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Abstract—Three-phase dual active bridge (DAB) topology is a
potential alternative for high-power applications when a compact
and efficient converter with a bidirectional power transfer capabil-
ity is desired. In a constructed prototype, high-power SiC modules
with dedicated drivers are utilized to achieve high-efficiency and
compact size. Each module has two interconnected switches with
anti-parallel diodes resembling a converter leg. It is observed that
the driver halts the module operation as a result of protective ac-
tions such as overcurrent, gate undervoltage, or gate overvoltage.
In this frozen leg mode, the module operates as a leg with two diodes
until an external hardware signal resets the driver. The converter
continues operation but with a reduced performance. Analysis,
simulation, and verification of a three-phase DAB converter under
a frozen leg operation are considered in this paper. The converter
with a frozen leg has two different behaviors at light loads and
heavy loads. Consequently, two different analysis methods are de-
veloped to solve converter operation in different load conditions.
Results show that the power transfer capability is reduced, but this
fault mode is nondestructive.

Index Terms—DC-DC power converters, electrical fault detec-
tion, power semiconductor switches.

I. INTRODUCTION

THE three-phase dual active bridge (DAB) topology is one
of the circuit candidates for the dc/dc conversion stage

to achieve a high-power density while keeping the efficiency
high [1]–[6]. One major drawback of the DAB configuration
in the three-phase version is the high number of switches and
drivers compared to its single-phase variant. Hence, the risk of
failure in a switch including the drivers and auxiliary circuits
are higher than in a topology with a fewer components such as
a single-phase DAB converter [7], [8].

In a constructed prototype based on a three-phase DAB con-
verter for the dc/dc stage, SiC-based 300 A/1200 V modules
and dedicated drivers from CREE are used. The power mod-
ules are CAS300M12BM2 and the drivers are PT62SCMD12.
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This SiC power module has two switches in series to be used
as a leg in the converter. Anti-parallel diodes are also included
in the module. The gate driver is using an isolating scheme
with some protection features. The driver protects the upper and
lower switches in the module for the drain overcurrent and the
gate power supply undervoltage and overvoltage.

There are different failure scenarios demanding a comprehen-
sive investigation and analysis [7], [10]–[13] in order to achieve
a more reliable system. It is observed that the driver freezes the
module operation as a protection action provided by the driver.
In this case, the driver activates the module after a hardware
reset; during this fault mode, the anti-parallel diodes are still in
operation (assuming that they are healthy).

A frozen leg on the secondary side of the DAB converter is
considered in this paper. Theoretically, there is no difference
between the primary and secondary of this converter. Hence,
this case can be an appropriate representative for one leg halt
mode. The same method can be used for similar cases such as
two leg or three leg halt modes.

This topic, halt mode operation of a power module because
of the driver protection action, is not typically considered in
literature. It is expected with a widely usage of high-power
modules in different applications like automotive, this paper
can demonstrate an example of reliability enhancement of a
power converter. As an immediate result, fault mode detection
and postfault strategy are the next questions to be addressed.
Those issues are not considered in this paper in order to limit
the scope. However, by analyzing the transformer current, it is
possible to detect this fault mode. As a postfault strategy, it is
possible to reduce the converter power level or overdesign the
power module for a safe continuous operation under this halt
mode.

In a frozen leg mode of operation, the three-phase DAB con-
verter has two different behaviors. At light load, the converter
face slight unsymmetry in the phases but when the load in-
creases, this unsymmetry increases and the phase with a frozen
leg undergoes a huge change in behavior compared to a nor-
mal mode operation. For an accurate analytical analysis in all
line and load conditions, the converter with two active three-
phase bridges and body diodes shall be analyzed in a frozen
leg mode. The number of components including diodes makes
this task complicated, if it is not impossible. Hence, the idea of
this paper is to perform analysis of simpler cases. At light loads
where slight unsymmetry affects the converter, the deviation
from normal mode of operation is considered. By decomposing
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Fig. 1. Equivalent circuit of three-phase DAB converter used in the charger.

the transformer current into the normal and deviated from the
normal values, the analysis is performed to calculate the fault
current. Consequently, the converter power is calculated at light
loads [14].

At heavier loads, which is clarified later on, the transformer
current of the halted phase undergoes a considerable deviation
from the normal operation value. In this case, a direct analysis
method is developed to calculate the fault current. Consequently,
the power transfer is calculated also. The results show that after
a leg halt, the power transfer capability is reduced enabling to
continue operation but with a reduced power.

The boarder of light load region and heavy load region is
analytically calculated using the developed equations for the
power transfer under the frozen leg operation mode. The terms
light load and heavier load are clarified after presenting the
calculated power transfer equations.

After this introduction, the three-phase DAB converter in
normal mode with focus on the required background for the
frozen leg analysis is presented in Section II. The fault current
and power calculations at light loads are presented in Section III.
Section IV is dedicated to the converter analysis under a frozen
leg operation at heavier loads. The verifications are presented in
Section V and conclusions are given in the final section.

II. NORMAL OPERATION OF A THREE-PHASE DAB

Fig. 1 shows the power stage of a three-phase DAB circuit
topology. The selected polarities for the voltages, currents and
different points of the circuit are defined in this figure too. Two
active three-phase bridges generate three-phase voltages toward
the high-frequency transformer. The transformer inductances
and inverter voltages determine the direction and amount of the
power flow. There are different methods to control the power
transfer in which the phase shift control is one of the widely
used techniques for this bidirectional topology [15] and it is
considered in this paper. It is assumed that the transformer has
a Y − Y configuration where the star points are denoted as N1
and N2 for the primary and secondary sides, subsequently.

The energy storage inductors of the circuit, L, can be the
transformer leakage inductances or external inductors. To ana-
lyze the converter, a lossless model of the transformer is used
without considering the magnetizing inductances.

The control of the converter is performed via controlling the
gate signals of the bridges in the primary and secondary sides.
The phase shift between the primary and secondary determines
the direction and magnitude of the power flow. Fig. 2 shows
important waveforms of the converter from the gate command

Fig. 2. Ideal waveforms of a three-phase DAB converter shown in Fig. 1.

to the transformer waveforms in the primary and secondary
sides.

The phase shift angle ϕ, the input voltage V1 , the output
voltage V2 , the transformer primary to secondary turns ratio n,
the switching frequency f , and series inductance L determine
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the power transfer, Pnom, as [2]

Pnom =
nV1V2

ωL
ϕ

(
2
3
− ϕ

2π

)
(1)

where ω = 2πf is the angular frequency in rad/s. If the input
voltage is equal to the referred output voltage to the primary,
i.e., V1 = nV2 , this equation can be written as [2]

Pnom =
V 2

1

ωL
ϕ

(
2
3
− ϕ

2π

)
. (2)

To analyze the converter operation, first, the inverter output
voltages to the negative dc bus, VX 1P 1 , are calculated where X
is either A, B, or C. Then the transformer voltages to the star
points, VX 1N 1 , are calculated. The transformer voltages and
the inverter voltages are used to calculate the inductor voltages.
Consequently, one can determine the inductor currents. By mul-
tiplication of the inductor currents and transformer voltages, it
is possible to determine the power. This is the main procedure
to analyze the converter in a normal operation and in a frozen
leg mode.

Now assume that VC 2P 2 is slightly changed because of a
frozen leg. For example, it is turned ON after a delay or turned
ON earlier than it is planned. This results in a change in the
voltage waveforms in the transformer voltages VX 2N 2 . The new
waveforms can be calculated very similar to those shown in
Fig. 2.

In the case where leg C in the secondary is frozen, VC 2P 2
is deviated from its original shape. Depending on which body
diode is conducting, this voltage can be determined. However, to
perform an analysis for this case, the same procedure is followed,
but with another voltage profile of VC 2P 2 . The inductor voltages
and currents are calculated for this case and consequently the
power is calculated, which is presented in the next section.

III. ANALYSIS OF A THREE-PHASE DAB CONVERTER UNDER

A FROZEN LEG OPERATION AT LIGHT LOADS

The inductor waveforms, three-phase voltages and currents,
are shown in Fig. 3 in a normal operating condition [2]. The
waveforms are for the condition which V1 = nV2 . This case
is easier for analysis and holds through the rest of the paper.
The current has a flat waveform in the maximum or minimum
condition where the value is I2 . I1 is the current value in the flat
region in the middle. These two values, I1 and I2 , can describe
the current waveform. One part of the inductor voltage is shown
by a dashed line and the arrow shows the point of deviation
from the original waveform. For frozen leg C, this part of the
inductor voltage is affected. This is from the basic waveforms
of the converter shown in Fig. 2.

A. Inductor Waveforms Decomposition to Analyze the Frozen
Leg Condition at Light Loads

The width of the dashed-line in the inductor voltage is ϕ. This
is the normal width in a normal operation. It is assumed that
some part of this pulse is changed to zero as a result of a frozen
leg. Hence, it is assumed that the width of α is changed to zero in
the frozen leg condition. The angle α is an arbitrary small angle
that can be determined in a certain operating condition of the

Fig. 3. Inductor waveforms in a three-phase DAB converter.

converter. Simulation and experiments verify this assumption.
Consequently, the idea is to solve the circuit when the inductor
voltage is deviated from its normal operation. In this case, the
change is that one piece of the inductor voltage in the beginning
of the dashed-line area with a width of α is zero.

If α is small, it is possible to use superposition to solve
the circuit. It is assumed that the circuit parameters and load
conditions are such that the superposition is valid, as it is shown
in simulations and experiments. Fig. 4 shows the procedure of
decomposing the circuit. The width of α is considered as an
addition of the original voltage and a negative voltage. In this
way, the current can be calculated as the sum of the normal
current and the current resulted by a negative pulse with width
of α.

For a normal operation of DAB converter, the analysis is not
shown here and one can refer to [1] and [2]. For the inductors
with a negative voltage pulse, it is possible to solve the circuit
to find the current and later on the resulting power. Fig. 5 shows
the voltage and current waveforms as a deviation from nor-
mal operation. Phases A and B have similar waveforms, while
phase C has twice negative value of the current and voltage (sum
of three-phase is zero). Note that this waveforms are added to
the normal waveforms and can be interpreted as unsymmetrical
components.
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Fig. 4. Decomposition of the inductor voltage for the analysis.

Fig. 5. Inductor waveforms for a decomposed negative voltage pulse at light
loads.

In steady-state condition and considering the inductor flux-
balance, the value of the inductor current can be calculated as

IF =
V1α

6ωL
(3)

where IF is the peak current of the inductor and α is the width
of voltage pulse in radians.

B. Power Transfer Calculation for the Decomposed Fault
Current at Light Loads

In this section, detailed calculations of the transferred power
after freezing leg C in the secondary side is presented. For the
decomposed fault waveform, the inductor currents and trans-

Fig. 6. Transformer waveforms in the primary side after leg C has been frozen
at light loads.

former voltages are multiplied and averaged over a half cycle,
for each phase. The total power is the addition of the power in
normal operation mode and the calculated power for the decom-
posed waveform (negative pulse of the inductor).

The analysis is based on the following assumptions: the in-
put/output voltages are equal to the transformer turns ratio, there
is no dead time, the maximum value of the phase shift is 60◦,
and the components are ideal. Hence, a slight deviation from
the measurement and theoretical values are expected.

Fig. 6(a) shows the transformer current and voltage for the
phase A. A half cycle is divided into four intervals which the
power is calculated for each interval and then it is averaged over
a half period to calculate the average power as

PAD =
1
π

∫ π

0
VA1N 1(θ)iA1(θ)dθ

= PADI + PADII + PADIII + PADIV. (4)

For each interval, the power is calculated as

PADI =
1
π

(
1
3
V1IF π/3

)
(5)

PADII = 0 (6)

PADIII =
1
π

(
−2

3
V1IF (π/3 − α)

)
(7)

PADIV =
1
π

(
−1

3
V1IF π/3

)
. (8)
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The average power value of the phase A can be calculated as

PAD = −2
3
V1IF

(
1
3
− α

π

)
. (9)

The same approach can be used to calculate the power for
the phases B and C. For the phase B, the waveforms are shown
in Fig. 6(b). A half cycle is divided into four intervals and the
average power is

PBD =
1
π

∫ π

0
VB 1N 1(θ)iB 1(θ)dθ

= PBDI + PBDII + PBDIII + PBDIV. (10)

For each interval, the power is calculated as

PBDI =
1
π

(
−2

3
V1IF π/3

)
(11)

PBDII = 0 (12)

PBDIII =
1
π

(
−1

3
V1IF (π/3 − α)

)
(13)

PBDIV =
1
π

(
−1

3
V1IF π/3

)
. (14)

The average power value of the phase B can be calculated as

PBD = −4
9
V1IF +

1
3
V1IF α/π. (15)

For phase C, as it is shown in Fig. 6(c), four intervals are
considered. The average power over a half cycle is

PC D =
1
π

∫ π

0
VC 1N 1(θ)iC 1(θ)dθ

= PCDI + PCDII + PCDIII + PCDIV. (16)

For each interval, the power is calculated as

PCDI =
1
π

(
−1

3
V1IF π/3

)
(17)

PCDII = 0 (18)

PCDIII =
1
π

(
−1

3
V1 2IF (π/3 − α)

)
(19)

PCDIV =
1
π

(
−2

3
V1 2IF π/3

)
. (20)

The average power of phase C can be calculated as

PC D =
1
π

(
−8

9
V1IF +

2
3
V1IF α/π

)
. (21)

Consequently, utilizing (9), (15), and (21), the total average
power for the negative pulse component of the waveform in a
frozen leg condition, PtD , is

PtD = −14
9

V1IF +
5
3
V1IF α/π. (22)

The total power in a frozen leg condition at light load,
PtFL, is

PtFL = PtD + Pnom (23)

where Pnom and PtD are calculated in (2) and (22), subsequently.

IV. ANALYSIS OF A THREE-PHASE DAB CONVERTER UNDER

A FROZEN LEG OPERATION AT HEAVIER LOADS

The main difference in this mode and previous mode is the
value of angle α. In this mode, which is indicated as heavier
load mode, the angle α is equal to ϕ. This means, the whole
dashed line in Fig. 3 is zero.

Each switch in a power module has a body diode in parallel
that provides some features/limitations in a controlled switch.
If the gate signal is OFF, as it is the case in the frozen leg mode,
there is a possibility for the system to continue normal operation
if the diode can conduct. Hence, it is essential to realize when
the switch is conducting and the diode can not conduct. For a
negative current, with the selected directions in Fig. 1, the diode
in the top switch can not conduct while for the bottom diode it
is the other way around.

A. Converter Analysis Under Frozen Leg Operation
at Heavier Loads

Assume that the top switch is turned ON, the inverter out-
put voltage to the negative dc bus point, in this case VC 2P 2 is
forced to be V2 . If the gate signal is OFF, and if the top diode
is conducting, VC 2P 2 is forced to V2 ; this is the start point of
the analysis. If one diode conducts in the halt-mode, the inverter
output voltage is forced to 0 or V2 (depending on which diode,
top or bottom, is conducting). This voltage, VC 2P 2 , is shown for
a healthy converter in Fig. 2.

If the inverter output voltage is deviated from the nominal
value, it is possible to calculate changes to the phase voltages,
i.e., VA2N 2 , VB 2N 2 , and VC 2N 2 . Apparently, it results in some
nonsymmetrical waveforms, that are the subject of this analysis.
When the voltages are calculated, it is possible to calculate the
inductor currents, and thereby the transformer power in the
primary side. In the frozen secondary leg C mode, the primary
bridge is not affected and performs a nominal operation.

Fig. 7 shows the inductor voltage and the calculated current
after freezing leg C in the secondary side. The affected inductor
voltages, due to the gate driver freezing, are shown by dashed
lines. Here, it is assumed that the dashed lines are zero over the
inductor voltage. This assumption is validated by the simulation
and measurement.

For some other working conditions, which are not considered
in this paper, these waveforms might be different. For example,
if the output voltage and input voltage are not the same and
the referred output voltage to the primary is less than the input
voltage, the dashed lines are moving toward the solid lines. In
this operating condition, the body diodes are conducting mostly
and a switch halt has a minor impact on the waveforms. Hence,
the dashed line will have a narrow width in comparison to figure
presented here. Another approach is required to perform the
analysis.
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Fig. 7. Inductor waveforms for analytical analysis after freezing leg C on the
secondary side at heavier loads.

As it is mentioned earlier, the focus is on a balanced condi-
tion when the output voltage and input voltage are equal to the
transformer turns ratio. Other cases are open for further research
works.

The inductor voltage is calculated as the difference between
the primary side bridge voltage and the secondary side bridge
voltage referred to the primary side as

VLX = VX 1N 1 − nVX 2N 2 . (24)

The inductor current is flat because the referred output voltage
is equal to the input voltage in this case.

In a three-phase system, the sum of the voltages and currents
are zero, which can be seen from Fig. 7. The analysis is started
from phase C where the current is zero for some intervals. In this
case, the phases A and B are equal but with 180◦ phase shift. The
inductor voltage for phase C includes two pulses, one negative
and one positive, which each has a duration of ϕ. The voltage
values are the same as the ones with a nominal condition, which
are shown in Fig. 7. The inductor voltage waveform for phase
C can uniquely determine the current.

The peak value of the inductor current in phase C is
calculated as

ICo
=

V1ϕ

3ωL
(25)

where ICo
is the peak value of the current. This is the result from

the inductor voltage equation based on the waveform shown in
Fig. 7. In addition, it is possible to determine the current values
for the phases A and B with the same approach or to use the
symmetry in the waveforms to calculate them. The calculated

Fig. 8. Transformer waveforms in the primary side after leg C has been frozen.

value for the current waveforms according to Fig. 7 are

I1 =
V1ϕ

6ωL
(26)

I2 =
V1ϕ

2ωL
. (27)

B. Power Transfer Calculation Under the Frozen Leg
at Heavier Loads

To calculate the transferred power in the case of a frozen
leg, leg C in the secondary, the calculated inductor currents are
used to calculate the transformer power in the primary side.
The transformer phase voltages, VA1N 1 , VB 1N 1 , and VC 1N 1 ,
are shown in Fig. 2. The next step is to multiply the inductor
currents to these voltages in order to calculate the instantaneous
power and perform an averaging in order to calculate the average
power.

The power calculations are performed based on lossless
model of the transformer. The inductor currents and transformer
voltages are multiplied and averaged over a half cycle, for each
phase. However, the analysis is based on the following assump-
tions: the input/output voltages are equal to the transformer turns
ratio, there is no dead time, the maximum value of the phase
shift is 60◦, and the components are ideal. Hence, a slight devia-
tion from the measurement and theoretical values are expected.
As it is explained earlier, these deviations are negligible and do
not change the results and conclusion.

Fig. 8(a) shows the transformer current and voltage for phase
A. A half cycle is divided into five intervals, where the power is
calculated for each interval and then it is averaged over a half
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period to calculate the average power as

PAH =
1
π

∫ π

0
VA1N 1(θ)iA1(θ)dθ

= PAI + PAII + PAIII + PAIV + PAV . (28)

For each interval, the power is calculated as

PAI =
1
π

(
1
9
V1I2 ϕ

)
(29)

PAII =
1
π

(
1
3
V1I2 (π/3 − ϕ)

)
(30)

PAIII =
1
π

(
2
3
V1I2 π/3

)
(31)

PAIV =
1
π

(
2
9
V1I2 ϕ

)
(32)

PAV =
1
π

(
1
9
V1I2 (π/3 − ϕ)

)
. (33)

The average power value of phase A can be calculated as

PAH =
10
27

V1I2 − 1
9
V1I2 ϕ/π. (34)

The same approach can be used to calculate the power for
phases B and C. For phase B, the waveforms are shown in
Fig. 8(b). A half cycle is divided into five intervals and the
average power is

PBH =
1
π

∫ 5π/3

2π/3
VB 1N 1(θ)iB 1(θ)dθ

= PBI + PBII + PBIII + PBIV + PBV . (35)

For each interval, the power is calculated as

PBI =
1
π

(
−1

9
V1I2 ϕ

)
(36)

PBII =
1
π

(
1
9
V1I2 (π/3 − ϕ)

)
(37)

PBIII =
1
π

(
4
9
V1I2 ϕ

)
(38)

PBIV =
1
π

(
2
3
V1I2 (π/3 − ϕ)

)
(39)

PBV =
1
π

(
1
9
V1I2 π

)
. (40)

The average power value of the phase B can be calculated as

PBH =
10
27

V1I2 − 2
9
V1I2 ϕ/π. (41)

For phase C, as it is shown in Fig. 8(c), three intervals are
considered (the current is zero for some similar intervals in
phases A and B). The average power over a half cycle is

PC H =
1
π

∫ 5π/3

2π/3
VC 1N 1(θ)iC 1(θ)dθ

= PC I + PCII + PCIII. (42)

For each interval, the power is calculated as

PC I =
1
π

(
1
2
IC o

2
3
V1 ϕ

)
(43)

PCII =
1
π

(
IC o

2
3
V1 (π/3 − ϕ)

)
(44)

PCIII =
1
π

(
1
2
IC o

1
3
V1 ϕ

)
. (45)

The average power of phase C can be calculated as

PC H =
4
27

V1I2 − 1
9
V1I2 ϕ/π. (46)

Consequently, utilizing (34), (41), and (46), the total average
power after leg C freeze at heavy loads, PtFH, is

PtFH = PA + PB + PC =
24
27

V1I2 − 4
9
V1I2 ϕ/π (47)

where by substitution of I2 from (27) in this equation, the power
can be written as

PtFH =
V1

2

2ωL
ϕ

(
24
27

− 4ϕ

9π

)
. (48)

V. VERIFICATION

The constructed hardware, performed simulation and verifi-
cation of the performed analysis and transition from light area
to heavy load area in the context of a frozen leg operation mode
are presented in this section.

A. Constructed Hardware

In the context of a project, a prototype with a power level of
50 kW is constructed. SiC power modules and nanocrystalline
magnetics materials are utilized to achieve a higher power
density and efficiency. The transformer leakage inductances
are used as external energy storage components. To achieve
similar leakage values, the primary and secondary windings are
shifted in the core that is a toroidal core with Vitroperm 500 F
materials [16].

For the semiconductor switches, SiC-based 300 A/1200 V
modules are used (CAS300M12BM2) utilizing the dedicated
drivers (PT62SCMD12). Each module includes a leg of the
converter. Hence, in total six modules and drivers are used in
the dc/dc converter. The command signals of the drivers are
RS422 type and the interface circuits are constructed to change
the signals to a TTL level. The driver has overcurrent protection
and gate circuitry supply voltage protection. The driver has an
independent processor to monitor and protect the module. It is
a common case that the driver freezes the gate signal subject
to a protective action. In this case, a physical reset signal is
needed to restart the normal operation. Some sensor boards are
designed and constructed to measure the dc bus voltages and the
transformer currents. The control is performed through a C2000
Delfino microcontroller. Fig. 9 shows the power modules and
dedicated drivers.

The value of the inductor is 16 uH and the transformer turns
ration is n = 2. The primary and secondary resistance of the
transformer are 5 and 2.5 mOhm, respectively.
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Fig. 9. SiC power module and the driver used in the constructed converter.

Fig. 10. Simulation results for a normal operation condition at light loads.

B. Simulation Parameters

The system is simulated in MATLAB/PLECS. In order to
achieve a better correlation with the experimental system, the
dead time, power MOSFET resistance, body diode voltage drop,
and transformer losses are considered in the simulations. In
addition, the dc bus inductances and resistances are modeled in
the simulation as well.

The parameters of power MOSFETs are considered constant in
simulations. For the drain source resistance a value of 10 mOhm
is selected and for the body diode a voltage drop of 2 V is
chosen. The miller capacitance is ignored in simulation but a
2.2 nF capacitance is selected for the drain source.

The switching frequency of the system is 25 kHz which one
cycle is 40μs. There is 1μs dead time between the upper and
lower switches in a leg.

C. Verification at Light Loads

To validate the performed analysis, simulations and experi-
ments have been conducted where the results have shown an
acceptable agreement between these parts, which are presented
in this section. For an input voltage of 537 V, output voltage of
250 V, and a phase shift angle of ϕ = 10◦ transformer primary
currents and the output dc currents are shown in Figs. 10 and
11 for a normal operation mode and a frozen leg condition, sub-
sequently. Tables I and II show the output currents for normal
operation mode and frozen leg operation mode [14].

D. Verification at Heavier Loads

Figs. 12–15 show simulation and measurement results with
an input voltage of V1 = 260 V. The operational conditions are

Fig. 11. Simulation results after a frozen leg at light loads.

TABLE I
CONVERTER OUTPUT CURRENT IN A NORMAL OPERATING

MODE AT A LIGHT LOAD

TABLE II
CONVERTER OUTPUT CURRENT IN A FROZEN LEG MODE

AT A LIGHT LOAD

Fig. 12. Simulation of the converter operation in a healthy mode (V1 = 260 V,
V2 = 130 V, ϕ = 24◦ and Io = 50.8 A).

Fig. 13. Measurement of the converter operation in a healthy mode (V1 =
260 V, V2 = 130 V, ϕ = 24◦ and Io = 51 A).

stated in the figures caption. Results show that there is a good
correlation between the theory, simulation and the measurement.

Tables III and IV show the output currents for normal
operation mode and frozen leg operation mode. The values
are presented for ideal calculations (without dead time and
losses), simulated values (including more realistic situation) and
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Fig. 14. Simulation of the converter operation in a frozen leg mode (V1 = 260
V, V2 = 130 V, ϕ = 24◦ and Io = 34 A).

Fig. 15. Measurement of the converter operation in a frozen leg mode
(V1 = 260 V, V2 = 130 V, ϕ = 24◦ and Io = 35 A).

TABLE III
CONVERTER OUTPUT CURRENT IN A NORMAL OPERATING

MODE AT A HEAVY LOAD

measurement results to provide a base for a quantitative compar-
ison. The phase shift value is ϕ = 24◦ and the dead time is 1μs,
which is equal to 4.5◦. If one switch is turned OFF 0.5μs earlier
than the case without dead time, it is equivalent 0.5μs/40μs
which is 1/80 of a full period that is 360/80 = 4.5◦. Comparing
simulations and measurements, there is a good match between
the values. A maximum error of 5% can be seen under s frozen
leg mode that can be the impact of the dead time.

E. Transition from Light Load to Heavy Load Area in the
Context of a Frozen Leg Operation

Two different behaviors are considered for a three-phase DAB
under a frozen leg operation: light load behavior and heavy load
behavior. After a frozen leg mode, the power transfer equations
are calculated for two modes based on (23) and (48). To calculate
the boarder between light load and heavy load areas, the power
equation can be solved to find out in which phase shift or power
level the two equations intersect.

Fig. 16 shows the power transfer under a normal mode op-
eration, a frozen leg converter mode at light loads and heavier
loads as a function of phase shift. It is assumed that alpha = 10◦

and the operating parameters are: f = 25 kHz, L = 16 uH, and
V1 = 500 V.

TABLE IV
CONVERTER OUTPUT CURRENT IN A FROZEN LEG MODE AT A HEAVY LOAD

Fig. 16. Transferred power of a three-phase DAB converter in a normal
operation mode, in a frozen leg mode at light loads and in a frozen leg mode at
heavier loads.

In this case, in a power level of 8.96 kW or equivalently a
phase shift of 12◦ the mode is changed from light load to heavy
load. This power level is a function of alpha and input voltage
under the condition that V1 = nV2 . Any deviation from these
conditions change the value of power for a mode change.

VI. CONCLUSION

For a three-phase DAB dc/dc converter, a frozen leg fault
mode is discussed in this paper. As a driver protection action,
a leg can stop normal operation, while the body diodes can
continue to operate. It is demonstrated by analytical estimation,
simulations and experiments that the converter can continue to
operate after this fault mode but with a reduced power. Two dif-
ferent modes are analyzed for a frozen leg operation where the
boarder of mode transition is analytically determined. Simula-
tions and measurement results show a strong correlation to the
analytical formulation. The maximum error of the output cur-
rent at frozen leg mode operation between theory, simulation
and measurement is less than 5.5%.
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