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Abstract

This paper proposes an experimental methodology for the systematic determination of the
equivalent circuit parameters of three winding high frequency transformers (3W-HFTs)
for modeling the electrical behavior and the power losses of triple active bridge (TAB)
power converters intended for onboard electric vehicle charging applications. For model-
ing the 3W-HFT5s, a comprehensive lumped element equivalent circuit is adopted, and its
electrical and electromagnetic parameters are determined through a structured sequence
of open-circuit and short-circuit measurements performed over a wide frequency range
from 20 Hz to 13 MHz using a precision impedance analyzer to thoroughly investigate
impedance resonance behavior, while wide-bandgap power electronic devices are em-
ployed. The comparison between the lumped element impedance model and the measured
impedance responses demonstrates strong agreement in terms of both magnitude and
phase across the frequency range under study. Furthermore, the comparison of simula-
tion results and experimental measurements performed on a TAB prototype under both
open-circuit and load operating conditions validates the 3W-HFT electrical characteristics
and the estimation of TAB’s power losses distribution. The close consistency between
experimental results and simulation outcomes confirms the effectiveness of the proposed
characterization approach.

Keywords: EVs; onboard chargers; DC/DC converters; triple active bridges; power analysis;
high-frequency transformers; three-winding transformers; equivalent circuit characterization;
impedance characterization

1. Introduction

High-frequency transformers (HFTs) play a central role in multi active bridge (MAB)
power conversion systems. In recent years, MAB-based architectures have attracted increas-
ing attention due to their flexibility and suitability for emerging electrified applications,
particularly onboard chargers (OBCs) for electric vehicles (EVs) and integrated multi-port
power conversion systems [1,2]. In the context of triple active bridges (TAB), employing
a single three-winding high-frequency transformer (3W-HFT) enables compact three-port
converter realizations, thereby reducing component count and improving system level in-
tegration [3,4]. In these systems, the transformer does not necessarily operate as a tightly
coupled magnetic device. Instead, a controlled amount of leakage inductance is intentionally
retained to regulate power transfer and to facilitate soft-switching conditions. Consequently,
the transformer must be modeled according to its actual electromagnetic behavior rather than
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assuming an ideally coupled structure [5,6]. Nevertheless, accurate modeling of 3W-HFT
represents a challenging task. In TAB applications, parasitic capacitances in the transformer
may cause high-frequency ringing phenomena, which can significantly affect switching
transitions, converter efficiency, and electromagnetic compatibility. Therefore, the precise
identification of leakage inductances and parasitic capacitances is essential for predicting
current stress, dynamic behavior, and power transfer capability [7,8].

The lumped element equivalent circuit model, and especially the 7t lumped topology,
is widely adopted for high frequency applications. By incorporating inter winding and
winding-to-ground capacitances, it provides a tractable yet physically meaningful represen-
tation of the dominant electromagnetic effects, including leakage flux paths, magnetizing
behavior, and electrostatic coupling mechanisms [8-11]. This approach enables the model to
accurately reproduce the externally observable impedance behavior of the transformer un-
der boundary conditions relevant to TAB converter operation, which is particularly suitable
for converter-oriented analysis where the terminal electrical characteristics govern system
performance [12]. The parameters of such equivalent circuit models can be identified using
impedance-based characterization (IBC), which relies on frequency-domain measurements
performed under open-circuit (IBC-OC) and short-circuit (IBC-SC) conditions. These mea-
surements allow the dominant magnetic and electrical parameters to be extracted directly
from terminal impedance responses without requiring detailed knowledge of the internal
transformer geometry [11,13]. This aspect is particularly important in industrial practice,
where transformers are often supplied as manufactured devices and detailed information
regarding internal winding arrangements is typically unavailable. Since geometry-based
analytical models or electromagnetic simulations cannot be readily implemented under
these consitions, measurement-based identification techniques become essential, allowing
accurate transformer models to be derived directly from externally measurable electrical
quantities such as terminal voltages, currents, and impedance responses [14,15].

A wide frequency range is required for impedance measurements since the behavior of
transformers cannot be captured accurately by measurements restricted to the converter’s
switching frequency region. In fact, fast switching transitions generated by modern wide-
bandgap devices, such as SiC-based bridges, together with small dead-time intervals and
stray capacitances, excite ringing effects and high-frequency loss mechanisms that extend
well into the MHz range in practical converters. In particular, under open-circuit conditions
typical of IBC-OC, high-frequency resonance peaks arise from the interaction between the
magnetizing inductance and the equivalent stray capacitance observed at the excited port.
The stray capacitance does not correspond to a simple algebraic sum of physical capaci-
tances but rather represents an effective quantity determined by nodal voltage division,
displacement current return paths, and distributed electrostatic coupling. To reproduce
this behavior in reduced-order models, capacitance partitioning techniques are commonly
employed to map distributed electrostatic networks into physically consistent lumped ca-
pacitances [16,17]. In addition, the attenuation of resonance peaks observed in impedance
measurements is governed by several loss mechanisms, including dielectric losses in in-
sulation materials, skin and proximity effects in the windings, and frequency-dependent
core losses [18,19]. In order to reproduce the measured damping behavior, an effective
series resistance (ESR) is introduced in the stray capacitance branches of the equivalent
circuit model. Under short-circuit conditions typical of IBC-SC, on the other hand, the
magnetizing branch is effectively suppressed, thereby emphasizing leakage inductances,
winding resistances, and inter-winding capacitive coupling paths. This measurement
configuration provides leakage parameters that are representative of the actual electrical
behavior of the multi-winding transformer under converter operating conditions. IBC
measurements operate under low-voltage excitation conditions (LVEC), typically applying
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voltage levels of approximately 1 V or lower. Under these conditions, the transformer
core operates within a limited region of the magnetization curve. As a result, the incre-
mental magnetizing inductance can be considered approximately constant. Consequently,
the magnetizing inductance extracted through impedance measurements corresponds to
a small-signal parameter. Therefore, it may not fully represent the transformer behavior un-
der practical converter operating conditions [20,21]. To address this limitation, time-domain
measurements under realistic converter operating voltages are considered in tandem. In
this case, the transformer is excited under high-voltage excitation conditions (HVEC).
Under HVEC, the magnetic core is driven closer to its nominal flux density. This enables
the observation of nonlinear magnetic phenomena, such as permeability variation and
incipient saturation [20,22].

This work presents an impedance-based characterization methodology for an indus-
trial 3W-HFT used in TAB converters for EV onboard charging applications. The proposed
approach combines parameter identification under LVEC and HVEC. This combined ap-
proach enables consistent transformer characterization aligned with the actual converter
behavior, enabling coherent extraction of leakage inductances, magnetizing parameters,
and parasitic capacitances. Concurrently, TAB experimental and simulation results are com-
pared and both electrical behavior and power losses distribution estimation are validated.

The main contributions of this paper can be summarized as follows: (i) the application
of impedance-based characterization to a 3W-HFT specifically operating within a TAB
converter, addressing converter-oriented modeling requirements; (ii) the combined use of
low-voltage excitation conditions (LVEC) for parameter identification and high-voltage
excitation conditions (HVEC) for large-signal compensation, enabling improved repre-
sentation of the transformer under realistic operating conditions; (iii) the experimental
validation of both electrical behavior and power-loss distribution, providing a comprehen-
sive assessment of the model accuracy at the converter level. The remainder of the paper is
organized as follows. Section 2 presents the transformer impedance modeling framework.
Section 3 describes the impedance-based characterization and parameter identification
methodology. Section 4 reports the experimental and simulation results obtained on a TAB
prototype equipped with the investigated transformer along with power losses distribution
estimation. Finally, Section 5 summarizes the main conclusions of the study.

2. Transformer Impedance Modeling

The lumped-element equivalent circuit 77 model of the 3W-HFT is illustrated in
Figure 1. It consists of one primary port (P) and two secondary ports (S1 and S2), char-
acterized by the turns ratios ng; and ngy, respectively. The magnetizing branch, referred
to the primary side, is represented by the magnetizing inductance L,, p in parallel with
the core-loss resistance R,, p, which jointly describe magnetic energy storage and core-loss
mechanisms within the transformer core.

Each winding is represented by a series leakage inductance L;; and an ohmic re-
sistance Ry, (h = P,S1,52), which account for leakage flux paths and copper losses,
respectively. Electrostatic effects are incorporated through winding-to-ground stray ca-
pacitances C; , associated with each port, while capacitive coupling between windings is
modeled through inter-winding capacitances C;;, (j = P, 51,52; j # h).

From Figure 1 the equivalent impedance expressions corresponding to the IBC-OC
and IBC-SC measurement configurations are derived.
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Figure 1. 7t lumped transformer topology of the 3W-HEFT.

2.1. Open-Circuit Impedance Modeling of the Transformer

The IBC-OC impedance characterization is performed by exciting one port of the
3W-HFT at a time under LVEC while keeping the remaining ports externally open. Under
these boundary conditions, the measurement primarily reveals the magnetizing behavior
of the transformer together with the influence of the stray capacitances associated with
the windings. In this configuration, the current flowing through the excited port is mainly
determined by the magnetizing branch and by the displacement currents associated with
the transformer stray capacitances. As a result, the IBC-OC measurement provides direct
information on the magnetizing inductance and on the equivalent capacitive network
observed at the excited port.

The lumped equivalent circuit assumed for the 3W-HFT is shown in Figure 2a, where
the k-th port (k = P, S1,S2) is excited while the remaining ports are left open. The other
two ports are denoted by y and z (y,z = P, S1,52; y # k,z; z # y, k). The definition of the
k-th port open-circuit admittance Y oc(s) is given by (1).

Yeoc(s) = ’V’; k € {P,51,52}. (1)
The lumped elements referred to the k-th side are grouped into specific impedances as
shown in Figure 2b. In particular, the following elements are identified: the series leakage
impedance Z, k (s) between nodes a and K (2); the port shunt parasitic impedance Z,,¢(s)
between terminal a and ground g (3); the magnetizing impedance between node K and
ground g, Zk ¢(s) (4); the y and z shunt parasitic impedances Z\ e (s) (5)and Z7, o (s) referred
to the k-th side (6); and the inter-winding electrostatic coupling impedances Zg y (s) (7),
Zg,z(s) (8) and Zy z(s) (9).

Zax(s) = Ryp +5sLgg )
1 + SRy o5 C
Zagls) = — o= ©)
Rk +5SLyk
Zkg(s) = —o— (4)
,g( ) SRm,kLm,k
1+sR! ..C
y,esr—,
Zyg) =~ — (5)
Y
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Z/Z (S) — & az (6)
8 sCél,Z
1
7 = 7
Ky (8s) 5y (7)
1
Z = 8
K,z (s) <Ces 8)
1
Z = 9
v,z(8) 5y )

In order to identify Yj oc(s), the current iy must be determined. Applying Kirchhoff’s
current law (KCL) to the nodes K, Y, and Z yields (10).

igk + Imk +iky +ikz =0
iz,k + ish,z + iz,y =0

By assuming node g at zero potential (i.e., V; = 0), the current contributions referred to
nodes K, Y, and Z are expressed in (11), (12), and (13), respectively.

igx = (Vi = Va) Yok (s)
imk = Vi Yig(s)

iy = (Vi = Vy) Yy (s)
iz = (Vk = Vz) Yk z(s)

(11)

ish,y = YY];,g<S) (12)

i = (Vz —Vk) Y z(s)
ish,z = VZ Yz/,g(s) (13)
iy = (Vz — Vy) Yy z(s)

where V denotes the potential value at the corresponding node. By substituting (11)-(13)

into (10) and rearranging the resulting expressions, the nodal admittance matrix associated
with the excited port k, denoted as Ak(s), can be obtained. Therefore, (10) can be rewritten
in a compact matrix form as

Vk Y,k Va
Ak (S) Vy = 0 . (14)
Vs 0

The matrix Ay (s) is defined element-wise as
ain 412 M3

A(s) = |ayn an ax|, (15)
a31 4d32 4ass
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with the coefficients given by

a1 = Yok + Yy + Yz + Yk 412 =—Yky;

a3 = — Yk z; ay = —Yky;

/
ay = YK,Y =+ YY,g + YY,Z,' ax3 = _YY,Z; (16)
az; = _YK,Z; azy = _YY,Z}

a3 = Yz +Yz0+ Yy z.

The evaluation of Vi from (14) with respect to 1 and V allows the equivalent circuit between
node K and ground to be simplified. Therefore, the current i, can be obtained by applying
Kirchhoff’s current law to node a in Figure 2. The resulting expression is given in (17)

iy = (Va — VK)YH,K + VuYa,g. (17)

Under the hypothesis V, = 1V in LVEC and substituting (17) into (1), the open-circuit
admittance becomes

Yioc(s) = (1= Vi) Yak(s) + Yag(s), (18)

where Vy is obtained from (14).

o y Zes N
| (
i I .
ks, . i
q <, K " &
. P ak  Lak i ky oy 57 e Zog i . q Zy, .
iy a ldk dk K| Tky ky 'z 2 i luk aK g K| 4, i, ” i,
I I z iy a — oy v ¥ e —— VA
= l x 1+
i i Ish,y Ish, i q
ik .k ik ik i iy
Ry Ry R,

Figure 2. Generalized open-circuit equivalent model of the 3W-HFT: (a) lumped equivalent circuit;
(b) impedance equivalent circuit.

2.2. Short-Circuit Impedance Modeling of the Three-Winding Transformer

The IBC-SC impedance characterization is performed by exciting one winding of the
3W-HFT while externally shorting one of the remaining windings. Under this bound-
ary condition, the magnetizing branch can be neglected due to the low-impedance path
imposed by the shorted winding. Consequently, the measured impedance response is
mainly governed by leakage-related impedances together with the electrostatic couplings
among the windings. This configuration is therefore suitable for identifying the leakage
inductances, winding resistances, and inter-winding capacitive couplings that dominate
the transformer behavior when the magnetizing branch is effectively bypassed.

Figure 3a shows the generalized lumped-element equivalent circuit adopted for the
IBC-SC analysis. In particular, the k-th port is excited under LVEC, while winding y
is externally shorted and winding z remains open. The resulting equivalent network
highlights the leakage inductances, winding resistances, and inter-winding capacitances
governing the transformer impedance response under short-circuit conditions. Under this
boundary condition, the elements connected to the shorted winding are collapse to ground,
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allowing the generalized circuit to be reduced to the simplified impedance network shown
in Figure 3b. The corresponding impedance formulations are given in (19) to (20).

WO = 7 7y T )

5O = 2z, @)
where Z, 1, (s) is defined as

Zajy(s) = (Rax +Ryy) +5(Lax + Ly, ). (1)

The IBC-SC impedance is obtained by determining the current ix. The application of nodal
analysis to nodes Z and K leads to the following expression

i = V| YES(s) + Yi z(s) Yiz() (22)
k == , - 7
Z Yoz () + Y5 (0)
and the corresponding short-circuit admittance becomes
YR 2(s)
Yisc(s) = Y55(s) + Yiz(s) ’ (23)

Yiz(s) +Y55(s)

These analytical expressions establish a direct relationship between the measured
short-circuit impedance response and the parameters of the equivalent circuit, enabling
the extraction of physically meaningful leakage and coupling parameters from the IBC-SC
measurements. It should be noted that the short-circuit modeling assumption neglecting
the magnetizing branch is valid primarily in the operative frequency region of the 3W-
HFT, where the leakage impedance dominates due to the low-impedance path created
by the shorted winding. Far beyond operative frequencies, parasitic capacity effects and
inter-winding coupling could affect the modelling. Therefore, the proposed modeling
represents a first order approximation. The validity of this assumption is enforced by the
MAB design criteria that requires the use of a multi-winding high-frequency transformer
that is characterised by leakage inductances negligible with respect to the magnetising one.

Zesr

i
Vi
0

Cy,

<
.
N

@ (b)
Figure 3. Generalized short-circuit equivalent model of the 3W-HFT: (a) lumped equivalent circuit;
(b) simplified impedance equivalent circuit.
3. Impedance-Based Characterisation (IBC)

The impedance-based characterisation (IBC) is employed to identify the magnetizing
inductance and the dominant parasitic elements of the investigated 3W-HFT by combining
laboratory measurements and frequency-domain analysis. The transformer under test
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operates at a rated switching frequency of 25 kHz and comprises two secondary windings
with turns ratios of 1:0.5 and 1:0.25, denoted as 51 and 52, respectively. The prototype is
designed for an input voltage of 700 V and a total power rating of 20 kW, equally shared
between the two secondary ports, i.e., 10 kW per port.

The Keysight E4990A precision impedance analyzer, shown in Figure 4, is employed
to perform impedance measurements over a wide frequency range from 20 Hz to 13 MHz.
All measurements are performed under LVEC, using an excitation voltage of approximately
1 V. Prior to the measurements, the analyzer is calibrated using standard open/short/load
compensation procedures in order to ensure measurement accuracy and repeatability.

p————

Figure 4. Measurement setup including the Keysight E4990A precision impedance analyzer and the
3W-HFT under test.

The transformer parameters obtained through the proposed IBC procedure are sum-
marized in Table 1. In the following subsections, the extraction procedure is described
extensively and the resulting parameters are validated through comparison between mod-
eled and measured open-circuit and short-circuit impedances.

Table 1. Extracted lumped equivalent circuit parameters of the investigated 3W-HFT.

Parameter Symbol Value

Leakage Inductances

Primary leakage inductance Lgp 3.0537 uH

Secondary-1 leakage inductance Lis1 0.7178 pH

Secondary-2 leakage inductance Ljs2 0.4092 uH
Magnetizing Inductances (OC, Port Dependent)

Primary magnetizing inductance Lu,p 1.6749 mH

Secondary-1 magnetizing inductance Ly s1 0.4205 mH

Secondary-2 magnetizing inductance Lin,s2 0.1051 mH

Series Winding Resistances

Primary leakage resistance Rgip 19.75 mQ)
Secondary-1 leakage resistance Ras1 13.45 mQ)
Secondary-2 leakage resistance Riso 5.57 mQ)
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Table 1. Cont.

Parameter Symbol Value
Core-Loss Resistances
Primary core-loss resistance Ry,p 147 kO)
Secondary-1 core-loss resistance Ry s1 37.2 kO
Secondary-2 core-loss resistance Ry,s52 9.71 kQ)
Self Stray Capacitances (Port Dependent)
Primary stray capacitance Cdol(; 52.32 pF
Secondary-1 stray capacitance ngl 240.39 pF
Secondary-2 stray capacitance C‘?SCZ 997.97 pF
Self Stray Capacitances (Unified L)
Primary stray capacitance (core) CI 52.32 pF
Secondary-1 stray capacitance (core) Cis1 56.28 pF
Secondary-2 stray capacitance (core) CYe 57.36 pF
Inter-Winding Capacitances
Primary-Secondary-1 capacitance Cps1 2.692 pF
Primary-Secondary-2 capacitance Cpsa 2.884 pF
Secondary-1-Secondary-2 capacitance Csis2 2.746 pF
Capacitor ESR (Resonance Damping)

Primary ESR Rp esr 263.57 Q)
Secondary-1 ESR Rs1esr 66.17 O)
Secondary-2 ESR R esr 16.58 O

3.1. Open-Circuit Impedance-Based Characterization (IBC-OC)

The Figure 5 shows the impedance measurements Z; oc(f) when IBC-OC is per-
formed. The impedance magnitude is shown to change with respect to the excited port, i.e.,
the port at which the LVEC is applied. The self-resonance frequencies fyx (k = P, 51, 52)
found in the first place for each open-circuit configuration are identified from the peak
of the measured impedance magnitudes |Zy oc|(f). The values of fy are established at
511 kHz, 495 kHz, and 490 kHz, for fop, fos1 and fy sy, respectively. The value of fj
primarily depends on the interaction between the magnetizing inductance, L,, x, and the

equivalent capacitance, Ceq,k, at the excited port.

x10%
= 15 ——— Open Circuit - Primary
=, ———Open Circuit - Secondary S1
10 Open Circuit - Secondary S2
Q
<
3
© 5
o
E
0
0 2 4 6 8 10
Frequency [Hz] %10°
100
[ . — ——— Open Circuit - Primary
— 50 ——— Open Circuit - Secondary S1
e Open Circuit - Secondary S2
]
0 0
©
=
o .50
100 | | | ! =
0 2 4 6 8 10

Frequency [Hz] %10°

Figure 5. Measured open-circuit impedance magnitude and phase of the transformer windings.
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The magnetizing inductance L,, ; constitutes the predominant inductive effect, partic-
ularly at the transformer nominal operating frequency, i.e., 25 kHz. It is therefore directly
measured using the impedance analyzer at the rated operating frequency of the transformer.
Given fj and the corresponding magnetizing inductance values L,, x, the equivalent input
stray capacitance is obtained as

1

C = - k P,51,52}. 24
U (27 for) 2Lk €d ! (24)

The quantity Ceqx represents the aggregated contribution of all capacitive paths electrically
connected to the k-th excited winding, including both winding-to-ground and inter-winding
components. To decouple the different contributions embedded in the open-circuit reso-
nance response, a linear capacitance partitioning model is adopted and expressed as

Ceq,p ~ Cap +a (Cps1 + Cp,s2)
Ceq,s1 =~ Ci51+a (Cps1+ Cs1,52), (25)

Ceq,s2 = Cas2 +a (Cpsa + Cs1,52)

where the coefficient « represents an electrostatic participation factor accounting for the
partial contribution of inter-winding capacitances to the resonance frequency fj . From
a physical standpoint, the equivalent capacitance extracted from the open-circuit resonance
is mainly determined by the capacitive elements that are electrically closer to the excited
winding. The winding-to-ground capacitances directly connected to the excited port
dominate the measured resonance behavior, whereas inter-winding contributions are scaled
by the participation factor . Capacitances associated with remote windings influence the
response only indirectly through higher-order coupling paths and are therefore partially
masked in the open-circuit configuration [13,23].

From a capacitance-decomposition perspective, the value of « must be constrained
to ensure physically meaningful results. In particular, when & > 0.1, the inter-winding
contributions are overestimated, leading to negative values in one or more self-capacitance
terms, which is nonphysical. Therefore, « is restricted to @ < 0.1 to preserve the physical
consistency of the extracted parameters. Within this physically admissible region, the
influence of & on the impedance response is assessed through a sensitivity analysis. In
this study, « is varied within the interval 0.01 < a < 0.1 to evaluate its impact on the
capacitance decomposition and impedance fitting. It is observed that increasing « enhances
the contribution of inter-winding capacitances, resulting in higher and sharper resonance
peaks, while lower values lead to smoother impedance profiles with reduced coupling
effects. The corresponding sensitivity results are reported in Figures 9 and 10, where the
baseline configuration is compared with representative values of a. These results confirm
that & governs the strength of inter-winding coupling in the model. Based on this analysis,
a lower value of « within the admissible region (close to « = 0.01) provides the best
agreement with the measured impedance response in terms of magnitude and phase, while
still ensuring physically consistent capacitance values. Similar sensitivity to electrostatic
parameter allocation has been reported in broadband and impedance-based modeling
studies of multi-winding transformers [15,17]. Consequently, the proposed approach
enables reliable capacitance extraction suitable for both impedance-domain analysis and
subsequent time-domain simulation of multi-active-bridge converter systems.
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With regard to the impedance magnitude shown in Figure 5, it is assumed that the
peak value at f; i is heavily dependent on the iron-loss resistance R, x, in accordance with
the open-circuit equivalent model shown in Figure 2. For this reason, its value is given as

Rm,k ~ ZOC,fO,k .

The R, i represents the key element to model the transformer losses in the TAB con-
verter modeling.

3.2. ESR Identification

The ESR damping elements are denoted as Rpesr, Rs1esr, and Rgp esy for the P, S1,
and S2 ports, respectively. They are determined empoying the resonance quality factor
Qy. The quality factor is extracted from the measured impedance magnitude using the
half-power bandwidth method. Let [Z; oc|pk denote the peak impedance magnitude at
fo- The corresponding —3 dB level is defined as

| Z0c|pk
|Zkocl3dB = Tp- (26)

The frequencies f ; and f, are identified such that |Z; oc|(fix) = |Zkoc|3as and
|Zkoc|(f2x) = |Zkoc|3as- Accordingly, the quality factor is computed as

Q= 1% kepsis, 27)
fok = fik
by following the standard resonance analysis procedure.

Assuming that the dominant damping contribution around the self-resonant frequency
is mainly associated with the shunt capacitive branch of the excited port, the loss tangent
formulation yields the following first-order approximation of the equivalent series resistance:

©) 1

~N ), a)o/k = 27Tf0,k (28)
estk wWo k Ceq,k Qk ’

which is commonly employed for resonance based damping identification in high frequency
transformer models [24]. Hence, the resulting quality factors Qp, Qg1 and Qs; are equal to
20.44, 19.80 and 19.60, respectively, while Rgfgsr, R(S(i), oy and Rég), oy assume the respective
values of 263.09 ), 66.05 () and 16.51 ). The results are summarised in Table 1.

These values provide a physically grounded first order estimation of the resonance
damping and ensure consistency with the measured —3 dB bandwidth and broadband
0 RO qd R
P,esr” “*S1,esr S2,esr
ized losses near the self resonant frequency and do not adequately represent the distributed

impedance behavior [15]. The values of R primarily capture local-
and frequency dependent loss mechanisms governing broadband transformer impedance
responses, such as dielectric losses and winding related effects [19,24,25]. As a consequence,
the direct use of R'”

esr,k
ing effect, resulting in reduced resonance peak magnitudes and noticeable discrepancies

over a wide frequency range leads to an overestimation of the damp-

with the measured impedance responses, particularly under short-circuit conditions. To
compensate for this limitation, a broadband correction factor v is introduced to scale the
ESR values and effectively account for the distributed nature of losses that are not captured
by the resonance-based formulation. The corrected ESR is expressed as

0
Riesr = YR, 0< 7 <1, (29)
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A sensitivity analysis of v is carried out by comparing the modeled impedance re-
sponses with experimental results for different values of the scaling factor, as illustrated in
Figures 9 and 10. It is observed that decreasing 7 reduces the effective damping, leading
to higher and sharper resonance peaks as well as improved phase alignment around the
resonance frequency. Based on this analysis, a value of v = 0.3 is selected, as it provides
the best agreement between the measured and modeled impedance responses in both
magnitude and phase over the investigated frequency range. It is important to note that
this correction is introduced to improve impedance matching, whereas the original ESR
values (y = 1) are retained in converter-level simulations to preserve the physically derived
loss characteristics.

3.3. Short-Circuit Impedance-Based Characterization (IBC-SC)

The Figure 6 displays the impedance measurements Z; gc(f) when IBC-SC is per-
formed. Similarly to | Z oc|(f), | Zksc|(f) is shown to change with respect to the excited
port, i.e,, the port at which the LVEC is applied.

3000

Short Circuit - Secondary S1
Short Circuit - Secondary S2
2000 - Short Circuit - S2 & §2

1000 -

Impedance [(2]

) . s |
0 2 4 6 8 10 12 14
Frequency [Hz] «10°

T Short Circuit - Secondary S1
50 | Short Circuit - Secondary S2
Short Circuit - S2 & S2

-100 . . . . . . |
0 2 4 6 8 10 12 14

Frequency [Hz] «10°
Figure 6. Measured short-circuit impedance magnitude and phase of the transformer windings.

To capture the leakage behavior under operating conditions, two dedicated short-
circuit measurements are adopted. The first measurement is used to identify leakage
inductances and winding resistances, whereas the second measurement enables the extrac-
tion of the inter-winding capacitances.

3.3.1. Leakage Inductances and Winding Resistances Identification

In the first measurement, the 3W-HFT is configured as illustrated in Figure 7. Un-
like conventional short-circuit tests used for single-winding transformers, the proposed
configuration simultaneously excites the k-th port while the remaining ports y and z are
short-circuited.

The measured short-circuit responses provide the equivalent inductances Ls. and
resistances Rsc for each test configuration. By solving the system of equations in (30),
the leakage inductances L, p, Lj 51, and Ly s, are extracted, where superscripts/,”, and "/
denote quantities referred to the ports P, 51, and S2, respectively. These parameters strongly
influence the frequency-dependent behavior of the transformer and therefore play a key
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role in determining power transfer capability, soft-switching conditions, and impedance
matching in high-frequency TAB converters.

!/ !/

/ Ld,SZLd,Sl -1/
d,P / ! — bisc
Lys1+Lgs

/ / "
Lo 4 Lysolgp LI (30)
d,S1 I/ + L - ney
d,p 4,52 51
! !
[T LysiLgp L%
d,52 I/ + L/ - n
d,p d,51 52

In an analogous manner, a second system of equations reported in (31) is used to extract
the winding resistances R; p, R 1, and R s from the measured short-circuit resistances.

! !
R/ Rd,SZRd,Sl _ R/
d,pP + R’ T R’ — f'sc
d,51 4,52
!/ /
R RysoRyp  RL 31
d,S1 + R’ R’ - 4 ( )
ap TRisp a1
/ !/
R RysiRgp R
d,S2 + R’ 4 R’ - n
d,p d,51 52

Port-2 Port-2 Port-2

(]
(]
(]

Port-1 Port-1 Port-1

Port-3 Port-3 Port-3

(a) (b) (©

Figure 7. Short-circuit (a) k = P, S1 and 52 in short-circuit; (b) k = S1, P and 52 in short-circuit;
(c) k = S2, S1 and P in short-circuit.

3.3.2. Inter-Winding Capacitance Identification

The inter-winding capacitances of the 3W-HFT are identified by short circuiting each
winding of the transformer to form the nodes Ps., S1s, and 52 as illustrated in Figure 8.

In turn, by shorting two nodes at a time and exciting the two resulting nodes together
as a bipole, the parallel electrostatic coupling between windings can be directly observed.
This measurement configuration enables the dominant electrostatic coupling paths among
the windings to be isolated while suppressing the influence of winding-to-ground ca-
pacitances. Under these boundary conditions, the measured capacitance corresponds to
the equivalent capacitance resulting from the parallel combination of the inter-winding
capacitive paths connected to the excited node. The resulting relationships are given in (32)

Cp,s1 + Cp,s2 = Cs1,52,,
Cp,s2 +Cs1,52 = Cpsiy. - (32)
Cps1+ Cs1,52 = Cp,s2,,
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Solving this linear system yields the three inter-winding capacitances Cps;, Cp s, and
Cs1,52- These capacitances are essential for accurately reproducing the high-frequency
impedance characteristics of the transformer and for predicting resonant behavior in TAB
converter operation.

S182,. Eq.Circuit PS1. Eq.Circuit PS2. Eq.Circuit
P S2

S1
Cps2 —El_‘I'CPSI Csis2 —Iil_‘rCPsz Csis2 % Cpsi

S2(or S1) Si(or P) S2(or P)

(a) (b)

Figure 8. Capacitance measurement setup for the three-winding transformer: (a) configuration for
identifying Cps1, Cpsp, and Cgisp; (b) equivalent inter-winding capacitance measurement topology.

3.4. Impedance Analysis Validation

The measured impedance responses have been compared with those obtained from
the IBC-OC and IBC-SC models using the parameters summarized in Table 1 and resorting
to (18) and (23), respectively. This comparison enables the accuracy of the proposed
impedance-based characterization methodology to be assessed over the entire investigated
frequency range. The IBC-OC validation results are reported in Figure 9a, Figure 9b,
and Figure 9c for ports P, 51, and S2, respectively. The comparison highlights a strong
agreement between the measured and modeled impedance responses in terms of both
magnitude and phase characteristics. In particular, the resonance frequencies f; are
accurately reproduced by the proposed model, confirming the validity of the IBC-OC
identification procedure for the 3W-HFT. The IBC-SC impedance responses are shown in
Figure 10a and Figure 10b for ports S1 and 52, respectively. A good agreement between the
measured and modeled impedance responses is observed across the investigated frequency
range, confirming the validity of the leakage inductances, winding resistances, and inter-
winding capacitances identified through the proposed IBC-SC procedure.

x10* Secondary-1 Open-Circuit Impedance

Secondary-2 Open-Circuit Impedance

IS

10000 -

w

Experimental Experimental

5000 [~

Impedance [©2]
Impedance [©]
~

Impedance [©]

-

)

Frequency [Hz] %10°

Phase []
Phase [deg]
Phase [deg]

Frequency [Hz] %10° Frequency [Hz] «10° Frequency [Hz] %105

(a) Port P (OC) (b) Port 51 (OC) (c) Port S2 (OC)

Figure 9. Sensitivity analysis of open-circuit impedance response under variation of « and <y for ports:
(a) port P, (b) port S1, and (c) port S2.

https:/ /doi.org/10.3390/en19112547


https://doi.org/10.3390/en19112547

Energies 2026, 19, 2547 15 of 23
6000 Secondary-1 Short-Circuit Impedance Secondary-2 Short-Circuit Impedance
i
N 10000 | ,‘l
E Experimental ! \‘ § :l Experimental
@ 4000 | — — —-4=0.101=1.0 I\ P 1 ~ == a=010=10
2 0=0.10,/=0.5 I\ 2 N =0.10,1=
= X A = ny 0=0.10,/=0.5
° — — —0=0.10,7=0.3 )N S 5000 Py — — —-0=0.10,/=0.3
&8 2000F |~ — — a=0.05,=03 AR N I 1,7\ — = —-a=0.05,=0.3
E — = —a=0.01,=0.3 > E Za\ — =~ e=0017703
¥ ¢ AN
0 ] | | —— | 0 | l - |
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Frequency [Hz] %108 Frequency [Hz] %x10°
100 _ oo 100 - — 1T
_________ Experimental
- N — = = :a=0.10,7=1.0
= 50 — Eipenmental A = 50 =0.10,7=0.5
2 =0.101=1.0 3, — = —:a=0.10,7=0.3
o ol 2=0.10,7=0.5 > ol — — — -a=0.05,/=0.3
a — — —0=0.10,7=0.3 o] — — —-a=0.01,=0.3
g ~ — —4=0.05,/=0.3 e T
& 50f |- ——-0=001,=03 & 5ot -
-100 ‘ ! : : ‘ ‘ ! 100 : w w T
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Frequency [Hz] %108 Frequency [Hz] %108

(a) Port S1 (SC)

(b) Port S2 (SC)

Figure 10. Sensitivity analysis of short-circuit impedance response (IBC-SC) under variation of
« and v for ports S1 and S2.

Overall, the results demonstrate that the proposed impedance-based characterization
methodology provides a consistent representation of the transformer electrical behavior
under both open-circuit and short-circuit boundary conditions. This validates the suitability
of the extracted parameters for subsequent converter-level simulations and system-level
analysis of TAB-based power conversion architectures.

4. Experimental and Simulation Results

The transformer model is experimentally validated on a TAB converter application.
The complete test bench setup picture is shown in Figure 11. The prototype involves six
half-bridge boards Imperix PEB8024 equipped with SiC MOSFETs (#1) and an Imperix
B-Box RCP 3.0 rapid prototyping controller (#2). The main characteristics of the PEB8024
and the SiC MOSFETs are reported in Tables 2 and 3. The use of SiC devices are specifically
suited for transformer testing since they enable fast switching transitions and reduced
conduction losses, thereby providing high-quality voltage waveforms and improving the
repeatability of the experimental characterization. The control algorithm was developed
on Matlab/Simulink and compiled directly onto the controller (#3). The TAB magnetic
compartment comprises the 3W-HFT under test and two distinct high-frequency induc-
tors positioned on S1 and S2, respectively (#4). The inductor on S1 is characterized by
100 pH and 0.2 ), while the one on S2 has 25 pH and 0.1 Q). Their parameters have been
experimentally determined by RLC meter measurement at 25 kHz. The DC power supply
EA PS 10750-120 furnishes the TAB input voltage and current (#5), while two resistor
benches were connected to the output ports (#6). In particular, S1 and S2 feed 100 () and
8.5 (), respectively, to establish significant power conditions. A Yokogawa DLM5058HD
oscilloscope with its voltage and current probes is employed to acquire the data for signal
frequencies up to 100 MHz (#7). Lastly, a power analyzer, Yokogawa WT5000, is employed
for power measurements and efficiency evaluation.

All measurements were performed using calibrated instruments within their specified
accuracy ranges. Repeated measurements confirmed consistent results with negligible
variation. The main accuracy specifications are reported in Table 4. The simulation study
reproduces the transformer and TAB models in the PLECS environment. Therefore, the
circuital model of Figure 12 has been reproduced, while the control strategy is sourced by
the same Matlab /Simulink algorithm of the experimental setup to ensure consistency.
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ESTINTORE

Figure 11. Picture of the TAB test bench (#1) TAB’s full bridges; (#2) Imperix B-Box RCP 3.0 controller;
(#3) PC for Matlab/Simulink coding; (#4) 3W-HFT and external inductors; (#5) DC power supply
PS 10750-120; (#6) Resistors load, (#7) Oscilloscope Yokogawa DLM5058HD; (#8) Power analyser
Yokogawa WT5000.

Table 2. Half-bridge module rating.

Parameter Symbol Value Unit
DC rated voltage Upc 800 \Y
DC maximum continuous current I5E 24 ARrms
DC maximum pulsed current Iguclsed 80 A
Reference switching frequency fsw 25 kHz
DC-link capacitance Cpc 260 uF

Table 3. SiC MOSFET electrical characteristics.

Parameter Symbol Value Unit
Drain-source voltage Uy 1200 v
Continuous drain current e 24 A
Reference switching frequency fsw 25 kHz
On-state resistance RS 88 mQ)
Turn-on switching energy E5Y 265 uJ
Turn-off switching energy Eng”f 135 uJ

Table 4. Measurement instruments and accuracy specifications.

Instrument Model Accuracy

Impedance Analyzer Keysight E4990A +0.045% (typ.), £0.08% (spec.)
Oscilloscope Yokogawa DLM5058HD  £1% (typ.)

Power Analyzer Yokogawa WT5000 +0.03% (power, 50/60 Hz)

DC Power Supply EA PS 10750-120 <0.05% FS (voltage), <0.1% FS (current)

Cs1 == Risi Vst

Csp ==

Figure 12. TAB topology.
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4.1. High Voltage Transformer Parameter Compensation

The transformer magnetizing behavior under high-voltage excitation conditions
(HVEC) is governed primarily by the intrinsic magnetic core properties, which differ
from the LVEC employed during impedance-based characterization. Under HVEC, the
magnetic energy storage mechanism is shared by the magnetic core, and therefore, unlike
under LVEC, the magnetization process is not port-dependent. Consequently, the stray
capacitance decomposition must be recomputed using a single magnetizing inductance
associated with the input port P. By applying (24), using L, p as the reference magnetizing
inductance for all three ports, the updated self-capacitances C; x are obtained. The resulting
values are reported in Table 1 as C3®, while the inter-winding capacitances identified
through IBC-SC measurements remain unchanged. Furthermore, the magnetization param-
eters identified under LVEC do not fully capture the transformer behavior under realistic
converter operating conditions. In contrast, HVEC drives the magnetic core closer to its
nominal flux density, thereby revealing magnetic behaviors at which is associated a differ-
ent magnetizing inductance during actual TAB operation. This condition also increases the
effective core-loss contribution of the transformer. For this reason, the parameters L, p and
Ry, p are compensated to account for these effects.

In order to determine the compensation, a square-wave voltage of 400 V at 25 kHz is
applied to port P using the H-bridge converter. The corresponding measured voltage and
current waveforms are reported in Figure 13. The operating conditions are selected to ensure
that the transformer operates under representative power-converter conditions. The power
absorbed during open-circuit excitation is Poc gyec = 22.5 W. The magnetizing inductance
under HVEC, denoted as L,, gvEc, is extracted directly from the measured voltage and current
waveforms shown in Figure 13, by evaluating the slope of the magnetizing current according to

Vo = Luvec L. @)
As a result, while the magnetizing inductance obtained under LVEC is approximately
Lyp = 1.7 mH (see Table 1), the compensated magnetizing inductance under HVEC
becomes L,, gyrpc = 2.0 mH.

" B |5 6 % [E% 2026/01/23 9101351 11062 Running
250 v (250 v (250 v [1.00 A5.00 A |5.00 A (250 V(250 % i1 [Edge CHI History [Normal
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| i \\ ” |
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., N N |
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F20.00us 80.00us|

Figure 13. Measured voltage (blue, green and violet) and current (red) waveforms during open-circuit
transformer excitation at 25 kHz.

At the same time, the core-loss resistance under HVEC, R, gvEgc, is determined by
matching the power absorption of the system. Accordingly, the compensated core-loss resis-
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tance assumes the value R, p = 7.5 k(). Finally, the ESR damping elements adopted under
HVEC correspond to the previously identified values Rg)zsr, Rg)l) o aNd Rgg) o5 PrESEIVING
the physically grounded first-order damping estimation obtained from the impedance-

based analysis. This ensures consistency with the measured —3 dB impedance behavior.

4.2. Model Validation

The 3W-HFT model, properly compensated under HVEC conditions, is validated
under realistic operating conditions. Both a high-voltage open-circuit test and a full
TAB converter test are conducted to verify the magnetization behavior and the influence
of parasitic electrical elements. Moreover, TAB power losses are estimated based on
experimental power and efficiency measurements.

4.2.1. Large-Signal Open-Circuit Validation

The open-circuit test performed on port P is used to experimentally validate the
transformer parameters and the associated power absorption. A bipolar square-wave
voltage of 400 V at a switching frequency of 25 kHz is generated by a single-phase H-bridge
converter. In parallel, the PLECS simulation model is developed according to the schematic
shown in Figure 14. The comparison between experimental and simulated waveforms is
presented in Figure 15a,b. In particular, Figure 15a demonstrates the accurate reproduction
of the primary magnetizing current and terminal voltages, while Figure 15b highlights
the transient comparison during the converter dead-time interval of 250 ns. The results
confirm that the proposed transformer model successfully captures the switching dynamics
dominated by parasitic capacitances and displacement currents.

V,@ oI | |
1le ® kF

Figure 14. Schematic of the open-circuit experimental test bench and PLECS simulation topology.
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Figure 15. Comparison between experimental and simulated transformer voltage and current
waveforms under HVEC open-circuit excitation conditions: (a) 100 ps time span; (b) zoom of the
dead-band region.
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(a) Frequency sweep at \-’i“=4I][I v

Additionally, the HVEC transformer model has been tested under various operating
conditions to evaluate its accuracy in estimation. In particular, voltage and frequency
ranges of 100 V to 700 V and 10 kHz to 40 kHz have been considered. Figure 16 displays
the mean absolute percentage error (MAPE) for both the estimated voltage,Vp, Vs1, Vo,
and current, Ip, during transitioning conditions, i.e., the same time span as in Figure 15b.
Figure 16a shows the MAPE evolution with respect to the frequency sweep when Vp is
set to 400 V. As expected, Ip estimation is more accurate below the reference frequency of
25 kHz, where it presents higher amplitudes. Concurrently, voltage estimation is lower than
5% across the entire frequency range. In Figure 16b the MAPE varies concerning the voltage
sweep when the switching frequency is 25 kHz. Notably, the MAPE is below 5% when Vp
is set to 400 V and remains consistent up to 700 V. Therefore, the results confirm that the

proposed HVEC model maintains satisfactory agreement with experimental measurements
over a broad operating range.

(b) Voltage sweep at =25 kHz

Percentage Error [%]

Percentage Error [%]

—

1 =
25 30 35 40 100 200 300 400 500 600 700

Frequency [kHz| | —_——V, ——V, —l—V,, —p—1I, | Input Voltage [V]

Figure 16. MAPE based accuracy evaluation of the proposed HVEC model under different operating
conditions: (a) frequency sweep at V;,, = 400 V and (b) voltage sweep at f = 25 kHz.

The power absorbed by the converter under PLECS simulation is of 22.6 W, which
confirms the experimental result. Table 5 and Figure 17a show the loss estimation result.
As expected, Figure 17a highlights that the majority of losses (91%) are due to the 3W-HFT.
The remaining parts of the losses are distributed between the H-bridge on P (8%) and the
winding losses (1% or less). Therefore, it is evident that the H-bridge is responsible for the
majority of power losses after the transformer.

Table 5. Power losses estimation for HVEC open-circuit test and full TAB test.

Power Comp. Loss. Estim. HVEC OC Loss. Estim. Full TAB
Py, 206 W 206 W

Pip 0.1W 0.6 W

Pjs1 / 0.1W

Pas2 / 11W

P s / 1.0W

P sy / 21.0W

Prpp 1.9W 55W

Prp,s1 / 11W

Prp,s2 / 473 W
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Figure 17. Estimation of the power losses distribution: (a) HVEC open-circuit test; (b) Full TAB test.

4.2.2. Full TAB Validation

The full TAB has been assembled complying with Figure 12. Experimental tests and
simulations have been carried out to verify the model accuracy under significant load condi-
tions. The specific operating requirements of the targeted TAB application are 400 V on the
input voltage and 25 kHz switching frequency, aligned with the intended converter-level use
case. Figure 18 shows the experimental and simulated voltage and current waveforms while
Table 6 reports the power supplied and absorbed by the loads placed on the TAB DC-links
51 and S2. While testing, the TAB controller fixes the output voltage at 200 V and 100 V on
51 and S2, respectively, in compliance with 3W-HFT turn ratios ng; and ng,. Placing the
external leakage inductances on 51 and 52 ensures hardware decoupling between S1 and S2,
avoiding unpredictable circulating currents inside the 3W-HFT. This feature causes the TAB
voltage to be controlled independently on S1 and S2 by the controller [5]. The experimental
measurements show a good match with the simulation results, and the efficiency is established
at about 94.3%. The estimation of the power losses are reported in Table 5 and Figure 17b.
The overall input and output powers, as well as the efficiency, are directly obtained from
experimental measurements using a high precision power analyzer. In addition, the HVEC
open-circuit test provides the power absorbed by the transformer, which is attributed to the
core-loss component. The remaining loss contributions reported in Table 5, including winding
copper losses, external inductor losses, and switching device losses, are derived from the
proposed model using the identified parameters and simulated current values under full TAB
operating conditions. Notably, the 3W-HFT loss contributions represent the third major one.
In fact, the first and the second major losses are on the H-bridge and the external leakage
inductor on S2, respectively. This is due to the high current values flowing in 52. This aspect
must be taken into account when designing the converter, and appropriate semiconductor
devices must be selected accordingly.

=~ Exp. on P —— Exp. on §1 —— Exp. on §2
Sim. on P Sim. on S1 Sim. on §2

201
/‘ L
0 50 60 70 80

 — —  m— — e SN | ]
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 4 90 100
(a) Time [s] %107 (b) Time [s] %107

>

|
[
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]
Current [A]
=

—
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Figure 18. Comparison between experimental and simulated transformer voltage and current
waveforms under full TAB test conditions (a) voltage waveforms; (b) current waveforms.
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Table 6. Comparison of experimental measurement and simulation estimation of power and efficiency
into the TAB.

Power Comp. Exp. Meas. Sim. Estim. Estim. Error
Py 1675 W 1682 W 0.42%
Po,s1 3985 W 399.7 W 0.30%
Po,s2 1181 W 1184 W 0.25%
NTAB 94.3% 94.2% 0.10%

5. Conclusions

This paper presented a systematic and experimentally validated methodology for the
characterization of a three-winding high-frequency transformer based on a lumped-element
equivalent circuit that captures both electromagnetic and electrostatic phenomena over a wide
frequency range. The extracted parameters were first validated in the frequency domain,
showing a close agreement between measured and simulated impedance magnitude and
phase responses under both open-circuit and short-circuit test configurations. In particular,
the proposed impedance-based characterization accurately captures the resonance behavior
associated with stray capacitances and leakage inductances. Furthermore, the combination of
low-voltage excitation (LVEC) parameter identification and high-voltage excitation (HVEC)
compensation enables an improved representation of the transformer under realistic operating
conditions. It has been shown that the use of HVEC-based magnetizing parameters significantly
improves the agreement between simulated and experimental current waveforms compared to
LVEC-based values. The resulting model was then implemented in a PLECS-based time-domain
simulation framework and validated against experimental open-circuit excitation tests and full
TAB operation performed using a SiC-based H-bridge converter operating at 400 V input
voltage and 25 kHz of switching frequency. The strong correspondence between simulated and
measured voltage and current waveforms confirms the capability of the proposed model to
accurately reproduce the effects of stray capacitances and displacement currents during voltage
commutation, which are critical in high-frequency multi-port converter operation. Finally, the
comparison between measured and estimated input/output power demonstrates the accuracy
of the proposed loss estimation approach, confirming the validity of the model also in terms
of power-loss distribution under realistic TAB operating conditions. Overall, the proposed
methodology provides a reliable and practical framework for the characterization and modeling
of multi-winding high-frequency transformers in converter-oriented applications.
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Abbreviations

3W-HFT  Three-Winding High-Frequency Transformer
TAB Triple Active Bridge

IBC Impedance-Based Characterization

IBC-OC  Open-Circuit Impedance-Based Characterization
IBC-SC  Short-Circuit Impedance-Based Characterization
LVEC Low-Voltage Excitation Conditions

HVEC High-Voltage Excitation Conditions

ocC Open Circuit

SC Short Circuit

ESR Effective Series Resistance

OBC Onboard Charger

EV Electric Vehicle

MAB Multi-Active Bridge

HFT High-Frequency Transformer
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