I*I Innovation, Sciences et Innovation, Science and CA 2836988 C 2021/10/19

Développement économique Canada Economic Development Canada
Office de la Propriété Intellectuelle du Canada Canadian Intellectual Property Office (1 1)(21) 2 836 988
12y BREVET CANADIEN
CANADIAN PATENT
13 C
(86) Date de dépdt PCT/PCT Filing Date: 2011/06/24 (51) Cl.Int./Int.Cl. HO2M 3/335(2006.01)
(87) Date publication PCT/PCT Publication Date: 2012/12/27 | (72) Inventeurs/Inventors:
- . BIEBACH, JENS, DE;
(45) Date’de dellvranc-ellssue De-lte. 2021/10/19 PESCHKE, KAY, DE
(85) Entrée phase nationale/National Entry: 2013/11/21 (73) Propriétaire/Owner:
(86) N° demande PCT/PCT Application No.: EP 2011/060616 L-3 COMMUNICATIONS MAGNET-MOTOR GMBH, DE

(87) N° publication PCT/PCT Publication No.: 2012/175143 (74) Agent: CPST INTELLECTUAL PROPERTY INC.

(54) Titre : CONVERTISSEUR CC/CC GALVANO-ISOLE ET PROCEDE DE COMMANDE D'UN CONVERTISSEUR
CC/CC GALVANO-ISOLE

(54) Title: GALVANICALLY ISOLATED DC/DC CONVERTER AND METHOD OF CONTROLLING A GALVANICALLY
ISOLATED DC/DC CONVERTER

m il o 0 620
IS F
| 0 [T :
2133 ) / ARy T i 54
L IF LAY T S
L 22 o i |
N : L ‘ o pem L
= - § , ;
24\/ g, \(237 ri_ 2 6
! | !
25,1 {i 1

Y
3~

(57) Abrégé/Abstract:

A galvanically isolated DC/DC converter (2) comprises at least one first side converter circuit (20) coupled between a pair of first
side DC terminals (10), and at least one second side converter circuit (40) coupled between a pair of second side DC terminals
(60), the second side converter circuit having at least a first and a second switching element (41, 45), with each of the first and
second switching elements (41, 45) comprising a switch (42, 46) and a diode (44, 48) connected in parallel, wherein, when the
DC/DC converter (2) is in power transfer operation from the pair of first side DC terminals (10) to the pair of second side DC
terminals (60), the diodes (44, 48) of the first and second switching elements (41, 45) are alternately in a conductive state, with
each of the first and second switching elements being controlled such that a closed state of the respective switch extends beyond a
transitioning of the diode of the same switching element from the conductive state to a blocking state.
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(57) Abstract: A galvanically isolated DC/DC converter (2) comprises at least one first side converter circuit (20) coupled between a
pair of first side DC terminals (10), and at least one second side converter circuit (40) coupled between a pair of second side DC ter -
minals (60), the second side converter circuit having at least a first and a second switching element (41, 45), with each of the first
and second switching elements (41, 45) comprising a switch (42, 46) and a diode (44, 48) connected in parallel, wherein, when the
DC/DC converter (2) is in power transfer operation from the pair of first side DC terminals (10) to the pair of second side DC ter -
minals (60), the diodes (44, 48) of the first and second switching elements (41, 45) are alternately in a conductive state, with each of
the first and second switching elements being controlled such that a closed state of the respective switch extends beyond a transition -
ing of the diode of the same switching element from the conductive state to a blocking state.
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GALVANICALLY ISOLATED DC/DC CONVERTER AND METHOD OF
CONTROLLING A GALVANICALLY ISOLATED DC/DC CONVERTER

DC/DC converters are in widespread use today. A typical application example is
the coupling of a DC power source to a rechargeable battery for charging the
same via the DC/DC converter with a desired voltage.

A previous approach DC/DC converter is shown in Fig. 1. Therein, a pair of first
side terminals 10 is coupled to a first side converter circuit 20, which in turn is
coupled to a transformer circuit 30, which in tumn is coupled to a second side con-
verter circuit 240, which in turn is coupled to a pair of second side DC terminals
60. Via the transformer circuit 30, galvanic isolation between the pair of first side
DC terminals 10 and the pair of second side terminals 60 is achieved.

Both of the first side converter circuit 20 and the second side conventer circuit 240
comprise an H bridge circuit. Each H bridge circuit comprises four switching ele-
ments, Each switching element is depicted to have a switch and a reverse direc-
ted diode in parallel. The switching elements of the second side converter circuit
are MOSFETs, which comprise a parasitic diode anti-paralle!l to the switchabie
channel from source to drain. Accordingly, the parallel circuit of switch and diode
is a possible circuit symbol representation of a MOSFET component.

In a case where power is transferred from the pair of first side DC terminals 10 to
the pair of second side DC terminals 60, power is transferred in two different
power transfer states. As the power flow is from the pair of first side DC terminals
10 to the pair of second side DC terminals 60, this power transfer direction is also
referred to as a forward power transfer, with the two power transfer states being
also referred to as forward power transfer states. In a first power transfer state,
switches 22 and 28 are closed, and a current flow through the two MOSFET tran-
sistors respectively consisting of switch 248 and diode 249 and switch 242 and di-
ode 243 in the second side converter circuit 240 is established. In a second
power transfer state, switches 24 and 26 are closed, and a current flow through
the two MOSFET transistors respectively consisting of switch 244 and diode 245
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and switch 246 and diode 247 in the second side converter circuit 240 is estab-
lished. The DC/DC converter 2 is controlled to alternate between these two power
transfer states, transferring power through the transformer circuit 30 in a galvanic-
ally isolated manner, :

The switching between the two power transfer states results in voltage peaks in
the second side converter circuit 240. These voltage peaks are unacceptable in
magnitude, because they are potentially dangerous to the semiconductor ele-
ments of the second side converter circuit 240. Therefore, previous approach
DC/DC converters are prone to failure arising from damage to the semiconductor
components. Alternatively, a control of the DC/DC converter shuts down the same
in case of such voltage peaks, giving rise to unacceptable down times of the
DC/DC converter as a whole.

Accordingly, it would be beneficial to provide a galvanically isolated DC/DC con-
verter and a method of controlling a galvanically isolated DC/DC converter that
prevent a damaging or a shutting down of the DC/DC converter due to voltage
peaks in the second side converter circuit.

This problem is solved by the galvanically isolated DC/DC as described herein.

The claimed galvanically isolated DC/DC converter comprises at least one first
side converter circuit coupled between a pair of first side DC terminals, and at
least one second side converter circuit coupled between a pair of second side DC
terminals, the second side converter circuit having at least a first and a second
switching element, with each of the first and second switching elements compris-
ing a switch and a diode connected in parallel, wherein, when the DC/DC convert-
er is in power transfer operation from the pair of first side DC terminals to the pair
of second side DC terminals, the diodes of the first and second switching ele-
ments are alternately in a conductive state, with each of the first and second
switching elements being controlled such that a closed state of the respective
switch extends beyond a transitioning of the diode of the same switching element
from the conductive state to a blocking state.

In the power transfer operation from the pair of first side DC terminals to the pair
of second side DC terminals, the first side converter circuit is controlled to altern-
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ate between a first and a second power transfer state, also referred to as first and
second forward power transfer states. This is not to be understood in a way that
at any given point in time one of the first and second power transfer states has to
be present. There may be intervals of no power transfer between the intervals of
the first and second power transfer states.

In the first power transfer state, the diode of the first switching element is in a con-
ductive state. The conductive state is a direct consequence of the first power
transfer state being present. Accordingly, the duration of the conductive state of
the diode of the first switching element is substantially equal to the interval of the
first power transfer state. During the first power transfer state, a charge is built up
at the diode of the first switching element.

For at least a portion of the time the diode of the first switching element is in the
conductive state, the switch of the first switching element is controlled to be in a
conductive state. When the first power transfer state is controlled to end, the di-
ode of the first switching element leaves the conductive state. As stated above,
the switch of the first switching element is controlled to remain in the conductive
state for the transitioning of the diode of the first switching element from the con-
ductive state to the blocking state.

After the end of the first power transfer state, the transitioning from the conductive
state to the blocking state of the diode of the first switching element is caused by
the voltage across the pair of second side DC terminals, which apply a reverse
voltage to said diode. Parasitic charges, especially charges at the junction capa-
citance of the diode of the first switching element, are removed, giving rise to a re-
verse current as compared to the current through said diode during the first for-
ward power transfer state. This reverse current, which is also referred to as dis-
charge current, would stop abruptly, which is also referred to as diode cutoff, and
the parasitic inductances, which work to maintain this reversed current, would
lead to voltage peaks without keeping the switch of the first switching element
closed. Keeping said switch closed results in easing the impact of diode cutoff
through providing a paraliel conductive path. Therefore, the voltage peaks of pre-
vious approach implementations that were dangerous to the semiconductor ele-
ments of the second side converter circuit may be prevented or kept at an accept-
able limit.

CA 2836988 2019-01-22
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The extension of the closed state of the switch within the respective switching ele-
ment eliminates the need for further circuit components for preventing the voltage
peaks. While previous approaches arranged further diodes in series and in paral-
lel with the switching element in order to avoid the voltage peak problem, the in-
vention manages to compensate for the detrimental dynamic properties of the di-
odes of the switching elements by the inventive control of the respectively associ-
ated switches. In this way, the number of circuit components is kept low, which
keeps the cost of the DC/DC converter and electric losses during the operation of
the DC/DC converter low.

The operation in the second power transfer state is analogous. When the first
side converter circuit is controlled to be in the second power transfer state, the di-
ode of the second switching element is in the conductive state. For at least a por-
tion of the duration of the conductive state of the diode of the second switching
element, the switch of the second switching element is in a conductive state as
well. When the second power transfer state is controlled to end and the diode of
the second switching element transfers from the conductive state to a blocking
state, the switch of the second switching element is controlled to remain in the
closed state beyond the conductive state of the diode of the second switching
element.

The DC/DC converter may comprise one or more transformer circuits, each trans-
former circuit having a transformer. The transformer circuit(s) may couple the at
feast one first side converter circuit to the at least one second side converter cir-
cuit. The transformer circuit(s) is/fare a way of achieving the galvanic isolation
between the pair of first side DC terminals and the pair of second side DC termin-
als.

The DC/DC converter may comprise a control circuit, which is configured to con-
trol the at least one first side converter circuit and the at least one second side
converter circuit. In particular, the control circuit may be configured to generate a
first side converter control signal controlling the at least one first side converter
circuit to be in the first power transfer state or in the second power transfer state
or in a state of no power transfer. The control circuit may further be configured to
generate a second side converter control signal, which controls each of the first
and second switching elements of the second side converter circuit such that a
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closed state of the respective switch extends beyond a transitioning of the diode
of the same switching element from the conductive state to a blocking state.

According to a further embodiment, each of the first and second switching ele-
ments is a MOSFET. A MOSFET is readily equipped with a parasitic diode, which
serves as the diode of the switching element. With the diode and the channel of
the MOSFET, the current through the MOSFET may be distributed among these
two paths. In particular, the channel of the MOSFET can be controlled to be con-
ductive in the reverse direction, such that current flow is present in the channel
and the anti-paralle! diode. In this way, a low resistance can be achieved, and
MOSFETs can be used well in application scenarios having a comparably low
voltage across the pair of second side DC terminals without generating an unac-
ceptable voltage drop in relation to the voltage across the pair of second side DC
terminals. Using a MOSFET, the internal parasitic body diode thereof may be
used as the diode of the switching element, as described above. It is- also pos-
sible that an additiona! discrete diode may be connected in parallel to the MOS-
FET for being used as the diode of the switching element. In this case, an addi-
tional Schottky diode may be connected in series with the MOSFET to help in
blocking the action of the internal parasitic diode of the MOSFET,

According to a further embodiment, the second side converter circuit has current
source characteristic. The current source characteristic may stem from one or
more circuit elements, such as one or more inductance elements present in each
second side converter circuit. With the second side converter circuit having cur-
rent source characteristic, the design of the first side converter circuit and the
transformer circuit is given more degrees of freedom, because the DC/DC con-
verter as a whole comprises at least one element with current source characterist-
ic and therefore allows a stable continuous operation.

According to a further embodiment, the first side converter circuit has voltage
source characteristic. The first side converter circuit may comprise a first side ca-
pacitor. With the first side converter circuit having voltage source characteristic,
the design may be matched to the second side converter circuit having current
source characteristic. The DC/DC converter as a whole may thus comprise at
least one element with voltage source characteristic in combination with
element(s) causing current source characteristic, allowing a stable continuous op-
eration.

CA 2836988 2019-01-22
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According to a further embodiment, the second side converter circuit has two par-
allel branches between the pair of second side DC terminals, each branch com-
prising an inductance element and one of the first and second switching elements.
In this case, the transformer of the transformer circuit may be coupled between the
two connection points of the two parallel branches, i.e. between the connection
point of the first switching element and a first inductance element and the connec-
tion point of the second switching element and a second inductance element. In
particular, the conduction direction of the diodes of the first and second switching
elements may be from the low potential terminal of the second side DC terminal
towards the connection point of the respective branch. In each of the two power
transter modes, the current flow through the second side converter circuit goes
through a switching element in one of the two branches, the transformer and the
inductance element of the respectively other branch. The arrangement of the
second side converter circuit allows for a low component realization thereof, re-
quiring only two switching elements and two inductance elements. Also, this topo-
logy allows for the control signals of the first and second switching elements being
related to a common ground and for a simple transformer topology.

According to another embodiment, the second side converter circuit is -one of an
H-bridge circuit and a transformer center tapped circuit. These circuits may be
coupled as second side converter circuits alternatively to the circuit having two
parallel branches described above. A transformer center tapped circuit comprises
an inductance element between a center point of the second side transformer
winding of the transformer of the transformer circuit and the low potential terminal
of the second side DC terminals, while the two ends of the second side trans-
former winding are coupled to the high potential terminal of the second side DC
terminals via the first and second switching elements, respectively.

In all of the topologies of the second side converter circuit described above, the
orientation of the first and second switching elements may be reversed, leading to
a switching of the high and low potential terminals of the second side DC termin-
als.

According to a further embodiment, the first side conventer circuit is an H bridge
circuit. The H bridge circuit is comprised of four switching elements, such as four
transistors. Being in the first side converter circuit, these switching elements may
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also be referred to as first side switching elements. The transistors act as
switches and may or may not be provided with diodes in parallel to the switches.
The diodes may be parasitic diodes of the transistors or may be pravided in addi-
tion to the transistors. Alternatively, the first side converter circuit may be com-
prised of two first side switching elements, such as two transistors, and two capa-
citance elements, such as two capacitors,

According to a further embodiment, the H bridge circuit has four first side convert-
er switches, with each of the first side converter switches being an insulated-gate
bipolar transistor. With insulated-gate bipolar transistors, high voltages, such as
between 400 V to 800 V across the first side DC terminals may be supported. For
high voltages, accordingly dimensioned insulated-gate bipolar transistors are
cheaper than accordingly dimensioned MOSFETS, such that the DC/DC converter
can be manufaciured at a much more affordable price.

According to a further embodiment, the respective switch of each of the first and
second switching elements of the second side converter circuit is controlled to
condition a slope of a discharge current of the diode of the same switching ele-
ment during the transitioning thereof from the conductive state to the blocking
state. In particular, the slope of the discharge current may be conditioned to not
have an abrupt ending. The respective switch of each of the first and second
switching elements may have an adjustable resistance. A charge is built up at the
diode during the conductive state. The built-up charge leads to the discharge cur-
rent, which is also referred to as reverse current, when the diode is transferred
into the blocking state. In previous approaches, when the switch was closed prior
to the dicde entering the blocking state, an uncontrolled ending of this reverse
current led to unacceptable voltage peaks. By controlling the current slope of the
reverse current by the respective switch, the reverse current is confined, such that
the voltage peak can at least be kept at an acceptable limit. By conditioning the
discharge current slope, the negative effects of the diode cutoff may be dealt with
via the control of the switch of the respective switching element in an optimized
manner.,

The control of the first and second switching elements in such a way that the
magnitude of the reverse current of the respective diode is conditioned can be
reached in various ways. This may for example be done by controlling the chan-
nels of the MOSFETs to have a particular resistance. The respective switch may

CA 2836988 2019-01-22
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still be closed, but exhibit the particular resistance along its channel. In this way,
the discharge process may also be adapted to different usage or application
scenarios, such as different times of no power transfer between the two power
transfer states.

According to a further embodiment, each of the first and second switching ele-
ments is controlled such that the respective switch is in the conductive state dur-
ing substantially the whole time the diode of the same switching element is in the
conductive state. In this way, the benefit of reducing the resistance of the switch-
ing elements through the provision of two parallel conductive elements, namely
the diode and the switch, is used during substantially the whole time of the re-
spective power transfer state. The term substantially the whole time is understood
to include the case that the switch is brought to the conductive state a delay time
after the diode enters the conductive state. Such a delay time may be provided to
prevent short circuit connections within the second side converter circuit. The
delay time may be much shorter than the duration of the conductive state of the
diode, in particular it may be less than 10%, more particularly less than 5% of the
duration of the conductive state of the diode.

According to a further embodiment, the first side converter circuit is adapted to al-
ternate between two power transfer states, wherein each power transfer state
leads to the conductive state of one of the diodes of the first and second switch-
ing elements, with each of the first and second switching elements being con-
trolled such that the respective switch is opened a preset lag time after the re-
spective one of the two power transfer states is entered that leads to the conduct-
ive state of the diode of the other switching element. In other words, the first side
converter circuit is adapted to impose an alternating current flow in the second
side converter circuit, with the second side converter circuit converting the altern-
ating current flow to the DC voltage present at the pair of second side DC termin-
als. A first direction of the alternating current flow is associated with the conduct-
ive state of the diode of the first switching element and a second direction of the
alternating current flow is associated with the conductive state of the diode of the
second switching element. Accordingly, the first power transfer state results in the
diode of the first switching element being conductive. The switch of the first
switching element is closed, such that the diode and the switch both carry a por-
tion of the current flow. When the first power transfer state is ended, a state of no
power transfer is generally entered. The diode of the first switching element trans-
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itions from the conductive state to the blocking state. The switch of the first
switching element is kept closed. From the state of no power transfer, the first
side converter circuit enters the second power transfer state, as a result of which
the diode of the second switching element enters a conductive state. The switch
of the first switching element is opened a preset lag time after the second power
transfer state is entered. As laid out above, the terminology of alternating
between two power transfer states does not imply that one of these two states is
present at any given point in time during the operation of the DC/DC converter. In
general, a state of no power transfer is present in between each transition
between the two power transfer states. However, the duration of the state of no
power transfer depends on the particular embodiment of the DC/DC converter
and the power to be transferred in the current operation conditions. This duration
is therefore variable and may be set to zero in particular embodiments or operat-
ing conditions. With the respective switch being opened a preset lag time after the
power transfer state is entered which leads to the conductive state of the diode of
the other switching element, it is ensured that at least the preset lag time is dedic-
ated to achieving the discharge at the diode in a desired manner, for example by
achieving a controlled reverse current slope at the diode, such that a reduction to
acceptable voltage peaks can be achieved under all operating conditions even
when the first side converter circuit directly switches between the two power
transfer states without entering the state of no power transfer therebetween.

According to a further embodiment, the first side converter circuit is adapted to al-
ternate between two power transfer states, wherein each power transfer state
leads to the conductive state of one of the diodes of the first and second switch-
ing elements, with each of the first and second switching elements being con-
trolled such that the respective switch is closed a preset delay time after the re-
spective one of the two power transfer states is entered that leads to the conduct-
ive state of the diode of the same switching element. In this way, it is ensured that
the current flow through the diode is established in the desired direction before
the resistance of the switching element is reduced by closing the respective
switch,

According to a further embodiment, the preset delay time is greater than the pre-
set lag time. In this way, it is ensured that only one of the switches of the first and
second switching elements is closed at any given point in time. Accordingly, no
short circuit or low resistance connection between the pair of second side termin-
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als is present at any point in time. Safe operation is achieved, while it is made
possible that the respective diode is discharged during the preset lag time even in
the case when the first side converter circuit switches directly between the two
power transfer states or in the case when the first side converter circuit switches
between the state of no power transfer and one of the two power transfer states,

According to a further embodiment, the second side converter circuit is coupled to
a protection circuit. Such a protection circuit may be provided in order to further
protect the second side converter circuit against voltage peaks and voltage
peaks, respectively. While the extension of the closed state of the switch beyond
the transitioning of the associated diode from the conductive state to the blocking
state generally keeps the voltage peaks within acceptable limits, the protection
circuit may be provided as an additional means for over-voltage protection. In this
way, the duration of the closed state after the transitioning may be chosen in such
a way that the diode charge is effectively discharged and the reverse current
slope may be conditioned effectively via the switch in most operating conditions,
while the protection circuit ensures safe operation in extreme operating condi-
tions. A desired trade-off between the two protection means can be designed for,
such that the provision of the protection circuit gives additional design flexibility.

According to a further embodiment, the protection circuit comprises a voltage
source and two protection diodes coupled to the voltage source, with each of the
first and second switching elements being coupled to one of the two protection di-
odes. With the protection diodes and the voltage source, a voltage level may be
provided by the protection circuit, to which the first and second switching ele-
ments are coupled. When the voltage at one of the first and second switching ele-
ments exceeds said voltage level, the respective protection dicde becomes con-
ductive and the voltage is limited via a current through the respective protection
diode to the voltage source.

In case the second side converter circuit has the two parallel branches between
the pair of second side DC terminals as described above, the protection circuit
may consist only of the voltage source and the two protection diodes, Accord-
ingly, this additional layer of protection may be achieved with a very low number
of circuit components, in particular with one voltage source only for reference pur-
poses. In case the second side converter circuit is an H bridge circuit or a trans-
former center tapped circuit, as described above, a protection circuit may also be
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implemented. However, one reference voltage source per switching element may
be needed.

According to a further embodiment, the voltage source is coupled to one of the
pair of second side DC terminals or to one of the pair of first side DC terminals. In
particular, it may be coupled to the respective iow potential terminal. By coupling
the voltage source to one of the pair of second side DC terminals or to one of the
pair of first side DC terminals, the power removed from the first or second switch-
ing element due to over-voltage protection can be re-fed into the DC/DC convert-
er system and is not lost. In other words, the coupling of the voltage source allows
for power regeneration by transfer of clamped charges to the terminals the protec-
tion circuit is coupled to. It can either be re-fed on the first side of the DC/DC con-
verter or on the second side of the DC/DC converter, The second side may be
chosen as the sink of the re-fed power when the DC/DC converter is optimized for
power transfer from the first side to the second side. The first side may be chosen
as the sink of the re-fed power when emphasis is put on particular power flow
conditions from the second side to the first side in a bi-directional DC/DC convert-
er, such as the starting of a DC generator coupled to the first side DC terminals
using power from a battery coupled to the second side DC terminals. With the
voltage source being coupled to the one of the pair of second side DC terminals,
the protection branches, respectively consisting of one of the two protection di-
odes and the voltage source, are in parallel with the first and second switching
elements of the second side converter circuit, respectively. In this way, the power
is split up between the respective parallel branches, preventing an over-voltage
condition at the first and second switching elements. It is possible to connect the
one of the pair of second side DC terminals or the one of the pair of first side DC
terminals, in particular the respective low potential terminal, to ground. In this way,
the voltage source is also connected to ground and provides for a stable refer-
ence voltage.

It is also possible to couple the voltage source to the first side DC terminals or the
second side DC terminals via a transformer for impedance matching. Accordingly,
the voltage leve! defining an over-voltage condition for the first and second
switching elements may chosen to be different from the operating voltage across
the first or second side DC terminals.
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The voltage source of the protection circuit may be controllied. In this way, a con-
stant voltage supply is ensured. Charge absorption by the voltage source from
the second side converter circuit is controlled therewith, such that this charge
does not increase the voltage value of the voltage source. Voltage control may be
done via an additional DC/DC converter, In case the voltage source is coupled to
the pair of first side DC terminals, galvanic insulation may be provided between
the voltage source and the pair of first side DC terminals,

According to a further embodiment, the at least one first side converter circuit is a
plurality of first side converter circuits connected in series between the pair of first
side DC terminals and the at least one second side converter circuit is-a plurality
of second side converter circuits connected in parallel between the pair of second
side DC terminals. In this way, the power transfer may be split up between a plur-
ality of first side converter circuits and a plurality of second side converter circuits,
such that each of these converter circuits may be designed for a lower power
transfer capability than in the case of only one first side converter circuit and one
second side converter circuit. While the provisions of a plurality of converter cir-
cuits increases the number of components, reducing the power transfer capacity
requirements allows for using cheaper components, such that an overall cheaper
design of the DC/DC converter may be achieved. Providing a plurality of converter
circuits may extend the application fields of the DC/DC converter to higher power
transfer levels, in particular to higher voltage levels.

It is also possible that the DC/DC converter comprises a plurality of first side con-
verter circuits and exactly one second side converter circuit, It is also possible that
the DC/DC converter comprises exactly one first side converter circuit and a piur-
ality of second side converter circuits.

According to a fusther embodiment, the DC/DC converter comprises a plurality of
transformers, with each transformer coupling one of the first side converter cir-
cuits to one of the second side converter circuits. In other words, the number of
first side converter circuits is equal to the number of second side converter cir-
cuits. Each of the first side converter circuits is coupled to exactly one second
side converter circuit via one transformer circuit. In this way, a plurality of sub-
modules is formed each consisting of one first side converter circuit, one trans-
former and one second side converter circuit. The sub-modules may be designed
to account for a certain portion of the maximum power transfer capacity of the
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DC/DC converter. The number of sub-modules may be 2, 4, 6 or 8, but is not lim-
ited thereto.

The plurality of sub-modules can be controlled in the same manner, i.e. with the
same control signals. Accordingly, no additional control efforts have to be under-
taken in the case of providing multiple sub-modules. The parallel arrangement of
the second side converter circuits allows for a balancing effect between the
second side conventer circuits in case of unequal loading of the sub-modules.

According to a further embodiment, in operation, an operating voltage across the
pair of first side DC terminals may be at least 10 times greater than a desired op-
erating voltage across the pair of second side DC terminals. The term desired op-
erating voltage across the pair of second side DC terminals is understood to be
the operating voltage across the pair of second side DC terminals that the DC/DC
converter is controlled for. In other words, the desired operating voltage across
the pair of second side DC terminals may be one control goal of the control al-
gorithm of the DC/DC converter.

According to a further embodiment, in operation, a desired operating voltage
across the pair of first side DC terminals is between 400V and 800V, preferably
between 500V and 700V.

According to a further embodiment, in operation, an operating voltage across the
pair of second side DC terminals is between 10V and 40V, preferably between
20V and 30V. ‘

With these voltage levels, the DC/DC converter may be used for converting the
DC voltage supplied by a DC generator coupled to the first side DC terminals to a
DC voltage for charging a re-chargeable battety coupled to the second side DC
terminals. The re-chargeable battery may provide DC voltage to other devices at
a voltage level common in vehicles. The DC/DC converter may be used bi-direc-
tionally. Therefore, it is possible to use the power of the battery for starting the DC
generator. The DC generator may be driven by a combustion motor, such as a
Diesel engine.

According to a further embodiment, the first side converter circuit has at least two
first side switching elements, with each of a first one and a second one of the first
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side switching elements comprising a switch and a diode connected in paraliel,
wherein, when the DC/DC converter is in power transfer operation from the pair of
second side DC terminals to the pair of first side DC terminals, the second side
converter circuit is adapted to alternate between two reverse power transfer
states, wherein a conductive state of the diode of one of the first one and the
second one of the first side switching elements is the result of cne of the two re-
verse power transfer states, with the first side converter circuit being controlled
such that the switch of the respectively other of the first one and the second one
of the first side switching elements is closed for an adaptation interval prior to a
beginning of the one of the two reverse power transfer states.

The timing relationship between the reverse power transfer states and the ciosing
times of the switches can alternatively be described as follows. The conductive
state of the diode of the first one of the first side switching elements of the first
side converter circuit is the result of the first reverse power transfer state. The first
side converter circuit is controlled such that the switch of the second one of the
first side switching elements is closed for the adaptation interval prior to the be-
ginning of the first reverse power transfer state. The conductive state of the diode
of the second one of the first side switching elements of the first side converter
circuit is the result of the second reverse power transfer state. The first side con-
verter circuit is controfled such that the switch of the first one of the first side
switching elements is closed for the adaptation interval prior to the beginning of
the second reverse power transfer state.

The conductive state of the diode of the first one of the first side switching ele-
ments is a direct consequence of the first reverse power transfer state being
present. Accordingly, the duration of the conductive state of the diode of the first
one of the first side switching elements is substantially equal to the interval of the
first reverse power transfer state. Analogously, the conductive state of the diode
of the second one of the first side switching elements is a direct consequence of
the second reverse power transfer state being present. Accordingly, the duration
of the conductive state of the diode of the second one of the first side switching
elements is substantially equal to the interval of the second reverse power trans-
fer state.

The first one and the second one of the first side switching elements may be
coupled in series between the pair of first side DC terminals. The connection point
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between the first one and the second one of the first side switching elements may
be coupled to one end of the first side transformer winding of a transformer coup-
ling the first side converter circuit and the second side converter circuit.

The current established during the adaptation interval allows for a smooth onset
of the current flow through the first side converter circuit at the beginning of a re-
spective reverse power transfer state. In particular, the closing of the switch of the
first one of the first side switching elements gives rise to a current flow through
the first side converter circuit from the high potential terminal of the first side DC
terminals to the low potential terminal of the first side DC terminals. After the
switch of the first one of the first side switching elements is opened, this current
flow commutates in a way to flow through the diode of the second one of the first
side switching elements towards the high potential terminal of the first side DC
terminals. In this way, a current flow through the diode of the second one of the
first side switching elements is already present when the second reverse power
transfer state is entered. Accordingly, the second one of the first side switching
elements is pre-conditioned, such that the current flow, which is to be induced by
the second reverse power transfer state, has already been started before the on-
set of the second reverse power transfer state,

In particular, the parasitic capacitances of the diode of the second one of the first
side switching elements, especially the junction capacitance of the diode of the
second one of the first side switching elements, are partially or completely
charged during the adaptation interval. The first side converter circuit does there-
fore not exhibit an undesirably high impedance at the onset of the first reverse
power transfer state. Also, the first side converter circuit alone comprises less
parasitic connection inductances than the first side converter circuit and the
second side converter circuit together, such that the transfer of the diode of the
second one of the first side switching elements into a conductive state can be
done by above described pre-conditioning with no or less over-voltages as com-
pared to when caused by the second side converter circuit. The current flow
through the diode of the second one of the first side switching elements starts
smoothly, and no over-veoltages are induced at the parasitic inductances of the
first side converter circuit.

The same smooth current flow behavior is achieved for the first reverse power
transfer state in an analogous manner.
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The DC/DC converier may comprise a control circuit, which is configured to con-
trol the at least one first side converter circuit and the at least one second side
converter circuit. In particular, the control circuit may be configured to generate a
first side converter control signal, which controls each of the first one and the
second one of the first side switching elements of the first side converter circuit
such that a closed state of the respective switch is present during the adaptation
interval. The control circuit may further be configured to generate a second side
converter control signal controliing the at least one second side converter circuit
to be in the first power transfer state or in the second power transfer state or in a
state of no power transfer.

According to a further embodiment, the first side converter circuit is an H bridge
circuit, which comprises the first one and the second one of the first side switch-
ing elements and further comprises a third one and a fourth one of the first side
switching element, with each of the third one and the fourth one of the first side
switching elements comprising a switch and a diode in parallel, wherein a con-
ductive state of the diodes of two of the first one to the fourth one of the first side
switching elements is the result of one of the two reverse power transfer states,
with the first side converter circuit being controlled such that the switches of the
respectively other two of the first one to fourth one of the first side switching ele-
ments are closed for the adaptation interval prior to the beginning of the one of
the two reverse power transfer states.

In other words: the conductive state of the diodes of the first one and the fourth
one of the first side switching elements is the result of the first reverse power
transfer state. The first side converter circuit is controlled such that the switches of
the second one and the third one of the first side switching elements are closed
for the adaptation interval prior to the beginning of the first reverse power transfer
state. The conductive states of the diodes of the second one and the third one of
the first side switching elements are the result of the second reverse power trans-
fer state. The first side converter circuit is controlled such that the switches of the
first one and the fourth one of the first side switching elements are closed for the
adaptation interval prior to the beginning of the second reverse power transfer
state.
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Accordingly, the fourth one of the first side switching elements is controlled to be-
have like the first one of the first side switching elements, and the third one of the
first side switching elements is controlled to behave like the second one of the
first side switching elements.

The diodes of the respective two of the first one to the fourth one of the first side
switching elements which are conductive at the same time form a diagonal of the
H bridge circuit. In this way, the current flow through the first side transformer
winding of the transformer and through the first side converter circuit transfers
power to the pair of first side DC terminals.

Accordingly, the same contro! signals are applied to the first one and the fourth
one of the first side switching elements as well as to the second one and the third
one of the first side switching elements. The H bridge is comprised of four identic-
al first side switching elements. It is, however, also possible that the third one and
the fourth one of the first side switching elements are replaced with capacitors. In
this way, the first one and the second one of the first side switching elements are
the only switching elements in the first side converter circuit.

According to a further embodiment, the second side converter circuit is adapted to
be in a state of no power transfer between the two reverse power transfer states,
with the adaptation interval being during the state of no power transfer. In this
way, the first side converter circuit can be pre-conditioned for the upcoming re-
verse power transfer during a time frame where no current flow is induced from
the second side converter circuit. Accordingly, the pre-conditioning can be con-
trolled accurately, while only a small amount of energy has to be invested for pre-
conditioning the first side converter circuit.

According to a further embodiment, the first side converter circuit is controlled
such that the adaptation interval ends a preset commutation time before the be-
ginning of the one of the two reverse power transfer states. In this way, it is en-
sured that the current flow through the first side converter circuit commutes
without disturbance from the switch(es) of the first one and, if present, the fourth
one of the first side switching elements to the diode(s) of the second one and, if
present, the third one of the first side switching elements as well as from the
switch(es) of the second one and, if present, the third one of the first side switch-
ing elements to the diode(s) of the first one and, if present, the fourth one of the
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first side switching elements, before the respective reverse power transfer state is
entered.

According to a further embodiment, the preset commutation time is chosen such
that the conductive state of the diode of the one of the first one and the second
one of the first side switching elements is present at the beginning of the one of
the two reverse power transfer states. In other words, the preset commutation
time is at least long enough that it accounts for the switching delay of the diodes.
In particular, it is long enough that the parasitic capacitances of the respective di-
ode(s) are charged and the current flow through the respective diode(s), induced
from the second side converter circuit, starts at the latest with the beginning of the
respective reverse power transfer state.

According to a further embodiment, the adaptation interval has a preset duration.
In this way, the control efforts for controlling the first side converter circuit are kept
low. The duration of the adaptation interval is the same for all operating condi-
tions. The preset duration of the adaptation interval may be chosen in a way that
voltage peaks within the first side converter circuit are reduced in an optimized
manner for the operating point of the DC/DC converter that would yield the
highest voltage peaks within the first side converter circuit without closing the re-
spective switches during the adaptation interval. In this way, it is ensured that the
undesired voltage peaks are kept at an acceptable limit even for the operating
conditions most disadvantageous for the first side converter circuit.

According to a further embodiment, a duration of the adaptation interval is de-
pendent on the operating point of the DC/DC converter. In this way, a current flow
of a desired magnitude can be generated during the adaptation interval. This cur-
rent flow, after commutating to the respective diode(s), will then have a desired
magnitude at the onset of the respective reverse power transfer state. Depending
on the voltage at the pair of second side DC terminals, the voltage at the pair of
first side DC terminals, the particular circuit configuration and other factors, the in-
duced current at the onset of a reverse power transfer state may vary. By making
the adaptation interval dependent on the current operating conditions, the optim-
ized power transfer onset behavior may be implemented well over a wide range of
operating scenarios.
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Above mentioned problem is further solved by the method of controlling a galvan-
ically isolated DC/DC converter as described herein.

The claimed method of controlling the galvanically isolated DC/IDC converter,
which comprises at least one first side converter circuit coupled between a pair of
first side DC terminals and at least one second side converter circuit coupled
between a pair of second side DC terminals and having at least a first and a
second switching element, with each of the first and second switching elements
comprising a switch and a diode connected in paraliel, wherein the first side con-
verter circuit is controlied to alternate between two power transfer states for trans-
ferring power from the pair of first side DC terminals to the pair of second side DC
terminals, comprising the steps of (a) putting the first side converter circuit in one
of the two power transfer states, with the one of the two power states leading to a
particular one of the diodes of the first and second switching elements to be in a
conductive state, (b) closing the switch of the switching element which comprises
the particular diode, (c) terminating the one of the two power transfer states, and
{d) opening the closed switch after the particular diode has transitioned from the
conductive state to a blocking state. The method steps {(a), (b), (¢) and (d) are
carried out in the order given.

The same advantages may be achieved with the claimed method of controlling
the galvanically isolated DC/DC converter as with the gaivanically isolated DC/DC
conventer as described above. it is pointed out that the embodiments and further
features described above with respect to the galvanically isolated DC/DC convert-
er are equally applicable to the method of conirolling a galvanically isolated
DC/DC converter in an analogous manner, It is further pointed out that the termin-
ology of opening the closed switch after the particular diode has transitioned from
the conductive state to a blocking state is not to be understood in a limiting way
that the switch is opened immediately following the transition. Instead, it is to be
understood in a way that the duration between the {ransition of the diode and the
opening of the switch allows for a partial or complete discharge of the charge built
up at the diode during the conductive state, such that voltage peaks due to this
built-up charge can be kept at acceptable limits. it is again pointed out that altern-
ating between two power transfer states does not mean that one of these two
power transfer states is present at any given point in time. Instead, a state of no
power transfer is generally present between the two power transfer states when
switching from one power transfer state to the other.
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According to a further embodiment, the method further comprises between steps
(¢} and (d) the step of (¢') putting the first side converter circuit in the other one of
the two power transfer states, with step (d) taking place a preset lag time after
step (¢).

According to a further embodiment, step (b) takes place a preset delay time after
step (a). According to a further embodiment, the preset delay time is greater than
the preset lag time.

According to a further embodiment, an amount of power transfer is controlled by a
duration of the two power transfer states. In other words, the amount of power
transfer is controlled by a duration of a state of no power transfer between the two
power transfer states when switching therebetween.

According to a further embodiment, the first side converter circuit has at least two
first side switching elements, with each of a first one and a second one of the first
side switching elements comprising a switch and a diode connected in parallel,
wherein the second side converter circuit is controlled to alternate between two re-
verse power transfer states for transferring power from the pair of second side DC
terminals to the pair of first side DC terminals, the method comprising the steps of
(k) operating the second side converter circuit in one of the two reverse power
transfer states, with the one of the two reverse power transfer states leading to
the diode of a particular one of the first one and the second one of the first side
switching elements to be in a conductive state, (I) ending the one of the two re-
verse power transfer states and putting the second side converter circuit in a state
of no power transfer, (m) closing the switch of the particular one of the first one
and the second one of the first side switching elements for an adaptation interval,
and(n) putting the second side converter circuit in the other one of the two re-
verse power transfer states, with the other one of the two reverse power transfer
states leading to the diode of the other one of the first one and the second one of
the first side switching elements to be in a conductive state. The method steps
(K), (1), (m) and (n) are carried out in the order given.

The DC/DC converter as a whole may be controlled in such a way that the first
side converter circuit is controlled to alternate between the two power transfer
states for forward power transfer or that the second side converter circuit is con-
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trolled to alternate between the two reverse power transfer states for reverse
power transfer or that no power transfer is present in the DC/DC converter. Ac-
cordingly, there may be operating times of forward power transfer, operating times
of reverse power transfer and operating times of no power transfer, yielding a bi-
directional DC/DC converter.

According to a further embodiment, step (n) takes place a preset commutation
time after an end of the adaptation interval.

According to a further embodiment, an amount of power transfer is controlled by a
duration of the two reverse power transfer states.

It is explicitly pointed out that the nomenclature of a first side and a second side,
of a forward power transfer operation and a reverse power transfer operation are
not intended to be limiting in any way. They are used for distinguishing between
the two operating directions of a bi-directional DC/DC converter, However, de-
pending on the particular implementation of the invention and the particular circuit
topology of the DC/DC converter, these power transfer directions may be called
differently. Only the interdependencies between the control of the DC/DC convert-
er and the circuit structure as claimed matters in this context. It is further explicitly
pointed out that, within the scope of the invention, a DC/DC converter may be an
uni-directional DC/DC converter, wherein only the power transfer direction from
the first side to the second side, in the nomenclature used herein, is implemented.
Also, the DC/DC converter may be a bi-directional DC/DC converter, with only the
power transfer direction from the first side to the second side being implemented
as described herein and the power transfer direction from the second side to the
first side being implemented differently from what is described herein.

The invention is described in more detail below with regard to the exemplary em-
bodiments shown in the accompanying figures, in which:

Fig. 1 shows a circuit diagram of a previous approach DC/DC converter,

Fig. 2 shows a circuit diagram of a DC/DC converter according to an exemplary
embodiment of the invention.

Fig. 3 shows a timing diagram of the contro! signals applied to the DC/DC con-
verter for a power transfer from the first side to the second side according
to an exemplary embodiment of the invention,
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Fig. 4 shows a timing diagram of the control signals applied to the DC/DC converter for a
power transfer from the second side to the first side according to an exemplary embodiment of the

invention.

Fig. 5 shows a circuit diagram of a DC/DC converter according to another exemplary

embodiment of the invention.

Fig. 6 shows a circuit diagram of a DC/DC converter according to another exemplary

embodiment of the invention.

Figs. 7A and 7B show circuit diagrams of the transformer and the second side converter circuit
of DC/DC converters according to further exemplary embodiments of the invention, with Fig. 7A
showing a second side converter circuit comprising an H bridge circuit and with Fig. 7B showing a

second side converter circuit embodied as a transformer center tapped circuit.

Fig. 8 shows a timing diagram of the control signals applied to the DC/DC converter for a pre-
charging operation from the second side to the first side according to an exemplary embodiment of

the invention.

Fig. 2 shows a circuit diagram of a DC/DC converter according to an exemplary embodiment
of the invention. The DC/DC converter 2 comprises a pair of first side DC terminals 10 and a pair of
second side DC terminals 60. The DC/DC converter 2 further comprises a first side converter circuit
20, a transformer 30 and a second side converter circuit 40, which jointly couple the pair of first side
DC terminals 10 to the pair of second side DC terminals 60. In particular, the pair of first side DC
terminals 10 is coupled to the first side converter circuit 20, which in tumn is coupled to the transformer
30, which in turn is coupled to the second side converter circuit 40, which in turn is coupled to the pair

of second side DC terminals 60.

The first side converter circuit 20 comprises an H bridge circuit having four insulated-gate bipolar
transistors (IGBTs) and four diodes. In particular, the first IGBT 22 is coupled in parallel with the first
diode 23, the second IGBT 24 is coupled in parallel with the second diode 25, the third IGBT 26 is
coupled in parallel with the third diode 27, and the fourth IGBT 28 is coupled in parallel with the fourth
diode 29. The first and second IGBTs 22, 24 are coupled in series between the pair of first side DC
terminals 10, with the center point being coupled to one end of the first side transformer winding of the
transformer 30. Equally, the third and fourth IGBTs 26, 28 are coupled in series between the pair of
first side DC terminals 10, with the center point being coupled to the other end of the first side
transformer winding of the transformer 30. In addition, a first side capacitor 21 is coupled between the

pair of first side DC terminals 10. The respective combinations of
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IBGT and diode, i.e. IGBT 22/ diode 23, IBGT 24 / diode 25, IGBT 26 / diode 27,
and IGBT 28 / diode 29, are also referred to as switching elements of the first side
converter circuit or as first side switching elements 20a, 20b, 20c, and 20d.

The second side converter circuit 40 comptrises two parallel branches between
the pair of second side DC terminals 60. A first branch comprises a first inductive
element 50 and a first MOSFET 41. A second branch comprises a second induct-
ive element 52 and a second MOSFET 45. The connection point between the first
inductance element 50 and the first MOSFET 41 is coupled to one end of the

"second side transformer winding of the transformer 30. The connection point

between the second inductance element 52 and the second MOSFET 45 is
coupled to the other end of the second side transformer winding of the trans-
former 30. The first and second MOSFETs 41, 45 are each depicted as consisting
of a switch, i.e. the channe! of the MOSFET, and a parasitic diode, which is ori-
ented anti-parallel to the respective switch. In particular, the first MOSFET 41
comprises the switch 42 and the diode 44. The second MOSFET 45 comprises
the switch 46 and the diode 48. Also, a second side capacitor 54 is coupled
between the pair of second side DC terminals 60.

The operation of the DC/DC converter 2 for a power transfer from the pair of first
side DC terminals 10 to the pair of second side DC terminal 60, i.e. a forward
power transfer, is explained with reference to the timing diagram of Fig. 3. Fig. 3
shows the relative timing of the control signals applied to the first to fourth IGBTs
22, 24, 26 and 28 as well as to the switches 42 and 46 of the first and second
MOSFETSs 41, 45. It is also shown the time of the presence of the first forward
power transfer state PWM1/4 and the second forward power transfer state
PWM2/3, which will be described below. A high state means that the respective
IGBT or the switch of the respective MOSFET is controlled to be conductive at the
depicted point in time.

The timing diagram of Fig. 3 shows that the first and second IGBTs 22, 24 are al-
ternately put in a conductive state. In particular, each of the first and second 1G-
BTs 22, 24 is in a conductive state for almost 50 % of the time. In order to avoid a
short circuit condition between the pair of first side DC terminals 10, a down time
Tr is established, wherein both the first and second IGBTs 22, 24 are open. Ac-
cordingly, the first and second IGBTs are never closed at the same point in time.
The third and fourth IGBTs 26, 28 are controlled in a corresponding manner. l.e.
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each of the third and fourth IGBTs 26, 28 is conductive for almost 50 % of the
time, with none of the third and fourth IGBTs 26, 28 being conductive during the
downtime T+ for avoiding short circuit conditions.

Whenever the first IGBT 22 and the fourth IGBT 28 are in a conductive state, a
current flow from the high potential terminal, depicted on top, of the pair of the DC
terminals 10 through the first IGBT 22, through the first side transformer winding
of the transformer 30, through the fourth IGBT 28 to the low potential terminal, de-
picted at the bottom, of the first side DC terminals 10 is established. This current
flow flows through the first side transformer winding of the transformer 30 in a first
direction, such that a first forward power transfer state PWIM1/4 is established.
Correspondingly, whenever the second IGBT 24 and the third IGBT 26 are in a
conductive state, a second forward power transfer state PWM 2/3 is established.
In this case, the current flow flows through the first side transformer winding of the
transformer 30 in a second direction, In particular, the current flow is established
from the high potential terminal of the pair of first side DC terminals 10 through
the third IGBT 26, through the first side transformer winding of the transformer 30,
through the second IGBT 24 to the low potential terminal of the pair of the first
side DC terminals 10.

The duration of the two forward power transfer states PWM1/4 and PWM2/3 is set
by the offset hetween the control signals for the first and second IGBTs 22, 24
and the control signals for the third and fourth IGBTs 26, 28, as can bee seen
graphically in Fig. 3. Accordingly, this offset or phase shift between these control
signals is used for controlling the amount of power transferred from the pair of first
side DC terminals 10 to the pair of the second side DC terminals 60. In this way,
the voltage across the second side capacitor 54 can be kept constant for a vary-
ing load coupled to the pair of second side DC terminals 60.

The current flow through the first side transformer winding of the transformer 30 in
the first forward power transfer state PWM1/4 induces a current flow in the
second side transformer winding of the transformer 30, which leads to a current
flow from the low potential terminal of the second side DC terminals 60 through
the diode 44 of the first MOSFET 41, through the second side transformer wind-
ing of the transformer 30, through the second inductance element 52 to the high
potential terminal of the pair of second side DC terminals 60. In other words, the
first forward power transfer state makes the diode 44 of the first MOSFET 41
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enter a conductive state, such that a current path between the pair of second side
DC terminal 60 through the second side transformer winding of the transformer 30
is established. The switch 42 of the first MOSFET 41 is closed a preset delay time
Tv after the first forward power transfer state PWM1/4 is entered. From that mo-
ment on, current flows through both the diode 44 and the switch 42 of the first
MOSFET 41, such that the first MOSFET 41 as a whole imposes a lower voltage
drop and lower losses, respectively, than the diode 44 alone.

When the first forward power transfer state PWM1/4 ends, the current flow
through the first side transformer winding of the-transformer 30 ends, which leads
to the current flow through the second side transformer winding of the transformer
30 to end and to the diode 44 of the first MOSFET 41 to transition from the con-
ductive state to a blocking state. Although the conduction through the diode 44
stops, the switch 42 of the first MOSFET 41 is kept close. In this way, a connec-
tion between the two sides of the diode 44 remains. In this way, a charge built up
at the imperfect parasitic diode 44 will not result in an over-voltage condition when
the diode 44 transitions to the blocking state. In particular, the switch 42 of the
first MOSFET 41 is controlled in a way to condition the current slope of the diode
44 for the transitioning from the conductive state to the blocking state by providing
a parallel channel. The conditioning is achieved by controlling the MOSFET 41 in
a way to exhibit an appropriate resistance along its channel, i.e. along its switch
42. In this way, the negative impact of over-voltage spikes caused by the dis-
charge of the built-up charge at the diode 44 is eased. In particular, an abrupt
ending of the reverse current caused by the built-up charge at the diode 44, which
is prone to causing over-voltages at parasitic inductances, which are harmful to
the electric components, is prevented.

After an interval of no power transfer, the second forward power transfer state
PWM2/3 is entered. The switch 42 of the first MOSFET 41 is opened a preset lag
time Ty after the second forward power transfer state PWM2/3 is entered. The
second forward power transfer state PWM2/3 makes the diode 48 of the second
MOSFET 45 conductive, giving rise to a current flow from the low potential termin-
al, depicted at the bottom, of the pair of second side DC terminals 60 through the
diode 48, through the second side transformer winding of the transformer 30,
through the first conductance element 50 to the high potential terminal, depicted
on top, of the pair of second side DC terminals 60. The switch 46 of the second
MOSFET 45 is closed a preset delay time Ty after the second forward power
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transfer state PWM2/3 is entered. With the preset delay time Ty being greater
than the preset lag time Ty, it is ensured, that the switches 42 and 46 of the first
and second MOSFET 41 and 45 are not closed at the same point in time during
the forward power transfer. Therefore, no short circuit condition between the pair
of second side DC terminals 60 can arise.

From here on, the DC converter operates in the second forward power transfer
state in a manner analogous to the first forward power transfer state described
above. Accordingly, the current through the second MOSFET 45 is split up
between the switch 46 and the diode 48 thereof, giving rise to a resistance
voltage drop lower than that of the diode 48 itself. When the second forward
power transfer state PWM2/3 ends, the diode 48 transitions from the conductive
state to a blocking state, while the switch 46 remains close. In this way, the negat-
ive impact of over-voltage spikes caused by the discharge of the built-up charge
at the diode 44 is eased. In particular, an abrupt ending of the reverse current
caused by the built-up charge at the diode 44, which is prone to causing over-
voltages at parasitic inductances, which are harmful to the electric components, is
prevented by providing the parallel channel through the switch 46. After an inter-
val of no power transfer, the first forward power transfer state PWM1/4 is entered
again. The switch 46 of the second MOSFET 45 is opened the preset lag time Ty
after the first forward power transfer state PWM1/4 is entered. And the switch 42
of the first MOSFET 41 is closed a preset delay time Ty after the first forward
power transfer state PWM1/4 is entered.

This operation continues with the DC/DC converter 2 alternating between the two
power transfer states PWM1/4 and PWM2/3, as long as power transfer from the
first side DC terminals 10 to the second side DC terminals 60 is desired.

The operation of the DC/DC converter 2 of Fig. 2 is described for the power trans-
fer from the pair of second side DC terminals 60 to the pair of first side DC termin-
als 10 with reference to Fig. 4. Fig. 4 shows a timing diagram of the control sig-
nals applied to the first and second MOSFETs 41 and 45 as well as the first to
fourth IGBTs 22, 24, 26 and 28, A high state of the respective signals indicates
that the respective IGBT or the respective switch 42, 46, i.e. the respective chan-
nel, of the MOSFET is controlled to be in a conductive state.
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As the case of power being transferred from the second side DC terminals 60 to
the first side DC terminals 10 is described, which is also referred to as a reverse
power transfer, reference is first made to the second side converter circuit 40 as
the source of power for the transformer 30. Fig. 4 shows that both the switch 42
of the first MOSFET 41 and the switch 46 of the second MOSFET 45 alternate
between an open and a closed state. it is also shown that both of these switches
are closed for more than 50% of the total time. The control signals for the
switches 42 and 46 are phase shifted with respect to each other, such that both
switches 42 and 46 are never open at the same time. However, the closed state
of the switches 42 and 46 overlap. In this way, it is ensured that there always is a
conductive path from the high potential terminal of the second side DC terminals
60 to the low potential terminal of the second side DC terminals 60, In this way,
the current flow imposed by the first and second inductive elements 50 and 52
can find its way through the second side converter circuit 40 and does not give
rise to dangerous voltage peaks in the second side converter circuit 40,

When both the switch 42 and the switch 46 are in a closed state, no current flows
through the second side transformer winding of the transformer 30. Accordingly, a
state of no power transfer is established. When one of the two switches 42 and
46 is closed, while the other switch is open, a current flow through the second
side transformer winding of the transformer 30 is established and power transfer
to the first side takes place. Depending which one of the switches 42 and 46 is
closed and which one is open, the current flows through the second side trans-
former winding of the transformer 30 in a respective direction, giving rise to one of
two power transfer states. As these power transfer states are associated with the
power transfer from the pair of second side DC terminals 60 to the pair of first side
DC terminals 10, they are also referred to as reverse power transfer states,

In particular, when the switch 42 of the first MOSFET 41 is closed and the switch
46 of the second MOSFET 45 is open, a current flow from the high potential ter-
minal of the second side DC terminals 60, depicted on top, through the second in-
ductance element 52, through the second side transformer winding of the trans-
former 30 and through the switch 42 to the low potential terminal, depicted at the
bottom, of the second side DC terminals 60 is established. This scenario is re-
ferred to as the first reverse power transfer state. It gives rise to a current flow in
the first side transformer winding of the transformer 30 and the first side converter
circuit 20. In particular, a current flow from the low potential terminal of the first
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side DC terminals 10, depicted at the bottom, through the fourth diode 29,
through the first side transformer winding of the transformer 30 and through the
first diode 23 to the high potential terminal of the first side DC terminals 10 is es-
tablished. In this way, power is transferred to the pair of first side DC terminals in
the first reverse power transfer state,

As can be seen from Fig. 4, shortly before the first reverse power transfer state is
entered, a control pulse is applied to the second and third IGBTs 24, 26. In other
words, the IGBTs 24 and 26 are closed for a duration T», referred to as an adapt-
ation interval Ty, with this adaptation interval Tr ending a commutation time Tk be-
fore the first reverse power transfer state is entered. In this way, a current flow
through the first side transformer winding of a transformer 30 is generated in the
same direction as the current flow that will be present during to first reverse power

- transfer state. Accordingly, a current flow in the expected direction is already

present in the first side transformer winding of the transformer 30 when the first
reverse power state is entered,

As can also be seen from Fig. 4, the conductive state of the second and third 1G-
BTs 24, 26 ends a commutation time Tk before the start of the first reverse power
transfer state. The commutation time Ty is a preset interval. This preset commuta-
tion time Tx allows for the current flow to commutate from its path through the
second and third IGBTs 24, 26 to the first and fourth diodes 23, 29. In this way,
the first and fourth diodes are put in a conductive state before the onset of the
first reverse power transfer state, such that the power transfer experiences a
smooth beginning. In particular, the parasitic capacitances of the first and fourth
diodes 23, 29 are charged before the beginning of the first reverse power transfer
state, such that a favorable impedance is already present for the current induced
from the second side converter circuit.

The second and third IGBTs 24, 26 are in a closed state for the adaptation inter-
val Tp. The adaptation interval is chosen in such a way that the current flow gen-
erated during this interval helps the power transfer in an optimized manner. For
this purpose, it is taken into account that the current flow increases in magnitude
during the adaptation interval T, whereas it decreases during the preset commut-
ation time Tk. In the particular embodiment of Figs. 2 and 4, the adaptation inter-
val T is chosen in such a way that undesired voltage peaks within the first side
converter circuit 20 are kept at a just acceptable limit at the onset of the reverse
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power transfer state for the case of maximum power transfer from the pair of
second side DC terminals 60 to the pair of first side DC terminals 10.

The operation of the DC/DC converter 2 in the second reverse power transfer
state is analogous to their first reverse power transfer state described above.
While both of the switch 42 of the first MOSFET 41 and the switch 46 of the
second MOSFET 45 are closed, first and fourth IGBTs 22 and 28 are put in a
conductive state for the adaptation interval Te, This gives rise to a current flow
from the high potential terminal of the first side DC terminals 10 through the first
IGBT 22, through the first side transformer winding of the transformer 30 and
through the fourth IGBT 28 to the low potential terminal of the first side DC termin-
als 10. The switch 42 of the first MOSFET 41 is opened the preset commutation
time Ty after the first and fourth IGBTs 22 and 28 are opened. As a consequence
a current flow from the high potential terminal of the second side DC terminals 60
through the first inductance element 50, through the second side transformer
winding of the transformer 30 and through the switch 46 of the second MOSFET
45 to the low potential terminal of the first side DC terminals 60 is established.
This current flow gives rise to a current flow in the first side transformer winding of
the transformer 30 in the same direction as previously established during the ad-
aptation interval Te, which in turn gives rise to a current flow from the low potential
terminal of the first side DC terminals 10 through the second diode 25, through
the first side transformer winding of the transformer 30 and through the third diode
27 to the high potential terminal of the first side DC terminals 10. In this way, a
power transfer from the pair of second side DC terminals 60 to the pair of first side
DC terminals 10 is established. With the conditioning of the first side converter cir-
cuit 20, this power transfer has a smooth onset, as described above for the first
reverse power transfer state.

Ancther exemplary embodiment of a DC/DC converter 2 in accordance with the
invention is described with reference to Fig. 5. The DC/DC converter 2 of Fig. 5
comprises two power transfer sub-modules. The first power transfer sub-module
comprises a first side converter circuit 20, a transformer 30 and a second side
converter circuit 40. These components are identical to the respective compon-
ents of Fig. 2 and are therefore designated with the same reference numerals.
The second power transfer sub-module comprises a further first side converter cir-
cuit 120, a further transformer 130 and a further second side converter circuit 140.
These components are also identical to the first side converter circuit 20, the
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transformer 30 and the second side converter circuit 40 of Fig. 2. Their reference
numerals correspond to the reference numerals of the respective components of
the DC/DC converter 2 of Fig. 2, with each reference numeral being increased by
100. For brevity, an in-depth discussion of the structure is omitted.

Attention is now drawn to how the first side converter circuits 20, 120 are coupled
to the pair of first side DC terminals 10 and to how the second side convetter cir-
cuits 40 and 140 are coupled to the second side DC terminals 60. In particular,
the first side converter circuit 20 and the first side converter circuit 120 are
coupled in series between the pair of first side DC terminals 10. In parallel with
the series connection of the first side converter circuits 20 and 120, an additional
first side capacitor 12 is coupled between the pair of first side DC terminals 10.
The second side converter circuit 40 and the second side converter circuit 140
are coupled in parallel between the pair of second side DC terminals 60. Also, an
additional second side capacitor 62 is coupled in parallel with the second side
converter circuits 40 and 140 between the second side DC terminals 60. As is ap-
parent from basic circuit theory, the second side capacitor 54 of the second side
converter circuit 40, the second side capacitor 154 of the second side converter
circuit 140 and the additional second side capacitor 62 are arranged in parallel
and may therefore be replaced by one single second side capacitor. Also, the ad-
ditional first side capacitor 12 can be dispensed with if the capacitance values of
each of the first side capacitors 21 and 121 is increased by twice the capacitance
value of the additional first side capacitor 12, when an equal electric behavior is
desired.

The DC/DC converter 2 of Fig. 5 is controlled via generally the same control sig-
nals as the DC/DC converter 2 of Fig. 2. Accordingly, the control signals depicted
in Figs. 3 and 4 can be used without modification for the control of the DC/DC
converter 2 of Fig. 5. In case the voltage across the second side DC terminals 60
is controlled, both second side converter circuits 40, 140 may be fed with the
same control pattern. In case the voltage across the first side DC terminals 10 is
controlled, each sub-module is controlled with its own voltage control loop, which
may result in different control patterns for each sub-module, such that any kind of
asymmetric behavior between the sub-modules may be compensated for by
those individual control patterns.
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However, with the first power transfer sub-module and the second power transfer
sub-module being identical with regard to their circuit structure, the power amount
transfer per sub-module is half of the power amount transferred via the respective
components of the DC/DC converter 2 of Fig. 2, assuming an overall equal
amount of power transfer. Accordingly, the individual circuits and components
have to be dimensioned for half the power transfer capacity. In particular, on the
first side, the voltage drop across each one of the first side converter circuits 20
and 120 is halved as compared to the DC/DC converter 2 of Fig. 2, assuming the
same total voltage drop across the pair of first side DC terminals 10. Seen from a
different angle, greater voltage drops across the first side DC terminals 10 can be
supported for a given voltage drop capacity of a first side converter circuit.

With the series connection of the first side converter circuits 20 and 120 and the
parallel connection of the second side converter circuits 40 and 140, a large
voltage difference between the pair of first side DC terminals 10 and the pair of
second side DC terminals 60 can be achieved in a very elegant manner.

Another exemplary embodiment of the invention is described with regard to Fig. 6.
Fig. 6 depicts the right side, i.e. the second side, of the DC/DC converter 2 of Fig.
5 extended by a protection circuit 70. The protection circuit 70 comprises four pro-
tection diodes 72, 74, 172 and 174 and a voltage source 80. The first and second
protection diodes 72 and 74 are associated with the second side converter circuit
40. The third and fourth protection diodes 172 and 174 are associated with the
second side converter circuit 140,

The first protection diode 72 is coupled between the connection point of the first
MOSFET 41 and the first inductance element 50 of the first side converter circuit
40 and the voltage source 80. The second protection diode 74 is coupled
between the connection point of the second MOSFET 45 and the second induct-
ance element 52 of the second side converter circuit 40 and the voltage source
80.

The third protection diode 172 is coupled between the connection point of the first
MOSFET 141 and the first inductance element 150 of the first side converter cir-
cuit 140 and the voltage source 80. The fourth protection diode 174 is coupled
between the connection point of the second MOSFET 145 and the second induct-
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ance element 152 of the second side converter circuit 140 and the voltage source
80.

Accordingly, each MOSFET of the second side converter circuits 40 and 140 is
coupled to the same one of the terminals of the voltage source 80 of the protec-
tion circuit 70 via a respective protection diode. The other terminal of the voltage
source 80, i.e. the terminal of the voltage source 80 that is not coupled to the pro-
tection diodes, is coupled to the low potential terminal of the pair of second side
DC terminals 60. Being connected to the low potential terminal of the pair of
second side DC terminals 60, the other terminal of the voltage source 80 is also
coupled to the connection point between the first and second MOSFETs 41 and
45 of the second side converter circuit 40 as well as to the connection point of the
first and second MOSFETSs 141 and 145 of the second side converter circuit 140.
in this way, if the voltage across one of the MOSFETSs exceeds the voltage of the
voltage source 80 plus the forward voltage drop of a protection diode, the protec-
tion diode becomes conductive and the voltage across the respective MOSFET is
limited to this threshold level via a current through the respective protection dicde.
In this way, an additional layer of over-voitage protection is provided for the MOS-
FETs of the second side converter circuits 40 and 140. The voltage source 80
sinks the charge removed from the MOSFET experiencing an over-voltage condi-
tion. In the exemplary embodiment of Fig. 6, the voltage source 80 then sinks the
charge to the additional second side capacitor 62, such that the power is not re-
moved from the system and dissipated, but fed back into the second side convert-
er circuits.

The voltage value of the voltage source 80 is chosen in such a way that it is
greater than or equal to twice the maximum desired operating voltage across the
pair of second side DC terminals 60 for the particular DC/DC converter embodi-
ment. In this way, it is ensured that no energy is extracted from the second side
converter circuit 40 by the protection circuit 70 in a case where the voltage across
the second side DC terminals 60 is still in the desired range for the momentary
operating conditions.

It is explicitly pointed out that the protection circuit 70 may equally be applied to
the DC/DC converter 2 of Fig. 2 having only one second side converter circuit. In
this case, only the first and second protection diodes 72 and 74 as well as the
voltage source 80 would be present forming the protection circuit 70. Also, the
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protection circuit 70 may be present in embodiments having more than two
second side converter circuits. In this case, two protection diodes per second side
converter circuit are present.

With regard to Fig. 8, it is further described a method of pre-charging the first side
capacitances via the second side converter circuits 40 and 140 of Fig. 6. Again,
this method may equally be carried out in a DC/DC converter having only one
second side converter circuit 40. Such a pre-charging may be carried out in order
to establish a voltage level across the first side capacitances that ensures that the
energy transferred from the pair of second side DC terminals 60 to the pair of first
side DC terminals 10 may be properly absorbed on the first side. it may therefore
be performed, before the stationary energy transfer from the pair of second side
DC terminals 60 to the pair of first side DC terminals 10, as described with regard
to the timing diagram of Fig. 4, is carried out.

For this pre-charging, only the switch 42 of the first MOSFET 41 and the switch
46 of the second MOSFET 45 are operated, as shown in Fig. 8. The switch 46 is
closed for a charging interval Ts. During this interval, a current flow from the high
potential terminal of the second side DC terminals 60 through the second induct-
ance element 52 and the switch 46 to the low potential terminal of the second
side DC terminals is established. After the charging interval Ts, when the switch
46 is opened, the current slowly starts to commutate from the switch 46 to the
second side transformer winding of the transformer 30 and the first inductance
element 5C. In this way, only a small amount of energy is transferred to the first
side converter circuit, which can be absorbed there for pre-charging the first side
capacitances. Since the commutation of the current is a gradual process, a
voltage peak arises at the first MOSFET 45, which is limited to an acceptable
value via the protection circuit 70, in particular via the second protection diode 74,
In this way, the second side converter circuit 40 is protected against harmful
voltage peaks during pre-charging the first side of the DC/DC converter,

The pre-charging process continues in an analogous manner, alternating
between closing the switch 42 of the first MOSFET 41 and the switch 46 of the
second MOSFET 45 for reépective pre-charging intervals Ts. In between these
pre-charging intervals, none of the switches 42 and 46 is closed, as depicted in
Fig. 8. The pre-charging process is carried out until the voltage across the first
side DC terminals 10 reaches a desired operating point. The energy absorbed by
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the protection circuit 70 is not lost, but re-fed back into the system in the topology
of Fig. 6. It is also possible to connect the power source 80 to the low potential
terminal of the pair of first side DC terminals 10, such that the energy absorbed by
the protection circuit 70 helps directly in charging the first side of the DC/DC con-
verter, thereby achieving a faster pre-charging of the first side.

The pre-charging interval Ts may be chosen in a way to ensure that the protection
circuit 70 is not over-loaded. Accordingly, the duration of the pre-charging de-
pends on the values of the circuit components of the second side converter circuit
40, the transformer 30 as well as the dimensions of the protection circuit 30.

Fig. 7 shows two alternatives for second side convenrter circuits that can be substi-
tuted for each of the second side converter circuits 40 and 140 shown in Fig. 2
and 5. Fig. 7A shows a second side converter circuit 340, which comprises an H
bridge circuit. An inductance element 350 and the H bridge circuit are coupled in
series between the pair of second side DC terminals 60. A second side capacitor
354 is coupled in parallel with said series connection between the pair of second
side DC terminals 60. The H bridge circuit comprises a first MOSFET 341, a
second MOSFET 345, a third MOSFET 375 and a fourth MOSFET 371.

The second side converter circuit 340 can be controlled by a same control signal
as the second side converter circuits 40 and 140. In particular, the control signal
supplied to the first MOSFET 41 of the second side converter circuit 40, which
controls the switch 42 thereof, is supplied to the first MOSFET 341 and the fourth
MOSFET 371. Correspondingly, the control signal supplied to the second MOS-
FET 45 of the second side converter circuit 40, which controls the switch 46
thereof, is supplied to the second MOSFET 345 and the third MOSFET 375 of the
second side converter circuit 340.

it is pointed out that the third and fourth MOSFETs 375 and 371 may be replaced
with capacitors.

The circuit structure of the second side converter circuit 340 corresponds to the
circuit structure of the second side converter circuit 240 of Fig. 1. Accordingly, the
second side converter circuit 240 of Fig.1 may also be controlled in accordance
with the invention and may therefore be part of an inventive DC/DC converter.
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Fig. 7B shows another embodiment of a second side converter circuit 440, which
is referred to as a transformer center tapped circuit. The second side converter
circuit 440 works with another implementation of a transformer 430, which
provides the center point of the second side transformer winding as a connection
point for the second side converter circuit 440. This center point is coupled to the
low potential terminal of the second side DC terminals 60 via an inductance ele-
ment 450. The two ends of the second side transformer winding of the trans-
former 430 are coupled to the high potential terminal of the second side DC ter-
minals 60 via the first MOSFET 441 and the second MOSFET 445 of the second
side converter circuit 440, respectively, The second side converter circuit 440 fur-
ther comprises a second side capacitor 454 coupled between the pair of second
side DC terminals 60. It is also possible to flip the direction of the first and second
MOSFETSs 441 and 445 to achieve a reversed polarity at the pair of second side
DC terminals 60.

Again, the second side converter circuit 440 can be controlied with the same con-
trol signals as the second side converter circuits 40 and 140 of Figs. 2 and 5 if the
transformer ratio of the transformer 30 equals the transformer ratio of the trans-
former 430 when looking at the total number of second side transformer windings
thereof. In particular, the control signal for the first MOSFET 41 of the second side
converter circuit 40 may equally be applied to the first MOSFET 441 of the
second side converter circuit 440. Also, the control signal for the second MOS-
FET 45 of the second side converter circuit 40 may equally be applied to the
second MOSFET 445 of the second side converter circuit 440. If differing trans-
former ratios are present, the control signals are adjusted accordingly.

it is further pointed out that, in an alternative embodiment, not shown throughout
the figures, the first side converter circuit 20 may have an adjusted circuit topo-
logy. In particular, the third IGBT 26 and the third diode 27 may be replaced by a
capacitor. Equally, the fourth IGBT 28 and the fourth diode 29 may be replaced
by a capacitor. Accordingly, only the first and second IGBTs 22 and 24 would
have to be supplied with the discussed control signals.

Itis explicitly pointed out that the nomenclature of a first side and a second side,
of a forward power transfer operation and a reverse power transfer operation are
not intended to be limiting in any way for the exemplary embodiments described.
They are used for distinguishing between the two operating directions of a bi-dir-
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ectional DC/DC converter. However, depending on the particular implementation
of the invention and the particular circuit topology of the DC/DC canverter, these
power transfer directions may be called differently. Only the interdependencies
between the control of the DC/DC converter and the circuit structure as.described
matters in this context. It is further explicitly pointed out that, within the scope of
the invention, exemplary DC/DC converters are herewith also disclosed that are
uni-directional DC/DC converters, wherein only one of the two power transfer dir-
ections is implemented. In other words, it is not a necessary feature of the em-
bodiments described that both the control of Fig. 3 for one power transfer direc-
tion and the control of Fig. 4 for the other power transfer direction are implemen-
ted. In case only one of the power transfer directions is implemented, some of the
circuit elements may be eliminated from the DC/DC converter. As an example,
should only the power transfer from the pair of first side DC terminals 10 to the
pair of second side DC terminals 60 be implemented and no reverse power trans-
fer be required for the particular application, the first to fourth diodes 23, 25, 27
and 29 could be dispensed with.

While the invention has been described with reference to exemplary embodi-
ments, it will be understood by those skilled in the art that various changes may
be made and equivalents may be substituted for elements thereof without depart-
ing from the scope of the invention. In addition, many modifications may be made
to adapt a particular situation to the teachings of the invention without departing
from the essential scope thereof. Therefore, it is intended that the invention not
be limited to the particular embodiments disclosed, but that the invention will in-
clude all embodiments falling within the scope of the appended claims.
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CLAIMS

1. A galvanically isolated DC/DC converter, comprising:

at least one first side converter circuit coupled between a pair of first side DC
terminals, and

at least one second side converter circuit coupled between a pair of second side DC
terminals, the second side converter circuit having at least a first and a second switching element,
with each of the first and second switching elements comprising a switch and a diode connected in
parallel,

wherein, when the DC/DC converter is in power transfer operation from the pair of first side
DC terminals to the pair of second side DC terminals, the diodes of the first and second switching
elements are alternately in a conductive state, with the first switching element being controlled such
that a closed state of the switch of the first switching element extends beyond a transitioning of the
diode of the first switching element from the conductive state to a blocking state and with the second
switching element being controlled such that a closed state of the switch of the second switching
element extends beyond a transitioning of the diode of the second switching element from the

conductive state to a blocking state.

2. The galvanically isolated DC/DC converter according to claim 1, wherein each of the first and

second switching elements is a MOSFET.

3. The galvanically isolated DC/DC converter according to claim 1 or 2, wherein the second
side converter circuit has current source characteristic.

4 The galvanically isolated DC/DC converter according to any one of claims 1 to 3, wherein the
second side converter circuit has two parallel branches between the pair of second side DC
terminals, each branch comprising an inductance element and one of the first and second switching

elements.

5. The galvanically isolated DC/DC converter according to any one of claims 1 to 3, wherein the

second side converter circuit is one of an H bridge circuit and a transformer center tapped circuit.

6. The galvanically isolated DC/DC converter according to any one of claims 1 to 5, wherein the

first side converter circuit is an H bridge circuit.
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7. The galvanically isolated DC/DC converter according to claim 6, wherein the H bridge circuit
has four first side converter switches, with each of the first side converter switches being an

insulated-gate bipolar transistor.

8. The galvanically isolated DC/DC converter according to any one of claims 1 to 7, wherein the
respective switch of each of the first and second switching elements is controlled to condition a slope
of a discharge current of the diode of the same switching element during the transitioning thereof

from the conductive state to the blocking state.

9. The galvanically isolated DC/DC converter according to any one of claims 1 to 8, wherein the
first switching element is controlled such that the switch of the first switching element is in the
conductive state during more than 95% of the the diode of the first switching element is in the
conductive state and wherein the second switching element is controlled such that the switch of the
second switching element is in the conductive state during more than 95% of the time the diode of

the second switching element is in the conductive state.

10. The galvanically isolated DC/DC converter according to any one of claims 1 to 9, wherein the
first side converter circuit is adapted to alternate between a first power transfer state and a second
power transfer state, wherein the first power transfer state leads to the conductive state of the diode
of the first switching element and wherein the second power transfer state leads to the conductive
state of the diode of the second switching element, with the first switching element being controlled
such that the switch of the first switching element is opened a preset lag time after the second power
transfer state is entered and with the second switching element being controlled such that the switch
of the second switching element is opened said preset lag time after the first power transfer state is

entered.

11. The galvanically isolated DC/DC converter according to any one of claims 1 to 10, wherein
the first side converter circuit is adapted to alternate between two power transfer states, wherein
each power transfer state leads to the conductive state of one of the diodes of the first and second
switching elements, with each of the first and second switching elements being controlled such that
the respective switch is closed a preset delay time after the respective one of the two power transfer

states is entered that leads to the conductive state of the diode of the same switching element.
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12. The galvanically isolated DC/DC converter according to claim 11, wherein the preset delay

time is greater than the preset lag time.

13. The galvanically isolated DC/DC converter according to any one of claims 1 to 12, wherein

the second side converter circuit is coupled to a protection circuit.

14. The galvanically isolated DC/DC converter according to claim 13, wherein the protection
circuit comprises a voltage source and two protection diodes coupled to the voltage source, with

each of the first and second switching elements being coupled to one of the two protection diodes.

15. The galvanically isolated DC/DC converter according to claim 14, wherein the voltage source
is coupled to one of the pair of second side DC terminals or to one of the pair of first side DC

terminals.

16. The galvanically isolated DC/DC converter according to any one of claims 1 to 15, wherein
the at least one first side converter circuit is a plurality of first side converter circuits connected in
series between the pair of first side DC terminals and wherein the at least one second side converter
circuit is a plurality of second side converter circuits connected in parallel between the pair of second

side DC terminals.

17. The galvanically isolated DC/DC converter according to claim 16 comprising a plurality of
transformers, with each transformer coupling one of the first side converter circuits to one of the
second side converter circuits.

18. The galvanically isolated DC/DC converter according to any one of claims 1 to 17, wherein,
in operation, an operating voltage across the pair of first side DC terminals is at least 10 times

greater than a desired operating voltage across the pair of second side DC terminals.

19. The galvanically isolated DC/DC converter according to claims 18, wherein, in operation, the

operating voltage across the pair of first side DC terminals is between 400V and 800V.

20. The galvanically isolated DC/DC converter according to claim 18, wherein, in operation, the

operating voltage across the pair of first side DC terminals is between 500V and 700V.
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21. The galvanically isolated DC/DC converter according to any one of claims 18 to 20, wherein,
in operation, the desired operating voltage across the pair of second side DC terminals is between
10V and 40V.

22. The galvanically isolated DC/DC converter according to any one of claims 18 to 20, wherein,
in operation, the desired operating voltage across the pair of second side DC terminals is between
20V and 30V.

23. The galvanically isolated DC/DC converter according to any one of claims 1 to 22, wherein
the first side converter circuit has at least two first side switching elements, with each of a first one
and a second one of the first side switching elements comprising a switch and a diode connected in
parallel, wherein, when the DC/DC converter is in power transfer operation from the pair of second
side DC terminals to the pair of first side DC terminals, the second side converter circuit is adapted
to alternate between two reverse power transfer states, wherein a conductive state of the diode of
one of the first one and the second one of the first side switching elements is the result of one of the
two reverse power transfer states, with the first side converter circuit being controlled such that the
switch of the respectively other of the first one and the second one of the first side switching
elements is closed for an adaptation interval prior to a beginning of the one of the two reverse power

transfer states.

24, The galvanically isolated DC/DC converter according to claim 23, wherein the first side
converter circuit is an H bridge circuit, which comprises the first one and the second one of the first
side switching elements and further comprises a third one and a fourth one of the first side switching
element, with each of the third one and the fourth one of the first side switching elements comprising
a switch and a diode in parallel, wherein a conductive state of the diodes of two of the first one to the
fourth one of the first side switching elements is the result of one of the two reverse power transfer
states, with the first side converter circuit being controlled such that the switches of the respectively
other two of the first one to fourth one of the first side switching elements are closed for the

adaptation interval prior to the beginning of the one of the two reverse power transfer states.

25. The galvanically isolated DC/DC converter according to claim 23 or 24, wherein the second
side converter circuit is adapted to be in a state of no power transfer between the two reverse power

transfer states, with the adaptation interval being during the state of no power transfer.
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26. The galvanically isolated DC/DC converter according to any one of claims 23 to 25, wherein
the first side converter circuit is controlled such that the adaptation interval ends a preset

commutation time before the beginning of the one of the two reverse power transfer states.

27. The galvanically isolated DC/DC converter according to claim 26, wherein the preset
commutation time is chosen such that the conductive state of the diode of the one of the first one
and the second one of the first side switching elements is present at the beginning of the one of the

two reverse power transfer states.

28. The galvanically isolated DC/DC converter according to any one of claims 23 to 27, wherein

the adaptation interval has a preset duration.

29. The galvanically isolated DC/DC converter according to any one of claims 23 to 27, wherein

a duration of the adaptation interval is dependent on an operating point of the DC/DC converter.

30. A method of controlling a galvanically isolated DC/DC converter, which comprises at least
one first side converter circuit coupled between a pair of first side DC terminals and at least one
second side converter circuit coupled between a pair of second side DC terminals and having at
least a first and a second switching element, with each of the first and second switching elements
comprising a switch and a diode connected in parallel, wherein the first side converter circuit is
controlled to alternate between two power transfer states for transferring power from the pair of first
side DC terminals to the pair of second side DC terminals, the method comprising the steps of:

(a) putting the first side converter circuit in one of the two power transfer states, with
the one of the two power states leading to a particular one of the diodes of the first and
second switching elements to be in a conductive state,

(b) closing the switch of the switching element which comprises the particular diode,

(c) terminating the one of the two power transfer states, and

(d) opening the closed switch after the particular diode has transitioned from the

conductive state to a blocking state.

31. The method according to claim 30, further comprising between steps (c¢) and (d) the step of:
(¢) putting the first side converter circuit in the other one of the two power transfer

states, with step (d) taking place a preset lag time after step (¢').
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32. The method according to claim 30 or 31, wherein step (b) takes place a preset delay time

after step (a).

33. The method according to claim 32, wherein the preset delay time is greater than the preset
lag time.
34. The method according to any one of claims 30 to 33, wherein an amount of power transfer is

controlled by a duration of the two power transfer states.
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