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Abstract: This study aims to analyze the zero-voltage-switching (ZVS) region of a Triple-Active-
Bridge (TAB) converter with five degrees of freedom. A TAB converter is an isolated converter
derived from a dual-active-bridge (DAB) converter and composed of three full bridges (FBs) coupled
to three winding transformers. To reduce the switching loss of the 12 active switches that compose
3 FBs, the ZVS operation is essential. However, owing to the numerous operation modes derived
by five-phase shift ratios, ZVS analysis is complicated, particularly in the time domain. Therefore,
this study presents the ZVS analysis model of the TAB converter based on the generalized harmonic
approximation (GHA). Through the GHA of a TAB converter, the proposed model consists of unified
formulas applicable to all operating ranges of the converter. Unified formulas consider all parameters,
such as series inductance, port voltage, parasitic capacitance, transformer voltage, and turn ratio.
In the proposed model, the ZVS area is confirmed using five-phase ratios with voltage modulation
ratios as variables and verified using MATLAB and experiments.

Keywords: triple-active-bridge converter (TAB); phase-shift modulation (PSM); zero-voltage-
switching (ZVS)

1. Introduction

As a countermeasure to the greenhouse effect caused by fossil fuels, eco-friendly
energy industries such as renewable energy sources, electric vehicles, ships, and direct-
current (DC) grids are growing [1]. Energy storage systems (ESS) are essential in these
renewable energy sources to compensate for intermittence and meet load demand [2,3].
The conventional solution for combining ESS with renewable energy is to use various
converters independently. However, this approach increases the system volume and cost
and reduces the life cycle of the ESS by generating circulating power between the converters.
Moreover, limitations are observed in that an additional communication system is required
to control the power transmission of each converter, making the entire system complex. To
overcome these limitations, the demand for multiport converters (MPCs) has increased [4].
Compared to the approach using multiple two-port converters, MPCs exhibit a simple
structure with fewer power switches and passive components, higher power density, and
higher dynamics [5,6]. In addition, it can be applied to various sources, storage systems, and
loads with various voltage and current ratings. Therefore, their applications are expanding
from electric vehicles [7] and electric aircraft [8] to DC grids [9,10]. Because MPCs must
support various voltage and current ratings for each port, galvanic isolation between
different ports is required for safety [11]. Therefore, a multi-winding high-frequency
transformer was used.

Among isolated MPCs, the triple-active-bridge (TAB) converter is a promising topol-
ogy derived from a dual-active-bridge (DAB) converter. Three full bridges (FBs) are coupled
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through the three-winding transformer as shown in Figure 1 and unlike resonant-type
converters, since additional passive elements are not required and power flow is formed
through one transformer, power density can be increased compared to other MPCs [12–14].
Similar to a DAB converter, a TAB converter is operated through phase-shift modulation
with five degrees of freedom consisting of two outer phases and three inner phases, which
are the phase-shift ratios between the three FBs and between the legs of each FB.
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Figure 1. Schematic of a TAB converter. 
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Figure 1. Schematic of a TAB converter.

Similar to other FB converters, a TAB converter is composed of several power switches,
and hard switching in the commutation process causes high losses. Therefore, soft switching
is essential, particularly when the switching frequency increases. Zero-voltage switching
(ZVS) is the most widely used soft-switching method in PSM operation converters. Sat-
isfaction with the ZVS operation depends on the phase shift ratios, and the ZVS region
of the DAB converter, which is a family with a TAB converter that operates through PSM
with three degrees of freedom, has been analyzed. In [15,16], different dual phase-shift
modulations are proposed, and triple phase-shift modulations are proposed in [17–19] to
improve the operation efficiency of the DAB converter. Hence, using the time domain
analysis, the DAB operation was separated into 12 operating modes in [20]. Furthermore,
computationally intensive numerical approaches that incorporate the effects of parasitic
capacitances were used to derive the ZVS region [21].

However, unlike a DAB converter, which has relatively few operating modes with
three degrees of freedom, the five degrees of freedom of a TAB converter are derived from
numerous operating conditions. Moreover, because the three FBs are coupled, equalizing
the series inductance by substituting one side is impossible. Therefore, port-voltage super-
position in the three-winding transformer must be considered. Because of these issues, the
ZVS analysis of the TAB converter is more complicated than that of the DAB converter.

A ZVS analysis of a TAB converter was attempted in [22]; however, it considered only
an outer phase shift and did not consider an inner phase shift. In addition, the voltage
superposition in the transformer and the effect of parasitic capacitance were neglected. To
analyze the ZVS accurately, owing to the amount of charge in the parasitic capacitance of the
metal-oxide-semiconductor-field-effect-transistor (MOSFET), not only the direction of the
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inductor current but also the minimum magnitude must be considered when discharging
the capacitor [23,24]. In [25], an approach for analyzing the ZVS region of a TAB converter
using a Thevenin-equivalent circuit was proposed. The series inductances of the three FBs
were substituted through a Thevenin equivalent circuit, and the voltage superposition of
the transformer was analyzed according to the switching state of the switches. In addition,
the parasitic capacitor of the MOSFET was considered, and the amount of current required
to establish ZVS was derived. However, because the TAB converter was analyzed in the
discontinuous time domain, numerous conditions were derived based on the switching
states of 12 switches. Therefore, various formulas were required for application in numerous
cases; consequently, ZVS could not be analyzed using a unified formula. For example,
to establish whether ZVS operates, the inductor current has to be derived. The slope
of the inductor current is determined by the potential difference between the switching
pole voltage and the transformer voltage. Therefore, in time domain analysis, numerous
inductor current slopes must be derived according to the numerous operating regions of
the TAB converter. Moreover, in the case of a multi-active bridge converter with a structure
in which more FBs were added, the limitation of the time-domain analysis was even more
pronounced. In addition, additional conversions of the Thevenin equivalent circuit were
required. Consequently, the application of different equivalent circuits according to the
viewpoint of each FB is required, resulting in difficulties in intuitive interpretation.

To address the limitations of time-domain analysis, this study presents a TAB con-
verter ZVS region analysis model based on the generalization-harmonic approximation
(GHA). The switching-pole voltage of a TAB converter is a periodic function of a square
or quasi-square wave. Therefore, it can be expressed as a unified formula using the cu-
mulative sum of harmonics through a Fourier series. This approach can directly derive
the inductor current and voltage of a three-winding transformer and the switching pole
voltage. Therefore, regardless of the conditions, a unified formula can be derived for the
entire switching operation area. The effect of the parasitic capacitor was also considered,
and the magnitude of the minimum inductor current for discharging was derived using the
energy balance equation concept applied in the ZVS analysis of the DAB converter [26]. The
proposed approach and model are simple to extend and apply, even to a multi-active-bridge
converter that adds FBs and can be easily calculated through MATLAB. The remainder of
this paper is organized as follows: a description of the TAB converter and derivation of the
harmonic form; analysis of commutation processes in the FB; derivation of conditions to
achieve ZVS considering parasitic capacitors; and derivation of the ZVS analysis model.
The proposal is verified using MATLAB simulations and experiments.

2. Operation and the GHA Modeling of the TAB Converter
2.1. Operating Principles

The equivalent circuit model of a TAB converter is shown in Figure 2. Considering the
turn ratio of the transformer, the components of the circuit are replaced as follows:

v′x = vx/nx
i′L.x = nxiL.x
L′x = Lx/n2

x

(1)

In (1), the x means unspecific FB. For the unified formulas, the post equations were
derived using x, y, and z. The actual TAB converter is in the form of the Y-connected
structure, as shown in Figure 2a, but the ∆-connected model shown in Figure 2b is also
used in circuit analysis. Through the Y-∆ conversion, the equivalent inductance L′xy
between unspecific two FBs x and y in the ∆-connected model is derived as follows:

L′xy = L′x + L′y +
L′xL′y

L′z
. (2)
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Figure 3 shows the operating waveform of the TAB converter. In the waveforms, αx 
is the inner phase shift ratio between the leading leg (Sx.1, Sx.2) and lagging leg (Sx.3, Sx.4), 
and ϕxy is the outer phase shift ratio between FB x and y (ϕxy = ϕx − ϕy). The inner phase 
shift as α results in an equal switching state formed in the leading and lagging legs, and 
the voltage of the switching pole becomes a quasi-square wave. The voltages of each 
switching pole are out of phase as ϕ, and all voltages are superposed to the transformer 
and form the vtr. Consequently, the inductor current i’Lx and delivered power of each FB 
are determined by the potential difference between the switching pole and transformer. 

Figure 2. Equivalent circuit model of a TAB converter: (a) Y-connected model; (b) ∆-connected model.

Figure 3 shows the operating waveform of the TAB converter. In the waveforms, αx
is the inner phase shift ratio between the leading leg (Sx.1, Sx.2) and lagging leg (Sx.3, Sx.4),
and φxy is the outer phase shift ratio between FB x and y (φxy = φx − φy). The inner phase
shift as α results in an equal switching state formed in the leading and lagging legs, and the
voltage of the switching pole becomes a quasi-square wave. The voltages of each switching
pole are out of phase as φ, and all voltages are superposed to the transformer and form the
vtr. Consequently, the inductor current i′Lx and delivered power of each FB are determined
by the potential difference between the switching pole and transformer.
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2.2. GHA Modeling

In the mathematical modeling of the TAB converter, the conventional method of
deriving the state equation according to the on-off state of the power switch is too complex
to derive the formula because of the 12 power switches with five degrees of freedom. As an
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alternative to settling this problem, GHA modeling was used. As the switching of the FB
is periodic, a Fourier series can be used. Therefore, the switching pole voltage v′x can be
expressed as the cumulative sum of the odd harmonics, as follows:

v′x(t) =
4Vx

nxπ

∞

∑
k = 0

1
(2k + 1)

cos
{
(2k + 1)

αx

2

}
sin{(2k + 1)(ωt + φx)}. (3)

The transformer neutral-point voltage vtr is determined using three voltage sources
and three series of inductances, as shown in Figure 2a. Through the principle of superposi-
tion between multiple sources, vtr can be expressed as

vtr(t) = F
{

v′x(t) + v′y(t) + v′z(t)
}

= F
{

v′x(t)
}
+ F

{
v′y(t)

}
+ F

{
v′z(t)

}
. (4)

By ignoring the voltage sources of FB y and z as short circuits, the function F{v′x(t)} for
v′x of vtr is as follows:

F
{

v′x(t)
}

=
L′yL′zv′x(t)

L′xL′y + L′yL′z + L′zL′x
. (5)

Therefore, vtr can be derived using (4) and (5), and the vtr.x the transformer voltage
viewed from FB x can be expressed as:

vtr.x(t) = nx

[
F{v′x(t)}+ F

{
v′y(t)

}
+ F{v′z(t)}

]
= nx

L′y L′zv′x(t)+L′z L′xv′y(t)+L′x L′yv′z(t)
L′x L′y+L′y L′z+L′z L′x

. (6)

The inductor current i′Lx can be directly calculated through the voltage sources on the
switching pole and transformer side derived in (3) and (5). However, it is very complicated
to derive owing to the variables (φx, φy, φz, αx, αy, αz) of voltage sources. Alternatively, it
can be derived indirectly through the ∆-connected model shown in Figure 2b. (2) and (3),
the inductor current i′Lxy between FB x and y is derived as follows:

i′L.xy(0) = −i′L.xy(π/ω) (7)

i′L.xy(t)= i′L.xy(0) +
1

L′xy

∫ t

0

{
v′x(τ)− v′y(τ)

}
dτ

=
4

πωL′xy

∞

∑
k = 0

1

(2k + 1)2

√
A2

xy + B2
xy sin

{
(2k + 1)ωt + tan−1 Axy

Bxy

}. (8)

The Axy and the Bxy are: Axy = V′y cos
{
(2k + 1) αy

2

}
cos
{
(2k + 1)φxy

}
−V′x cos

{
(2k + 1) αx

2
}

Bxy = V′y cos
{
(2k + 1) αy

2

}
sin
{
(2k + 1)φxy

} . (9)

By applying the process of (7) to (9) between the FB x and z, i′Lx can be finally de-
rived as:

i′L.x(t) = i′L.xy(t) + i′L.xz(t). (10)

3. Zero Voltage Switching

An ideal MOSFET consists of only a channel and body diode, and in this case, only the
inductor current direction in the commutation process is used to confirm the ZVS operation.
However, capacitance exists in an actual MOSFET, and this parasitic capacitor stores charge
during the turn-off period of the switch. Therefore, in the commutation process, before
the switch turns on, the energy of the parasitic capacitor must be completely discharged
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to achieve zero voltage in the switch. Hence, the direction and magnitude of the inductor
current should be considered to confirm ZVS operation.

Figure 4 shows the commutation process in dead time before the switch is turned on.
Because the commutation process is instantaneous, the voltages on the switching pole and
transformer do not change, and the voltage at the transformer port is expressed as the
initial magnitude of the process as Vtr.x the DC value. Figure 4a,b show the switching cases
without inner phase shift (αx = 0), and the leading and lagging legs operate simultaneously.
Further, Figure 4c–f shows the switching cases with an inner phase shift (αx 6= 0), and the
leading and lagging legs operate differently. Before each switch is turned on, the current
flows in the direction of discharging the parasitic capacitor Coss.x, as indicated by the orange
line, and the reference direction of each current is indicated by a red arrow. The upper
and lower switches of one leg operate complementarily; therefore, if one switch of the
leg satisfies the condition for the ZVS operation, the other switch can also perform the
ZVS operation. Because of the nonlinear capacitance characteristics of MOSFETs, direct
calculation of the energy stored in a parasitic capacitor is difficult. Therefore, the energy
to be discharged during the commutation process and the magnitudes of the minimum
inductor energy and current are derived by applying the energy-balance equation. During
FB operation, two parasitic capacitors in one switching leg exchange energy with each
other and do not transfer to the other components. Consequently, the energies of the two
capacitors on one leg can be ignored, and the energy balance equation for the commutation
process is as follows:

Es − EL − Etr.x = 0. (11)

Es, EL, and Etr.x represent the source, inductor, and transformer-side energies, respec-
tively, during commutation.

Es =
∫ td

t0
Vxiin.xdt

EL =
∫ td

t0
vL.xiL.xdt = 1

2 Lxi2L.x(td)− 1
2 Lxi2L.x(t0)

Etr =
∫ td

t0
Vtr.xiL.xdt

(12)

Integration sections t0–td are the commutation process sections before the subject
switches on. Meanwhile, the minimum magnitude condition of the inductor current and
energy for ZVS operation occurs when the current and energy become zero at the end of
the commutation process, as shown in (13). Applying (12) to (11), we obtain the following
inequality:

iL.x(td) = 0, EL(td) = 0 (13)

Edi f f = ±(Etr − Es) (14)

EL(t0) ≥ Edi f f . (15)

Ediff is the energy difference between the source and transformer sides. Because
the energy flow changes depending on the direction of the inductor current, the sign
follows that of the inductor current. As shown in (15), when EL (t0) is higher than Ediff, the
parasitic capacitor can be discharged entirely through inductive energy, and ZVS operation
is established. If Ediff has a negative value, the energy supply is higher than the energy
consumption between the two voltage sources. Therefore, unlike the minimum inductor
current and energy conditions for ZVS in (13), the surplus energy is stored in the inductor,
the parasitic capacitor can be sufficiently discharged regardless of the magnitude of the
initial inductive energy, and ZVS operation is obtained.
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Figure 4. Commutation process. (a) Case A: before Sx.1 and Sx.4 turn on. (b) Case A′: before Sx.2
and Sx.3 turn on. (c) Case B: before Sx.1 turns on. (d) Case B′: before Sx.2 turns on. (e) Case C: before
Sx.3 turns on. (f) Case C′: before Sx.4 turns on.

3.1. Without Inner Phase Shift (αx = 0)

In Case A in Figure 4a, a closed circuit is formed without an input voltage source,
and the direction of the inductor current is negative. The circulating energy during the
commutation process is supplied from the voltage source on the transformer side, and the
input and inductor currents are derived using the node equation as follows:

iin.x = 0 (16)

iL.x= ic.x1 − ic.x2 = Coss.x
dvc.x1

dt
− Coss.x

dvc.x2

dt

= Coss.x
d(Vx − vc.x2)

dt
− Coss.x

dvc.x2

dt
= −2Coss.x

dvc.x2

dt

. (17)
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Applying (16) and (17) to (12) and (14), Ediff can be expressed as

Edi f f = −2Coss.xVtr.xVx (iLx < 0). (18)

Conversely, in case A′ in Figure 4b, where the inductor current is in the positive
direction, Ediff is obtained as

Edi f f = 2Coss.xVtr.xVx (iLx > 0). (19)

If Ediff derived from (18) and (19), satisfies the energy inequality in (15), then the ZVS
operation is established for cases A and A′.

3.2. With Inner Phase Shift (αx 6= 0)

In Case B in Figure 4c, the inductor current is negative, the leading and lagging legs do
not operate simultaneously because of the inner phase shift, and a closed circuit is formed
with the input voltage source. The input and inductor currents derived from the node
equation are:

iin.x = ic.x2 = Coss.x
dvc.x2

dt
(20)

iL.x = ic.x1 − ic.x2 = Coss.x
dvc.x1

dt − Coss.x
dvc.x2

dt
= Coss.x

d(Vx−vc.x2)
dt − Coss.x

dvc.x2
dt = −2Coss.x

dvc.x2
dt

. (21)

Similarly, as in Section 3.1, Ediff can be derived as:

Edi f f = −2Coss.xVtr.xVx + Coss.xV2
x (iLx < 0). (22)

Conversely, in case B′ in Figure 4d, where the inductor current is in the positive
direction, Ediff is:

Edi f f = 2Coss.xVtr.xVx − Coss.xV2
x (iLx > 0). (23)

Similarly, if Ediff derived from (22) and (23) satisfies the energy inequality in (15), a
ZVS operation is established. Cases B′ and C, which have an inner phase shift and the same
inductor current direction for the discharge parasitic capacitor, have the same Ediff formula,
and cases B and C′ also have the same. Therefore, Ediff can be defined as

Edi f f (αx = 0) = ±
∫ td

t0

(Vtr.xiL.x −Vxiin.x)dt = ±2Coss.xVtr.xVx (24)

Edi f f (αx 6=0) = ±
∫ td

t0

(Vtr.xiL.x −Vxiin.x)dt = ±
(

2Coss.xVtr.xVx − Coss.xV2
x

)
. (25)

As in (14), the sign of Ediff in (24) and (25) follows that of the inductor current, as shown
in Figure 4. Finally, the minimum magnitude of the inductor current required to satisfy
the ZVS operation in each case is listed in Table 1. Applying Vtr.x, Vx, and iL.x derived in
Section 2.2 to the equations in Table 1, the ZVS operation can be confirmed. For example,
when the turn-on point of the switch in full bridge x is t0, the transformer side voltage and
inductor current, which are variables to confirm whether ZVS is established, are as follows:

Vtr.x = vtr.x(t0) = nx

[
F
{

v′x(t0)
}
+ F

{
v′y(t0)

}
+ F

{
v′z(t0)

}]
(26)

iL.x(t0) = iL.xy(t0) + iL.xz(t0). (27)
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Table 1. ZVS operating conditions for each switching case.

Case Switches Energy Difference between the Two Voltage Sources Conditions for ZVS Operation

A Sx.1 and Sx.4 Edi f f = −2Coss.xVtr.xVx iLx(t0) ≤
√
−4Coss.xVtr.xVx

Lx
or Edi f f ≤ 0

A′ Sx.2 and Sx.3 Edi f f = 2Coss.xVtr.xVx iLx(t0) ≥
√

4Coss.xVtr.xVx
Lx

or Edi f f ≤ 0

B Sx.1 Edi f f = Coss.xV2
x − 2Coss.xVtr.xVx iLx(t0) ≤

√
2Coss.xV2

x−4Coss.xVtr.xVx
Lx

or Edi f f ≤ 0

B′ Sx.2 Edi f f = −Coss.xV2
x + 2Coss.xVtr.xVx

iLx(t0) ≥
√
−2Coss.xV2

x +4Coss.xVtr.xVx
Lx

or
Edi f f ≤ 0

C Sx.3 Edi f f = −Coss.xV2
x + 2Coss.xVtr.xVx

iLx(t0) ≥
√
−2Coss.xV2

x +4Coss.xVtr.xVx
Lx

or
Edi f f ≤ 0

C′ Sx.4 Edi f f = Coss.xV2
x − 2Coss.xVtr.xVx iLx(t0) ≤

√
2Coss.xV2

x−4Coss.xVtr.xVx
Lx

or Edi f f ≤ 0

4. Simulation and Experimental Results

The operation of the TAB converter involves seven variables: five phase-shift ratios
and two voltage-modulation ratios.

mxy =
Vy/ny

Vx/nx
, mxz =

Vz/nz

Vx/nx
(28)

However, simulations can only have two variables because they use one dimension as
the output in three dimensions. Therefore, the ZVS analysis model was simulated in two
parts using MATLAB, as listed in Table 1. A case in which use the outer phase shift ratio φ
as variables; a case in which use voltage modulation ratio m as variables.

4.1. Case A (Variable: φ)

Based on the proposed ZVS analysis model in Table 1, the MATLAB simulation results
of the ZVS operation region of the TAB converter using φ as a variable are shown in Figure 5.
The red area is the region where ZVS is performed in the leading leg, the blue area is the
lagging leg, and the purple area is the region where ZVS is performed on all legs. The
empty area represents the hard-switching region.

Figure 5a shows the ZVS region when the voltage modulation ratio of the three
FBs is 1:1:1, and the ZVS operation is assured in all FBs except under extremely light-
load conditions. Figure 5b shows the ZVS region under the condition that the voltage
modulation ratios of FB 2 and FB 3 are 1.5 and 0.75 based on FB 1. In FB 2, which has a
higher equivalent voltage than the other two FBs, ZVS is ensured regardless of the phase
shift ratios, but in FB 1 and FB 3, hard switching occurs depending on the phase conditions.
In particular, FB 3, which had the lowest voltage, caused hard switching over a wide region.
A comparison of Figure 5a,b confirms that soft and hard switching are critically determined
by the voltage modulation ratio.

Meanwhile, the effective value of the switching pole voltage can be adjusted through
the inner phase shift ratio α as (3). The fundamental value of each FB switching pole voltage
can be matched through a simple calculation using arccosine. However, because only the
fundamental wave components matched, the actual effective voltage could be reduced.
Figure 5c shows the ZVS region when the magnitude of the fundamental value of all FB’s
switching pole voltages is matched by applying an inner phase shift ratio of 0.46π and
0.67π to FB 1 and FB 2, respectively. By matching the magnitudes of the switching pole
voltages, ZVS operation under light-load conditions was ensured in all FBs. However, the
ZVS regions between the leading and lagging legs differ because of unstimulated switching.
This results from the phase of the inductor current: the leading leg facilitates the ZVS
operation when transmitting power, and the lagging leg facilitates the ZVS operation when
receiving power.
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Figure 6 shows the simulation results of the operation waveform using MATLAB to
verify the proposed GHA-based ZVS analysis model shown in Figure 5. In a switching
leg, indicating the upper switch turn-on as ‘1’ and the lower switch turn-on as ‘−1’, the
corresponding switching pole voltage is listed in Table 2. In Figure 6a–c, φ12 and φ13 are set
as −0.05π and 0.05π, respectively, to confirm the operation waveform in the light load area
where ZVS operation is difficult.

Table 2. Switching pole voltage according to the switching state.

Leading Leg Lagging Leg Switching Pole Voltage

1 −1 Vx
−1 −1 0
−1 1 −Vx
1 1 0
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Figure 6. TAB converter operation waveform. (a) α1 = α2 = α3 = 0, m12 = m13 = 1, φ12 = −0.05π,
φ13 = 0.05π. (b) α1 = α2 = α3 = 0, m12 = 1.5, m13 = 0.75, φ12 = −0.05π, φ13 = 0.05π. (c) α1 = 0.46π,
α2 = 0.67π, α3 = 0, m12 = 1.5, m13 = 0.75, φ12 = −0.05π, φ13 = 0.05π. (d) α1 = 0.46π, α2 = 0.67π, α3 = 0,
m12 = 1.5, m13 = 0.75, φ12 = −0.05π, φ13 = 0.16π. (e) α1 = 0.46π, α2 = 0.67π, α3 = 0, m12 = 1.5, m13 = 0.75,
φ12 = −0.05π, φ13 = −0.16π.

Figure 6a shows the operating waveform under the conditions shown in Figure 5a;
owing to the voltage ratio of 1:1:1, all FBs perform ZVS operation without an inner phase
shift. Figure 6b shows the operation waveform under the condition of Figure 5b; except for
FB 2, the remaining FBs cannot perform the ZVS operation. In particular, in the case of FB
3, which has the lowest voltage ratio, the inductor current deviates significantly from the
condition for performing ZVS. Figure 6c shows the operating waveform when the effective
voltage of the switching pole was adjusted by applying an internal phase shift to the FB, as
shown in Figure 5c. Because of the asynchronous operation of the leading and lagging legs,
the switching-pole voltage became a quasi-square wave. Therefore, the effective values of
the voltage are matched, and ZVS operation is ensured for all FBs in the light-load area. In
addition, Figure 6d,e show the operation waveforms at the points in Figure 5c, where the
ZVS is operated on only one leg of the FB.

4.2. Case B (Variable: m)

The simulation results for Case B, which used m as a variable, are shown in Figure 7.
Figure 7a shows the ZVS region under the rated load conditions. All FBs ensured ZVS
operations. However, in Figure 7b, which shows the light load conditions, it can be
confirmed that the ZVS operation is not achieved according to the voltage modulation ratio.
In particular, these results are noticeable for FB with relatively low voltage ratios. Figure 7c
shows the ZVS region when an inner phase shift is applied to the FB with a higher voltage
ratio. Compared to FB 1, when the voltage modulation ratios of FB 2 and FB 3 are higher
than 1, the inner phase shift is applied and varied in proportion to the voltage modulation
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ratio. In FB 1, ZVS is ensured in the entire area, and in FB 2 and FB 3, ZVS operations are
improved in parts where m12 and m13 are greater than 1.
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and 2, respectively. The simulation results show the operation waveforms under rated 
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Figure 7. ZVS region according to voltage modulation ratio m variation. (a) φ12 = φ13 = 0.5π and
α1 = α2 = α3 = 0. (b) φ12 = φ13 = 0.05π and α1 = α2 = α3 = 0. (c) φ12 = φ13 = 0.05π and α1 = 0,
α2 = 2cos(1/m12), α3 = 2cos(1/m13).

Figure 8 shows the operating waveform of the TAB converter used to verify the ZVS
analysis model shown in Figure 7. The voltage modulation ratios m12 and m13 are 0.85 and
2, respectively. The simulation results show the operation waveforms under rated load,
light load, and variable inner phase-shift conditions.
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Figure 8. TAB converter operation waveform. (a) α1 = α2 = α3 = 0, m12 = 0.85, m13 = 2, φ12 = 0.5π,
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m12 = 0.85, m13 = 2, φ12 = 0.05π, φ13 = 0.05π.

Figure 8a shows the simulation results under the rated load conditions, as shown in
Figure 7a; all FBs perform the ZVS operation. Figure 8b shows the TAB converter operation
waveform under the light-load condition, as shown in Figure 7b. Except for FB 3, which
has the highest voltage level, the remaining FBs do not achieve ZVS operation. Figure 8c
shows that the operation waveform under the inner phase-shift ratio varies according to
the voltage modulation ratio to match the effective voltages of the switching poles, as
shown in Figure 7c. An inner phase shift of 0.66π is applied only to FB 3 and owing to
the asynchronous operation of the leading and lagging legs, the switching pole voltage
becomes a quasi-square wave. Therefore, the effective values of the switching pole voltage
are matched in FB 1 and FB 3, and the effective voltage ratios of FB 2 with the other FB are
also close to 1, ensuring ZVS operation in all FBs.

4.3. Prototype Experiment Results

An experiment was conducted using a prototype TAB converter to validate the pro-
posed GHA-based ZVS analysis model. The prototype experiment was a 1/10 scale of
the simulation, as shown in Figure 6. The switching-pole voltage and inductor current
were measured at the operating points of the TAB converter. Moreover, Vds and Vgs were
measured to observe the ZVS operation. The parameters of the prototype TAB converter
used in this study are provided in Table 3.
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Table 3. Prototype TAB converter parameters.

MOSFET Sx.1~Sx.4 C3M0060065D

Switching frequency fsw 100 kHz

Turn ratio n1:n2:n3 2:1:1

FB 1 series inductance L1 33.3 µH

FB 2 and 3 series inductance L2 and L3 8.3 µH

Parasitic capacitance Coss.x 80 pF

FB 1 input voltage V1 38 V

Gate-Source voltage Vgs −5/+15 V

Figure 9 shows the prototype TAB converter and Figures 10–14 show the experimental
results for the TAB converter at each operating point in Figure 6. The experimental results
were separated according to FB. Under the condition of no inner phase shift, if the ZVS of
only one switching leg is assured, the ZVS operation is assured in all MOSFETs; therefore,
Vgs and Vds were measured only in the leading leg in Figures 10 and 11. Under the condition
of an inner phase shift, Vgs and Vds were measured for both the leading and lagging legs,
as shown in Figures 12–14. Vds is the voltage across the MOSFET and can be used to
confirm whether the parasitic capacitor is discharged. Therefore, when the ZVS operation
is performed, Vgs for the switch turn-on becomes positive after Vds becomes zero. However,
if the ZVS operation is not performed, Vgs becomes positive before Vds becomes zero.

A slight difference was observed in the experimental results owing to the parasitic
resistance of the series inductor and resonance caused by the parasitic inductance and
capacitance inside the SiC MOSFET. Overall, the inductor current and switching voltage
waveforms are consistent with the GHA modeling-based simulation results shown in
Figure 6. It can be seen in Figures 11 and 12 that the voltage modulation ratio between
the FBs affects the ZVS operation, and the effective value of the switching pole voltage
matching through an internal phase shift can improve the ZVS operation performance.
Contrary to the conventional concept that ZVS is assured only when the direction of the
inductor current is appropriate during switching, when the inductor current of FB 2 has
a negative value during lagging leg switching, the FB 2 lagging leg does not perform
ZVS, as shown in Figure 13. This implies that the parasitic capacitor of the MOSFET is
not sufficiently discharged. These results are consistent with those of the proposed ZVS
analytical model and the simulations shown in Figures 5 and 6, respectively.

Energies 2023, 16, 7763 19 of 25 
 

 

Table 3. Prototype TAB converter parameters. 

MOSFET Sx.1~Sx.4 C3M0060065D 
Switching frequency fsw 100 kHz 

Turn ratio n1:n2:n3 2:1:1 
FB 1 series inductance L1 33.3 μH 

FB 2 and 3 series inductance L2 and L3 8.3 μH 
Parasitic capacitance Coss.x 80 pF 

FB 1 input voltage V1 38 V 
Gate-Source voltage Vgs −5/+15 V 

Figure 9 shows the prototype TAB converter and Figures 10–14 show the experi-
mental results for the TAB converter at each operating point in Figure 6. The experi-
mental results were separated according to FB. Under the condition of no inner phase 
shift, if the ZVS of only one switching leg is assured, the ZVS operation is assured in all 
MOSFETs; therefore, Vgs and Vds were measured only in the leading leg in Figures 10 and 
11. Under the condition of an inner phase shift, Vgs and Vds were measured for both the 
leading and lagging legs, as shown in Figures 12–14. Vds is the voltage across the 
MOSFET and can be used to confirm whether the parasitic capacitor is discharged. 
Therefore, when the ZVS operation is performed, Vgs for the switch turn-on becomes 
positive after Vds becomes zero. However, if the ZVS operation is not performed, Vgs be-
comes positive before Vds becomes zero. 

FB1 FB2 FB3

 
Figure 9. Prototype TAB converter. Figure 9. Prototype TAB converter.
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Figure 10. Prototype experiment results of the TAB converter operating point in Figure 6a (α1 = α2 = 
α3 = 0, m12 = m13 = 1, ϕ12 = −0.05π, ϕ13 = 0.05π). (a) Switching pole voltage and inductor current. (b) 
Gate-source and drain-source voltages of MOSFET. 
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Figure 11. Prototype experiment results of the TAB converter operating point in Figure 6b (α1 = α2 = 
α3 = 0, m12 = 1.5, m13 = 0.75, ϕ12 = −0.05π, ϕ13 = 0.05π). (a) Switching pole voltage and inductor current. 
(b) Gate-source and drain-source voltages of MOSFET. 

Figure 10. Prototype experiment results of the TAB converter operating point in Figure 6a
(α1 = α2 = α3 = 0, m12 = m13 = 1, φ12 = −0.05π, φ13 = 0.05π). (a) Switching pole voltage and in-
ductor current. (b) Gate-source and drain-source voltages of MOSFET.
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Figure 11. Prototype experiment results of the TAB converter operating point in Figure 6b
(α1 = α2 = α3 = 0, m12 = 1.5, m13 = 0.75, φ12 = −0.05π, φ13 = 0.05π). (a) Switching pole voltage
and inductor current. (b) Gate-source and drain-source voltages of MOSFET.
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Figure 12. Prototype experiment results of the TAB converter operating point in Figure 6c (α1 = 
0.46π, α2 = 0.67π, α3 = 0, m12 = 1.5, m13 = 0.75, ϕ12 = −0.05π, ϕ13 = 0.05π). (a) Switching pole voltage and 
inductor current. (b) Gate-source and drain-source voltages of the leading leg MOSFET. (c) 
Gate-source and drain-source voltages of the lagging leg MOSFET. 

Figure 12. Cont.
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Figure 12. Prototype experiment results of the TAB converter operating point in Figure 6c (α1 = 
0.46π, α2 = 0.67π, α3 = 0, m12 = 1.5, m13 = 0.75, ϕ12 = −0.05π, ϕ13 = 0.05π). (a) Switching pole voltage and 
inductor current. (b) Gate-source and drain-source voltages of the leading leg MOSFET. (c) 
Gate-source and drain-source voltages of the lagging leg MOSFET. 

Figure 12. Prototype experiment results of the TAB converter operating point in Figure 6c (α1 = 0.46π,
α2 = 0.67π, α3 = 0, m12 = 1.5, m13 = 0.75, φ12 = −0.05π, φ13 = 0.05π). (a) Switching pole voltage and
inductor current. (b) Gate-source and drain-source voltages of the leading leg MOSFET. (c) Gate-
source and drain-source voltages of the lagging leg MOSFET.
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Figure 13. Prototype experiment results of the TAB converter operating point in Figure 6d (α1 = 
0.46π, α2 = 0.67π, α3 = 0, m12 = 1.5, m13 = 0.75, ϕ12 = −0.05π, ϕ13 = 0.16π). (a) Switching pole voltage and 
inductor current. (b) Gate-source and drain-source voltages of the leading leg MOSFET. (c) 
Gate-source and drain-source voltages of the lagging leg MOSFET. 

Figure 13. Prototype experiment results of the TAB converter operating point in Figure 6d (α1 = 0.46π,
α2 = 0.67π, α3 = 0, m12 = 1.5, m13 = 0.75, φ12 = −0.05π, φ13 = 0.16π). (a) Switching pole voltage and
inductor current. (b) Gate-source and drain-source voltages of the leading leg MOSFET. (c) Gate-
source and drain-source voltages of the lagging leg MOSFET.
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Figure 14. Prototype experiment results of the TAB converter operating point in Figure 6e (α1 = 
0.46π, α2 = 0.67π, α3 = 0, m12 = 1.5, m13 = 0.75, ϕ12 = −0.05π, ϕ13 = −0.16π). (a) Switching pole voltage 
and inductor current. (b) Gate-source and drain-source voltages of the leading leg MOSFET. (c) 
Gate-source and drain-source voltages of the lagging leg MOSFET. 

A slight difference was observed in the experimental results owing to the parasitic 
resistance of the series inductor and resonance caused by the parasitic inductance and 
capacitance inside the SiC MOSFET. Overall, the inductor current and switching voltage 
waveforms are consistent with the GHA modeling-based simulation results shown in 
Figure 6. It can be seen in Figures 11 and 12 that the voltage modulation ratio between 
the FBs affects the ZVS operation, and the effective value of the switching pole voltage 
matching through an internal phase shift can improve the ZVS operation performance. 
Contrary to the conventional concept that ZVS is assured only when the direction of the 
inductor current is appropriate during switching, when the inductor current of FB 2 has 
a negative value during lagging leg switching, the FB 2 lagging leg does not perform 
ZVS, as shown in Figure 13. This implies that the parasitic capacitor of the MOSFET is 
not sufficiently discharged. These results are consistent with those of the proposed ZVS 
analytical model and the simulations shown in Figures 5 and 6, respectively. 

5. Conclusions 
This study provides a GHA-based ZVS analysis model of a TAB converter. The TAB 

converter has difficulty modeling and analyzing the ZVS operation in the time domain 
owing to numerous operation modes using five phase variables. Therefore, in this study, 
a TAB converter was modeled using a GHA based on the periodicity of the FB switching 
pole. In addition, a ZVS analysis of the FB was performed using the energy balance 
equation, and the minimum inductor energy and current conditions were derived. By 
applying the GHA model to the energy and current conditions for ZVS operation, a ZVS 

Figure 14. Prototype experiment results of the TAB converter operating point in Figure 6e (α1 = 0.46π,
α2 = 0.67π, α3 = 0, m12 = 1.5, m13 = 0.75, φ12 = −0.05π, φ13 = −0.16π). (a) Switching pole voltage and
inductor current. (b) Gate-source and drain-source voltages of the leading leg MOSFET. (c) Gate-
source and drain-source voltages of the lagging leg MOSFET.

5. Conclusions

This study provides a GHA-based ZVS analysis model of a TAB converter. The TAB
converter has difficulty modeling and analyzing the ZVS operation in the time domain
owing to numerous operation modes using five phase variables. Therefore, in this study, a
TAB converter was modeled using a GHA based on the periodicity of the FB switching pole.
In addition, a ZVS analysis of the FB was performed using the energy balance equation,
and the minimum inductor energy and current conditions were derived. By applying the
GHA model to the energy and current conditions for ZVS operation, a ZVS analysis model
of the TAB converter was proposed that can be universally applied in all operating modes
of the TAB converter. The ZVS operating range was derived using a ZVS analysis model
simulation, and the effects of the outer phase shift ratio, inner phase shift ratio, and voltage
modulation ratio on the ZVS operation were analyzed. Experiments were performed using
a 1/10 scale prototype TAB converter, and the validity of the GHA and ZVS analysis models
was verified by matching them with simulation results. As a result of the simulation and
1/10 scale experiment, it can be seen that the lighter the load condition and the lower the
effective switching pole voltage ratio, the more difficult it is to perform ZVS operation,
and hard switching occurs. The inner phase shift is a method of matching the effective
switching pole voltage ratio, lowering the effective voltage size of the FB switching pole
with a high voltage ratio, and making it possible to achieve the ZVS of all FBs. Considering
that the Y-delta conversion in the TAB converter is a conversion method derived by the
superposition of circuits, the DAB converter equivalent circuit can be derived in the multi-
active-bridge converter through the principle of superposition. Therefore, the proposed
GHA-based ZVS analysis model can be extended and applied to multi-active bridges, such
as quadruple-active or penta-active bridges.
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