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Dual active bridge DC-DC converter with extended operation range

The present disclosure relates to a dual active bridge DC-DC converter with an

extended operation range and to a method for controlling a dual active bridge DC-DC

converter to achieve an extended operation range.

Background of invention

Bidirectional DC-DC converters provide the capability of effectively and flexibly

regulating reversible DC power flows, making them suitable for use in applications such

as renewable energy systems, electrical vehicles and DC microgrids. One bidirectional

DC-DC topology which has gained popularity is the dual active bridge (DAB) converter.

The efficiency of DAB converters suffer from large root mean square (RMS) current

caused by voltage mismatch between the low voltage side (LVs) and high voltage side

(HVs) and phase-shift control introducing reactive power. When voltage amplitudes of

the two sides of the transformer of the dual active bridge converter do not match, the

difference causes RMS current. A greater mismatch increases the RMS current.

Various techniques for high current applications have been proposed. One method is to

use parallel semiconductor devices or converter modular units. However, paralleling

switches complicates circuit layout and increases parasitic inductance. Moreover,

thicker copper or a parallel structure must be applied to transformer windings resulting

in high manufacturing cost and high interwinding capacitance especially for print circuit

board (PCB) windings. Paralleling converter modular units also need an additional

control scheme to eliminate circulating current between units.

Summary of invention

In the present disclosure a new dual active bridge (DAB) converter is proposed. The

problem of large root mean square (RMS) current because of voltage mismatch

between the low voltage side (LVs) and high voltage side (HVs) typically become even

more severe for high voltage gain high power applications. The proposed DAB

converter may therefore be particularly useful for high-power high-voltage-gain

applications. The disclosure relates to a partially paralleled DAB configuration, in which

AC current balancing between parallel full-bridges is ensured by series connected

transformer windings on the high voltage side of the DAB. The present disclosure



therefore relates to a partially paralleled dual active bridge converter, wherein a low-

voltage (LV) side parallel and high-voltage (HV) side series topology is configured to

achieve high voltage gain while reducing current stress over switching devices and

transformer windings on the low voltage high current side of the DAB converter. The

configuration is based on an idea of connecting the circuit parts which need to carry

high current in parallel and connecting the circuit parts which need to block high

voltage in series. Moreover, by regulating the phase shift between the paralleled low

voltage active bridge circuits on the low voltage side, the DAB converter may extend

the operating range of the DAB converter in terms of output power, which is described

in further detail below.

A first embodiment of the present invention therefore relates to a dual active bridge

DC-DC converter comprising:

a low voltage port;

a high voltage port;

a set of n transformers, each transformer comprising a primary and a

secondary winding magnetically coupled to each other;

a single active high voltage bridge circuit connected between the high

voltage port and the set of n transformers, wherein the n transformers

are arranged to operate in series;

n low voltage active bridge circuits connected in parallel between the set

of n transformers and the low voltage port, wherein the n transformers

are arranged to operate in parallel;

a control unit configured to control:

o a first phase-shift angle between one of the n low voltage active

bridge circuits and the single active high voltage bridge circuit;

and

o a second phase-shift angle between the n low voltage active

bridge circuits to regulate a generated power and/or output

voltage and/or current of the dual active bridge DC-DC

converter, thereby extending an operation range of the dual

active bridge DC-DC converter;

wherein n is a positive integer number larger than or equal to 2 .

Fig. 1 shows an example of such an embodiment. In this embodiment the single active

high voltage bridge is a high voltage H-bridge comprising four controllable switches,



and the parallel low voltage active bridge circuits are low voltage H-bridges, each low

voltage H bridge comprising four controllable switches.

The control unit may control the second shift angle between the parallel low voltage

active bridge circuits to modify the power equations of the circuit and thereby extend

the operation range of the circuit in terms of power. This means that the control unit

may also be operable to adjust the second phase shift angle, and/or use a number of

different configurations with different second phase shift angles in order to get a

number of different power output curves. By exploiting the different second phase

angle configurations, the operation range may be further extended. The presently

disclosed dual active bridge DC-DC converter can thus be said to introduce an

additional degree of freedom to control output power or voltage.

The first phase shift angle φ may be represented as a percentage of the switching

period of the dual active bridge DC-DC converter. The second phase-shift angle < may

then be a value between 0 and φ ( <φρ< φ ) .

The present disclosure further relates to a method for controlling a dual active bridge

DC-DC converter having n transformers; a single active high voltage bridge circuit,

such as a high voltage H-bridge, connected to a high voltage port, and n low voltage

active bridge circuits, such as low voltage H-bridge circuits, connected in parallel to a

low voltage port, the method comprising the steps of:

applying a first pulse width modulated drive signal to the single active

high voltage bridge circuit;

- applying a second pulse width modulated drive signal to a first low

voltage active bridge circuit of the n active low voltage active bridge

circuits, the second pulse width modulated drive signal having a first

phase-shift angle in relation to the first pulse width modulated drive

signal;

- applying a third pulse width modulated drive signal to a second low

voltage active bridge circuit of the n low voltage active bridge circuits,

the third pulse width modulated drive signal having a second phase-shift

angle in relation to the first pulse width modulated drive signal, wherein

the second phase-shift angle is less than the first phase-shift angle;



The method may be carried out using any embodiment of the presently disclosed dual

active bridge DC-DC converter.

These and other aspects of the invention are set forth in the following detailed

description if the invention.

Description of drawings

Fig. 1 shows an example of the presently disclosed dual active bridge DC-DC

converter having a single active high voltage bridge circuit and two low voltage active

bridge circuits connected in parallel connected to the same low voltage port.

Fig. 2 and 3 show different phase shift modulations for the dual active bridge DC-DC

converter.

Fig. 4 shows transferred power as a function of φ at different φρ.

Fig. 5 (A and B) show average current as a function of φ at different φρ.

Fig. 6 shows an example of the presently disclosed dual active bridge DC-DC

converter having a single active high voltage bridge circuit and more than two low

voltage active bridge circuits connected in parallel connected to the same low voltage

port

Fig. 7 shows experimental voltage and current waveform comparisons for voltage

( 1 1+ 1 2) (Ch1 ) , voltage 2 (Ch2) and current /'LAC (Ch3) with (a) φΡ=0, (b) 0< < φ and

(c) φ <φρ for one embodiment of the presently disclosed dual active bridge DC-DC

converter.

Fig. 8 shows experimental voltage and current waveform comparisons for voltage i 1

(Ch1 ) , voltage 1 2 (Ch2), current /'1 (Ch3) and current (Ch4) with (a) φΡ=0, (b)

<φρ<φ , and (c) < ><pfor the implementation of fig. 1.The currents and are the

same regardless the phase-shift angles.

Detailed description of the invention

The present disclosure relates to a dual active bridge DC-DC converter comprising a

low voltage port; a high voltage port; one high voltage bridge circuit; a plurality of

parallel low voltage active bridge circuits, wherein a plurality of transformers, arranged

to operate in series, connect the high voltage bridge circuit with the plurality of parallel

low voltage active bridge circuits. Preferably, the dual active bridge DC-DC converter

comprises a control unit for controlling phase-shift angles between the high voltage

bridge circuit and the plurality of parallel low voltage active bridge circuits, and phase-



shift angles between the parallel low voltage active bridge circuits. By regulating the

phase shift between the paralleled low voltage active bridge circuits on the low voltage

side, the DAB converter may extend the operating range of the DAB converter in terms

of output power. Each transformer may comprise a primary and a secondary winding

magnetically coupled to each other by means of for example a transformer core of high

magnetic permeability. Preferably, the plurality of transformers are arranged to operate

in series, as shown in for example fig. 1, wherein each of the parallel low voltage active

bridge circuits are connected to one transformer, and wherein the transformers are

connected in series on the high voltage side. Preferably, the control unit is configured

to control a first phase-shift angle between one of the n low voltage active bridge

circuits, for example a selected reference low voltage active bridge circuit, and the

single active high voltage bridge circuit. Fig. 2 shows an example of a first phase-shift

angle between a first low voltage active bridge circuit (S1 , S2, S3, S4) and the high

voltage bridge circuit (S5, S6, S7, S8) based on the topology of fig. 1. In addition to the

first phase-shift angle, there is preferably at least one second phase-shift angle

internally between the low voltage active bridge circuits. Fig. 2 shows an example of

such a second phase-shift angle between two low voltage active bridge circuits, (S1 ,

S2, S3, S4), (S1_2, S2_2, S3_2, S4_2) respectively. If the first phase-shift angle is not

the same as the second phase-shift angle, the operation range of the dual active bridge

DC-DC converter can be extended. Preferably, when using the presently disclosed

dual active bridge DC-DC converter, the total current between the low voltage port and

the n transformers is split between the n low voltage active bridge circuits.

The single active high voltage bridge circuit may be a high voltage H-bridge comprising

four controllable switches, for example S5, S6, S7, S8. The low voltage active bridge

circuits may be low voltage H-bridges, each low voltage H bridge comprising four

controllable switches, for example S 1, S2, S3, S4 and S1_2, S2_2, S3_2, S4_ 2 and so

forth. Examples of H-bridges are shown in fig. 1. Generally, H-bridge refers to a

structure derived from a typical graphical representation of an integrated circuit that

enables a voltage to be applied across a load in opposite directions. An H-bridge is

typically built with four switches as shown in for example fig. 1. When the switches S 1

and S4 are closed, and S2 and S3 are open, a positive voltage is applied between the

node between S1-2 and the node between S3-4. By opening the S 1 and S4 switches

and closing the S2 and S3 switches, this voltage is reversed.



The dual active bridge DC-DC converter, in particular the H-bridges of the converter,

may operate for example with a switching frequency between 1 kHz and 1 MHz,

preferably between 10 kHz and 500 kHz, more preferably between 50 kHz and 200

kHz. The switching frequency in this regard may refer to the switching of the S1-S8,

S1_2-S4_2 as illustrated in fig. 3 .

The dual active bridge DC-DC converter may be configured to operate on low voltage

(Vi) on the low voltage port that is lower than 100V, preferably lower than 50V, more

preferable lower than 40V, even more preferably lower than 25V, most preferably lower

than 10V. A high voltage (V2) on the high voltage port may be for example higher than

100V, preferably higher than 150V, more preferable higher than 200V, even more

preferably higher than 300V.

Operation and phase-shift angle management

As stated, the partial parallel configuration may split the high-current loops into two

smaller loops with half the total input current, thereby reducing conduction and

switching losses.

The basic converter operating waveforms under single phase-shift modulation (first

phase-shift angle only) are presented in fig. 2 . The converter’s steady-state power

equation can be derived from:

where the phase shift φ is represented as a percentage of the switching period s, fs is

the switching frequency and L
ac

is the sum of the external inductance and the transformer

leakage inductance seen from the high-voltage side.

The four controllable switches of each high voltage H-bridge and/or the low voltage H-

bridge may form two pairs of switches, wherein the control unit is configured to open

and close the two pairs of switches in mutually exclusive configurations, as described.

The first phase-shift angle may represent a first shift in time, preferably a

predetermined shift in time, between switching of pairs of switches of the high voltage

H-bridge and pairs of switches of a first low voltage H-bridge. The first phase-shift



angle can be said to determine the shape of the current and voltage on the high

voltage side (LAC, VLAC). An example is shown in fig. 2 .

In addition to the first phase-shift angle, the present disclosure proposes a second

phase-shift angle between the low voltage active bridge circuits. The second phase-

shift angle may represent a second shift in time, preferably a predetermined second

shift in time, between switching of corresponding pairs of switches a first low voltage H-

bridge and a second low voltage H-bridge. An example of such a second phase-shift

angle is shown in fig. 3 , wherein the phase-shift angle between the first low voltage H-

bridge and the second low voltage H-bridge is different than the phase-shift angle

between the first low voltage H-bridge and the high voltage H-bridge.

Regulating the phase shift between the two paralleled active bridges gives an

additional degree of freedom to control output power or voltage. Fig. 3 shows an

example of a switching pattern and the typical AC inductor current and voltage

waveforms when the second phase shift φρ is inserted. In one embodiment the second

phase-shift angle is less than the first phase-shift angle. This may be represented by

0« « .

Based on the waveforms in the example of fig. 3 , / 1, and can be calculated

accordingly in.

By using the mean-value theorem, the power equation for dual active bridge DC-DC

converter with φ and φρ as the control parameters is expressed can be expressed as:



In comparison with the single phase-shift modulation it has an additional term

Similarly, the power equation for φ <φρ<0.25 is can be expressed as:

p = ¾ . - ? - Pp (0 < ρ≤ 0.25)

Therefore, in one embodiment of the presently disclosed dual active bridge DC-DC

converter, the generated power of the converter is expressed as:

wherein Vi is the input voltage, V2 is the output voltage, fs is the switching frequency,

LAC is the sum of external inductance, φ is the first phase-shift angle, and φ is the

second phase-shift angle.

Examples of the power as a function of φ and φρ are shown and compared against

single phase-shift modulation (φ = φρ) in fig. 4 . In one embodiment of the presently

disclosed dual active bridge DC-DC converter, the control unit is configured to control

the second phase-shift angle dynamically to regulate a generated power of the dual

active bridge DC-DC converter to optimize the transferred power. Moreover, the control

of the second phase-shift may be based on a relation between an input voltage on the

low voltage port and an output voltage on the output voltage port. The control unit may

be configured to control the second phase-shift angle to regulate an output voltage

and/or power and/or current, such as a steady-state power, of the dual active bridge

DC-DC converter.

By regulating the second phase-shift angle (φρ) an unequal power distribution, and/or

an unequal current distribution between the parallel low voltage active bridge circuits

can be achieved. When <φρ<φ , the average input currents i - a and I 2_avg in the

parallel low voltage active bridge circuits can be calculated as follows:



where

It follows that the current distribution between the two paralleled bridges depends on the

phase-shift angles φ and φρ and m. Fig. 5 shows the ratios of the average currents lin-\-avg

and I 2- avg against n2-V^fs/Lac as a function of φ . The dashed line and solid line represent

< i - a and I 2_avg respectively. Fig. 5A shows the average current as a function of φ at

different φρ. when m = 1 and 5B shows the same when m≠1.

Despite the possible unequal distribution of current, the series winding connection of the

transformers may constrain the RMS currents to be equal in all the semiconductor

switches on the low voltage side.

Isi~S4_rms ^Sl_2~S4_2_rms

Topologydetails

Fig. 1 shows an example of the presently disclosed dual active bridge DC-DC

converter having a single active high voltage bridge circuit and two low voltage active

bridge circuits connected in parallel connected to the same low voltage port.

Preferably the plurality of low voltage active bridge circuits is connected to the same

low voltage port. The active high voltage bridge circuit may comprise four controllable

semiconductor switches (S5, S6, S7, and S8) in an H-bridge configuration, wherein a

first output of the plurality transformers is connected to a node between S5 and S6, and

wherein a second output of the plurality of transformers is connected to a node

between S7 and S8. An inductor may be placed between the first output of the plurality

transformers and the node between S5 and S6. The outputs of S5 and S7 of the high

voltage H-bridge are preferably connected to a first high voltage terminal of the high

voltage port. Similarly, the outputs of S6 and S8 may be connected to a second high

voltage terminal of the high voltage port.



On the low voltage side, the first low voltage H-bridge may comprise four controllable

semiconductor switches S 1, S2, S3, and S4 in an H-bridge configuration. In this

configuration a node between S 1 and S2 may be connected to one side of the primary

winding (i.e. the low voltage side of the transformer) of a first transformer. A node

between S3 and S4 may be connected to another side of the primary winding of the

first transformer. The inputs of S 1 and S3 may be connected to a first low voltage

terminal of the low voltage port, and the inputs of S2 and S4 connected to a second low

voltage terminal of the low voltage port. This configuration results in that the first

transformer is connected to the low voltage port through the first low voltage active

bridge circuits.

In one embodiment of the presently disclosed dual active bridge DC-DC converter, the

second low voltage active bridge circuit is a second low voltage H-bridge which

comprises four controllable semiconductor switches S1_2, S2_2, S3_2, and S4_4 in an

H-bridge configuration. A node between S1_2 and S2_2 may be connected to one side

of the primary winding (i.e. the low voltage side of the transformer) of a second

transformer, and a node between S3_2 and S4_2 to connected to the other side of the

primary winding of the second transformer. The inputs of S1_2 and S3_2 may be

connected to a first low voltage terminal of the low voltage port, and the inputs of S2_2

and S4_2 connected to a second low voltage terminal of the low voltage port. This

configuration results in that the second transformer is connected to the low voltage port

through the second low voltage active bridge circuits.

The first and second low voltage active bridge circuits may thereby be seen as parallel,

whereas the secondary windings of the transformers are serially connected, wherein

the ends of the chain formed by the secondary windings are connected to the

connection nodes of the high voltage active bridge circuits.

The presently disclosed concept of a partially paralleled dual active bridge converter

can be extended to a higher number of parallel transformers and low voltage active

bridge circuits. In one embodiment the dual active bridge DC-DC converter therefore

comprises:

a set of n transformers, each transformer comprising a primary and a

secondary winding magnetically coupled to each other;



a single active high voltage bridge circuit connected between the high

voltage port and the set of n transformers, wherein the n transformers

are arranged to operate in series;

n low voltage active bridge circuits connected in parallel between the set

of n transformers and the low voltage port, wherein the n transformers

are arranged to operate in parallel;

wherein n is a positive integer number larger than or equal to 3 , or larger than 4 , or

larger than 5 . The controllable number of shift angles between the first low voltage

active bridge circuits and the second/third/fourth (etc.) low voltage active bridge circuits

may therefore be n-1 . The extended number of parallel low voltage active bridge

circuits is shown in fig. 6 .

Method for controlling a dual active bridge DC-DC converter

The present disclosure further relates to a method for controlling a dual active bridge

DC-DC converter. The dual active bridge DC-DC converter may be any embodiment of

the presently disclosed dual active bridge DC-DC converter. Preferably the DAB DC

converter has n transformers; a single active high voltage bridge circuit, such as a high

voltage H-bridge, connected to a high voltage port, and n low voltage active bridge

circuits, such as low voltage H-bridge circuits, connected in parallel to a low voltage

port.

In a first embodiment the method for controlling a dual active bridge DC-DC converter

comprises the steps of:

applying a first pulse width modulated drive signal to the single active

high voltage bridge circuit;

applying a second pulse width modulated drive signal to a first low

voltage active bridge circuit of the n low voltage active bridge circuits,

the second pulse width modulated drive signal having a first phase-shift

angle in relation to the first pulse width modulated drive signal;

applying a third pulse width modulated drive signal to a second low

voltage active bridge circuit of the n low voltage active bridge circuits,

the third pulse width modulated drive signal having a second phase-shift

angle in relation to the first pulse width modulated drive signal, wherein

the second phase-shift angle is less than the first phase-shift angle.



The first phase shift angle may be represented by φ as a percentage of the switching

period Ts. The second phase-shift angle may be represented by <
p..

The first phase

shift angle and the second phase-shift angle may have the relationship ( <φρ≤ φ ) . As

can be seen from for example fig. 3 , the inventors have realized that a partially parallel

implementation combined with individual control of the parallel low voltage active

bridge circuits can be used to shape and balance power and/or current differently,

which may be particularly useful and high voltage and/or high power applications. The

opearting range of the dual active bridge DC-DC converter may be extended by

applying different second phase angles. The second phase angle may be controlled

dynamically.

In one embodiment the second phase-shift angle is chosen for distributing power over

the n low voltage active bridge circuits, optionally for distributing the power unequally

over the n low voltage active bridge circuits. One way of selecting the second phase

shift angle is based on an input and output voltage relation of the dual active bridge

DC-DC converter. This may also involve the step of adapting the combined effect of the

first phase-shift angle and the second phase-shift angle to regulate a load power of the

dual active bridge DC-DC converter.

As described above, the single active high voltage bridge circuit may comprise a high

voltage H-bridge and each low voltage active bridge circuit may comprise a low voltage

H-bridge circuit. The four controllable switches of each high voltage H-bridge and/or the

low voltage H-bridge may form two pairs of switches. The first and second pulse width

modulated drive signals may therefore, accordingly, be switching signals for the pairs

of switches of H-bridge circuits.

Detailed description of drawings

The invention will in the following be described in greater detail with reference to the

accompanying drawings. The drawings are exemplary and are intended to illustrate

some of the features of the presently disclosed dual active bridge DC-DC converter

and method for controlling a dual active bridge DC-DC converter, and are not to be

construed as limiting to the presently disclosed invention.

Fig. 1 shows an example of the presently disclosed dual active bridge DC-DC

converter ( 1 ) having a single active high voltage bridge circuit (9) and two low voltage

active bridge circuits (10, 11) connected in parallel connected to the same low voltage



port V i (2) having a positive terminal (+) (5) and a negative terminal (-) (6). The single

active high voltage bridge circuit (9) is connected to a high voltage port V2 (3) having a

positive terminal (+) (7) and a negative terminal (-) (8). In this example there are two

parallel low voltage active bridge circuits (10, 11) and two transformers (4). A control

unit (13) controls the phase angles between the low voltage and high voltage side and

between the two low voltage active bridge circuits (10, 11) . The low voltage port V i (2)

has a capacitor Ci (2) and the high voltage port V2 (3) has a capacitor C2 (3). In the

example of fig. 1, the high voltage bridge circuits (9, 10, 11) are implemented as H-

bridges, each H-bridge having four controllable switches, (S1 , S2, S3, S4), (S1_2,

S2_2, S3_2, S4_2) respectively.

Fig. 3 shows an example of a configuration, wherein a first phase-shift angle has been

introduced between one of the low voltage active bridge circuits and the high voltage

active bridge circuit (φ , shift between S1/S4 and S5/S8, then between S2/S3 and

S6/S7 etc.). In addition to the first phase-shift angle φ there is a second phase-shift

angle φρ between the low voltage active bridge circuits (φρ, shift between S1/S4 and

S1_2/S4_2, then between S2/S3 and S2_2/S2_4 etc.). The additional phase-shift has,

as can be seen in the figure, an impact on the current ( /'LAC) and voltage (VLAC) of the

dual active bridge DC-DC converter.

Fig. 6 shows an example of the presently disclosed dual active bridge DC-DC

converter having a single active high voltage bridge circuit (9) and more than two low

voltage active bridge circuits (10, 11A, 11B) connected in parallel connected to the

same low voltage port. The n transformers are connected in series. The extension of

the concept into further parallel low voltage active bridge circuits allows for

combinations of addition internal phase-shift angles between the low voltage active

bridge circuits. In the example of fig. 6 two such phase-shift angles (φρι and φρη-ι) are

shown.

Fig. 7-8 show experimental voltage and current waveform comparisons for voltage

(vi_i+vi_ 2) (Ch1 ) , voltage v2 (Ch2) and current /'LAC (Ch3) with (a) φΡ=0, (b) 0< < φ and

(c) φ <φρ for one embodiment of the presently disclosed dual active bridge DC-DC

converter. In fig. 7 (a) <p=0.034 and φΡ=0, (b) <p=0.08 and =0.06, and (c) <p=0.04 and

=0.05. When φρ≠ , the voltage across the series connected high-voltage windings,

i.e. -( i_i+vi _2) becomes a three-level waveform consisting of ±2n\/i and 0 , which

changes the current waveforms accordingly. Fig. 8 illustrates the effect of φρ on the low



voltage side. Fig. 8 shows experimental voltage and current waveform comparisons for

voltage V-M (Ch1), voltage v-i_2 (Ch2), current (Ch3) and current (Ch4) with (a)

=0, (b) <φρ<φ , and (c) < > < for the implementation of fig. I .The currents and

are the same regardless the phase-shift angles. Moreover, as can be seen, L
ac

causes

the AC current to lag behind the AC voltage, which introduces reactive power and

leads to extra conduction losses. The larger the phase shift, the higher the loss.

However, in this scenario, regulating φρ is able to delay the AC voltage V-M , so that the

effective phase-shift angle between V-M and is reduced, as highlighted in Fig. 8 (b)

and (c) with the dashed lines, and the reactive power decreases. This also explains

why the input currents i and i 2 have different average values.

Further details of the invention

1. A dual active bridge DC-DC converter comprising:

a low voltage port;

- a high voltage port;

a set of n transformers, each transformer comprising a primary and a

secondary winding magnetically coupled to each other;

a single active high voltage bridge circuit connected between the high

voltage port and the set of n transformers, wherein the n transformers

are arranged to operate in series;

n active low voltage active bridge circuits connected in parallel between

the set of n transformers and the low voltage port, wherein the n

transformers are arranged to operate in parallel;

a control unit configured to control:

o a first phase-shift angle between one of the n active low voltage

active bridge circuits and the single active high voltage bridge

circuit; and

o a second phase-shift angle between the n active low voltage

active bridge circuits, thereby extending an operation range of

the dual active bridge DC-DC converter;

wherein n is a positive integer number larger than or equal to 2 .

2 . The dual active bridge DC-DC converter according to any of the preceding

items, wherein the single active high voltage bridge circuit is a high voltage H-

bridge comprising four controllable switches, and wherein the n active low



voltage active bridge circuits are low voltage H-bridges, each low voltage H

bridge comprising four controllable switches.

The dual active bridge DC-DC converter according to item 2 , wherein the four

controllable switches of each high voltage H-bridge and/or the low voltage H-

bridge form two pairs of switches, and wherein the control unit is configured to

open and close the two pairs of switches in mutually exclusive configurations.

The dual active bridge DC-DC converter according to item 3 , wherein the first

phase-shift angle represents a first predetermined shift in time between

switching of pairs of switches of the high voltage H-bridge and pairs of switches

of a first low voltage H-bridge.

The dual active bridge DC-DC converter according to any of the preceding

items, wherein the second phase-shift angle represents a second

predetermined shift in time between switching of corresponding pairs of

switches a first low voltage H-bridge and a second low voltage H-bridge.

The dual active bridge DC-DC converter according to any of items 2-5, wherein

the H-bridges are switched with a switching frequency between 1 kHz and 1

MHz, preferably between 10 kHz and 500 kHz, more preferably between 50

kHz and 200 kHz.

The dual active bridge DC-DC converter according to any of the preceding

items, wherein the second phase-shift angle is less than the first phase-shift

angle.

The dual active bridge DC-DC converter according to any of the preceding

items, wherein the control unit is configured to control the second phase-shift

based on a relation between an input voltage on the low voltage port and an

output voltage on the output voltage port.

The dual active bridge DC-DC converter according to any of the preceding

items, said converter being adapted to operate on a low voltage on the low

voltage port, said low voltage lower than 100V, preferably lower than 50V, more



preferable lower than 40V, even more preferably lower than 25V, most

preferably lower than 10V.

10. The dual active bridge DC-DC converter according to any of the preceding

items, said converter being adapted to operate on a high voltage on the high

voltage port, said high voltage higher than 100V, preferably higher than 150V,

more preferable higher than 200V, even more preferably higher than 300V.

11. The dual active bridge DC-DC converter according to any of the preceding

items, wherein the control unit is configured to control the second phase-shift

angle dynamically to regulate a generated power of the dual active bridge DC-

DC converter.

12. The dual active bridge DC-DC converter according to item 11, wherein the

generated power of the converter is expressed as

wherein Vi is the input voltage, V2 is

the output voltage, fs is the switching frequency, LAC is the sum of external

inductance, φ is the first phase-shift angle, and φ is the second phase-shift

angle.

13. The dual active bridge DC-DC converter according to any of the preceding

items, wherein the control unit is configured to control the second phase-shift

angle to regulate an output voltage and/or power, such as a steady-state power,

of the dual active bridge DC-DC converter.

14. The dual active bridge DC-DC converter according to any of the preceding

items, wherein the n active low voltage active bridge circuits are connected to

the same low voltage port.

15. The dual active bridge DC-DC converter according to any of the preceding

items, wherein the active high voltage bridge circuit comprises four controllable

semiconductor switches S5, S6, S7, and S8 in an H-bridge configuration,

wherein a first output of the n transformers is connected to a node between S5



and S6, and wherein a second output of the n transformers is connected to a

node between S7 and S8.

The dual active bridge DC-DC converter according to item 15, wherein outputs

of S5 and S7 are connected to a first high voltage terminal of the high voltage

port, and wherein outputs of S6 and S8 are connected to a second high voltage

terminal of the high voltage port.

The dual active bridge DC-DC converter according to any of the preceding

items, wherein a first low voltage H-bridge comprises four controllable

semiconductor switches S 1, S2, S3, and S4 in an H-bridge configuration,

wherein a node between S 1 and S2 is connected to one side of the primary

winding of a first transformer, and a node between S3 and S4 is connected to

another side of the primary winding of the first transformer.

The dual active bridge DC-DC converter according to item 17, wherein inputs of

S 1 and S3 are connected to a first low voltage terminal of the low voltage port,

and wherein inputs of S2 and S4 are connected to a second low voltage

terminal of the low voltage port.

The dual active bridge DC-DC converter according to any of the preceding

items, wherein a second low voltage H-bridge comprises four controllable

semiconductor switches S1_2, S2_2, S3_2, and S4_4 in an H-bridge

configuration, wherein a node between S1_2 and S2_2 is connected to one

side of the primary winding of a second transformer, and a node between S3_2

and S4_2 is connected to another side of the primary winding of the second

transformer.

The dual active bridge DC-DC converter according to item 19, wherein inputs of

S1_2 and S3_2 are connected to the first low voltage terminal of the low voltage

port, and wherein inputs of S2_2 and S4_2 are connected to the second low

voltage terminal of the low voltage port.

The dual active bridge DC-DC converter according to any of the preceding

items, wherein a total current between the low voltage port and the n

transformers is split between the n active low voltage active bridge circuits.



22. A method for controlling a dual active bridge DC-DC converter having n

transformers; a single active high voltage bridge circuit, such as a high voltage

H-bridge, connected to a high voltage port, and n active low voltage active

bridge circuits, such as low voltage H-bridge circuits, connected in parallel to a

low voltage port, the method comprising the steps of:

applying a first pulse width modulated drive signal to the single active

high voltage bridge circuit;

applying a second pulse width modulated drive signal to a first active

low voltage active bridge circuit of the n active low voltage active bridge

circuits, the second pulse width modulated drive signal having a first

phase-shift angle in relation to the first pulse width modulated drive

signal;

applying a third pulse width modulated drive signal to a second active

low voltage active bridge circuit of the n active low voltage active bridge

circuits, the third pulse width modulated drive signal having a second

phase-shift angle in relation to the first pulse width modulated drive

signal, wherein the second phase-shift angle is less than the first phase-

shift angle.

23. The method for controlling a dual active bridge DC-DC converter according to

item 22, wherein the second phase-shift angle is chosen for distributing power

over the n active low voltage active bridge circuits, optionally distributing the

power unequally over the n active low voltage active bridge circuits.

24. The method for controlling a dual active bridge DC-DC converter according to

any of items 22-23, wherein the second phase-shift angle is chosen based on

an input and output voltage relation of the dual active bridge DC-DC converter.

25. The method for controlling a dual active bridge DC-DC converter according to

any of items 22-24, further comprising the step of adjusting the first phase-shift

angle and the second phase-shift angle to regulate a load power of the dual

active bridge DC-DC converter.



26. The method for controlling a dual active bridge DC-DC converter according to

any of items 22-25, wherein the first and second pulse width modulated drive

signals are switching signals for pairs of switches of H-bridge circuits.

27. The method for controlling a dual active bridge DC-DC converter according to

any of items 22-26, wherein the dual active bridge DC-DC converter is the

converter of any of items 1-21 .

28. The method for controlling a dual active bridge DC-DC converter according to

any of items 22-27, further comprising the step of providing the dual active

bridge DC-DC converter of any of items 1-21 .



Claims

1. A dual active bridge DC-DC converter comprising:

a low voltage port;

a high voltage port;

a set of n transformers, each transformer comprising a primary and a

secondary winding magnetically coupled to each other;

a single active high voltage bridge circuit connected between the high

voltage port and the set of n transformers, wherein the n transformers

are arranged to operate in series;

n low voltage active bridge circuits connected in parallel between the set

of n transformers and the low voltage port, wherein the n transformers

are arranged to operate in parallel;

a control unit configured to control:

o a first phase-shift angle between one of the n low voltage active

bridge circuits and the single active high voltage bridge circuit;

and

o a second phase-shift angle between the n low voltage active

bridge circuits to regulate a generated power and/or output

voltage and/or current of the dual active bridge DC-DC

converter, thereby extending an operation range of the dual

active bridge DC-DC converter;

wherein n is a positive integer number larger than or equal to 2 .

2 . The dual active bridge DC-DC converter according to any of the preceding

claims, wherein the single active high voltage bridge circuit is a high voltage H-

bridge comprising four controllable switches, and wherein the n low voltage

active bridge circuits are low voltage H-bridges, each low voltage H bridge

comprising four controllable switches.

3 . The dual active bridge DC-DC converter according to claim 2 , wherein the four

controllable switches of each high voltage H-bridge and/or the low voltage H-

bridge form two pairs of switches, and wherein the control unit is configured to

open and close the two pairs of switches in mutually exclusive configurations.



4 . The dual active bridge DC-DC converter according to claim 3 , wherein the first

phase-shift angle represents a first predetermined shift in time between

switching of pairs of switches of the high voltage H-bridge and pairs of switches

of a first low voltage H-bridge and the second phase-shift angle represents a

second predetermined shift in time between switching of corresponding pairs of

switches a first low voltage H-bridge and a second low voltage H-bridge.

5 . The dual active bridge DC-DC converter according to any of claims 2-4,

wherein the H-bridges are switched with a switching frequency between 1 kHz

and 1 MHz, preferably between 10 kHz and 500 kHz, more preferably between

50 kHz and 200 kHz.

6 . The dual active bridge DC-DC converter according to any of the preceding

claims, wherein the second phase-shift angle is less than the first phase-shift

angle.

7 . The dual active bridge DC-DC converter according to any of the preceding

claims, said converter being adapted to operate on a low voltage on the low

voltage port, said low voltage lower than 100V, preferably lower than 50V, more

preferable lower than 40V, even more preferably lower than 25V, most

preferably lower than 10V.

8 . The dual active bridge DC-DC converter according to any of the preceding

claims, said converter being adapted to operate on a high voltage on the high

voltage port, said high voltage higher than 100V, preferably higher than 150V,

more preferable higher than 200V, even more preferably higher than 300V.

9 . The dual active bridge DC-DC converter according to any of the preceding

claims, wherein the n low voltage active bridge circuits are connected to the

same low voltage port.

10. The dual active bridge DC-DC converter according to any of the preceding

claims, wherein the active high voltage bridge circuit comprises four controllable

semiconductor switches S5, S6, S7, and S8 in an H-bridge configuration,

wherein a first output of the n transformers is connected to a node between S5

and S6, and wherein a second output of the n transformers is connected to a



node between S7 and S8, and wherein a first low voltage H-bridge comprises

four controllable semiconductor switches S 1, S2, S3, and S4 in an H-bridge

configuration, wherein a node between S 1 and S2 is connected to one side of

the primary winding of a first transformer, and a node between S3 and S4 is

connected to another side of the primary winding of the first transformer, and

wherein a second low voltage H-bridge comprises four controllable

semiconductor switches S1_2, S2_2, S3_2, and S4_4 in an H-bridge

configuration, wherein a node between S1_2 and S2_2 is connected to one

side of the primary winding of a second transformer, and a node between S3_2

and S4_2 is connected to another side of the primary winding of the second

transformer.

11. The dual active bridge DC-DC converter according to any of the preceding

claims, wherein a total current between the low voltage port and the n

transformers is split between the n low voltage active bridge circuits.

12. A method for controlling a dual active bridge DC-DC converter having n

transformers; a single active high voltage bridge circuit, such as a high voltage

H-bridge, connected to a high voltage port, and n low voltage active bridge

circuits, such as low voltage H-bridge circuits, connected in parallel to a low

voltage port, the method comprising the steps of:

applying a first pulse width modulated drive signal to the single active

high voltage bridge circuit;

applying a second pulse width modulated drive signal to a first low

voltage active bridge circuit of the n low voltage active bridge circuits,

the second pulse width modulated drive signal having a first phase-shift

angle in relation to the first pulse width modulated drive signal;

applying a third pulse width modulated drive signal to a second low

voltage active bridge circuit of the n low voltage active bridge circuits,

the third pulse width modulated drive signal having a second phase-shift

angle in relation to the first pulse width modulated drive signal, wherein

the second phase-shift angle is less than the first phase-shift angle.

13. The method for controlling a dual active bridge DC-DC converter according to

claim 12, wherein the dual active bridge DC-DC converter is the converter of

any of claims 1-1 1.
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