetic flow repartition
in the magnetic circuit. Identical flows are located by colors.

978-1-422-2812-0/09/$25.00 ©2009 |EEE

We can noticed, that there is a symmetrical repartition of flow
in the magnetic circuit.

In the case of some cells are unused, to balance the
magnetic flow into the core, a solution is to short-circuit the
winding of the unused cells. Note that two symmetrical cells
must be short-circuiting at the same time (Figure 24)Figure 18.

W1 A Vi
t Vo

Figure 24: Control of the flow distribution by short cutting
symmetrical phases.

In the case of the monolithic coupler, the iron section
does not depend of the number of phases. The equation (2)
always guaranteed a constant iron section even if the number
of operating cells varies. So for magnetic flow saturation
considerations, there is no need of increasing the switching
frequency (note that it was not the case with using interphase
transformer presented in part III-A). However it can be
interesting to modify the switching frequency to keep constant
the output current ripple.

E
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IV. EXPERIMENTS AND VALIDATION

spire

Two tests benches have been developed; the first one is
composed of 4 interleaved cells based on independent
inductances and monolithic magnetic filters. Each cell is
composed of a 3 level multi-level NPC converter. The Second
one is composed of 6 interleaved simple-level cells based on
magnetic filters transformers. The whole system is driven by
an FPGA. Figure 25 and Figure 26 shows these tests benches.

V| opb— —{:I[F— {h = -{—\;—'"— .
sl 2{__& m{_& m{$ |

[ %G G G
iff

Figure 25: 4 interleaved cells based on 3 level multi-level
NPC converter and monolithic magnetic filters.
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Each cell is able to provide a power of 400W. The
global converter power is 1.6kW. The power electronic
structure developed allows an auto-adaptive control. This
control depends of the number of cells and the current and
voltage measurements in the structure. The FPGA calculates
the different control signals for each cell. The numerical
structure into the FPGA is composed of a microprocessor
NIOS II of Altera®.

= ) &)

. Digital control (FPGA)

. 6 cells interleaved converter
. Cyeclic cascade filter

Load

Cell2 60°

Digital

ell3 1207

ell4 180°

Cell 5 240°

> cell6 300°
Converter

Figure 26: 6 interleaved simple-level cells based on
interphase transformers.

The processor analyzes the data coming from
measurements (tension and current), it adapts PWMs in real
time for functioning with variable number of phases versus the
measured powers. His function is also to control the output
voltage of the converter. The PWM module is a high DPWM
resolution according to the model developed in [15]. A USB
connection is also use with software of diagnostic and system
requirements.
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Figure 27: Numerical structure of the FPGA
V. CONCLUSION

This paper shows an original control strategy that
improves the energy efficiency of power converters. If we
use a power electronics converter at 50% of its nominal
power, the part of the losses from the input energy is divided
by 3 by using this control strategy.

Part 2 and 3 presented how classical magnetic coupling
Method (interphase transformer cyclic cascade and
monolithic coupler) can be used. It presents also a simple
method using coupling transformer that is compatible with
this control strategy (Figure 15).

Part 4 validate this approach by showing experimental
setup.
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Another advantage of using this control strategy is
to permit the fail mode operation of the power electronics
converter. In the 4 cells interleaved power converter
presented in part 4, if one cell fails, the power electronics
converter can continue operating with the other cells.
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