2017/134232 AT I 00 000 OO0 0O 010 O 0

<

(43) International Publication Date

Organization
International Bureau

—~
é

=

\

10 August 2017 (10.08.2017)

WIPOIPCT

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)
(19) World Intellectual Property

(10) International Publication Number

WO 2017/134232 Al

(51

eay)

(22)

(25)
(26)
(30)

1

(72

74

31

International Patent Classification:
HO2M 3/335 (2006.01) HO2M 7/48 (2007.01)
HO2M 1/00 (2007.01)

International Application Number:
PCT/EP2017/052394

International Filing Date:
3 February 2017 (03.02.2017)

Filing Language: English
Publication Language: English
Priority Data:

1602044.8 4 February 2016 (04.02.2016) GB

Applicant: ELTEK AS [NO/NOJ; P. O. Box 2340 Strom-
s@, 3003 Drammen (NO).

Inventor: BOYSEN, Kjetil; Sildenestangen 129, 4625
Flekkeray (NO).

Agent: ONSAGERS AS; P.O. Box 1813, Vika, 0123 Oslo
(NO).

Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,

(84)

AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DJ, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KH, KN,
KP, KR, KW, KZ, LA, LC, LK, LR, LS, LU, LY, MA,
MD, ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG,
NI NO, NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO, RS,
RU, RW, SA, SC, SD, SE, SG, SK, SL, SM, ST, SV, SY,
TH, TJ, TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN,
ZA, ZM, ZW.

Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,
TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,
SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,
GW, KM, ML, MR, NE, SN, TD, TG).

Published:

with international search report (Art. 21(3))

(54) Title: BIDIRECTIONAL DC-DC RESONANT CONVERTER

\ RTD
TCal Teb1
o . o h3 b1
RS
Ta2l  pe--m-e--eon Thz a2 ﬁ{/ nobr b2
u1 T
La Lb - *
Ca — UalRs2) 3 Ub -
Tal ERSS ) @
; : bl U2
Ty
Lm
Tbl a1
Sa2 Sad sb i
TCa TChz
_____ \ I 30
————— -
10 LConlroI circuit | . *
—————— Fig.2a

(57) Abstract: The present invention relates to a bi-directional DC-DC resonant converter (1) with bi-directional voltage control. A
resonant tank device (RTD) has first and second primary resonant tank terminals (al, a2) defining a primary resonant tank voltage
(Ua) and first and second secondary resonant tank terminals (b1, b2) defining a secondary resonant tank voltage (Ub). The resonant
tank device (RTD) comprises a configuration switch (RS) for contiguration of the converter (1) between a first state, in which power
is transferred from the secondary converter terminals (TCb1, TCb2) to the primary converter terminals (TCal, TCa2), and a second
state, in which power is transferred from the primary converter terminals (TCal, TCa2) to the secondary converter terminals (TCbl,
TCb2). A first gain Gresl when operating at a first series resonance frequency (®x1) in the first state is different from a second gain
(Gres2) when operating at a second series resonance frequency (o.s2) in the second state.
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BIDIRECTIONAL DC-DC RESONANT CONVERTER

FIELD OF THE INVENTION

The present invention relates to a bi-directional resonant converter with bi-
directional voltage control. More specifically, the invention relates to a bi-
directional converter with galvanic isolation.

BACKGROUND OF THE INVENTION

DC-DC converters are typically used to convert an uncontrolled input DC voltage to
a controlled output DC voltage and supply the controlled output DC voltage to a
load. The DC-DC converters are also providing galvanic insulation between the
input side and the output side.

WO02011/074977 describes a resonant DC-DC converter with a resonant tank having
a transformer, where a switching device is provided for reconfiguring the secondary
windings of the transformer between a star configuration and a delta configuration.

Also bi-directional DC-DC converters exist. Such bi-directional DC-DC converters
may be used in uninterruptable power supplies (UPS), energy storage applications
for renewable energy sources such as solar power, wind power-

US 2011/0317452 describes a bi-directional DC-DC resonant converter with loss-
less (soft) switching with controlled voltage level in both directions. This is
achieved by the addition of an inductor Lnew in the different converter circuits in
this publication. The disadvantage of these circuits is that the additional inductor
Lnew will increase the power losses and hence reduce the power efficiency.

WO 2013/095161 describes a LLC bidirectional resonant converter comprising: a
resonant tank, a first switching circuit connected to the resonant tank via first power
conduits, a second switching circuit connected to the resonant tank via second
power conduits, a switching element, and at least one switchable inductive element
which is arranged by the switching element to be in parallel across the second
power conduits when operating in a first mode of operation and arranged by the
switching element to be in parallel across the first power conduits when operating in
a second mode of operation.

Fig. 1a of the present application shows fig. 5 of WO 2013/095161. Here, the
switching element 517 is switching the resonant circuit between the states shown in
fig. 1b and fig. 1c respectively. In the first state, when power is transferred from left
side to right side, the resonant circuit is a commonly known LLC resonant tank, and
in the second state, when power is transferred from right side to left side, the
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resonant circuit is also a commonly known LLC resonant tank. Here, assuming that
the transformer ratio is 1:1, the gain (i.e. the relation between the primary side
voltage and the secondary side voltage) will have the same gain for all frequencies
for both fig. 1a and fig. 1c. This could be a disadvantage in applications with
battery back-up, where the battery voltage might be different depending on charging
or discharging of the battery.

One object of the invention is to provide a bi-directional DC-DC resonant converter
which in particular is suitable for charging and discharging batteries in renewable
power system applications.

The object of the invention is to provide an improved bi-directional DC-DC
resonant converter. As for all types of converters, it is desired that the power
efficiency is high (i.c. low losses), and that the costs are low.

SUMMARY OF THE INVENTION

In particular, the object of the invention is to improve the functionality of the bi-
directional DC-DC resonant converter when the optimal relation between the
voltages connected to the converters primary and secondary terminals changes
depending on the direction of the power flow. This is done by switching between
two different resonant circuits that have different resonant frequencies and different
DC gain at their respective resonant frequency.

According to the invention, this is achieved by a bi-directional DC-DC resonant
converter comprising a bi-directional DC-DC resonant converter with bi-directional
voltage control, comprising;:

- primary converter terminals defining a primary voltage;

- secondary converter terminals defining a secondary voltage;

- a transformer device having primary transformer terminals and secondary
transformer terminals;

- a resonant tank device having first and second primary resonant tank terminals
defining a primary resonant tank voltage and first and second secondary resonant
tank terminals defining a secondary resonant tank voltage, where the primary tank
terminals are connected to the secondary transformer terminals;

- a primary switching circuit connected between the primary converter terminals
and the primary transformer terminals;

- a secondary switching circuit connected between the secondary resonant tank
terminals and the secondary converter terminals;

where the resonant tank device comprises a configuration switch for configuration
of the converter between a first state, in which power is transferred from the
secondary converter terminals to the primary converter terminals and a second state,
in which power is transferred from the primary converter terminals to the secondary
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converter terminals;

where the resonant tank device comprises a resonant inductor, a magnetizing
inductor and a resonant capacitor connected to the configuration switch;

where a first gain Gresl is defined as the ratio between a first harmonic
approximation of the secondary resonant tank voltage and a first harmonic
approximation of the primary resonant tank voltage when operating at a first series
resonance frequency (mres1) in the first state.

The bi-directional DC-DC resonant converter is characterized in that a second gain
is defined as the ratio between a first harmonic approximation of the secondary
resonant tank voltage and a first harmonic approximation of the primary resonant
tank voltage when operating at a second series resonance frequency (res2) in the
second state;

where the first gain is different from the second gain.

Hence, the bi-directional DC-DC resonant converter has the first gain when
operating in the first state and has the second gain when operating in the second
state.

In one aspect of the invention, the second series resonant frequency (®res2) during
the first harmonic approximation in the second state is different from the first
resonant series frequency (res1) during the first harmonic approximation in the first
state.

In one aspect of the invention, the first gain is equal to 1 when operating at the first
series resonance frequency (oresi) in the first state.

In one aspect of the invention, the second gain is determined by the inductance of
the resonant inductor and inductance of the magnetizing inductor so that the second
gain is equal to (Lr+Lm)/Lm when operating at the second series resonance
frequency (ores2) in the second state.

In one aspect of the invention, the transformer device has a primary winding
connected to the primary transformer terminals and a secondary winding connected
to the secondary transformer terminals.

In one aspect of the invention, the configuration switch comprises a first switch
terminal, a second switch terminal and a third switch terminal.

In one aspect of the invention, the magnetizing inductor is connected between the
first switch terminal and the first primary resonant tank terminal.

In one aspect of the invention, the second switch terminal is connected to the
second primary resonant tank terminal.
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In one aspect of the invention, the resonant capacitor is connected between the
second and third switch terminals.

In one aspect of the invention, the resonant inductor is connected between the third
switch terminal and the second secondary resonant tank terminal.

In one aspect of the invention, the first primary resonant tank terminal is connected
to the first secondary resonant tank terminal.

In one aspect of the invention, the resonant capacitor comprises a first resonant
capacitor connected between the second primary resonant tank terminal and the first
secondary converter terminals and a second resonant capacitor connected between
the second primary resonant tank terminal and the second secondary converter
terminals.

In one aspect of the invention, the resonant inductor is connected between first
primary resonant tank terminal and the first secondary resonant tank terminal.

In one aspect of the invention, the third switch terminal is connected to the second
secondary resonant tank terminal.

In one aspect of the invention, the first switch terminal and the second switch
terminal are connected to each other in the first state; and where the first switch
terminal and the third switch terminal are connected to each other in the second
state.

In one aspect of the invention, the primary switching circuit is a full bridge circuit
or a half bridge circuit.

The present invention also relates to a bi-directional DC-DC resonant converter as
described above where:

- the primary converter terminals are connected to a battery defining a battery
voltage;

- the secondary converter terminals are connected to a power supply system
defining a system voltage;

where an optimal ratio between the system voltage and the battery voltage during
charging is different from an optimal ratio between the system voltage and the
battery voltage during discharging.

DETAILED DESCRIPTION

In the following, embodiments of the invention will be described in detail with
reference to the enclosed drawings, where:

Fig. 1a illustrates a prior art DC-DC resonant converter which can be reconfigured
between two states;
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Fig. 1b illustrates the configuration of the resonant tank in the first state;

Fig. 1c illustrates the configuration of the resonant tank in the second state;

Fig. 2a illustrates the first embodiment of the invention;

Fig. 2b illustrates the configuration of the DC-DC converter in the first state;

Fig. 2c¢ illustrates the configuration of the DC-DC converter in the second state;
Fig. 3a illustrates a first harmonic approximation of the converter in the first state;

Fig. 3b illustrates a simulation of the resonant tank for three different load values in
the first state;

Fig. 3c is an enlarged view of fig. 4b illustrating the 0dB gain at series resonance
frequency wresl.;

Fig. 4a illustrates a first harmonic approximation of the converter in the second
state;

Fig. 4b illustrates a simulation of the resonant tank for three different load values in
the second state;

Fig. 4c is an enlarged view of fig. 4b illustrating a substantial gain (1.6dB) at series
resonance frequency ores2.

Fig. 5 illustrates a second embodiment of the invention;

Fig. 6 illustrates a third embodiment of the invention.

It is now referred to fig. 2a, where a bi-directional DC-DC resonant converter 1
with bi-directional voltage control has been shown.

The converter 1 comprises primary converter terminals TCal, TCa2, i.e. a first
primary converter terminal TCal and a second primary converter terminal TCa2,
defining a primary voltage Ul. Typically, a primary capacitor Ca is connected
between these terminals TCal, TCa2.

The converter 1 also comprises secondary converter terminals TCb1, TCb2, i.c. a
first secondary converter terminal TCb1 and a second secondary converter terminal
TCb2, defining a secondary voltage U2. Typically, a secondary capacitor Cb is
connected between these terminals TCb1, TCb2.

The converter 1 further comprises four main circuits indicated as dashed boxes in
fig. 2a. These main circuits are a transformer device TD, a resonant tank device
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RTD, a primary switching circuit 10 and a secondary switching circuit 20. These
will be described in detail below.

The transformer device TD has primary transformer terminals Tal, Ta2 and
secondary transformer terminals Tb1, Tb2. The transformer device TD has a
primary winding La connected to the primary transformer terminals Tal, Ta2 and a
secondary winding Lb connected to the secondary transformer terminals Tb1, Tb2.

The resonant tank device RTD has first and second primary resonant tank terminals
al, a2 defining a primary resonant tank voltage Ua and first and second secondary
resonant tank terminals b1, b2 defining a secondary resonant tank voltage Ub. The
primary tank terminals al, a2 are connected to the secondary transformer terminals
Tbl, Tb2.

The resonant tank device RTD comprises a resonant inductor Lr, a magnetizing
inductor Lm and a resonant capacitor Cr connected to the configuration switch RS.

The primary switching circuit 10 is connected between the primary converter
terminals TCal, TCa2 and the primary transformer terminals Tal, Ta2. The primary
switching circuit 10 may be a full bridge circuit or a half bridge circuit. In fig. 2a, it
is shown that the primary switching circuit 10 is a full bridge circuit comprising
four switches Sal, Sa2, Sa3 and Sa4. The first switch Sal is connected between the
first primary converter terminal TCal and the first primary tank terminal al. The
second switch Sa2 is connected between the first primary tank terminal al and the
second primary converter terminal TCa2. The third switch Sa3 is connected between
the first primary converter terminal TCal and the second primary tank terminal a2.
The fourth switch Sa4 is connected between the second primary tank terminal a2
and the second primary converter terminal TCa2.

The secondary switching circuit 20 is connected between the secondary resonant
tank terminals b1, b2 and the secondary converter terminals TCb1, TCb2. In fig. 2a,
it is shown that the secondary switching circuit 20 is a full bridge circuit comprising
four switches Sbl, Sb2, Sb3, Sb4. The first switch Sb1 is connected between the
first secondary converter terminal TCb1 and the first primary tank terminal al. The
second switch Sa2 is connected between the first secondary tank terminal al and the
second secondary converter terminal TCb2. The third switch Sa3 is connected
between the first secondary converter terminal TCb1 and the second secondary tank
terminal a2. The fourth switch Sa4 is connected between the second secondary tank
terminal a2 and the second secondary converter terminal TCb2.

The above-mentioned switches comprise semiconductor mosfets, wide bandgap
transistors, or transistors with intrinsic diodes etc.
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Similar to the prior art of fig. 1a, the resonant tank device RTD comprises a
configuration switch RS for configuration of the converter 1 between a first state, in
which power is transferred from the secondary converter terminals TCb1, TCb2 to
the primary converter terminals TCal, TCa2 , and a second state, in which power is
transferred from the primary converter terminals TCal, TCa2 to the secondary
converter terminals TCb1, TCb2.

The configuration switch RS comprises a first switch terminal RS1, a second switch
terminal RS2 and a third switch terminal RS3. The magnetizing inductor Lm is
connected between the first switch terminal RS1 and the first primary resonant tank
terminal al. The second switch terminal RS2 is connected to the second primary
resonant tank terminal a2.

In fig. 2a, the resonant capacitor Cr is connected between the second and third
switch terminals RS2, RS3. The resonant inductor Lr is connected between the third
switch terminal RS3 and the second secondary resonant tank terminal b2. The first
primary resonant tank terminal al is connected to the first secondary resonant tank
terminal bl.

In fig. 2a, a control circuit 30 is indicated in a dashed box. This control circuit 30 is
connected to the switches Sal, Sa2, Sa3, Sa4 of the primary switching circuit 10, to
the resonant switch RS of the resonant tank device RTD and to the switches Sbl,
Sb2, Sb3 and Sb4 of the secondary switching circuit 20. The control circuit 30 is
controlling the switches based on frequency control, a method commonly used for
LLC resonant DC-DC converters.

In fig. 2a, the transformer ratio is 1:1. However, other transformer ratios are of
course possible.

In a typical industrial application, the primary converter terminals TCal, TCa2 will
be connected to a storage device e.g. battery and/or an energy source, while the
secondary converter terminals TCb1, TCb1 will be connected to a DC bus. To this
DC bus, one or several of the following may be connected:

1) a bi-directional DC-AC converter, for converting power from the DC bus to an
AC power supply system, for example a 230 VAC or a 400 VAC power supply
system. This AC power supply system may then comprise both AC power producing
capacity and AC load.

2) a DC load, for example telecommunication equipment, computer servers etc.

3) a DC power producing capacity, typically renewables such as solar cell systems,
ete.
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It is now referred to fig. 2b. Here, the first state is shown, where power is flowing
from the secondary converter terminals TCb1, TCb2 to the primary converter
terminals TCal, TCa2. Here, the control circuit 30 has controlled the resonant
switch RS to connect the first switch terminal RS1 and the second switch terminal
RS2 to each other.

The First Harmonic Approximation (FHA) is a commonly used modelling technique
for analyzing the performance of resonant power converters. This type of
approximation is commonly used, and is for example described in the following
documents: "LLC resonant half-bridge converter design guideline”, by Silvio De
Simone of ST Microelectronics, March 2014 and "LLC Resonant Converter Design
using FAN7688", by Fairchild Semiconductor Corporation, 2015.

In fig. 3a, a first harmonic approximation (often referred to as FHA) of the circuit
of fig. 2b is disclosed. Here, a first harmonic approximation of the voltage Ua,
hereinafter referred to as Ua FHA is represented as a voltage source (in the above
example the battery) and a first harmonic approximation of the voltage Ub,
hereinafter referred to as Ub_FHA is represented as a load (in the above example
the DC bus). Accordingly, in the first state, the battery is charged. The resonance
frequency wres1 in this first state is here referred to as a first resonance frequency.

From fig. 3a we see that the first series resonant frequency w,.s; can be computed
based on values form, resonant inductor Lr and resonant capacitors Cr_eq according
to the formula below:

1
Wres1 = 277,'(Lr % Cr_eq)
As described above, the gain expressed as the absolute value of Ua_ FHA/Ub_FHA

at the first resonant frequency for the circuit in fig. 2b is found to be:

oot — |VaFHA _,
"¢S: = \Ub_FHA -

Wresl

In fig. 3b, the control frequency for the switches is swept from 10kHz to 1 MHz for
three different load values. A series resonance frequency resi is disclosed in fig. 3b
for the point where the gain (the absolute value of the first harmonic approximation
Ua_ FHA, over the first harmonic approximation Ub_FHA) is ideally equal to 1.

It is now referred to fig. 2¢. Here, the second state is shown, where power is
flowing from the primary converter terminals TCal, TCa2 to the secondary
converter terminals TCb1, TCb2. Here, the control circuit 30 has controlled the
resonant switch RS to connect the first switch terminal RS1 and the third switch
terminal RS3 to each other.
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This situation is also illustrated in fig. 4a, 4b and 4c. In fig. 4a, a first harmonic
approximation of the circuit in fig. 2¢ is shown. Here the first harmonic
approximation Ua FHA of the voltage Ua is represented as a power source (in the
above example the battery) and the first harmonic approximation Ub_FHA of the
voltage Ub is represented as a load (in the above example the DC bus).
Accordingly, in the second state, the battery is discharged.

In fig. 4b the resonance frequency res2 18 found by sweeping the control frequency
as described above. Due to the changed circuit configuration, the resonance
frequency is here different than the above first resonant frequency. Hence, series
resonance frequency ores2 is here referred to as a second resonance frequency.

From fig. 4a we see that the second resonant frequency w,,s, can be computed
based on values from magnetizing inductor Lm, resonant inductor Lr and resonant
capacitors Cr_eq:

1
et = 2Lyl * Cr eq)

The gain at w,, for the circuit in fig 2¢ is found to be:

Wres?

The relation between Lr and Lm in figure 4a is Lr/Lm = 0.2. According to the
equation above this implies that the Gres2 =1.2 at wres2. In fig. 4b and 4c¢ it is shown

that the gain Gres2 at the second resonant frequency w,..s, 18 ca 1.6 dB that equals
107(1.6/20) = 1.2

As shown above, the resonant tank device RTD has a second series resonant
frequency wres2 in the second state being different from the first series resonant
frequency wres1. Moreover, the ratio between the secondary voltage Ua and the
primary voltage Ub in the first state is different from the ratio between the
secondary voltage Ub and the primary voltage Ua in the second state.

Example 1

In a first example, the bi-directional resonant LLC converter 1 has its secondary
terminals TCb2, TCb2 connected to a fixed system voltage U2. Primary terminals
TCal, TCa2 are connected to a battery where the battery cells have following
characteristics: Max charge voltage 3.65V per cell, working voltage during
discharging 3.0V to 3.3V pr cell. The max charging voltage is in this case
approximately 14-22% higher than the working discharging voltage of the battery.
In charging mode power flows from Ub to Ua as shown in Fig. 2b and 3a. In this
case the converter is configured as a standard LLC. The LLC converter will have its
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best efficiency around the series resonant frequency rest where the gain is close to
1. The optimal voltage ratio between the fixed system voltage U2 and the needed
charging voltage can be determined, and will result in a transformer ratio n. During
discharging mode the battery cell voltage drops quickly to the working voltage
level. The proposed bidirectional converter will now switch mode to second state as
shown in fig 2¢ and 4a. The gain of the resonant circuit is now 1+ Lt/Lm, the
relation between Lr and Lm can be tuned to create a new optimal voltage ratio
between Ub and Ua that equals n * (1+Lt/Lm). As an example for this specific case
the relation between Lr/Lm could be 0.20 giving an optimal voltage ratio at ®res2
that equals 1.2*n between Ub and Ua. This gives the possibility to run the bi-
directional resonant LLC converter 1 at highest efficiency around res2 in
discharging mode.

Alternative embodiments

It should be noted that the above primary and secondary switching circuits 10, 20
can be half bridge circuits

It is now referred to fig. 5. Here, the secondary switching circuit 20 is a half bridge
where the third and fourth switches Sb3, Sb4 of the secondary switching circuit 20
are replaced with capacitors Cbl, Cb2. Accordingly, also the resonant tank device
RTD has been amended. Similar to the above embodiment, the configuration switch
RS comprises a first switch terminal RS1, a second switch terminal RS2 and a third
switch terminal RS3. The magnetizing inductor Lm is connected between the first
switch terminal RS1 and the first primary resonant tank terminal al. The second
switch terminal RS2 is connected to the second primary resonant tank terminal a2.

However, in this embodiment, the resonant capacitor Cr of the resonant tank device
RTD here comprises a first resonant capacitor Crl connected between the second
primary resonant tank terminal a2 and the first secondary converter terminals TCb1
and a second resonant capacitor Cr2 connected between the second primary
resonant tank terminal a2 and the second secondary converter terminals TCb2.
Moreover, the resonant inductor Lr is connected between first primary resonant tank
terminal al and the first secondary resonant tank terminal b1, and the third switch
terminal RS3 is connected to the second secondary resonant tank terminal b2.

It is now referred to fig. 6. Here the primary switching circuit 10 is also a half
bridge where the third and fourth switches Sa3, Sa4 of the secondary switching
circuit 20 are replaced with capacitors Cal, Ca2. In this embodiment, the resonant
tank device RTD and the secondary switching circuit 20 are similar to the
embodiment shown in fig. 5.
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CLAIMS

1. Bi-directional DC-DC resonant converter (1) with bi-directional voltage control,
comprising:

- primary converter terminals (TCal, TCa2) defining a primary voltage (U1);
- secondary converter terminals (TCb1, TCb2) defining a secondary voltage (U2);

- a transformer device (TD) having primary transformer terminals (Tal, Ta2) and
secondary transformer terminals (Tb1, Tb2);

- a resonant tank device (RTD) having first and second primary resonant tank
terminals (al, a2) defining a primary resonant tank voltage (Ua) and first and
second secondary resonant tank terminals (b1, b2) defining a secondary resonant
tank voltage (Ub), where the primary tank terminals (al, a2) are connected to the
secondary transformer terminals (Tb1, Tb2);

- a primary switching circuit (10) connected between the primary converter
terminals (TCal, TCa2) and the primary transformer terminals (Tal, Ta2);

- a secondary switching circuit (20) connected between the secondary resonant tank
terminals (b1, b2) and the secondary converter terminals (TCb1, TCb2);

where the resonant tank device (RTD) comprises a configuration switch (RS) for
configuration of the converter (1) between a first state, in which power is
transferred from the secondary converter terminals (TCb1, TCb2) to the primary
converter terminals (TCal, TCa2), and a second state, in which power is transferred
from the primary converter terminals (TCal, TCa2) to the secondary converter
terminals (TCb1, TCb2);

where the resonant tank device (RTD) comprises a resonant inductor (Lr), a
magnetizing inductor (Lm) and a resonant capacitor (Cr; Crl, Cr2) connected to the
configuration switch (RS);

where a first gain (Gresl) is defined as the ratio between a first harmonic
approximation (Ub_FHA) of the secondary resonant tank voltage (Ub) and a first
harmonic approximation (Ua_FHA) of the primary resonant tank voltage (Ua) when
operating at a first series resonance frequency (res1) in the first state;

characterized in that:

a second gain (Gres2) is defined as the ratio between a first harmonic approximation
(Ub_FHA) of the secondary resonant tank voltage (Ub) and a first harmonic
approximation (Ua_FHA) of the primary resonant tank voltage (Ua) when operating
at a second series resonance frequency (res2) in the second state;
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where the first gain (Gresl) is different from the second gain (Gres2).

2. Bi-directional DC-DC resonant converter (1) according to claim 1, where the
second series resonant frequency (res2) during the first harmonic approximation in
the second state is different from the first resonant series frequency (®res1) during
the first harmonic approximation in the first state.

3. Bi-directional DC-DC resonant converter (1) according to claim 1 or 2, where the
first gain (Gres1) is equal to 1 when operating at the first series resonance
frequency (wres1) in the first state.

4. Bi-directional DC-DC resonant converter (1) according to any one of claims 1 -
3, where the second gain (Gres2) is determined by the inductance of the resonant
inductor (Lr) and inductance of the magnetizing inductor (Lm) so that the second
gain (Gres2) is equal to (Lr+Lm)/Lm when operating at the second series resonance
frequency (ores2) in the second state.

5. Bi-directional DC-DC resonant converter (1) according to any one of the above
claims, where the transformer device (TD) has a primary winding (La) connected to
the primary transformer terminals (Tal, Ta2) and a secondary winding (Lb)
connected to the secondary transformer terminals (Tb1, Tb2).

6. Bi-directional DC-DC resonant converter (1) according to any one of the above
claims, where the configuration switch (RS) comprises a first switch terminal
(RS1), a second switch terminal (RS2) and a third switch terminal (RS3).

7. Bi-directional DC-DC resonant converter (1) according to claim 6, where the
magnetizing inductor (Lm) is connected between the first switch terminal (RS1) and
the first primary resonant tank terminal (al).

8. Bi-directional DC-DC resonant converter (1) according to any one of claims 6 —
7, where the second switch terminal (RS2) is connected to the second primary
resonant tank terminal (a2).

9. Bi-directional DC-DC resonant converter (1) according to any one of claims 6 —
8, where the resonant capacitor (Cr) is connected between the second and third
switch terminals (RS2, RS3).

10. Bi-directional DC-DC resonant converter (1) according to any one of claims 6 —
9, where the resonant inductor (Lr) is connected between the third switch terminal
(RS3) and the second secondary resonant tank terminal (b2).



10

15

20

25

30

WO 2017/134232 PCT/EP2017/052394

13

11. Bi-directional DC-DC resonant converter (1) according to claim 9 or 10, where
the first primary resonant tank terminal (al) is connected to the first secondary
resonant tank terminal (b1).

12. Bi-directional DC-DC resonant converter (1) according to any one of claims 6 —
8, where the resonant capacitor (Cr) comprises a first resonant capacitor (Crl)
connected between the second primary resonant tank terminal (a2) and the first
secondary converter terminals (TCb1) and a second resonant capacitor (Cr2)
connected between the second primary resonant tank terminal (a2) and the second
secondary converter terminals (TCDb2).

13. Bi-directional DC-DC resonant converter (1) according to any one of claims 6 —
8 or 12, where the resonant inductor (Lr) is connected between first primary
resonant tank terminal (al) and the first secondary resonant tank terminal (b1).

14. Bi-directional DC-DC resonant converter (1) according to claim 12 or 13, where
the third switch terminal (RS3) is connected to the second secondary resonant tank
terminal (b2).

15. Bi-directional DC-DC resonant converter (1) according to any one of claims 6 —
14, where the first switch terminal (RS1) and the second switch terminal (RS2) are
connected to each other in the first state; and where the first switch terminal (RS1)
and the third switch terminal (RS3) are connected to each other in the second state.

16. Bi-directional DC-DC resonant converter (1) according to claim 1, where the
primary switching circuit (10) is a full bridge circuit or a half bridge circuit.

17. Bi-directional DC-DC resonant converter (1) according to any one of the above
claims, where:

- the primary converter terminals (TCal, TCa2) are connected to a battery defining
a battery voltage (Ul);

- the secondary converter terminals (TCb1, TCb2) are connected to a power supply
system defining a system voltage (U2);

where an optimal ratio between the system voltage (U2) and the battery voltage
(U1) during charging is different from an optimal ratio between the system voltage
(U2) and the battery voltage (U1) during discharging.
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