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Abstract—The three-phase dual active bridge (3p-DAB) con-
verter is widely considered in dc-grid applications. Because of
the higher number of switches in the 3p-DAB, it can be argued
that the reliability of the 3p-DAB is reduced when compared to
other isolated-bidirectional dc–dc converter topologies. The previ-
ous work has shown that the 3p-DAB can be operated in a frozen leg
fault-tolerant mode, i.e., with the two transistors of the same phase
being opened by their gate driver internal protections. Because the
free-wheeling diodes are left self-commutated, the analytical char-
acterization of the converter for all voltage and loading conditions is
not trivial. In this article, it is proposed to open the faulty phase such
as it eliminates the interaction with the faulty-phase free-wheeling
diodes. This allows the converter to fall in a characterizable operat-
ing mode for all voltage and loading conditions. The results further
show that the open-phase operation provides advantages over the
frozen leg operation in terms of current stress and power trans-
fer capability. Experimental results on a small-scale closed-loop
gallium nitride-based prototype as well as time-domain simulation
results are provided to support the theoretical analyses.

Index Terms—DC-DC power converters, fault tolerance, systems
modeling.

I. INTRODUCTION

POWER electronics interfaces play a key role in dc-grids [1],
their primary functions being power flow control and volt-

age conversion between different grid voltage levels. Isolated-
bidirectional dc–dc converters are highly investigated for these
applications because their structure naturally meets these
two functions. Among all the available topologies, dual ac-
tive bridge (DAB) isolated-bidirectional dc–dc converters are
broadly considered due to their high flexibility and their
high efficiency owing to their zero-voltage switching (ZVS)
capabilities [2]–[4].

Bothsingle-phase(1p-DAB)[2]andthree-phase(3p-DAB)[3]
versions are proposed in the literature. Regardless of the higher
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Fig. 1. Three-phase dual active bridge converter. (a) Equivalent circuit of the
3p-DAB topology. (b) Closed-loop structure in the forward operation.

number of switches, the 3p-DAB provides many advantages
over the 1p-DAB which explains why it is preferred in many
modern dc-grid applications [5], [6]. The 3p-DAB (see Fig. 1)
also allows the use of different winding connections among
which the Y-Δ connection has been shown to provide increased
performance [7].

In many dc-grid applications, highly reliable power electronic
systems are required to meet a high level of grid-level
reliability [8]. Other than a good thermal management, oversiz-
ing of components, redundancy of converters, and fault-tolerant
(FT) methods are recognized methodologies to improve the
reliability of converters. Among these methods, the oversizing
of components is the most used in the industry. However, while
it may reduce the occurrence of failures, it does not mean that
the converter can resume operation upon fault detection.

FT operation is also recognized to be more cost effective than
the redundancy approach. FT operation means that a fault in a
component or subsystem does not cause the overall system to
malfunction [9]. In other words, a degraded operation under
postfault conditions implies that the converter can continue
operating with reduced performance metrics [10].

See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 2. FT operation of the 3p-DAB. (a) Frozen leg FT operation [11].
(b) Proposed open-phase FT operation.

Because of the higher number of switches in the 3p-DAB,
it can be argued that the reliability of the 3p-DAB converter
is reduced when compared to other isolated bidirectional dc–dc
converter topologies, including the 1p-DAB. However, due to its
three-phase structure, it has been shown that the 3p-DAB con-
verter can be operated in a frozen leg degraded mode, i.e., with
the two transistors of the same phase being deliberately opened
by their gate driver internal protections [see Fig. 2(a)] [11].
Because the free-wheeling diodes are left self-commutated, the
analytical characterization of the converter behavior in this de-
graded mode is not trivial and leads to multiple cases to analyze
which are the functions of the converter input/output voltages as
well as its loading conditions.

The frozen leg operation of the 3p-DAB leads to increased
transformer current as well as a reduced power transfer ca-
pability for light and heavier load conditions. These loading
conditions are characterized in [11] but are not generalized.
Moreover, due to the complexity in deriving an analytical model,
the impacts on the ZVS capabilities, controller sizing, dynamic
response, and stability are not presented.

In response to this challenge, the research contribution of this
article is as follows. First, it is proposed to open the faulty phase
on the faulty-bridge side such as it eliminates the interaction
of the faulty-leg free-wheeling diodes [see Fig. 2(b)]. As a
result, it is possible to characterize the steady state and transient
operations of the 3p-DAB with one phase open for all voltage
and loading conditions. It allows evaluating the major impacts
of the open-phase FT operation as well as presenting key design
considerations for a successful open-phase FT operation. Fur-
thermore, the open-phase operation provides increased power

Fig. 3. Additional information on the 3p-DAB version under investigation in
this article. (a) Equivalent circuit of the Y-Δ 3p-DAB transformer and definition
of the voltage and current variables. (b) Definition of the switching-functions
with the control phase-shift δ for phase A. Phases B and C are ±120° phase-
shifted from phase A.

transfer capability and reduced circulating current as compared
to frozen leg in [11].

This article is, therefore, organized as follows. In Section II,
the steady-state analysis based on the piecewise linear mod-
eling approach is performed to characterize the converter in
the open-phase operation and evaluate the impacts on the con-
verter steady-state characteristics. The open-phase operation
is also compared with frozen leg operation. In Section III, a
small-signal frequency-domain analysis is performed to design
a suitable closed-loop controller for both normal and open-phase
operations as well as to assess the impacts on the converter
stability and dynamic performance. Experimental results on a
small-scale closed-loop gallium nitride (GaN)-based 3p-DAB
prototype and time-domain simulation results are provided to
support the theoretical analyses.

Finally, it is worth mentioning that the converter under study
is the Y-Δ 3p-DAB version operated using single-phase shift
control with a fixed switching frequency fs and a 180° modu-
lation scheme. The Y-Δ transformer equivalent circuit is shown
in Fig. 3(a) and the control phase shift δ is defined in Fig. 3(b).
Forward operation is considered such that the output voltage vo
is the regulated variable, as shown in Fig. 1(b). The initial frozen
leg condition is assumed to occur on phase C of the input bridge
such that phase C is opened in response to the frozen leg gate
driver fault signal (see Fig. 2).

II. STEADY-STATE CHARACTERIZATION

The steady-state analysis of the 3p-DAB converter is per-
formed using the piecewise linear modeling approach [3], which
can be applied to any transformer connection [7]. The converter
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is assumed lossless, and the dead-time is neglected. The trans-
former magnetizing inductance is also neglected along with tran-
sistor snubber and output transistor capacitances. Also note that,
throughout this article, small letters are used for time-domain
variables while capital letters will be used for the steady-state
values.

A. Transformer Voltage and Current Waveforms

The first step to use the piecewise modeling approach to char-
acterize the steady-state operation of the 3p-DAB is to extract
the voltage waveforms applied by the input and output bridges
on both sides of the series inductance Ls. For the 3p-DAB in
the normal operation, the voltages applied by the input bridge
on the primary side are given by

vAN = vAO − vNO (1)

vBN = vBO − vNO (2)

vCN = vCO − vNO. (3)

Assuming that the voltages vAN, vBN, and vCN are balanced,
and adding (1)–(3), it leads to

vNO =
vAO + vBO + vCO

3
(4)

with

vAO = s1vi (5)

vBO = s3vi (6)

vCO = s5vi (7)

and s1 being the switching function of phase A defined in
Fig. 3(b). The switching functions s3 and s5 are ± 120° phase-
shifted from phase A. Inserting (5)–(7) into (4), it yields that

vNO =
(s1 + s3 + s5) vi

3
. (8)

From (8), it is concluded that the voltage vNO, on the primary
side, only depends on the input bridge switching functions and
the converter input voltage. Furthermore, inserting (5)–(8) into
(1)–(3) leads to

vAN =
(2s1 − s3 − s5) vi

3
(9)

vBN =
(2s3 − s1 − s5) vi

3
(10)

vCN =
(2s5 − s1 − s3) vi

3
. (11)

A similar analysis can be carried out on the secondary side,

v′ab = mvab = m (s′1 − s′3) vo (12)

v′bc = mvbc = m (s′3 − s′5) vo (13)

v′ca = mvca = m (s′5 − s′1) vo (14)

with s′1, s′3, and s′5 being the output bridge switching functions
for phase a, b, and c, respectively. Knowing the voltages applied
to the series inductor, the phase currents can be defined for
the interval from 0 to π following the procedure given in [3].

For the 3p-DAB, the application of the piecewise linear model-
ing approach is divided into two ranges depending on the control
phase shift δ. For the specific case of the Y-Δ 3p-DAB under
investigation, range 1 is defined as 0 ≤ δ ≤ π/6 and range 2
is defined as π/6 ≤ δ ≤ π/2. Also note that in the normal
operation, the three-phase currents are assumed balanced

iA + iB + iC = 0. (15)

In the open-phase operation, the voltage waveforms are af-
fected and differ from the normal case. If phase C is open, the
current in phase C is null. Knowing that the voltage across Ls

on phase C is also null, it can be concluded that the voltage vCN

is now a function of the output voltage vo. Therefore, following
(14), the new voltage vCN in the open-phase mode is as follows:

vCN = mvca = m (s′5 − s′1) vo. (16)

If the output bridge is still operated with the same balanced
set of switching functions, it can be said that

vab + vbc + vca = 0 (17)

such that vAN, vBN, and vCN remain balanced, and (4) still stands
in the open-phase operation. While (5) and (6) still apply for the
open-phase operation, the voltage vCO is not applied by the input
bridge since phase C is open, such that, the following general
relationship must now be considered:

vCO = vCN + vNO. (18)

Inserting (5), (6), and (18) into (4), with vCN given by (16),
the voltage vNO for the open-phase operation is reduced to

vNO =
(s1 + s3) vi +m (s′5 − s′1) vo

2
. (19)

By inserting (19) into (1) and (2), the new voltages vAN and
vBN are defined by

vAN =
(s1 − s3) vi +m (s′1 − s′5) vo

2
(20)

vBN =
(s3 − s1) vi +m (s′1 − s′5) vo

2
. (21)

The results obtained in (20) and (21) lead to an important
conclusion. In the open-phase operation, the voltages vAN and
vBN are dependent on the output bridge switching functions and
the output voltage vo. This is a fundamental difference compared
to the normal operation.

In the open-phase operation, (15) is also still applicable, which
leads to the other important conclusion that the phase A and B
currents are still purely ac, but now out of phase

iA = −iB. (22)

For the same input and output voltages as well as loading
conditions, experimental waveforms for phase A are provided
to compare the normal (see Fig. 4) and open-phase (see Fig. 5)
operations. This test case will be used as the main example for
the remaining of this article. The main parameters of the ex-
perimental prototype are provided in Table I. The experimental
prototype is shown in Fig. 6.
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Fig. 4. Main test case experimental results for the transformer voltage and
current waveforms for phase A in normal operation. The converter is operated
in range 1.

Fig. 5. Main test case experimental results for the transformer voltage and
current waveforms for phase A with phase C open. The converter is operated in
range 2.

TABLE I
EXPERIMENTAL PROTOTYPE MAIN TEST CASE PARAMETERS

A similar analysis can be performed on the secondary side.
In this case, it is the secondary voltage waveforms v′ab, v′bc,
and v′ca that are modified instead of vAN, vBN, and vCN. For
example, if phase c is opened on the secondary side, the voltage
v′ab remains the same as in the normal operation but v′bc and
v′cawill depend on the input voltage vi due to coupling with the
voltages applied by the input bridge on the primary side of the
three-phase transformer.

Fig. 6. EPC2022 GaN-based 3p-DAB experimental prototype with the Y-Δ
transformer. Open-phase operation is studied by opening the connection between
the phase C inductor and the input bridge.

B. Power Transfer Relationship

The general procedure to derive the power transfer relation-
ship of the 3p-DAB in the normal operation has been presented
in [3]. It assumes constant dc voltages and the steady-state op-
eration. It requires averaging the input or output currents which
are expressed in terms of the transformer line currents as well
as the input and output bridge switching functions. Due to the
symmetrical operation of the 3p-DAB in the normal operation,
the analysis is only performed over the interval θ = [0, π/3]. For
the Y-Δ 3p-DAB, the power transfer relationships for ranges 1
and 2 are given, respectively, by

P =
mViVo

ωsLs
δ (23)

P =
mViVo

ωsLs

[
3

2

(
δ − δ2

π

)
− π

24

]
. (24)

The analysis of the 3p-DAB in open-phase requires to analyze
the transformer currents over the longer interval θ = [0, π] be-
cause of the unbalanced operation. It can be demonstrated that
the resulting power transfer capability is theoretically half of the
one in the normal operation.

For the experimental prototype parameters, the power transfer
relationships in the normal, frozen leg, and open-phase opera-
tions are compared in Fig. 7. Experimental results are included
to validate the theoretical models. As depicted in Fig. 7, when
the converter is operated in a closed loop with regulated output
voltage vo = Vo and a resistive load R, the output power Po

must remain constant such that in the frozen leg and open-phase
conditions, the control phase shift δ will naturally be increased
to meet the new operating conditions.

Due to the circulation of reactive current in the faulty phase
free-wheeling diodes in the frozen leg operation, the power trans-
fer capability is reduced as compared to open-phase. However,
for conditions where there is no reactive current circulating in
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Fig. 7. Comparison of the theoretical and experimental power transfer rela-
tionships for the prototype parameters. For the frozen leg mode, the theoretical
power transfer capability is evaluated using time-domain simulations because
of the analytical complexity. The errors between the theoretical and the exper-
imental results are mainly due to losses and the dead-time (0.1 μs) which are
not considered in the theoretical models. As the power increases, losses reduce
the accuracy of the theoretical models for the open-phase and frozen leg modes.
The power transfer capability is also smaller than expected by the theoretical
prediction. Note that the 3p-DAB is also rarely operated with phase-shift beyond
60° due to the important circulation of reactive power [12].

the faulty phase, the frozen leg operation is virtually equivalent
to the open-phase operation.

C. Current Stress

Fig. 8 shows the current for each phase in the faulty bridge
for different voltage and loading conditions. These results are
obtained from time-domain simulations. Experimental results
are also added. The voltage conversion ratio d is defined as

d =
Vi

mVo
. (25)

By analyzing the results for the currents in phase A and
phase B, it is concluded that the current stress on the switches is
higher in the frozen leg operation as compared to the open-phase
case due to reactive currents circulating in the faulty phase C in
the frozen leg operation. This advantage of open-phase over
frozen leg also increases as d decreases.

Moreover, it is remarked that the rms current in phase A and
phase B is generally higher in the frozen leg and open-phase
operations as compared to the normal operation. This is an
intuitive result since the total active power is transmitted through
the two remaining phases in the frozen leg and open-phase
operations. For low power, it can, however, be noted that the rms
current in phase A and phase B can be lower in the frozen leg
and open-phase operations as compared to the normal operation.
This is a counterintuitive result since the total active power is
transmitted through the remaining phases, but this is due to
modifications in the voltage and current waveforms as described
in Section II-A.

Fig. 8. Analysis of the rms current stress in the faulty bridge for different
voltage and loading conditions with time-domain simulations and experimental
tests.

D. ZVS Soft-Switching Regions

The 3p-DAB make use of reactive circulating current through
the transistor antiparallel diodes of each bridge to provide ZVS
at turn-ON. ZVS occurs in the input bridge if iA < 0 at turn-ON

of S1, and ZVS occurs in the output bridge if ia > 0 at turn-ON

of S1′. The procedure to evaluate the theoretical ZVS regions for
the 3p-DAB in the normal operation has been presented in [3]
and [7]. The results for the Y-Δ 3p-DAB in the normal operation
are given in Fig. 9(a). A similar procedure can be applied in the
open-phase operation, but since the currents are unbalanced,
each phase must be studied independently. The analysis for
phase A (input bridge) and phase a (output bridge) is shown
in Fig. 9(b).

The theoretical results in Fig. 9 are also compared with the
main test case experimental results. As expected for the normal
operation case in Fig. 4 (iA < 0 at turn-ON of S1), the input
bridge is soft switched in Fig. 9(a). Since it is operated far from
its hard-switching boundary, the reactive component of iA is
significant (see Fig. 4). In the open-phase operation, according to
Fig. 9(b), the phase A of the input bridge should be soft switched
but operated very close to its ZVS boundary. According to Fig. 5,
iA is close to zero at turn-ON of S1 which means that it is operated
close to its ZVS boundary.
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Fig. 9. ZVS regions. (a) Normal operation. (b) Open-phase operation (phase
A and phase a).

The results in Fig. 9(a) show that it is advantageous from a
soft-switching standpoint to operate the 3p-DAB in the normal
operation with a voltage conversion ratio d ranging between 1.5
and 2. It is possible in applications where the input voltage Vi is
tightly regulated by a preregulating stage and the output voltage
Vo is held constant by the DAB converter. Type D multistage
solid-state transformers [13] such as those presented in [14] and
[15] are potential candidates. In fact, if the input voltage Vi is
well regulated, it is possible to select the transformer ratio m
such as the voltage conversion ratio d always lies between 1.5
and 2.0 for a desired fixed output voltage Vo.

In open-phase, a similar analysis can be performed for the
other phases. In fact, ZVS happens in phase B of the input bridge
if iB < 0 at turn-ON of S3, and ZVS take place in phase b of
the output bridge if ib > 0 at turn-ON of S3′. Since phase C is
open, the ZVS analysis is not applicable for phase C of the input
bridge but ZVS occurs in phase c of the output bridge if ic > 0
at turn-ON of S5′. Since iA = –iB and iC = 0, the output bridge
currents ia, ib, and ic can all be derived from the knowledge
of iA. It results that ia = ic = miA and ib = –2miA which
simplifies the ZVS analysis for the other phases.

Based on the above methodology, a detailed analysis of the
relationship between the output power P o, the conversion ratio
d and the ZVS boundaries is provided for all phases in Fig. 10.

Fig. 10. Output power versus the control phase-shift with the conversion ratio
d as a parameter. (a) Normal. (b) Open-phase (phase A and phase a). (c) Open-
phase (phase B and phase b). (d) Open-phase (phase c).
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For the per-unit conversion, the following bases are taken:

Vb = mVo, Pb =
(mVo)

2

ωsLs
. (26)

For the normal case, the results in Fig. 10(a) are valid for
all phases. In the open-phase operation, the results are given
in Fig. 10(b)–(d). From these results, it is concluded that in the
open-phase operation, for d= 2, the input bridge is always ZVS,
but only phase a and phase b in the output bridge are ZVS. The
whole output bridge is also always ZVS for a voltage conversion
ratio d < 1.

E. Impacts of Open-Phase on Magnetics

The impacts of the open-phase operation on magnetics are
discussed here. The three-phase transformer can either be con-
structed with all the windings on a single core or using three
separate transformers. Moreover, the series inductanceLs can be
implemented by adding external inductors or it can be integrated
into the transformer by controlling the leakage inductance of the
three phases [12].

If external inductors are used, their core must be correctly
sized for the maximum peak current ipk which increases in the
open-phase operation for the same voltage and loading condi-
tions. For example, for the main test case parameters, the peak
current increases from 8.9 A in the normal operation (see Fig. 4)
to 12.9 A in the open-phase operation (see Fig. 5). This increase
in the peak current must be considered during design to avoid
core saturation of the inductors in the open-phase operation.

For the three-phase transformer, the winding conductors must
be correctly sized for the increased rms current in the open-phase
operation. Furthermore, from the analysis of Figs. 4 and 5, it
is concluded that the volt-seconds applied to the transformer
magnetizing inductance is not affected in the open-phase oper-
ation because the healthy output bridge continues applying the
same voltage waveforms to the transformer secondary windings.
Thus, the risk of the transformer saturation does not increase in
the open-phase operation. Since there is no dc component in the
phase current in the open-phase operation, this also means that
the balance of volt-seconds applied to the transformer leakage
inductance is maintained.

III. SMALL-SIGNAL AND TRANSIENT ANALYSES

A. Derivation of the Small-Signal Model

Converter open loop small-signal characteristics are generally
defined by a set of standard transfer functions: the control-to-
output transfer functionGvd(s), the line-to-output transfer func-
tion Gvg(s), and the input Zi(s) and output Zo(s) impedances
[16], [17]. The control-to-output transfer function Gvd(s) is
necessary to properly size the closed-loop controller Gc(s) (see
Fig. 1). While Gvg(s) is important for electromagnetic compat-
ibility analysis, Zi(s) and Zo(s) are widely used in practice for
the application of impedance-based stability criteria [18]–[20].

The most commonly used technique to derive the analytical
small-signal model of dc–dc converters is the state-space aver-
aging (SSA) method [21]–[23]. The resulting SSA small-signal

TABLE II
CONTROL-TO-OUTPUT TRANSFER FUNCTIONS GAIN Kvd

circuits for the Y-Δ 3p-DAB in the normal and open-phase
operations are shown in Fig. 11. For the 3p-DAB in the normal
and the open-phase operations, it leads to the following general
form of the transfer function Gvd(s):

Gvd(s) =
Kvd

sRCo + 1
(27)

with Kvd being given in Table II and being dependent on both
the operating range and the operating mode. By analyzing (27),
it is first concluded that the phase ofGvd(s) is not affected in the
open-phase operation. However, from Table II, it is concluded
that the gain Kvd in range 1 is half the gain in the normal
operation. While it may look that it is also the case in range 2,
the gain Kvd depends on the control phase shift δ, which, as
previously mentioned, for the same input and output voltages
as well as loading conditions, must increase in the open-phase
condition (see Fig. 7). For the main test case parameters (see
Figs. 4 and 5), the magnitude of Gvd(s) for both modes is also
compared in Fig. 12.

While SSA is used here because it gives a better insight of
system parameters sensitivity, it is, however, shown in [16] that
it has limitations in deriving an accurate small-signal model of
the 3p-DAB at frequencies higher than 1/5th of the switching
frequency fs. SSA is generally precise enough for controller
sizing with Gvd(s) and for the evaluation of Zo(s), but it lacks
precision for the evaluation of Gvg(s) and Zi(s).

To overcome the limitations of SSA for DAB converters,
the generalized state-space averaging (GSSA) approach is used
[24]–[27]. In the open-phase operation, since the primary volt-
ages vAN and vBN both depend on the output bridge switching
functions as well as the output voltage vo, the derivation of
the GSSA model requires to rewrite the converter differential
equations. The procedure to derive the GSSA model with the
index k = 0 terms of vi, ii, and vo and the index k = ±1 terms
of iA and iB is adapted from [16] and [24]–[27]. It leads to the
following formulation:

d 〈x̂(t)〉
dt

= Â 〈x̂(t)〉+ B̂ 〈û(t)〉 (28)

〈ŷ(t)〉 = Ĉ 〈x̂(t)〉+ D̂ 〈û(t)〉 (29)

with the averaged vectors of state variables, and input and output
defined as

〈x̂〉 =

[
〈v̂o〉0

〈
îA

〉R

1

〈
îA

〉I

1

〈
îB

〉R

1

〈
îB

〉I

1

]T
(30)

〈û〉 =
[
δ̂ 〈v̂i〉0

]T
, 〈ŷ〉 =

[
〈v̂o〉0

〈
îi

〉
0

]T
(31)
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Fig. 11. Equivalent SSA small-signal circuits of the Y-Δ 3p-DAB converter. (a) Range 1. (b) Range 2. For the normal operation K = 1, and for the open-phase
operation K = 2. These equivalent circuits are used in this article to determine Gvd(s), Gvg(s), and Zi(s) with SSA.

and the averaged state-space matrices defined as

Â =

⎡
⎢⎢⎢⎢⎢⎢⎣

−1
RCo

A12 A13 A14 A15

A21 0 ωs 0 0

A31 −ωs 0 0 0

A41 0 0 0 ωs

A51 0 0 −ωs 0

⎤
⎥⎥⎥⎥⎥⎥⎦
, B̂ =

⎡
⎢⎢⎢⎢⎢⎢⎣

B11 0

B21

√
3

4πLs

B31
−3

4πLs

B41
−√

3
4πLs

B51
3

4πLs

⎤
⎥⎥⎥⎥⎥⎥⎦

(32)

Ĉ =

[
1 0 0 0 0

0 0 − 2
π −

√
3
π

1
π

]
, D̂ =

[
0 0

0 0

]
. (33)

The Â matrix terms are given as follows:

A12 =
2S12

Co
, A13 =

2S13

Co
, A14 =

2S14

Co
, A15 =

2S15

Co
(34)

with

S12 =
m

π

[
sin

(
7π

6
+δ

)
− sin

(
11π

6
+δ

)]

S13 =
m

π

[
cos

(
7π

6
+δ

)
− cos

(
11π

6
+δ

)]

S14 =
m

π

[
sin

(
11π

6
+δ

)
− sin

(π
2
+δ

)]

S15 =
m

π

[
cos

(
11π

6
+δ

)
− cos

(π
2
+δ

)]
(35)

and

A21 =
−S21

Ls
, A31 =

−S31

Ls
, A41 =

S41

Ls
, A51 =

S51

Ls
(36)

S21 = S41 =
m

2π

[
sin

(
7π

6
+ δ

)
− 3sin

(
11π

6
+ δ

)]

S31 = S51 =
m

2π

[
cos

(
7π

6
+ δ

)
− cos

(
11π

6
+ δ

)]
. (37)

The B̂ matrix terms are given as follows:

B21 =
−S31Vo

Ls
, B31 =

S21Vo

Ls
,

B41 =
S31Vo

Ls
, B51 =

−S21Vo

Ls
(38)

B11 =
2

Co

4∑
n=1

B11 (n) (39)

with the B11(n) terms being defined as

B11 (1) = S13 〈IA〉R1 , B11 (2) = −S12 〈IA〉I1
B11 (3) = S15 〈IB〉R1 , B11 (4) = −S14 〈IB〉I1. (40)

B. Analysis of the Converter Transfer Functions

The impacts of the open-phase operation on the small-signal
characteristics of the 3p-DAB also need to be analyzed. The
main test case parameters (see Figs. 4 and 5) are used and the
magnitude of Gvd(s), Gvg(s), and Zi(s) are shown in Figs. 12–
14. Time-domain simulation results are also added to validate
the normal and open-phase operation models.

First, from Figs. 13 and 14, it is concluded that the use
of SSA leads to the false conclusion that for the same input
and output voltages as well as loading conditions, the transfer
functions Gvg(s) and Zi(s) are not affected in the open-phase
operation. In the open-phase operation, the magnitude ofGvg(s)
tends, in fact to decrease at higher frequencies (see Fig. 13). For
Zi(s), the peak gain frequency is shifted from 1.8 to 2.5 kHz in
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Fig. 12. Magnitude of the control-to-output transfer function Gvd(s).

Fig. 13. Magnitude of the line-to-output transfer function Gvg(s).

Fig. 14. Magnitude of the input impedance Zi(s).

the open-phase operation. According to Middlebrook’s
theorem [18], for a given input filter, it tends to be less stable
between 1 and 2 kHz but to be more stable at frequencies higher
than 2 kHz (see Fig. 14).

Since the output impedance only depends on the load R and
the output capacitor Co, it is not affected in the open-phase
operation such that Zo(s) can be calculated as defined in [16].

C. Closed-Loop Analysis in the Open-Phase Operation

When switching from the normal to open-phase operation
with the same input and output voltages as well as loading
conditions, it must be determined if the controller parameters
need to be adjusted to keep an acceptable transient dynamic
response.

To answer this question, a PI controller Gc is sized here
using the transfer function Gvd of the 3p-DAB in the normal
operation (see Fig. 12). The characteristics of the designed
PI controller Gc are given in Fig. 15. This controller is used

Fig. 15. Impact of sizing the controller using normal operation characteristics
on the closed-loop small-signal characteristics in the open-phase operation.

Fig. 16. Time-domain simulation results showing the impact of sizing the
controller using the converter normal operation characteristics on the transient
response in the open-phase operation.

for both simulation and experimental analyses. The impacts of
keeping the same controller Gc when passing from the normal
to open-phase operation on the crossover frequency fϕm and
the phase margin ϕm are also given in Fig. 15. Overall, it is
concluded that the crossover frequency fϕm is reduced from
1 kHz in the normal operation to 535 Hz in the open-phase
operation. The phase-margin ϕm is slightly increased from 56°
to 58°.

By applying a step from 0 to 24 V in the reference voltage
in the time-domain simulation model, it is seen in Fig. 16
that the overall result is a higher overshoot (8% against less
than 1%) and a slower transient response (time-to-peak of 1.6
ms against 1.2 ms). This is due to the reduced ability of the
same PI controller Gc to deal with disturbances in open-phase.
This is mainly due to the important reduction in the crossover
frequency fϕm. This situation can be considered acceptable in
some practical applications, but the controller parameters may
need to be adjusted in some cases.

The experimental results of Fig. 17 also show that the sim-
ulation model provides a reasonable accuracy in predicting the
transient response in open-phase. Furthermore, the simulation
results in Fig. 18 show that the designed controller allows a
transition from the normal to frozen leg and from the frozen leg
to open-phase without interruption. From Fig. 18, for the same
output power, it is also concluded that the open-phase operation
provides reduced current stress and an increased power transfer
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Fig. 17. Closed-loop transient response to a step in the reference voltage from
0 to 24 V for the open-phase operation.

Fig. 18. Time-domain simulation results for the closed-loop transition from
normal to frozen leg and from frozen leg to open-phase operations.

Fig. 19. Experimental results for the transition from normal to frozen leg. The
result is close to the simulation result in Fig. 18.

capability over the frozen leg operation (i.e., the phase shift δ is
smaller in open-phase than in frozen leg).

Moreover, experimental results also confirm that the designed
controller allows uninterrupted transitions from the normal to
frozen leg (see Fig. 19), from the frozen leg to open-phase
(see Fig. 20), and from the normal to open-phase (see Fig. 21).
The normal to frozen leg transition is performed by disabling
the phase C gating signals s5 and s6. The frozen leg to open-phase
and the normal to open-phase transitions are validated by open-
ing the normally closed (NC) contact of a relay inserted in the

Fig. 20. Experimental results for the transition from frozen leg to open-phase.
The result is close to the simulation result in Fig. 18.

Fig. 21. Experimental results for the transition from normal to open-phase. A
voltage dip of 2.2 V is observed during the transition.

phase C. The relay coil signal is used to trigger the oscilloscope
and capture the event. A delay of 2.8 ms between the coil opening
signal and the actual phase opening is introduced by the relay.

IV. DISCUSSION ON FAULT DIAGNOSIS AND REMEDIAL

ACTIONS FOR OPEN-PHASE FT OPERATION

FT operation relies on effective fault diagnosis (FD) method-
ologies and adequate remedial actions [10]. As demonstrated in
this article, the 3p-DAB is naturally tolerant to phase loss (PL)
type fault (e.g., loose connection or broken wire). In this case, if
the controller is correctly sized, the 3p-DAB directly falls from
the normal to open-phase operation as demonstrated experimen-
tally in Fig. 21. In fact, no remedial actions or extra hardware is
needed for the 3p-DAB to be tolerant to external PL faults.

For other type of faults, such as switch or leg open- and
short-circuits, since the 3p-DAB converter is composed of two
three-phase inverters, many of the FD strategies and remedial
actions proposed for three-phase inverters in the literature [28]
are potential candidates for application with the 3p-DAB.

The FD techniques are divided into two groups: component-
based and system-based [28]. Component-based techniques
are generally integrated within the gate driver circuitry while
system-based techniques require external analog circuits or soft-
ware for analysis of the converter waveforms. The frozen leg op-
eration proposed in [11] and the open-phase operation proposed
in this article both rely on component-based FD techniques.
However, system-based methods allowing the identification of
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Fig. 22. Efficiency comparison for the experimental prototype.

the faulty phase could also be used. For example, an open-circuit
switch fault in inverters leads to a dc component in the faulty-
phase currents. This dc component is frequently used for de-
tecting and locating open-circuit switch faults in inverters [29].
This behavior is also present with the 3p-DAB [30]. Other fault
cases are open for further research.

Furthermore, as for FD techniques, many remedial actions
proposed for inverters such as those investigated in [31]–[34]
lead to a post-fault open-phase condition of the inverter. These
strategies are generally based on the use of a split bus with triacs
and fuses to open the faulty phase. While the cost and efficiency
issues of the additional components are important engineering
concerns, they are often neglected when fault tolerance and
system availability are the main objectives. Nevertheless, it is
well known that some of these strategies are not viable in certain
applications due to their impacts on efficiency [10].

In this article, the post-fault open-phase FT operation is
proposed to be enabled by a feedback fault signal coming from
the gate drivers, similarly to the previous article on the frozen leg
operation [11]. The demonstrated advantages of the open-phase
over frozen leg make interesting the use of the open-phase mode
as a first post-fault strategy following the frozen leg condition.
This could be the first action before considering oversizing the
components or reducing the output power.

Since the 3p-DAB can be operated shortly in frozen leg
prior to opening the phase, the opening delay introduced by
general-purpose electromechanical relays or contactors is not
problematic as shown experimentally in Fig. 20. Moreover, since
the 3p-DAB does not exhibit any dc component in the phase
current in the frozen leg mode, the phase can be opened using
standard ac-rated devices. In the normal operation, the efficiency
penalty of adding six (6) switches to open any of the faulty phases
is expected to be small if the switches are correctly sized for
the phase current. In the case of the prototype presented in this
article, the maximum efficiency penalty in the normal operation
is 0.5% at vi = 24 V, vo = 24 V, and P o = 144 W. Using NC
contacts also avoid increasing the required auxiliary power to
keep the relays closed in the normal operation.

Considering the impact of adding the six (6) switches on the
overall efficiency, the efficiency of the 3p-DAB prototype is
also analyzed in Fig. 22. As expected, due to the increased rms
currents, the efficiency is reduced in the frozen leg and open-
phase as compared to the normal case. The efficiency in the
frozen leg is also reduced as compared to the open-phase case

because of the additional reactive current circulating in the faulty
phase in the frozen leg operation.

V. CONCLUSION

In this article, the open-phase FT operation of the 3p-
DAB converter is proposed and confirmed experimentally on
a closed-loop EPC2022 GaN-based small-scale prototype. The
steady-state analysis is performed to evaluate the impact of the
open-phase operation on the converter voltage and current
waveforms, its power transfer relationship, as well as its soft-
switching capabilities. Small-signal analyses along with time-
domain simulations are provided to assess the impacts on the
converter stability and its transient dynamic performance.

The important conclusions are as follows.

1) The open-phase operation provides reduced current stress
and an increased power transfer capability over the frozen leg
operation.

2) The power transfer capability in open-phase is theoretically
half the one in the normal operation, such that, for the same
voltages and loading conditions, the control phase-shift needs
to increase.

3) The stability of the 3p-DAB can be positively and/or nega-
tively affected in the open-phase operation.

4) For the same PI controller, the transient response is negatively
affected in the open-phase operation such that the controller
parameters may need to be adjusted.

Using an FT topology, which provides intrinsic redundancy
upon failure of switches, will undeniably facilitate the industrial
acceptation of emerging semiconductor technologies such as
silicon carbide and GaN.
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