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Comprehensive Analysis of Buck Mode Frozen Leg
Operation for Three-Phase Dual Active
Bridge Converters

Cun Wang

Abstract—The three-phase dual-active-bridge converter exhibits
an inherent fault-tolerant capability for addressing open-circuit
failures (OCFs). The frozen leg method is a notable fault-tolerant
technique that mitigates OCF's without additional hardware. Upon
OCF detection, this method deactivates the two switches in the
faulty leg, enabling the converter to maintain operation at a re-
duced power level. However, all previous research on the frozen
leg method assumes unity voltage gain. Yet, in practical appli-
cations, nonunity voltage gain, such as buck operation, is often
unavoidable, wherein the voltage, current, and power character-
istics significantly deviate from those at unity voltage gain. Thus,
this article performs the first investigation of the more complex
buck mode of frozen leg operation, and finds the operation must
be categorized into three cases. The theoretical analysis derives the
voltage, current, and power expressions for these cases, revealing
significant deviations from those associated with unity voltage gain.
Based on the derived current expressions, a detailed soft-switching
analysis for the buck mode is also conducted. Furthermore, the
theoretical maximum transferred power in buck mode under the
frozen leg operation is proposed, and unique findings for power
transfer at zero phase shift are examined. The theoretical analyses
are validated through extensive experimental testing.

Index Terms—DC-DC converter, fault tolerance, reliability and
diagnostics.

I. INTRODUCTION

NTRODUCED in the 1990s, the single-phase dual-active-

bridge (1p-DAB) converter emerged as an efficient and com-
pact solution for dc—dc power conversion [1], [2]. Concurrently
proposed, the three-phase DAB (3p-DAB) converter features
an expanded topology with two additional legs, as shown in
Fig. 1(a), and can, thus, generate more voltage levels and reduce
input and output current ripple. This configuration leads to its
advantages of improved power density, lower electromagnetic
interference, and smaller filter capacitor size compared with
the 1p-DAB [3], [4], [5], [6]. These characteristics make the
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Fig. 1. (a) 3p-DAB converter. (b) Its frozen leg operation.

3p-DAB converter particularly suitable for high-power-density
applications, such as the solid-state transformer in dc distribution
grids [7], [8], [9], [10], the power interface in naval vessels,
railway auxiliary systems, and electric aircraft [11], [12], [13],
[14], the battery-driven interface in energy storage systems [15],
[16], the onboard charger and auxiliary power module (APM) in
electric vehicles [3], [17], [18], and photovoltaic systems [19].

Despite these advantages, the 3p-DAB converter’s inherently
higher number of switches increases the risk of switch failures,
as well as associated gate driver failures [20]. Nevertheless, this
increased number of switches also enhances the fault-tolerant
capability of the 3p-DAB, allowing it to maintain power trans-
mission even under certain fault conditions, thereby improving
overall system reliability [21], [22].

A survey conducted within the power electronics industry re-
vealed significant insights into the sources of component failures
[23]. The findings indicated that 15% of failures are attributed
to issues related to gate drivers, which lead to the loss of switch
control and open-circuit failures (OCFs) [23]. Additionally,
31% of component failures are linked to semiconductor device
failures, which are further categorized into short-circuit failures
(SCFs) and OCFs [21]. For 3p-DAB converters, addressing
SCFs requires prompt detection mechanisms to identify sudden
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large inrush currents, a need best met through hardware-based
protection strategies integrated into the gate driver circuit [21],
[24]. In contrast, the impact of OCFs in 3p-DAB converters
is less severe than that of SCFs, as the converter can continue
to operate at partial power under OCF conditions [22], [24],
[25]. The recommended method is to diagnose the faulty switch
exhibiting the OCF and then implement a fault-tolerant control
strategy, thereby allowing continued power flow until repairs
can be undertaken.

Extensive research has been conducted on diagnosing OCFs in
1p-DAB [26], [27], [28], [29], [30], [31] and 3p-DAB converters
[21], [24], [32], [33], [34], [35], [36]. For 3p-DAB converters,
Khan and Wen [24] presented a comprehensive analysis compar-
ing all pertinent methods, and proposes a novel OCF diagnosis
method using a low-cost diagnostic circuit that achieves the
fastest diagnosis time reported to date.

Following OCF diagnosis, it is essential to implement fault-
tolerant control strategies to mitigate the detrimental impacts of
OCFs. Research on fault-tolerant strategies for OCFs in DAB-
type converters can be delineated into two primary categories.
The first category focuses on enhancing system redundancy
through the integration of additional hardware or the reconfig-
uration of the existing topology. For example, Bhakar and Ja-
yaraman [37] incorporated an additional fault-tolerant capacitor
and a rapid fuse in series with the transformer to facilitate fault
tolerance in a 1p-DAB converter, and Shi et al. [38] reconfigured
the 1p-DAB topology by employing a central-tapped trans-
former and two symmetrical auxiliary inductors to achieve fault
tolerance. Bergeretal. [36] incorporated three extra bidirectional
switches between the transformer and primary-side converter.
By opening the bidirectional switch of the faulty phase, the
switches and antiparallel diodes in this phase can be entirely
isolated from the original 3p-DAB topology. However, these
methods of hardware redundancy and topology reconfiguration
increase the complexity and cost of the system [25].

Conversely, the second category emphasizes achieving fault-
tolerant control without additional hardware, known as the self-
embedded fault-tolerant method [39]. This category typically
employs various control techniques to manage switch opera-
tions, and is the focus of this article. Various self-embedded
fault-tolerant methods for DAB-type converters have been ex-
tensively studied, encompassing fault-tolerant strategies for 1p-
DAB [29], [40], [41], 2/3-Level DAB [42], and current-fed 3p-
DAB converters [33], [43]. However, only a few self-embedded
fault-tolerant methods specifically address OCFs in 3p-DAB
converters. One notable method is the frozen leg method [20],
which disables the two switches in the faulty leg when an OCF
has been detected, as shown in Fig. 1(b). For example, if the
lower switch in leg C’ is identified with an OCF, the gate signals
of both the upper and lower switches of this leg are set to OFF.
In this way, only the two antiparallel diodes in this leg remain
freewheeling, allowing the converter to continue operating at
reduced power.

Another approach in [32] is proposed to address OCFs in
3p-DAB by disabling more switches. This method suggests
simultaneously deactivating all four switches within the faulty
phase, on both primary and secondary sides. This results in
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four antiparallel diodes freewheeling, significantly complicating
the analysis of current and voltage waveforms. The maximum
power transfer of this method is lower than that of the frozen
leg method due to the increased number of deactivated switches.
Another self-embedded method for addressing OCFs in 3p-DAB
converters is the path-based fault-tolerant method [25]. Under
OCEF conditions, this approach needs to adjust three variables: 1)
the phase shift angle between the primary- and secondary-side
bridges, 2) the phase shift angle between phases A and B, and 3)
the phase shift angle between phases B and C. These adjustments
enable the reconfiguration of the current path, thereby reducing
current stress and increasing the maximum power transmission
capability. While the implementation of this method is sophis-
ticated due to its reliance on three control variables, optimizing
these parameters can be quite difficult. Additionally, under
certain operating conditions, there may be dc biases in the
current that can influence magnetic-flux saturation, add stress
to the switching devices, and affect overall efficiency [44].

In comparison, the frozen leg method proposed in [20] offers
several advantages, including straightforward control by only
needing to regulate the phase shift angle and the complete
elimination of dc bias due to the symmetry between the upper
and lower switches. However, the existing analysis of the frozen
leg method is limited to unity voltage gain (Vi, = nVqy) [20], but
in practical applications, nonunity voltage gain operation is often
unavoidable. Various factors lead to the frequent occurrence of
buck (Vi > nVyy) and boost (Vi, < nVyy) modes [1], [45],
[46]. For instance, in battery-connected systems such as the
onboard charger and APM [17], [18] and energy storage systems
[15], [16], the 3p-DAB must manage significant variations in
battery voltage due to changes in the battery state-of-charge,
which leads to operation in buck or boost mode. In renewable
energy systems [47], uncertainties in the resource output power
can also lead to variations in the dc bus voltage, causing the
converter to operate with nonunity voltage gain. Furthermore,
in the dc microgrid of railway systems [13], the input voltage
of the 3p-DAB varies by up to 700 V, also necessitating buck or
boost mode operation. While the unity voltage gain assumption
simplifies the frozen-leg analysis, its results do not hold for
nonunity gain. Thus, there is a gap in the literature regarding
understanding the more complex operation of the 3p-DAB using
frozen-leg control during nonunity voltage gain. Buck and boost
operations under frozen-leg control are complex and require
extensive distinct analyses using different analytical frameworks
and mathematical models, and result in different classified cases
and current modes. Therefore, this article focuses solely on the
buck operation so that the analysis and findings can be presented
in sufficient detail and clarity.

For the first time, this article performs a detailed analysis of
the 3p-DAB converter with frozen-leg control in buck operation.
The key contributions of this article are as follows.

1) The novel derivations of current and voltage expressions
for 3p-DAB frozen leg operation in buck mode. Unlike
the existing research that assumes unity voltage gain,
this study reveals several new findings specific to buck
operation. The analysis identifies three distinct cases, with
the phase shift angle of the faulty phase taking on three
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analytically derived values: ¢pr1, dpre2, anddprs. A
noteworthy discovery is that for the first case, ¢rr is
a fixed value determined solely by the dc-port voltages;
even if the phase shift angle of the normal phases is zero,
¢pr,1 remains a non-zero constant value.

2) The novel investigation into the soft-switching region of
the healthy switches, with the new findings showing that
while the primary-side healthy switches maintain zero
voltage switching (ZVS) across the entire 0° to 90° phase
shift angle and 0% to 100% voltage drop, the secondary-
side healthy switches do not always achieve ZVS.

3) The novel derivations of the transferred power expressions
for the three cases, where the findings show that due to the
changed phase shift angle of the faulty phase, the power
transfer characteristics of the frozen leg method in buck
mode deviate from those observed in normal operation
and in frozen leg unity gain mode. Notably, even when
the phase shift angle is zero, the transferred power is not
zero, attributable to the constant value of ¢py1.

4) The novel derivation of the maximum transferred power
expression, with analysis of the ratio of normal to frozen
leg cases under different voltage drops. It is found that
as the voltage drop increases, the maximum transferred
power of the frozen leg method approaches that of normal
operation.

These contributions have been verified through extensive
experimental testing. The rest of this article is organized as
follows. Section II describes the mathematical model of the
3p-DAB and analyzes the waveforms of voltages and currents in
the buck mode under normal operation. Section III derives new
expressions for voltages and currents in the buck mode under
frozen leg operation and analyzes the soft-switching regions for
all healthy switches. Section IV derives the transferred power
equations and maximum power equations for buck mode frozen
leg operation. Section V introduces the experimental prototype
and validates the theoretical analysis with experiments. Finally,
Section VI concludes this article.

II. ANALYSIS OF NORMAL OPERATION BUCK
MODE FOR 3P-DAB

A. System Description

Before analyzing the operation of the 3p-DAB converter in
buck mode, it is necessary to establish a mathematical model of
the system to accurately describe the phase voltages, currents,
and inductor voltages. To facilitate the analysis, the three-phase
transformer is assumed to be ideal, characterized by infinite
magnetic inductance, equal three-phase leakage inductances
(Lys = L = Lc = L), and zero winding resistances [48], as
shown in Fig. 1.

Generally, only the leg voltages van, VBN, VON, VAN,
vp'n', and veryr can be directly controlled by the primary- and
secondary-side dc-port voltages Vi, and Vo, and correspond-
ing switching states. Hence, to describe the phase voltages
VA0, VBO, VCO, VA0, VBror, andveror, the relationship be-
tween leg and phase voltages first needs to be determined, as
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shown in

VAO = VAN — VON
UBO = UBN — VON (D
Voo = VCN — VON

VA'O" = VAN — VO'N!
VBor = UB'N' — VO'N' (2)
veror = Ve'NT — VOIN'-

The sum of the phase voltages in the ideal transformer should
be zero, ie., vao +vo +vco =0 and vaor +vpo +
veror = 0. Therefore, by adding the three equations in (1) and
(2), von and vor N can be calculated as

_ VANTFTUYBNFVUCN
/UON - 3 (3)
VAN HUBI N TV N
-3 -

’UO/Nr

Substituting (3) into (1) and (2), the phase voltages in primary-
and secondary-side can be described by the leg voltages as

2 1 1
VAO = 3VAN — 3UBN — 3UCN

1 2 1
= —3VAN + 5UBN — 3VCN (4)
1 2
3UBN + 3UCN

UBO
1
Vco = —3VAN —
_ 2 1 1
VA'O' = 3VAN' — 3UB'N' — 3VUC'N
1 2 1
Vpor = —3VAN + 5UBN — 3VC/'N (5)

1 1
’UC/O/ = _g’UA/N/ — g

VBN + %UC’N’-
Meanwhile, the state equations of the three-phase leakage
inductors can be written as (6), where vy 4, vpp, and vy
represent the voltages of the three-phase leakage inductors,
14,1, ic are the phase currents, v,0, Vp0, Vco are the
secondary-side phase voltages referred to the primary side, as

shown in (7), and n is the transformer turns ratio
VAO — V0 = U4 = L4A
vpo — Vo =vip = LLE (6)
Voo — veo =vic = LYe
Va0 = MVAO

Vpo = NUBO (7)
VeO = NUCO-
Finally, by combining (4)—(7), the mathematical model of the

3p-DAB can thus be obtained as (8), which can analyze the phase
voltages, currents, and inductor voltages

dia
2 1 1 LEA
ERN: VAN — NUAN' VLA ddt
12 i
—§ 3, | |vey—mwmN| = fus| = LGk
-3 T3 3 UCN — NUC'N/ vLc Ld‘zi‘c
t
3)

B. Normal Operation of Buck Mode in 3p-DAB

Despite the numerous modulation schemes proposed for the
3p-DAB converter, the single phase shift (SPS) modulation
scheme remains the most commonly used for normal operation
in various fault-tolerant strategies [20], [32], [36]. Therefore,
this article also considers the SPS modulation scheme as the
normal operational scheme. In SPS modulation, the three-phase
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Buck mode normal operation waveforms of phase currents, phase voltages, and leakage inductor voltages with phase shift angle between (a) 0 to 7/3

(with ¢ = 7/6 as the example) and (b) 7/3 to 7/2 (with ¢ = 57/12 as the example).

legs of each side operate with a phase shift of 120° and a phase
shift angle ¢ is introduced between the primary and secondary
sides, as shown in Fig. 2. Depending on the value of phase shift
angle ¢, the waveforms within a single switching cycle can be
categorized into two cases: 0 < ¢ < /3 and /3 < ¢ < /2.

From (8), Fig. 2(a) shows voltage and current waveforms of
normal operation buck mode for 0 < ¢ < 7/3, and Fig. 2(b)
shows the same for 7/3 < ¢ < 7/2. Since Vi, > nVyy in buck
mode, vx n has a higher magnitude than nvx'ys, as shown in
Fig. 2. Also, the discrepancy between Vi, and nV;, prevents
the inductor voltages from reaching zero, thereby producing
more complex current waveforms than those observed when
Vin and nVgy are equal [20].

In the normal operation of buck mode, the transferred power
can be calculated by summing the power through the three-phase
transformer [45], as shown in

VinVou (2
b | ERpeG-g0sesy
norm —— ‘/in‘/oul 2
B0 £ -F)5<0<3

where f; is the switching frequency, which is the reciprocal of
the switching period 7.

III. ANALYSIS OF FROZEN LEG OPERATION BUCK
MODE FOR 3P-DAB

This analysis assumes leg C’ is the faulty leg, though the
findings are applicable to faults in the other legs on the sec-
ondary side due to the similarity in operation of the three legs.
Consequently, the two switches in leg C” will be disabled and
only their antiparallel diodes operate as freewheeling.

Unlike the normal operation in buck mode, the frozen leg
operation in buck mode must be categorized into three cases:
0<o<n/3, 7/3<d<7/3+ drra, and7r/3 + orr1 <
¢ < /2. Here, ¢y is a constant value related to Vi, and nVjy
and will be discussed in the subsequent sections.

A. Case I: Phase Shift Angle Between 0 and /3

The phase voltages Van, nVan', Ven, nVe 1, Von, and
the phase shifts of phases A and B remain consistent with the
normal case in Fig. 2(a), as no faults are present in these legs. But
for phase C’, given that the two switches in leg C” are disabled
during the frozen leg operation, only the two antiparallel diodes
can conduct. Therefore, when the phase C current undergoes a
transition from positive to negative or vice versa, the conducting
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b) prr1 < ¢ < /3 (with ¢ = /4 as the example).

devices will be changed to another diode, causing a correspond-
ing alteration in the phase voltage nV¢r v/, as shown in Fig. 3.
This results in a deviation of the actual phase shift angle of phase
C from the nominal phase shift angle ¢ to a new value defined as
¢ 1. This variation in the phase shift angle of phase C induces
an obvious change in the current waveforms of phases A and B
compared to normal operation, as depicted in Fig. 3.

Given the known phase voltages, the corresponding leakage
inductor voltages vy, can be calculated using (8), as depicted
in Fig. 3. With these leakage inductor voltages, the current
expressions can be derived and the newly defined value ¢pyq
can be determined as below.

Based on the half-wave antisymmetric feature of voltage and
current waveforms [45], it is sufficient to analyze only half of the
switching cycle for each phase, further divided into six segments,
as shown in Fig. 3. The current variation for each segment can
be calculated by

. v
Aij = fLAt. (10)
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Case 1 waveforms of phase currents, phase voltages, and leakage inductor voltages where (a) 0 < ¢ < ¢pp1 (with ¢ = 7/18 as the example) and

Two intermediate variables M and N are defined in (11) in the
calculation of current variation

TsVin TsnVou
6rL’ 6rL

In this article, Ixr_,, is defined as the current value at ¢,,
for phase X in Case I. According to the above analysis, phase C
current undergoes a transition at ¢3, i.e., Ic7_3 is equal to 0. The
value of ¢ 1 can, thus, be determined using (10) for the third
segment

M= N = (11)

é _2M —-2N7 2V —2nVou m
FLU= "3 3~ Vi 3

12)

It can be inferred that ¢ 71 is a constant value solely depen-
dent on Vj, and nV4y, indicating that this value remains constant
regardless of changes in the phase shift angle ¢, as shown in
Fig. 3(a) and (b). This consistency has also been verified by the
experiments in Section V. Subsequently, using the determined
¢rr1 and current variations for each segment, the current values
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of phases A, B, and C can be calculated, as detailed in Table II
of Appendix A.

For the frozen leg case with0 < ¢ < 7/3, notable distinctions
in the current waveforms are observed between the buck mode
with Vi, > nV,y, and the unity gain mode with Vi, = nVoy
[20]. In the unity gain mode, the phase C current exhibits a
discontinuous pattern, while in the buck mode, the phase C
current is continuous. This discrepancy is conjectured to arise
from the voltage differential between the primary and secondary
sides, prompting the preferential flow of current from the high
voltage level to the low voltage level. Consequently, in buck
mode, the current tends to exhibit a continuous pattern through
the two antiparallel diodes, as opposed to being discontinuous.

B. Case II: Phase Shift Angle Between 7/3 and 7 /3 + ¢

When the phase shift angle ¢ enters the range of (7/3, 7/2], its
waveforms become more complicated compared to the normal
case, as shown in Fig. 4. Similar to Case I, the phase shift angle
of phases A and B remains unchanged from the normal case.
However, due to the freewheeling of the two didoes, the phase
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shift angle of phase C changes, as shown in Fig. 4. When the
phase shift angle ¢ is small, the new phase shift angle of phase
C is defined as ¢ 12, which is a constant value equal to ¢pp1.
When the phase shift angle ¢ exceeds the value of 7/3 + ¢pro
(i.e., /3 + ¢rr1), the new phase shift angle of phase C will go
from the defined ¢ 2 to a new value ¢ 3, as shown in Fig. 5
and discussed in the following section.

For this Case II, the first step is also to calculate the leakage
inductor voltages, as depicted in Fig. 4. Using these leakage
inductor voltages, the current variations of phases A, B, and
C for each segment can be calculated, forming the basis for
further calculations. It is noted that in this case, phase C current
undergoes atransitionatty, i.e., o774 isequal to 0. The value of
¢ rro can thus be determined using (10) for the fourth segment,
as shown in

2V — 2nVou

OrLe = v 3 = PFL1- (13)

The value of ¢rro is equal to ¢pry and is only related
to Vi, and nVgy. This value has also been verified through the
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experiments in Section V. Subsequently, using the determined
®Frr2, and the current variations for each segment, the current
values of phases A, B, and C can be calculated, as detailed in
Table III of Appendix A.

C. Case III: Phase Shift Angle Between 7/3 and w/3 + ¢pr1

As discussed in the last section, when the phase shift angle
¢ exceeds the value of 7/3 + ¢ 1, the waveforms of phase
currents, phase voltages, and leakage inductor voltages undergo
further changes, as shown in Fig. 5. The new phase shift angle
of phase C transitions from ¢y to a new value ¢pp3.

For this Case 11, the initial step is also to calculate the leakage
inductor voltages, as depicted in Fig. 5. Compared to the voltages
in Fig. 4, there are slight changes around the zero-crossing points
of phase currents. Using these leakage inductor voltages, the
current variations of phases A, B, and C for each segment can
be calculated.

Inthiscase, o773 isequal to 0, which allows the calculation
of the value of ¢pr3

n‘/out¢ + (2‘/;n - 3n%ut)g
Vin + nVou .

brrLs = (14)

It can be observed that ¢ 13 varies with the phase shift angle
¢, rather than being a constant value. Using the determined
¢rr3, and the current variations for each segment, the current
expression of phases A, B, and C can be calculated, as detailed
in Table IV of Appendix A.

D. Soft-Switching Analysis for Three Cases

Soft-switching is usually employed to reduce the switching
stress on switch devices. In the 3p-DAB converter, zero voltage
switching (ZVS) in the turn-ON process is a widely-used soft-
switching technique. The key criterion for ZVS is that the switch
voltage must decay to zero before turn-ON, meaning that the
turn-ON current should commutate to the antiparallel body diode
before the switch takes over the current. This requires the switch
to carry a negative current at the turn-ON instant.

This section analyzes the soft-switching behavior of the above
three cases, which has not been previously investigated. Due
to the asymmetry caused by the faulty phase, the ZVS con-
ditions must be evaluated individually for each phase. Fur-
thermore, as phase C’ switches ON the secondary side are
intentionally open-circuited, ZVS is inapplicable for these two
switches.

In Case I, all healthy switches must meet the criteria given
in (15) to achieve ZVS, as derived from the current waveform
shown in Fig. 3

Primary Phase A: I47 ¢ <0
Secondary Phase A": 47 1 >0
Primary Phase B: Ip;_4 <0
Secondary Phase B': Ig; 5 > 0
Primary Phase C: - Io;_2 < 0

s5)

where I'x7_; is the current value when the corresponding switch
turns ON in Case I, which has been calculated in Table II of
Appendix A. Similarly, the criteria for Cases II and III are
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Fig. 6. ZVS regions for (a) switches in primary-side phases A, B, C,
(b) switches in secondary-side phase A’, and (c) switches in secondary-side
phase B’.

provided in (16) and (17), with current values listed in Tables III
and IV of Appendix A

Primary Phase A: Ta779 <0
Secondary Phase A’: I 4773 >0
Primary Phase B: Igr; 5 < 0
Secondary Phase B": - Ig;; 1 >0
Primary Phase C: - Ioyr-2 <0

(16)

Primary Phase A: Ia777-0 <0
Secondary Phase A”: T4;77-4 >0
Primary Phase B: Igr;r-5 <0
Secondary Phase B": - Ig;rr 1 >0
Primary Phase C: - Ioyr7-2 < 0.

a7

By solving these criteria, the ZVS range can be determined,
as shown in Fig. 6(a), (b), and (c). The analysis reveals that for
primary-side switches, the ZVS range spans the entire 0° to 90°
phase shift angle and 0% to 100% voltage drop, as shown in
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Fig. 7. Case I (0 < ¢ < m/3) transferred power calculation using phase
voltages and currents.

Fig. 9. Case Il (/3 + ¢pr2 < ¢ < w/2) transferred power calculation
using phase voltages and currents.

Fig. 6(a). However, the ZVS condition is not always achievable
for secondary-side switches and the ZVS range differs slightly
. . o between phases A’ and B’, as shown in Fig. 6(b) and (c). The
093 39 / 3 T boundaries of the ZVS range for secondary-side phases A’

5 and B’ are provided in (18) and (19). While the boundaries
appear similar in the figures, they differ slightly in that their
mathematical expressions have different curvatures. The derived
ZVS range is verified by the experimental results in Section V.

3 3
V40
0!
S VA B LA VT Understanding these newly-derived ZVS boundaries will be
i helpful in the design of thermal management systems, since

switch losses will be higher than expected in the non-ZV S ranges
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% _60)41/(2+60)°—240(¢—120)

o0/’ a0e1) o g 60 -
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_b_ @ 2_ _

(% 60)+\/<2+128) 2400297180) o 160, 90
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IV. POWER TRANSFER ANALYSIS OF FROZEN LEG OPERATION
BUCK MODE FOR 3P-DAB

Fig. 8. Case Il (7/3 < ¢ < 7/3+ ¢pr2) transferred power calculation To simplify the analysis, it is assumed that the 3p-DAB
using phase voltages and currents. .
converter operates without losses [45]. Thus, the output power

I I v v VI
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voltage drops ranging from 0 to 0.4 V.

is equivalent to the power transferred through the three-phase
transformer [45], which can be determined using the trans-
former’s phase voltages and currents, as shown in

P =Pjs+ Pp+ Po

Maximum transferred power ratio of normal and frozen leg cases with

1 1 1
— /’UAoiAd9+ — /v30i3d9+ — /Ucoicde
™ ™ ™

(20) Fig. 12.

where only half of the switching cycle for each phase is inte-

grated due to the symmetry of the voltage and current waveforms
in one switching cycle. Using (20), the transferred power in
all three cases can be calculated and analyzed. The derived
transferred power expression is valuable for optimizing power
control strategies for the frozen leg operation in buck mode.

(b)

(a) Experimental setup and (b) 3P-DAB converter.

A. Transferred Power for Case I: 0 < ¢ < 7/3

For Case 1, the waveforms of phase voltages and currents
can be segmented into 6 intervals according to Fig. 3. In each
segment, the primary-side X phase voltage Vxo can be calcu-
lated through (4), as shown in Fig. 7. The segmental current
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Experimental results of (a) phase currents, (b) leakage inductor voltages with the phase shift angle of 10° and (c) phase currents, (d) leakage inductor
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expressions, previously derived in the last section, are provided
in Table II of Appendix A and are also shown in Fig. 7.

According to Fig. 7, the phase X transferred power in Case |
can be calculated by summing the average transferred power of
the six segments, as shown in

Pxr=Pxi-r+ Pxr—11+ Pxi-111

+ Pxi—rv+Pxr—v +Pxi-vr (2D
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where each segment’s power can be calculated by multiplying
the average current, average phase voltage, and the time interval
(in radians), then dividing by half of the switching cycle, i.e., 7.
For example, the first segmental transferred power of phase A in
Case I can be calculated as

)

where I47_ogand [ 471 are given in Table II of Appendix A.
Following this method, the segmental transferred power for all
three phases in Case I can be calculated, as tabulated in Table V
of Appendix B. Therefore, the three-phase transferred power

_— Tpr—o0+1Tar-1 Vin
Par 1= (M_ (22)

2 3
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and their sum for Case I can be calculated as

Vin T T

Py =2 (—N¢2 + 10N ¢ + 2N~ drr1 — 2N¢%«“L1)
6 3 3
Vin

Pp =2 (—4N¢2 + 10N Z)+ 2N Z sy + N¢%«“L1)
6m 3 3
Vi

Py = 6_7: [— N¢? +4N§¢>+ (—4M+8N)§¢FL1

8685

2
— 2N¢%,, + (8M — SN)%} (23)

Pr = Par+ Ppr+ Poy

= Yo | N2+ 2uNT - (—AM + 12N) Epss
6 3 3

2
— 3N¢%,, + (8M — 8N)%} . 24)

B. Transferred Power for Case II: w/3 < ¢ < /3 + drra

For Case II, the phase voltage and current waveforms are
similarly divided into six intervals according to Fig. 4. In each
segment, the primary-side phase X voltage, Vx o, can also be
calculated by (4), as shown in Fig. 8. The segmental current
expressions are provided in Table III of Appendix A and are
also shown in Fig. 8. Using the method described in the pre-
vious subsection, the segmental transferred power for all three
phases in Case II can be calculated, as tabulated in Table VI of
Appendix B. Consequently, the three-phase transferred power
and their sum for Case II can be calculated as

Vin

s Vs
Parr = —( —5N¢?> +18N=¢+ 2N =dpro
6 3 3

2 m?
—2N 5o — 4N§>

Vin
Ppir=-2 —5N¢? +12NZ ¢+ 2N 20
6 3 3
2
+ N¢Fpro — N%)
Vin 2 a
Perr = g2 | = 2N¢* + (—4M +10N) 56

Y
+ (~14M +12N) 2 érra

2

+ (2M—2N)¢>%L2+(20M—21N)§+2M PdrL2
(25)
Prr = Parr + Pprr + Perr
v T
=2 —12N¢? + (—4M + 40N)=
6m o7+ ( + ) 3 ¢
+ (—14M + 16N)g¢FL2 + (2M = 3N)dops

2

+(20M — 26N)% +2Mobrra (26)

C. Transferred Power for Case Ill: w/3 + ¢pr1 < ¢ < /2

For Case III, the waveforms of phase voltages and currents
are again divided into six intervals according to Fig. 5. In
each segment, the primary-side phase X voltage, Vx o, can be
calculated through (4), as shown in Fig. 9. The segmental current
expressions are provided in Table VII of Appendix A and are
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also depicted in Fig. 9. Using the method from the previous
subsection, the segmental transferred power for all three phases
in Case III can be calculated, as tabulated in Table VII of
Appendix B. Hence, the three-phase transferred power and their
sum for Case III is given by

Vin T T
Parrr = or < —5N¢? + 18N§¢ + 2N§¢FL3
2
2N — 4N 9)
Vin 2 T ™
Pprir = e SNo¢* + 12N§¢ + 2N§¢FL3
2
+ Nogps — Nﬂé)
Vin 2 ™
Porr =g | =2N¢? + UN T + (~12M +6N)

i
X3 Grr3+2Mo7 4

2
+ (16M — 25N)% - 2N¢¢FL3} @7

Prir = Parrr + Perrr + Porrr

Vo b ong? f aanT g
67 3

e
+ (—12M + 10N) §¢FL3 +(2M — N)oF s

2

+(16M — SON)% — ON¢drrs (28)

D. Power Transfer Curve Comparison in Buck Mode

To analyze and compare the transferred power of normal and
frozen leg operations in buck mode, the power transfer curves for
various voltage drops are plotted in Fig. 10, using (9) for normal
operation and (24), (26), and (28) for frozen leg operation. In the
unity gain mode where the voltage drop is zero, ¢ is equal
to zero according to (12) and ¢rr3 is equal to ¢/2 according
to (14), as shown in Fig. 10(a). With ¢ = 0, the frozen leg
operation only comprises two cases: 0 < ¢ < 7/3 for Case I
and 7/3 < ¢ < /2 for Case III, as shown in Fig. 10(a).

As the voltage drop increases from 0 to 0.25 Vi, ¢pp1 in-
creases from zero to 7/6, as per (12). Correspondingly, the
range of Case II expands from O to #/6, and the range of
Case III decreases from 7/6 to 0, as shown in Fig. 10(b)—(d).
When the voltage drop exceeds 0.25 Vi, ¢ 11 Will surpass 7/6.
Considering that the phase shift angle ¢ is no more than 7/2,
Case Il will cover the range of 7/3 < ¢ < 7/2 when the voltage
drop exceeds 0.25Vj,, as shown in Fig. 10(e) and (f), thus, Case
III is eliminated for these scenarios.

According to Fig. 3, the fixed ¢y in Case I results in a
nonzero transferred power even when the phase shift angle ¢
is zero. As the voltage drop increases, the ¢ also increases,
leading to higher transferred power at zero phase shift angle, as

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 6, JUNE 2025

TABLE I
3P-DAB CONVERTER PARAMETERS

Description Parameters
Input DC voltage (Vi) 100 V
Output DC voltage (V) 60 V-100 V
Rated power (Pyareq) 1.125 kW
Transformer turns ratio (n:1) 1:1
Switching frequency (f;) 20 kHz
Leakage inductance (L4 5,c) 83.33 uH
Switch dead time (#,) 0.2 us

shown in Fig. 10(b)—(f). These novel findings are corroborated
by the experimental results presented in Section V.

Furthermore, considering that fault-tolerant strategies aim to
maintain the prefault operational state as closely as possible, the
maximum transferred power of such strategy is also a critical
focus. According to Fig. 10, when the voltage drop is less than
0.25V4,, the maximum transferred power happens in Case III
with a phase shift angle ¢ of /2. When the voltage drop exceeds
0.25V4,, the maximum transferred power occurs in Case II with
the same phase shift angle ¢ of 7/2. The equations describing
the maximum transferred power are provided in (29) for voltage
drop less than 0.25Vj, and (30) for voltage drop exceeding
0.25Vi,, and the ratio of maximum transferred powers between
frozen leg and normal cases is plotted in Fig. 11

TV

2 nVou TVou
36L | Vi 9 1+ ¥

Pyvax =

<2 _ n%ul) (2 _ nVou ) 2
Vin 2Vin
’ (Vin > nVou > 0.75Vin)

+ 2
(1 + )
(29)
T V2 | 1nVow 4 (nVou \”
P = mn — = — Vou < 0.75V4,) .
MAX 36L 3VIn 3 V;n (n out > 1n)

(30)

Their ratio starts at 75.6% for zero voltage drop and exceeds
90% at 0.4V, voltage drop, indicating that as the voltage drop
increases, the maximum transferred power of the frozen leg
method approaches that of normal operation. This unique finding
is validated by the experimental results in Section V.

V. EXPERIMENTAL RESULTS

An experimental prototype of a 1.125 kW 3p-DAB, as
shown in Fig. 12, was tested to validate the theoretical
findings. The prototype’s parameters are shown in Table I.
The employed microcontroller and semiconductor devices are
the DSP (TMS320F28379) from TI and the discrete silicon
carbide MOSFETS (C3M0045065K) from Wolfspeed. The
primary-side dc port (V4,) was connected to a Sorenson power
supply (SGX 600-25) and the secondary-side dc port (V) was
connected to an ITECH electronic load (ITS8906E).

During the experiments, two operational modes were adopted:
normal and the frozen leg. In the frozen leg cases, the two
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switches in phase C” are intentionally left open, allowing current
to flow only through the two antiparallel diodes.

A. Verification of Phase Currents and Leakage Inductor
Voltages

To validate the theoretical analysis of phase currents and
leakage inductor voltages in Fig. 3, specific phase shift angles
of 10° and 45° within the range [0, 7/3] were selected, as
shown in Fig. 13. The output voltage is set to 80 V and the
theoretical ¢pr; is calculated to be 24° according to (12). It
should be noted that direct measurement of the leakage inductor
voltages in the prototype is not feasible because the leakage
inductor is integrated into the transformer. Instead, the primary
and secondary phase voltages of the transformer were measured,
ie., vao andv g . The difference between the two voltages,
representing the inductor voltage vy 4, was obtained using the
math function of the oscilloscope. Due to the oscilloscope’s
limitation of four channels, only the leakage inductor voltages
of phases A and C were obtained.

The experimental phase currents and leakage inductor volt-
ages in Fig. 13 are observed to closely match the theoretical
waveforms in Fig. 3. Additionally, for both phase shift angles
of 10° and 45°, their actual phase shift angles in phase C are
consistent with the theoretical ¢ py,1.

Subsequently, the experiments with phase shift angles of 70°
and 88° are conducted to verify Case II and Case III, as shown
in Fig. 14. The output voltage remained at 80 V. Hence, the
theoretical ¢rro, i.e., ¢Fr1, 1S also equal to 24° according to
(13). The theoretical ¢ 3 for the phase shift angle of 88° is
determined to be 25.78° according to (14). The experimental
phase currents and leakage inductor voltages in Fig. 14 are also
found to closely align with the theoretical waveforms in Figs. 4
and 5, further validating the theoretical analysis. Meanwhile, the
experimental values of @ p 1,5 and ¢ 1.3 are in agreement with the
theoretical predictions.

B. Verification of Power Transfer Equations and Curves

To validate the derived theoretical power transfer equations
in (23)—(28) and the plotted curves in Fig. 10, experiments were
conducted with phase shift angles ranging from 0° to 90°, in 5°
increments, for both normal and frozen leg cases. The output
voltages are set between 60 V and 90 V. The measured power
results are plotted in Fig. 15, which shows that the measured
power values closely align with the theoretical power curves for
both normal and frozen leg cases.

As expected, the measured power is slightly lower than the
theoretical predictions due to inherent losses in the prototype
that are not accounted for in the theoretical equations [1], [45].
These discrepancies are mainly attributable to dead time, switch-
ing losses, and conduction losses. The difference between the
experimental and theoretical values increases at higher power
levels because switching and conduction losses become more
significant. Overall, the experimental results support the theo-
retical analysis presented in the article.
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C. Verification of Maximum Transferred Power

To further validate the accuracy of the maximum transferred
power ratio between the normal and frozen leg cases across
different voltage drops, experiments are conducted to measure
the maximum transferred power with voltage drops ranging
from O to 0.4Vj,. These experimental measurements are then
compared with the theoretical values, as illustrated in Fig. 16.
The results indicate that the expected ratio approximately holds
true. As anticipated, the measured ratios are slightly lower than
the theoretical expectation, again due to the inherent losses of
the experimental prototype.

D. Verification of Derived ZVS Regions

The prior ZVS analysis shows that for primary-side switches,
the ZVS region extends across the full 0° to 90° phase shift
angle and 0% to 100% voltage drop. However, for secondary-
side switches, the ZVS condition is not always achievable. To
validate the derived ZV S regions for the secondary-side switches
in phases A’ and B’, four test points were selected. Among these,
two points theoretically fall in the non-ZVS region of phases A’
and B’, and two in the ZVS region, as shown in Fig. 17.

To experimentally verify the ZVS conditions at these four test
points, the drain-source voltages (V) of the upper switches and
the phase currents of A’ and B’ were measured. The results for
nVou = 0.7Vj, and nVyy = 0.8V, are shown in Figs. 18 and 19,
respectively. For ZVS to occur, the current through the upper
switches must be negative at turn-ON, which corresponds to the
measured phase current being positive. The experimental results
in Figs. 18 and 19 align perfectly with the theoretical analysis
in Fig. 17, confirming the accuracy of the derived ZVS regions.

VI. CONCLUSION

For the first time, this article addresses the critical need
to extend the frozen leg mode analysis of 3p-DAB operation
beyond the unity voltage gain assumption used in all prior
related research. By categorizing the analysis into three distinct
cases, the paper derives and analyzes their current and voltage
expressions, and thus, also calculates the transferred power. It is
observed that due to the changed phase shift angle of the faulty
phase, the power transfer characteristics of the frozen leg method
in buck mode deviate from those observed in normal operation.
Importantly, even when the phase shift angle is zero, the trans-
ferred power is not zero, which is a critical practical finding.
Also, a new ZVS analysis shows that while the primary-side
healthy switches maintain ZVS across the entire 0° to 90° phase
shift angle and 0% to 100% voltage drop, the secondary-side
healthy switches do not always achieve ZVS, which is a useful
finding for thermal management design. Finally, it is found that
the maximum transferred power in buck mode under frozen leg
operation increases towards the normal operation power level as
the voltage drop increases, and knowledge of these power trans-
fer curves can aid in control strategy design. Future work will
extend this research to the boost mode, which presents greater
analytical complexity due to the occurrence of discontinuous
current.
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