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ABSTRACT The isolated dc-dc converters with middle inductive AC links dc-dc converter have been
extensively studied in modern energy conversion applications for safety and reliability, especially those
featuring intermediary inductive ac-link (I2ACL) configurations such as full-bridge dc-dc converter and
dual-active-bridge (DAB). However, up to now, the dynamic equivalence in these I2ACL type converters
has not been systematically revealed. To fill such a gap, in this paper, the existing I2ACL isolated dc-dc
converters are reviewed thoroughly, including unidirectional type and bidirectional type. Then, the general
current transferred features of these two groups are analyzed, respectively, and the transferred current
during the transient process is just influenced by the middle inductance little. So, the I2ACL isolated dc-dc
converter can be regarded as the first-order converter. Based on the discovered general characteristic, a unified
fast-dynamic direct-current (FDDC) control scheme is proposed for improving the dynamic performance of
these I2ACL isolated dc-dc converters. Such a scheme can also facilitate the uniform control design for
existing or emerging new topologies with the same electrical equivalence. Moreover, the specialized design
principles of the PI parameters in the unified FDDC control method are also presented. Finally, to verify the
universality and feasibility of the proposed general FDDC control strategy, both simulation and experiment
results are presented with demonstration examples, e.g., full-bridge type, DAB-type, and the three-phase
DAB type dc-dc converters.

INDEX TERMS Fast dynamic response, full bridge converter, DAB converter, three-phase DAB converter.

I. INTRODUCTION
Isolated dc-dc converters have been extensively applied in
modern industrial applications such as metro vehicles [1],
electric vehicles [2]–[4], data center [5], and grid systems
[6]–[9], etc. Real-world projects can be found like the auxil-
iary power supply of a metro vehicle system shown in Fig. 1,
where the isolated dc-dc power conversion stage is employed
to replace the traditional line-frequency for lower cost, smaller
size, and less acoustic noise [1]. Or the utility-service equip-
ment like the back-to-back converter system as shown in
Fig. 2, which is embedded with isolated dc-dc converters to
solve the power flow balancing problems with asynchronized
ac grids [8]. In addition, given the great potentials of dc micro-
grids over conventional ac configurations, more isolated dc-dc

converters can be expected to be employed with galvanic
isolation and flexible voltage turning ability (an example is
shown in Fig. 3).

In practice, galvanic isolation is required mainly for safety
and grounding reasons. The isolated structures offer great
flexibility of various grounding techniques on both dc sides,
as well as easier parallel or series connections [10], [11].
Therefore, the same elementary cells can be modularly imple-
mented in the power converter stage with much easier scala-
bility regarding power and voltage ratings. In such a way, the
inherent dc-fault blocking capability can be acquired naturally
since the intermediary ac power stage is embedded in the
isolated dc-dc stage [12]–[13]. Moreover, the intermediary
transformer provides high flexibility for connecting two dc
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FIGURE 1. Overall system configuration of 210kW auxiliary power supply
for metro vehicle system [1].

FIGURE 2. The 6.6 kV back-to-back system in the next-generation
medium-voltage power conversion system [8].

FIGURE 3. The typical dc microgrid system [9].

buses with large voltage differences. Therefore, isolated dc-dc
converters can serve as universal solutions for applications
covering various voltage ratings.

Based on different criterion, isolated dc-dc converters
can be classified into different types such as resonant/non-
resonant dc-dc converters [14]–[15], voltage-source/current-
source/impedance-source dc-dc converters [16], etc.

FIGURE 4. The simplified circuit of one power transferring branch in the
I2ACL isolated dc-dc converter.

In recent years, non-resonant isolated dc-dc converters have
drawn some great attention in both academic and industry,
e.g., full-bridge (FB) dc-dc converter [17], dual-active bridge
(DAB) dc-dc converter [18], and their variant topologies
[19]–[22]. Without losing generality, the simplified circuit of
one power-transferred branch in the above dc-dc converters
can be modeled in a universal way as shown in Fig. 4,
which indicates a strong dynamic equivalence among these
converters. However, up to now, such electrical equivalence
has not been discovered in the isolated dc-dc converter
research field, let alone the unified fast-dynamic control
method.

To fill such a gap, in this paper, a thorough overview of ex-
isting isolated dc-dc converters is presented. To better capture
the core features of power transferring in this kind of isolated
dc-dc converter, it will be called an intermediary inductive
ac-link (I2ACL) isolated dc-dc converter in this work. The
topologies are divided into two basic types including unidirec-
tional I2ACL dc-dc converter and bidirectional I2ACL dc-dc
converter. In the following Section II, switching networks that
can form various I2ACL dc-dc converters are analyzed, and
then, the existing unidirectional and bidirectional I2ACL dc-
dc converters are reviewed and classified. Then, in Section III,
a unified fast-dynamic direct-current (FDDC) control scheme
is proposed for these converters for improving the dynamic
response under the disturbance of input voltage and load con-
ditions. And the design principle of the PI parameters is also
presented. In Section IV, the simulation and experimental re-
sults are provided to validate the effectiveness of the presented
strategy by using the full-bridge dc-dc converter, the DAB
dc-dc converter, and the three-phase DAB dc-dc converter as
examples. Finally, the paper is concluded with Section V.

II. TOPOLOGIES AND EQUIVALENT MODELS OF MIDDLE
INDUCTIVE AC-LINK ISOLATED DC-DC CONVERTERS
In terms of power transferring stages, the I2ACL dc-dc con-
verter can be divided into the dc-ac stage and the ac-dc stage.
Generally, the voltage-fed switching networks are required to
obtain ac voltage from dc voltage, then the energy conversion
between dc power and ac power can be realized. Thus, the
potential building blocks of the I2ACL dc-dc converter are
analyzed firstly in this Section. Then, based on these blocks,
the existing unidirectional I2ACL dc-dc converters and bidi-
rectional I2ACL dc-dc converters are reviewed.
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FIGURE 5. The basic half bridges for establishing the switching network
for I2ACL dc-dc converter.

A. THE POTENTIAL HALF BRIDGES FOR THE I2ACL
ISOLATED DC-DC CONVERTER
The existing half bridges which can be employed to build the
I2ACL isolated dc-dc Converters are demonstrated in Fig. 5.
Five types can be considered, including the diode-based half
bridge, hybrid half bridge, switch-based half bridge, neutral
point clamped (NPC) half bridge [23], and T-type half bridge
[24]. (It is noted for interested readers that other switching
networks can also be employed to obtain ac voltage from dc
voltage, such as multilevel NPC bridge [25] and active NPC
bridge [26], etc.) As shown in Fig. 5, the first three half bridges
can usually achieve two voltage levels as 0 and Udc, and
the latter two half bridges can usually achieve three voltage
levels as 0, Udc/2, and Udc. Then, based on these half bridges,
different switching networks can be obtained for forming ac
voltage.

Basically, combing the series capacitors and the half bridge,
the simplest bridges that can be obtained for acquiring the
ac output voltage is shown in Fig. 6. The first three bridges
can obtain the ac voltage by −Udc/2 and Udc/2, and the latter
two bridges can generate the ac voltage by −Udc/2, 0, and
Udc/2. Since these bridges are constructed by one half bridge
in Fig. 5, the I2ACL dc-dc converter constructed by these
bridges can be called half-bridge dc-dc converter.

Moreover, based on any two half bridges in Fig. 5, the full
bridges can be acquired. Then, the full bridges with the same
half bridge are shown in Fig. 7, which are the most used full
bridges for establishing the existing isolated dc-dc converters.
Compared with the first three H bridges, the latter two H
bridges including the NPC full bridges and the T-Type full
bridges can generate multi-level ac voltages, and the I2ACL
dc-dc converters established by the latter two full bridges
are usually called multi-level dc-dc converters. Some I2ACL
isolated dc-dc converters are established by the full bridges

FIGURE 6. The switching network with one half bridge for forming ac
voltage.

FIGURE 7. The switching network with two half bridges for I2ACL dc-dc
converter.

VOLUME 2, 2021 385



HOU ET AL.: UNIFIED FAST-DYNAMIC DIRECT-CURRENT CONTROL SCHEME FOR INTERMEDIARY INDUCTIVE AC-LINK ISOLATED DC-DC CONVERTERS

FIGURE 8. The switching network based on diode half Bridges embedded
with zero-level voltage.

FIGURE 9. The full Bridge with different dc-link voltages.

with different half bridges, and these full bridges will be men-
tioned in the review of the specific I2ACL dc-dc converters.
Similarly, with multiple half bridges, the multi-phase I2ACL
dc-dc converter can be acquired.

In addition, when only diodes are employed to establish
the H bridges as shown in Fig. 7(a), zero level voltage can-
not be provided, which usually limits the voltage range of
I2ACL dc-dc converters with these diode-based H bridges.
Thus, diode-based H bridges with extra switches are required
to boost the output range of these I2ACL dc-dc converters as
shown in Fig. 8.

Notably, although the half bridges (shown in Figs. 6–Fig. 8)
usually acquire voltage from the same dc bus or capacitor,
these half bridges in the same H bridges can connect with
different dc buses as shown in Fig. 9, which may be suitable
for applications with multi-port sources.

B. THE UNIDIRECTIONAL I2ACL ISOLATED
DC-DC CONVERTER
In this part, the existing unidirectional I2ACL dc-dc converters
are reviewed, and the simplified circuit of one branch of these
converters can be expressed as shown in Fig. 10, where the
primary side of the unidirectional I2ACL dc-dc converter is es-
tablished by the controllable switches as shown in Figs. 5(c)–
Fig. 5(e), and the secondary side of the unidirectional I2ACL
dc-dc converter is constructed by the uncontrollable diodes

FIGURE 10. The simplified circuit of unidirectional I2ACL dc-dc converters.

FIGURE 11. The topology of the asymmetric half-bridge dc-dc converter
with diode half bridge [31].

FIGURE 12. The topology of the asymmetric half-bridge dc-dc converter
with diode full bridge [31].

as shown in Figs. 5(a)–Fig. 5(b). Since diodes can only deal
with the unidirectional power flow, the power of the unidi-
rectional I2ACL dc-dc converter can only be transferred from
the primary side to the secondary side. Then, the unidirec-
tional I2ACL dc-dc converter is usually employed to connect
the renewable sources and the dc links such as photovoltaic
system or fuel cell system for maximum power point tracking
performance [27], [28], and when the unidirectional I2ACL
dc-dc converter is connected to power consumer side, this
converter can also be used to adjust the dc-link voltage [29],
[30].

Simply, combining the switching networks as shown in
Fig. 6(a) and Fig. 6(c), the asymmetric half bridge dc-dc
converter with diode half bridge can be obtained as shown
in Fig. 11 [31]. Further, by switching the secondary-side H
Bridge to the diode full bridge as shown in Fig. 7(a), the asym-
metric half bridge dc-dc converter with diode full bridge can
be acquired as shown in Fig. 12 [31]. Similarly, by switching
the primary-side H Bridge to the switch full bridge as shown
in Fig. 7(c), the full bridge dc-dc converter with diode half
bridge can be shown in Fig. 13 [32]. Then, combining the
switch full bridge and the diode full bridge, the full bridge dc-
dc converter with diode full bridge can be generated as shown
in Fig. 14 [33], which may be the most popular unidirectional
isolated dc-dc converter in industrial applications.
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FIGURE 13. The topology of the full bridge dc-dc converter with diode half
bridge [32].

FIGURE 14. The topology of the full bridge dc-dc converter with diode full
bridge [33].

FIGURE 15. The topology of the three-phase dc-dc converters with diode
three-phase bridge.

Moreover, when the primary side and the secondary side
both have three half bridges, the three-phase unidirectional dc-
dc converter with three-phase diode bridge can be obtained
as shown in Fig. 15(a). By switching the primary-side three-
phase bridge to three dual active bridges, another three-phase
unidirectional dc-dc converter can be obtained as shown in
Fig. 15(b) [34].

Since the secondary-side bridges of the topologies as shown
in Figs. 11–Fig. 15 are only established by the diodes, these
bridges cannot provide zero voltage, which usually limits the
output-voltage range of these converters. Therefore, some ex-
tra switches can be employed to boost the output range of
these converters, and the potential bridges can be selected
from Fig. 7(b) and Fig. 8. Then, the full-bridge dc-dc convert-
ers with active boost rectifier are shown in Fig. 16. Similarly,
as shown in Fig. 18, a three-phase semi-dual active bridge
dc-dc converter is presented for wide input variations and high
voltage interface [37].

FIGURE 16. The topologies of single-phase unidirectional I2ACL dc-dc
converters with active boost rectifier.

FIGURE 17. The topologies of three-phase unidirectional I2ACL dc-dc
converters with active boost rectifier.

In addition, as shown in Fig. 9, the half bridges in the same
switching network can be connected to different dc links,
which can be employed in multiple-port converter system
and can be used to generate multiple-level voltages. Then,
a secondary-side modulated full-bridge dc-dc converter is
shown in Fig. 18(a) [38]. However, this full-bridge dc-dc
converter cannot generate symmetrical three-level voltages on
the secondary side, the modified secondary-side modulated
full-bridge dc-dc converters can be shown in Fig. 18(b) [39].

With electrical isolation, the unidirectional I2ACL dc-dc
converter can be easily designed as a module with parallel or
series configurations for high-power and high-voltage appli-
cations, especially one-side parallel and one-side series [19].
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FIGURE 18. The topology of the secondary-side modulated full bridge
dc-dc converter.

FIGURE 19. Interleaved full-bridge converter with diode half bridges [40].

There are also some variant unidirectional I2ACL dc-dc con-
verters with multiple H bridges for high-power high-voltage
applications. An interleaved full-bridge converter with diode
half bridges can be shown in Fig. 19 [40], and a full-bridge dc-
dc converter with paralleled input IGBTs and split secondary
windings can be shown in Fig. 20 [41].

C. THE BIDIRECTIONAL I2ACL ISOLATED DC-DC
CONVERTER
In this part, the existing bidirectional I2ACL dc-dc converters
are reviewed, and the simplified circuit of one branch of this
kind of converter can be expressed as Fig. 21, where both
the primary side and the secondary side of these convert-
ers are constructed with controllable half bridges as shown
in Figs. 5(c)–;Fig. 5(e). Based on two half switch bridges,
the symmetrical half-bridge dc-dc converter can be shown in
Fig. 22 [42]. Then, by changing the primary-side H Bridge as
the dual active bridge, the unsymmetrical dual active bridge
dc-dc converter can be shown in Fig. 23 [43]. Moreover, when
both sides are dual active bridges, the dual active bridge dc-dc
converter can be acquired as shown in Fig. 24 [44], which is
regarded as one of the most promising dc-dc converters.

FIGURE 20. Full-bridge converter with paralleled input IGBTs and split
secondary windings [41].

FIGURE 21. The simplified circuit of bidirectional I2ACL dc-dc converters.

FIGURE 22. The topology of the symmetrical half-bridge dc-dc converter
[42].

FIGURE 23. The topology of the unsymmetrical dual-active-bridge dc-dc
converter with switch half bridge [43].

FIGURE 24. The topology of the dual active bridge dc-dc converter [44].
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FIGURE 25. The topology of the three-phase dual active bridge dc-dc
converters.

FIGURE 26. The topology of the three-level symmetrical T-type dc-dc
converter [47].

FIGURE 27. The topology of the three-level unsymmetrical NPC dc-dc
converter [48].

FIGURE 28. The topology of the five-level unsymmetrical NPC dc-dc
converter [49].

Similarly, when the primary side and the secondary side
both have three half bridges, the well-known three-phase dual-
active bridge dc-dc converter can be shown in Fig. 25(a) [45].
Then, by switching the primary-side three-phase bridge as
three dual active bridges, another three-phase bidirectional
dc-dc converter can be obtained as shown in Fig. 25(b) [46].

Moreover, based on T-type half bridge and NPC half bridge
as shown in Fig. 5(d) and Fig. 5(e), some multilevel isolated
dc-dc converters can be obtained as shown in Figs. 26–Fig. 29.
Combining two T-type half bridge, a three-level symmetrical

FIGURE 29. The topology of the five-level unsymmetrical T-type dual
active bridge dc-dc converter [50].

FIGURE 30. The topology of the five-level symmetrical NPC dc-dc
converter [51].

FIGURE 31. The topology of the five-level symmetrical T-type dc-dc
Converter.

T-type isolated dc-dc converter can be shown in Fig. 26 [47],
which has a smaller number of switches. Then, by combing
the NPC half bridge and the full bridge, a three-level unsym-
metrical NPC dc-dc converter can be shown in Fig. 28 [48],
which can be employed to connect the low voltage bus and
the high voltage bus. Moreover, combining the full bridge
and the full NPC bridge, the five-level unsymmetrical NPC
dc-dc converter can be obtained as shown in Fig. 28 [49].
By switching the full NPC bridge to the T-type bridge, the
five-level unsymmetrical T-type DAB dc-dc converter can be
obtained as shown in Fig. 29 [50]. Then, combining two full
NPC bridges, the five-level symmetrical NPC dc-dc converter
can be obtained as shown in Fig. 30 [51], which is a promising
candidate for the high voltage dc-dc applications. Similarly,
the five-level symmetrical T-type dc-dc converter can be ob-
tained as shown in Fig. 31.

In addition, based on multiple-winding transformers and
different half bridges, some I2ACL dc-dc converters can be
obtained as shown in Figs. 32–Fig. 34, which is usually em-
ployed to reduce the current stress of the switches or in-
crease the power density of the converter system. As shown in
Fig. 32, a three-winding-transformer-based dual active bridge
dc-dc converter is presented for reducing the current stress
of switches on the secondary side [52]. Moreover, a multi-
winding-transformer-based dual active bridge dc-dc converter
with paralleled output configuration can be shown in Fig. 33,
which can be employed to reduce the current stress at the
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FIGURE 32. The three-winding-transformer-based dual active bridge dc-dc
converter [52].

FIGURE 33. The multi-winding-transformer-based dual active bridge dc-dc
converter with paralleled output configuration [53].

FIGURE 34. The three-port dual active bridge dc-dc converter [20].

low-voltage side when the difference between the input volt-
age and the output voltage is very large [53]. Then, based on
the three-winding transformer, a three-port dual active bridge
dc-dc converter can be obtained for arranging the power trans-
mission among three independent dc terminals as shown in
Fig. 34 [20].

As shown in Fig. 9, the half bridges in the same switching
network can be connected to different dc links, which can be
employed in the multi-port converter system and can be used
to generate multiple-level voltages. Similarly, a secondary-
side modulated bidirectional full-bridge dc-dc converter can
be shown in Fig. 35 [38].

FIGURE 35. The topology of the secondary-side modulated bidirectional
full-bridge dc-dc converter [38].

C. THE SUMMARY OF THE UNIDIRECTIONAL AND
BIDIRECTIONAL I2ACL ISOLATED DC-DC CONVERTER
Based on the previous overview, these existing unidirectional
and bidirectional I2ACL isolated dc-dc converters can be sum-
marized in Fig. 36. Based on the voltage level, the phase
number, and the winding number, these existing topologies
are divided into five categories including two-level I2ACL
converter, three-level I2ACL converter, multi-level I2ACL
converter, multi-phase I2ACL converter, and multi-winding
I2ACL converter.

Generally, the unidirectional I2ACL dc-dc converter can be
employed in some unidirectional applications such as PV and
fuel cell systems [31]–[41]. The bidirectional I2ACL dc-dc
converter can be used in some bidirectional applications such
as energy storage systems and dc grid systems [20], [42]–[53].
According to the voltage value, the two-level I2ACL isolated
dc-dc converter and the three-level I2ACL isolated dc-dc con-
verter can be employed in some low voltage conditions [33],
[35], [42], [47]. Since the multi-level I2ACL isolated dc-dc
converter can tolerate higher voltage, these converters can
be suitable for some middle voltage applications [49], [50].
Moreover, compared with the single-phase I2ACL isolated
dc-dc converter, the multi-phase I2ACL isolated dc-dc con-
verter can provide a lower ripple current to the dc-link [37],
[46], so a lower dc-link capacitor can usually be adopted.
Sometimes, multi-ports may be required for connecting sev-
eral voltage sources, where the multi-winding I2ACL isolated
dc-dcconverters can be used for high power density [20], [41],
[53]. Compared with the single-phase two-winding I2ACL
isolated dc-dc converters, the transformer design of the last
two types will be usually more difficult.

III. THE PROPOSED UNIFIED FAST-DYNAMIC CONTROL
SCHEME FOR I2ACL DC-DC CONVERTER
In this Section, the unified FDDC control scheme will be
proposed for improving the dynamic response of the I2ACL
isolated dc-dc converter when the input voltage and the load
condition are suddenly changed. As shown in Fig. 4, there is
always a middle inductance in one power transferring branch
of the I2ACL dc-dc converters, so the influence on the tran-
sient process will be analyzed first in this Section. Then, the
order reducing phenomenon of the I2ACL dc-dc converter can
be obtained since the middle inductance can only influence the
transient process a little. Moreover, based on this characteris-
tic, a unified FDDC control scheme is proposed for all the
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FIGURE 36. Detailed classification of the existing I2ACL isolated dc-dc converters.

FIGURE 37. The transient waveforms when the transferred power of the
full-bridge dc-dc converter is changed.

I2ACL dc-dc converters with the design principle of PI pa-
rameters. In addition, since the large efficiency difference will
usually influence the proposed general fast-dynamic control
strategy, a compensation operation for efficiency difference
will be presented for ensuring the dynamic response of the
proposed FDDC control scheme.

A. THE POWER TRANSFERRED CHARACTERISTICS OF I2ACL
ISOLATED DC-DC CONVERTER
From the previous analysis, there are two kinds of I2ACL
dc-dc converters including the unidirectional I2ACL dc-dc
converter and the bidirectional I2ACL dc-dc converter. Differ-
ent from the unidirectional I2ACL dc-dc converter, both sides
of the bidirectional I2ACL dc-dc converter can be positively
controllable. So, in terms of the transient performance when
the transferred power of the converter is suddenly changed for
dealing with the disturbance of input voltage and load con-
dition, there is a little difference between the unidirectional
I2ACL dc-dc converter and the bidirectional I2ACL dc-dc
converter. By using the full-bridge dc-dc converter as an ex-
ample for the unidirectional I2ACL dc-dc converter, when the
transferred power is suddenly changed with the disturbance of
input voltage and load condition, the transient waveforms of
the full-bridge dc-dc converter can be shown in Fig. 37.

As shown in Fig. 37, when the required transferred power
of the full bridge is suddenly changed, the required transferred
power can be usually obtained in the second switching period

FIGURE 38. The transient waveforms when the transferred power of the
DAB dc-dc converter is changed.

when the phase-shift ratio d is changed. Moreover, in the
first switching period, there is additional power stored in the
middle inductance, which is transferred from the input side to
the output side. The additional power Pa can be calculated as,

Pa = L(i2p − i′2p )

2Ts
(1)

where ip and i
′
p are the peak currents of the middle inductance

before and after the disturbance of phase-shift ratio d, respec-
tively. Then, the output-voltage disturbance �Uo caused by
the additional power can be expressed as,

�Uo ≈ L(i2p − i′2p )

2CoUo
(2)

As shown in Fig. 37, the green part of the middle-
inductance current usually results in the output-voltage ripple.
So, output-voltage disturbance �Uo caused by the additional
power from the middle inductance is usually similar to the
output-voltage ripple, and this additional power cannot influ-
ence the transient performance of the full-bridge dc-dc con-
verter.

Moreover, by using the DAB dc-dc converter as an example
for bidirectional I2ACL dc-dc converter, when the transferred
power suddenly changes for addressing the disturbance of
input voltage and load condition, the transient waveforms of
the DAB dc-dc converter can be shown in Fig. 38.
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FIGURE 39. The equivalent circuit for the dc offset of the inductance
current at the steady-state condition.

FIGURE 40. The simplified circuit of the I2ACL dc-dc converter.

FIGURE 41. The diagram for obtaining the actual required transferred
current i∗T.

As shown in Fig. 38, since the input voltage and the output
voltage can be regarded as the same in a switching period,
the transferred power PT of the DAB dc-dc converter can be
calculated by the new phase-shift ratio D′ as,

PT = 1

Ts

∫ Ts

0

Ucd

n
(iL + �iL )dt = 1

Ts

∫ Ts

0
Uab(iL + �iL )dt

= 2

Ts

∫ Ts
2

0
UiniLdt + �iL

Ts

∫ Ts

0
Uabdt

= 2

Ts

∫ Ts
2

0
UiniLdt = UinUoD(1 − D)Ts

2nL
(3)

According to (3), since the dc offset current of the middle
inductance cannot influence the power transmission of the
DAB dc-dc converter, the transferred power of the DAB dc-dc
converter can be controlled by the phase-shift ratio accurately
at the steady-state condition and during the transient process
[54]. In addition, the dc offset of the inductance current can
be consumed by the conducting resistor Ron of the DAB dc-dc
converter, and since Uab and Ucd are total ac components at
steady state condition which cannot generate dc inductance
current, the equivalent circuit can be shown as Fig. 39. Then,
the dc offset of the inductance current �iL can be consumed
by the conducting resistor Ron of the DAB dc-dc converter
gradually, which affects the transferred power of this converter
slightly with the tiny conducting resistor.

FIGURE 42. The diagrams of the unified FDDC control schemes for the
I2ACL dc-dc converter.

Therefore, for the I2ACL dc-dc converter including the
unidirectional I2ACL dc-dc converter and the bidirectional
I2ACL dc-dc converter, when the transferred power is sud-
denly changed for dealing with the variation of input voltage
and load condition, the required transferred power can be
obtained within two switching periods. Then, the required
transferred current of the I2ACL dc-dc converter can be
calculated as,

iT = PT

Uo
(4)

In (4), since output voltage can remain at its desired value
with the sudden change of suitable transferred power, the
required transferred current can also be obtained within two
switching periods for a certain phase-shift ratio. Then, the
transferred current iT of the I2ACL converter can be directly
controlled by the phase-shift value timely. With current-level
modulation, the I2ACL dc-dc converter can be regarded as
the controllable current source [55], and the simplified circuit
of the I2ACL isolated dc-dc converter can be demonstrated
in Fig. 42. So, although there is the middle inductance in
the I2ACL isolated dc-dc converter, the middle inductance
will not influence the transient performance of this kind of
converter, which is very different from the traditional dc-dc
converters such as BUCK and BOOST. Based on this charac-
teristic, the order reducing phenomenon can be obtained, and
the fast-dynamic performance can be easily provided for the
I2ACL dc-dc converter.

B. THE UNIFIED FAST-DYNAMIC DIRECT-CURRENT
CONTROL METHOD FOR I2ACL ISOLATED
DC-DC CONVERTER
Based on the power or current transferring characteristic of
I2ACL dc-dc converters previously, a general FDDC control
method will be proposed for this type of converters, which can
be employed to deal with the variations of the input voltage
and the load condition. To face the load-condition change, the
load current can be measured to calculate the desired output
current i∗o as,

i∗o = U ∗
o

R
= ioU ∗

o

Uo
(5)

where R is the load equivalent resistor. Then, based on En-
ergy Conversion Law, the required transferred current of the
I2ACL dc-dc converter should be the same as the desired
output current. However, there are always some power losses
in the converter system, which will result in a little difference
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between the transferred current and the output current. So, the
voltage deviation will be unavoidable. In order to compensate
for the error caused by the power loss and other uncertain
values, the PI controller is used for obtaining a compensation
coefficient kio for acquiring the actual required transferred
current. Then, the diagram for obtaining the actual required
transferred current i∗T can be shown in Fig. 41.

Moreover, the phase-shift modulation method is the most
popular modulation method for the I2ACL dc-dc converter,
and based on the phase-shift ratio, the transferred current of
these dc-dc converters can be directly obtained [8]. In reverse,
when the required transferred current is obtained, the phase-
shift ratio can be calculated. Then, the complete diagram of
the unified FDDC control method for the I2ACL dc-dc con-
verter can be shown in Fig. 42.

As shown in Fig. 42, the general FDDC control scheme can
be realized for the I2ACL dc-dc converter. At the beginning of
each switching period, the input voltage Uin, the output volt-
age Uo and the load current io are measured. Based on the PI
controller, the compensation factor kio can be obtained by the
output voltage Uo and its desired value U∗

o. Then, according
to (5), the required load current i∗o can be calculated by the
actual load current io, the output voltage Uo and its desired
value U∗

o. Moreover, by combining the compensation factor
kio and the required load current i∗o, the required transferred
current i∗T of the I2ACL dc-dc converter can be obtained.
Then, based on the relationship between the transferred cur-
rent iT and the phase-shift ratio of the I2ACL dc-dc converter,
the required phase-shift ratio can usually be obtained by using
the circuit parameter, the output voltage Uo, the input voltage
Uin and the required transferred current i∗T. Finally, based
on the phase-shift modulation part, the required transferred
current i∗T can be realized, which can meet the requirement
of the load consumption. Then, the ultrafast dynamic response
can be provided for the I2ACL dc-dc converter when the
input voltage and load condition are changed, and, since the
compensation part is multiplied with the feed-forward load
current, this unified FDDC control scheme is not sensitive to
the circuit parameter [30], [54].

C. THE DESIGN PRINCIPLE OF PI PARAMETERS
As shown in Fig. 41, when the transferred power of the
I2ACL dc-dc converter is controlled by the phase-shift ratio
accurately and timely, the middle inductance can be omitted
in its simplified circuit. Then, only the output capacitor will
influence the dynamic performance of the I2ACL dc-dc con-
verter, and the dynamic model of the output capacitor can be
expressed as,

Co
dUo

dt
= iT − io (6)

Based on the proposed general fast-dynamic control
scheme, the transferred current of the I2ACL dc-dc converter
can meet the requirement of the load condition immediately,
and according to (6), the disturbance of output voltage during

the transient process will be limited. Therefore, the PI param-
eters in the general fast-dynamic control scheme cannot be
determined based on the transient process, which is different
from the traditional way of designing the PI parameter.

Moreover, when the measurement noise is considered, there
should be irregular oscillations in phase-shift ratio at steady-
state conditions, which may result in the irregular oscillations
of output voltage. With the filter function of the output capac-
itor, the oscillation of the output voltage can be avoided, but
the irregular oscillations in the phase-shift ratio are inevitable.
Thus, the disturbances of the phase-shift ratio �PSR caused
by the measurement noises should be treated as a criterion to
evaluate the stability of the I2ACL dc-dc converter. Then, the
disturbance of required transferred current �i∗T caused by the
measurement noise of output voltage Uom can be expressed as,

�i∗T = Uom(ki + kp)i∗o (7)

where ki is the integral parameter and kp is the proportional
parameter of the PI controller. Then, based on the relationship
between the transferred power and the phase-shift ratio of
I2ACL dc-dc converter, the disturbance of phase-shift ratio
�PSR can be obtained by using the required transferred cur-
rent i∗T and its disturbance �i∗T as,

�PSR = f (�i∗T , i∗T ) ≤ �PSRlimt (8)

where �PSRlimt is the limited value of the disturbance of
phase-shift ratio caused by the measurement noise of the out-
put voltage. Combining (7) and (8), ki and kp should meet the
requirement as,

ki + kp ≤ Uomi∗o
f −1(�PSRlimt, i∗T )

(9)

Then, according to (9), the upper limitation of ki and kp can
be obtained, and then, the disturbance of the phases-shift ratio
can be restricted.

D. THE COMPENSATION OPERATION FOR THE EFFICIENCY
DIFFERENCE CAUSED BY THE POWER LOSS
In the proposed general fast-dynamic control scheme, the PI
controller is employed to compensate the difference between
the transferred current iT and the output current io caused
by the power loss, and the efficiency η of the I2ACL dc-dc
converter can be approximatively expressed as,

η ≈ Po

PT
= Uoio

UoiT
= 1

kio
(10)

According to (10), when the efficiency η of the new steady-
state condition is a little different from its previous value,
the new compensation coefficient kio should also be a little
different from its previous value. Then, when the input voltage
and load condition are changed, more time is needed for ob-
taining the required coefficient kio based on the PI controller.
Therefore, to reduce the settling time under the general fast-
dynamic control scheme, a general compensation method is
proposed for the I2ACL dc-dc converter. As shown in Fig. 42,
the relationship among the transferred current iT, the capacitor
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charging current iCo, and the load current io can always be
expressed as,

iCo = iT − io (11)

Moreover, with the output capacitor Co, the output voltage
of the I2ACL dc-dc converter can be kept at its desired voltage
in the previous switching periods after the variation of the in-
put voltage or the load resistor. Therefore, when the capacitor
charging current iCo is not equivalent to zero, the transferred
current iT of the I2ACL dc-dc converter should compensate
for this capacitor current iCo. Then, the transferred current iT
can be expressed as,

iT = kioio − iCo = kioio − Co

Ts
(Uo − U ′

o) (12)

here U′
o is the measured output voltage in the last switching

period. Then, the required compensation coefficient can be
expressed as,

k′
io = 1

io

[
kioio − Co

Ts
(Uo − U ′

o)

]
(13)

Then, when the load current io or the input voltage Uin

is changed, (13) can be used to calculate the required com-
pensation coefficient kio for dealing with the efficiency dif-
ference under different conditions for the I2ACL dc-dc con-
verter. Moreover, as shown in Fig. 37, the current status of
the inductance will change when the load current is changed,
and according to (1), the additional power from the induc-
tance is transferred to the output side. Then, (12) will become
inaccurate, and the expected transferred current of the uni-
directional I2ACL dc-dc converter will also become inaccu-
rate. Therefore, the compensation operation should be used
after several switching periods until the peak value of the
inductance current becomes stable. In addition, in the actual
converter system, the measurement noise is unavoidable. To
calculate the capacitor charging current iCo more accurately,
(13) should be further expressed as,

k′
io = 1

io

[
kioio −

∑m
j=1

Co
Ts

(Uoj − U ′
oj )

m

]
(14)

Based on the compensation method, the influence caused
by the efficiency difference will be reduced. Moreover, it can
also be employed to reduce the influence caused by middle
inductive energy release for unidirectional I2ACL isolated dc-
dc converter.

E. THE IMPLEMENTING PROCEDURES OF THE UNIFIED
FDDC CONTROL SCHEME FOR I2ACL-TYPE CONVERTER
In previous parts, the general FDDC control scheme is pro-
posed for the I2ACL isolated dc-dc converters. Then, the de-
sign principle of PI parameters and the compensation method
for ensuring the performance of the unified method is also
presented. Based on these contents, the detailed implementing
procedures of the unified FDDC control scheme for arbitrary
I2ACL isolated dc-dc converter are demonstrated as shown in
Fig. 43.

FIGURE 43. The implementing procedures of the unified FDDC control
scheme for I2ACL-type isolated dc-dc converter.

If the simplified circuit of an existing isolated dc-dc con-
verter can be simplified as shown in Fig. 11 or Fig. 22,
this converter can be classified as the I2ACL isolated dc-
dc converter. Then, the modulation method of this converter
should be determined, and generally, the phase-shift modula-
tion method is the most suitable modulation method for the
I2ACL converter. Based on the employed phase-shift modu-
lation method, the relationship between the transferred cur-
rent and the phase-shift ratio should be determined, which
can be usually found in the existing papers [20], [22], [30],
[37]. Moreover, to realize the proposed unified FDDC con-
trol scheme, the phase-shift ratio should be calculated by the
transferred current, which can be employed to connect the
outer-loop control value and the phase-shift ratio as shown
in Fig. 41. Further, according to (9), the upper limitations
of the PI parameters can be determined. Then, the proposed
unified FDDC control scheme can be obtained for this specific
I2ACL isolated dc-dc converter. Sometimes, the I2ACL dc-dc
converter may perform at many different efficiencies under
different loading conditions, which will influence the dynamic
performance of the proposed scheme a little, especially for
the unidirectional I2ACL dc-dc converter. So, the presented
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FIGURE 44. The control block of the FDDC scheme for the full-bridge dc-dc
converter.

compensation operation as shown in Part D can be employed
to reduce this influence, which is based on the disturbance
of output-capacitor voltage. Finally, the implementing proce-
dures of the proposed FDDC control scheme can be employed
to a specific I2ACL dc-dc converter.

IV. SIMULATION AND EXPERIMENT VERIFICATION
In this Section, by using some popular I2ACL dc-dc con-
verters including full-bridge dc-dc converter, DAB dc-dc con-
verter, and three-phase DAB dc-dc converter as examples, the
proposed unified FDDC control strategy will be verified.

A. EXPERIMENT RESULTS OF FULL-BRIDGE
DC-DC CONVERTER
For the full-bridge dc-dc converter, the transferred current IT

can be calculated as,

IT =
{

(k−1)Uin(1−d )2Ts
4nL ( k−1

k < d ≤ 1)
Uin(1−d2 )Ts

8nL − U 2
o Ts

8n3UinL
(0 ≤ d ≤ k−1

k )
(15)

According to (15), the transferred current IT of the FB
dc-dc converter is not monotone decreasing along with the
increasing of the phase-shift ratio d. To design the control
system simply, a middle variable ϕ can be employed to replace
the phase-shift d as,

d = 1 − ϕ (16)

Then, the positive correlation between ϕ and IT can be
calculated as,

IT =
{

(k−1)Uinϕ2Ts
4nL (0 ≤ ϕ ≤ 1

k )
Uinϕ(2−ϕ)Ts

8nL − U 2
o Ts

8n3UinL
( 1

k < ϕ ≤ 1)
(17)

According to (17), the required middle variable ϕ for the
certain transferred current can be shown as,

ϕ =

⎧⎪⎨
⎪⎩

√
4nLIT

(k−1)UinTs
(0 ≤ IT ≤ (k−1)U 2

o Ts

4n3LUin
)

1−
√

1− 8nLIT
UinTs

− U 2
o

n2U 2
in

( (k−1)U 2
o Ts

4n3LUin
< IT ≤ (n2U 2

in−U 2
o )UoT s

8n3LU 2
in

)

(18)
Combining Fig. 41(b), (5) and (18), the FDDC control

scheme for full-bridge dc-dc converter can be shown in
Fig. 44.

Moreover, the circuit parameters of the full-bridge dc-dc
converter can be shown in Table 1. As the analysis at Part A in
Section III, the middle inductance of the unidirectional I2ACL
dc-dc converter will release the storage power during the

FIGURE 45. The experiment results when the input voltage is changed
from 60 V to 40 V. (Uin: 50V/div; iL: 30A/div; Uo: 20V/div; Uoac: 2V/div; io:
2A; t: 20 ms/div).

FIGURE 46. The experiment results when the input voltage is changed
from 40 V to 60 V. (Uin: 50V/div; iL: 30A/div; Uo: 20 V/div; Uoac: 2V/div; io:
2A; t: 20 ms/div).

FIGURE 47. The experiment results when the load resistor is changed
from 40 �to 12�. (Uin: 50V/div; iL: 30A/div; Uo: 20V/div; Uoac: 2V/div; io:
2A; t: 20 ms/div).
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FIGURE 48. The experiment results when the load resistor is changed
from 12 �to 40�. (Uin: 50V/div; iL: 30A/div; Uo: 20V/div; Uoac: 2V/div; io:
2A; t: 20 ms/div).

TABLE 1. Circuit Parameters of The Full Bridge DC-DC Converter

transient process, which may influence the dynamic perfor-
mance. So, for the full-bridge dc-dc converter, the experiment
result under the FDDC control strategy without or with the
compensation operation as shown in Part D in Section III will
be provided. Then based on the FDDC control scheme, the
corresponding experiment results when the input voltage and
the load resistor of the full-bridge dc-dc converter are changed
can be shown as Fig. 45–Fig. 47, and Fig. 48, respectively.

When the load resistor R is selected as 40 �, the experiment
results under the FDDC control scheme without compensation
operation and the FDDC control scheme with compensation
operation when the input voltage Uin is changed between
40 V and 60 V can be shown in Fig. 45 and Fig. 46. As
shown in Fig. 45(a) and Fig. 46(a), when the input voltage
is changed, the output-voltage disturbances under the FDDC
control scheme without compensation operation are bigger
than 0.5 V, and the settling times are obvious. Then, with com-
pensation operation, the output-voltage disturbances under the
FDDC control scheme when the input voltage is changed are
very small, and the settling times can be omitted as shown in
Fig. 45(b) and Fig. 46(b).

In addition, when the input voltage Uin is selected as 50 V,
the experiment results under the FDDC control scheme with-
out compensation operation and the FDDC control scheme
with compensation operation when the load resistor R is
changed between 12 �and 40 �can be shown in Fig. 47 and
Fig. 48. As shown in Fig. 47(a) and Fig. 48(a), when the load
resistor is changed, the output-voltage disturbances under the

FIGURE 49. The control block of the FDDC scheme for the DAB dc-dc
converter.

TABLE 2. Circuit Parameters of The DAB DC-DC Converter System

FDDC control scheme without compensation operation are
bigger than 0.8 V, and the settling times are obvious. Then,
with compensation operation, the output-voltage disturbances
under the FDDC control scheme when the load resistor is
changed are very small, and the settling times can be omitted
as shown in Fig. 47(b) and Fig. 48(b).

B. EXPERIMENT RESULTS OF DAB DC-DC CONVERTER
For the DAB dc-dc converter, the transferred current IT under
the single-phase-shift modulation method can be expressed by
the phase-shift ratio D as,

IT = UinD(1 − D)Ts

2nL
(0 ≤ D ≤ 1

2
) (19)

Then, the phase-shift ratio D of the DAB dc-dc converter
can also be calculated by the transferred current as,

D = 1

2
−

√
1

4
− 2nLIT

UinTs

(
0 ≤ IT ≤ UinTs

8nL

)
(20)

Combining Fig. 40(b), (5) and (20), the FDDC scheme for
the DAB dc-dc converter can be shown in Fig. 49.

Moreover, the circuit parameters of the DAB dc-dc con-
verter can be shown in Table 2. Since DAB dc-dc converter
can usually illustrate high efficiency for a large power range,
the FDDC scheme is enough for ensuring the fast-dynamic
performance when the input voltage and the load resistor are
changed. Then based on the FDDC control scheme for DAB
dc-dc converter, the corresponding experiment results when
the input voltage and the load resistor of the DAB dc-dc
converter are changed can be shown as Fig. 50.

When the load resistor R is 20 �, the experiment results
under the FDDC control scheme when the input voltage Uin

is changed between 40 V to 50 V can be shown as Fig. 50(a)
and Fig. 50(b), where the output voltage can be kept at its
desired value. Moreover, when the input voltage Uin is 40 V,
the experiment results under the FDDC control scheme when
the load resistor R is changed between 20 �and 100 �can be
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FIGURE 50. The experiment result under FDDC control scheme for DAB
dc-dc converter. (Uin and Uo: 20V/div; io: 2A/div; iL: 5A/div; t: 2ms/div).

FIGURE 51. The control block of the FDDC scheme for the three-phase
DAB dc-dc converter.

shown as Fig. 50(c) and Fig. 50(d), where the output-voltage
disturbance can be neglected. Therefore, based on the general
FDDC control scheme, an excellent dynamic control scheme
can be provided for the DAB dc-dc converter when the input
voltage and the load resistor are changed.

C. SIMULATION RESULTS OF THREE-PHASE DAB
DC-DC CONVERTER
For the three-phase dc-dc converter, the transferred current
IT under the single-phase-shift modulation method can be
expressed by the phase-shift ratio D as,

IT =
{ UinTs

2nL ( 2
3 − D

2 )D(0 ≤ D < 1
3 )

UinTs
2nL [D(1 − D) − 1

18 ]( 1
3 ≤ IT ≤ 1

2 )
(21)

Then, the phase-shift ratio D of the three-phase DAB dc-dc
converter can also be calculated by the transferred current as,

D =
⎧⎨
⎩

2
3 −

√
4
9 − 4nLIT

UinTs
(0 ≤ IT <

UinTs
12nL )

1
2 −

√
14
72 − 2nLIT

UinTs
(UinTs

12nL ≤ IT ≤ 7UinTs
72nL )

(22)

Combining Fig. 40(b), (5) and (22), the FDDC scheme for
the three-phase DAB dc-dc converter can be shown in Fig. 51.

Moreover, the circuit parameters of the three-phase DAB
dc-dc converter can be shown in Table 3. Since three-phase
DAB dc-dc converter can usually have high efficiency for
a large power range, the FDDC scheme is enough for en-
suring the fast-dynamic performance when the input voltage
and the load resistor are changed. Then, based on the FDDC
control scheme for the three-phase DAB dc-dc converter, the
corresponding experiment results when the input voltage and
the load resistor of the three-phase DAB dc-dc converter are
changed can be shown as Fig. 52 and Fig. 53, respectively.

TABLE 3. Circuit Parameters of The Three Phase DAB DC-DC Converter

FIGURE 52. The simulation result when the input voltage is changed
between 100 V and 120 V.

FIGURE 53. The simulation result when the load resistor is changed from
15 �to 200�.

When the load resistor R is 12 �, the experiment results
under the FDDC control scheme when the input voltage Uin

of the three-phase DAB dc-dc converter is changed between
100 V to 120 V can be shown as Fig. 52, where the output volt-
age can be kept at its desired value. Moreover, when the input
voltage Uin is 100 V, the experiment results under the FDDC
control scheme when the load resistor R of the three-phase
DAB dc-dc converter is changed between 15 �and 200 �can
be shown as Fig. 53, where the output-voltage disturbance
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is smaller than 1 V. Therefore, based on the general FDDC
control scheme, an excellent dynamic control scheme can be
provided for the three-phase DAB dc-dc converter when the
input voltage and the load resistor are changed.

V. CONCLUSION
In this paper, the isolated dc-dc converters with intermediary
inductive ac-link are reviewed since these converters have
similar transient characteristics. These converters are divided
into two groups including the unidirectional type and the
bidirectional type. Then, the current transferred characteristics
of these converters are analyzed, which reveals the order re-
ducing phenomena since the intermediary inductance cannot
influence the transient performance. Moreover, a unified fast-
dynamic direct-current control scheme is proposed for provid-
ing excellent dynamic performance for this kind of dc-dc con-
verters with time-varying input voltage and load conditions.
Moreover, the design principle of PI parameters in the pro-
posed method is presented, and the compensation operation is
also provided for ensuring fast-dynamic performance. Based
on the review of the intermediary inductive ac-link isolated
dc-dc converter and the proposed general fast-dynamic control
scheme, the conducted studies are summarized as follows:

1) A thorough overview has been done for intermediary
inductive ac-link isolated dc-dc converters with clear
classifications, which reveals the fundamental dynamic
equivalence among various dc-dc converters. Such com-
mon features can be found not only in existing topolo-
gies, but also in undiscovered new topologies from the
same dc-dc converter family.

2) By using the full-bridge dc-dc converter and the dual-
active-bridge dc-dc converter as examples, the power
transferred performances of the unidirectional and bidi-
rectional middle inductive ac-link isolated dc-dc con-
verters are analyzed, respectively.

3) The proposed general fast-dynamic direct-current con-
trol scheme can provide an excellent dynamic response
for intermediary inductive ac-link isolated dc-dc con-
verter when the input voltage and the load condition are
changed. Moreover, the presented principle for design-
ing the PI parameter in the general fast-dynamic control
scheme can ensure the stability of the converter system.
The dynamic equivalence of these intermediary induc-
tive ac-link isolated dc-dc converter is also verified.
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