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Fig. 8. Relationship between stray inductance and switching loss

stray inductance, the smaller the switching loss can be
realized. For example, the tolerable stray inductance is
defined to achieve an over-voltage below 70% of the
voltage rating of the power modules. The tolerable stray
inductance can be calculated using (1).

Lloop =
1200 V × 70%− 500 V

4.7 kA/µs
= 74 nH (17)

In the case of the stray inductance Lloop of 74.0 nH, the
switching loss can be reduced by 20% compared to that of
34.1 nH. As a result, the switching loss can be calculated
and minimized.

V. CONCLUSION

A scaling method for designing the stray inductance,
considering its influence on the switching loss, was
presented in this paper. The quantitative analyses and
experimental results of the turn-on and turn-off losses
were presented. The experiments were conducted using a
SiC-MOSFET power module, for verifying the proposed
method. In addition, the switching loss characteristics
of the SiC-MOSFET chips and a design example for
the minimization of switching losses using the scaling
method were shown. Since the switching loss charac-
teristics of the chips differ from those of the power
module, the design accuracy of the cooling system can be
improved by using the proposed procedure. The proposed
method can be applied in future power converter circuits,
which utilize SiC power devices.
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Abstract— The transformer in the dual active bridge
converter (DAB) is the key element which provides gal-
vanic insulation and voltage conversion. The parasitic
parameters, including winding capacitance, ac resistance,
and leakage inductance, are the primary considerations in
its winding design. Without proper consideration of those
parameters could result in issues on current ringing, high
power loss, and overheating. In this paper, a comprehensive
study is devoted to those parameters. A winding design
method is presented by taking all those parameters into
consideration. Special attention is paid to the impact of
displacement winding, which is quite often in the man-
ufacture and especially in prototype design phase. Both
the normal and displacement winding will be studied and
compared, with analytical, simulation, and experimental
methods. Through comparison, additional coefficients are
introduced to the simple analytical equations so that they
could also be applied for displacement windings. Several
considerations are given to control those parameters within
a reasonable range in the design and manufacture phase.
Finally, the analysis and design method are verified by
finite element method and the experimental results on a
120 kHz prototype, and can be extended to other high-
frequency magnetic designs.

I. INTRODUCTION

The parasitic parameters of the transformer winding, e.g.
capacitances, ac resistance, and leakage inductance, have sig-
nificant impact on the performance of the dual active bridge
converter (DAB) [1–3]. A high winding capacitance could
cause severe current ringing and capacitive switching losses
[4–6]. The efficiency of the transformer mainly depends on
the core and resistive losses, the latter is directly related the
efforts to minimizing the ac resistance [7, 8]. A certain leakage
inductance is essential to the required power transfer and
current shaping [1, 9]. Thus, a well predicted and optimized
winding structure is important for the transformer design.

In this paper, a winding design method for the transformer is
proposed considering capacitances, ac resistance and leakage
inductance. The impact of the difference between the normal
and displacement winding is investigated through the com-
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Fig. 1. A dual active bridge converter (DAB).

Side limb

 de1  di1  diso1

 hw1

 hc

 1  2  3  8 .. r9

Central limb

 h2

Core
Bobbin

 b1 b2

 aiso1

 hiso1

 hb2

 hy

 hb1

 b3

 h1

 4  6  7

 hw2

 h3

 h4

 de2  di2  diso2

 r1, 2 ,...  5

Fig. 2. Transformer cross-section and parameter definitions.

parison of analytical, finite element method and experimental
results. The comparison results can help engineers to use
simple analytical model for displacement winding with modifi-
cation coefficients, and to choose winding configurations from
perspective of parasitic parameters control. Then followed by a
pre-design of leakage inductance, the winding capacitance and
ac resistance are optimized in a two-dimensional plane through
Pareto optimization. Finally, the transformer for a 120 kHz
DAB converter is designed to verify the proposed method.

II. IMPACT OF DISPLACE ORDER WINDING

The position of the winding in magnetics is difficult to fix
in manufacture. Initially, the winding is designed as Fig 3. (a,
b). With the tolerance errors, the winding is less likely to
keep organized, and turns to the structure in Fig 3. (c, d).
The displacement becomes serious with the increase of the
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Fig. 3. Different winding placement positions (a) orthogonal winding, (b)
compact orthogonal winding, (c) orthocyclic winding, (d) compact orthocyclic
winding. The former two are defined as normal windings, and the latter two
are defined as displacement windings.

number of turns and layers, especially in high voltage ratio
transformer. Moreover, sometimes in the compact winding
design, the compact orthogonal (b) and compact orthocyclic
windings (d), are applied on purpose to reduce the cost of
layer insulation to achieve high window utilization factor
and high power density. In the aspect of winding width (in
att direction), the width increment of the normal winding is
de, while the orghocyclic winding is

√
3
2 de, which is 13.4%

less and thereby leads to a smaller volume of the winding.
Besides, the impact of the displacement to various parameters
is detailed discussed below.

A. Impact on winding capacitance

The cylindrical and parallel plate capacitance models Cl,p

are two most basic models for analytical calculation, the
former is given as:

Cl,c = ε0εi
2πh

ln(1 + d/r)
, (1)

and the later is given as:

Cl,p = ε0εi
2πh(r + d/2)

d
, (2)

where ε0 and εi are vacuum permittivity and relative permit-
tivity of insulation material, separately. They could also be
used to model the capacitance between the winding layers
by applying d = deff as the effective insulation distance for
orthogonal winding [10] (c.f. Fig 3 (a)):

deff = de + h− 2.3 · ri + 0.26 · dtt. (3)
The displacement could introduce a large distribution of

capacitance values [11]. The electric field of orthocyclic
windings is different from the orthogonal winding, and the
layer capacitance for those is given in [12]:

Cl,m = tε0

4εr arctan

[
(
√
3−1)(2εr+kln)

(
√
3+1)

√
kln(2εr+kln)

]

√
2εrkln + k2ln

(4)

where kln = ln krad, krad = de/di is the radius ratio, t is the
number of turns per layer.

The displacement capacitance ratio is defined for the com-
parison of the orthogonal and orthocyclic winding:

km,p =
Cl,m

Cl,p
(5)

Sub-max: 1.4

km,p < 1

Min: 0.8

Max (2.1)

Normal area

Sub-min: 0.9

Grade 1
Grade 2

Grade 3

Fig. 4. The relation between radius ratio, permittivity, and displacement
capacitance ratio

TABLE I
RADIUS AND DISPLACEMENT CAPACITANCE RATIO OF DIFFERENT WIRE

GRADES

Grade Radius ratio krad Displacement capacitance ratio km,p

1 1.05 ∼ 1.24 1.48 ∼ 0.99
2 1.09 ∼ 1.37 1.28 ∼ 0.94
3 1.13 ∼ 1.54 1.19 ∼ 0.89

The relationship between km,p and krad is illustrated in
Fig. 4. The maximum value occurs at the low permittivity
and radius ratio, while the minimum value vise verse. The
upper right corner covered by purple color is those situations
with km,p smaller than 1. To have a further impression of
the comparison, the enameled copper wire from Elektrisola is
chosen to calculate the radius ratio range [13]. The diameter is
from 0.01 mm to 0.5 mm according to IEC 60317. Normally,
ε of insulation material is between 3 and 4.5. Combing those
two boundaries, we could obtain a normal area in Fig. 4. The
color bar under the axis illustrates the detailed radius ratio
distribution of different grades. The detailed result of different
displacement capacitance ratio km,p is given in Table I. For
large grade and thicker insulation, the displacement helps
decrease the parasitic capacitance. For lower grade and thin
insulation which is more common, the increase of capacitance
due to displacement is very serious. Thus, an empirical coef-
ficient could be introduced according to Table I when using
simple parallel plate capacitance to predict the displacement
orthocyclic winding. In order to reduce the capacitance due
to the displacement, one solution is to add insulation layer
between layers (Fig. 3 (a, c)), another is to use high-grade
wires with thicker insulation. Although all of the three grades
of wires have the similar lowest displacement capacitance
ratio km,p close to 0.9, using the high-grade insulation wire
could ensure that the capacitance increase ratio due to the
displacement could only reach 1.19, which is far below the
Grade 1 wire. The above two solutions all focus on increasing
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TABLE II
PARAMETERS OF INDUCTORS BUILT FOR COMPARISON

Parameters Value Units

Core type ETD 59/31/22
Core material N97
Bobbin type B66398
Pri. Number of layers p 3
Sec. Number of layers p 3
Turns per layer t 34
Conductor diameter d 1 mm
Insulation coating riso 0.05 mm
Insulation distance aiso 1.2 mm

Fig. 5. The Prototype Td with displacement winding as Fig. 3 (d).

the thickness of the insulation system, and will have additional
cost in large amount production.

B. Impact on ac resistance

The classic ac resistance model is derived with the assump-
tion of ordered conductor placement and one-dimensional field
distribution[16, 17], Dowell’s equation for the winding ac
resistance Rac is:

Rac = RdcFr, (6)

with
Fr = �[ν3 +

2

3
(m2 − 1)ν2] (7)

and

ν2 =
sinh�− sin�
cosh�+ cos� , ν3 =

sinh(2�) + sin(2�)

cosh(2�)− cos(2�)
, (8)

where Rdc and Rdc are the winding ac and dc resistance,
Fr is the winding resistance factor, υ3, υ2 are high-frequency
coefficients related to skin and proximity effect, and m is the
number of layers, the penetration ratio � is calculated by:

� =
di
δ
, (9)

where di is the conductor diameter and δ is skin depth. With
the equation above, there is no typical information of winding
position included to predict the ac resistance. The difference
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Fig. 6. Comparison of ac resistance Rac in normal and displacement winding.

of mean length per turn (MLT) of normal and displacement
winding can cause a small difference in their ac resistance.
Normally, it takes more wire in the process of wiring for
normal winding, so its MLT and ac resistance is slightly larger.

In order to illustrate the impact of displacement winding
on the ac resistance and leakage inductance, two transformers
Prototypes named Td and Tn are designed, analytically cal-
culated and simulated. The former is with the displacement
winding and the later is with the normal winding. They
have three layers for primary and secondary, separately. Only
Prototype Td is built due to that wiring the normal compact
orthogonal winding by hand is very difficult. The specification
of the core and bobbin are listed in Table II. The number of
turns per layer t is 34 to reduce the impact of fringe effect [15].
Their comparison of ac resistance Rac is given in Fig. 6. The
results of the normal winding are given named Anal., FEM,
and displacement winding are given named Anal. Dis., FEM
Dis. and Meas. Dis.. All of the analytical, finite elemental
model and experimental results shows that the displacement
has no too much impact on the ac resistance in each frequency.
The magnetic field keep straight in most places in both
two cases due to their compact structure, thus no too much
difference is introduced. The small difference in two cases is
due to their small difference in MLT and hand-wiring process.

C. Impact on ac leakage inductance

The ac leakage inductance is to illustrate the energy storage
ability of the winding structure [9, 16, 18, 19]:

Lσ = μ0m
2
1

lw
hc

( dw1
m1

3
FL1 + dw2

m2

3
FL2

︸ ︷︷ ︸
frequency dependent

+dg + di1
m1 − 1

2m1
+ di2

m2 − 1

2m2︸ ︷︷ ︸
frequency independent

).
(10)

where m1,m2 is the layer number of primary and secondary
winding; dw1, dw2 is the thickness of two winding; dg is
the interwinding gap thickness; di1, di2 is the inter-layer gap
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Fig. 7. Comparison of ac leakage inductance Lσ in normal and displacement
winding.

thickness, FL can be solved by:

FL1 =
1

2m2
1�

[(4m2
1 − 1)ϕ1 − 2(m2

1 − 1)ϕ2]. (11)

with

ϕ1 =
sinh(2�)− sin(2�)

cosh(2�)− cos(2�)
ϕ2 =

sinh�− sin�
cosh�− cos� (12)

Unlike the ac resistance value which is only dependent on
the magnetic field inside the conductor, the inductance value
is also dependent on the air or insulation between winding
layers (frequency independent part).

With the two prototypes in the last section, a comparison
of ac leakage inductance Lac is given in Fig. 7. Analytically,
the difference between the normal and displacement winding
lies in the difference of the mean length per turn (MLT), the
width of each winding, which are both very small. So the
difference of the analytical results in both comparisons of the
two cases is neglectable. Due to the accurate control of the
leakage width between primary and secondary winding, the
finite element simulation and experimental results also fit the
analytical model very well.

III. PARASITIC PARAMETERS WINDING DESIGN

From the comparison of the parasitic parameters in the last
section, the ac resistance and leakage inductance is position-
independent in the reasonable range. The winding capacitance,
on the other hand, is very sensitive to the position and the
displacement. For the sake of convenience in practice, the
simple analytical equations (1) and (2) are corrected with
the empirical coefficients in Table I to predict the winding
capacitance in displacement windings. For each wire grade,
the larger displacement capacitance ratio is for very compact
wiring and the small ratio is for the loose design. In this way,
the use of complex equations can be omitted and the accuracy
of the analytical model can be guaranteed.

In [20, 21], analytical methods are proposed to optimize
the ac resistance with each number of layers p. It is later
developed in [22] to optimize in the (p, Δ) domain. It is also
possible to implement the capacitance in the (p, Δ) domain
with some pre-optimization procedure. A series inductor will

Pareto front

Design point

Fig. 8. High voltage winding design Pareto front and design point

Transformer
Inductor

HV Bridge
LV Bridge

Fig. 9. Inductor and transformer in a dual active bridge prototype.

be introduced for the leakage inductance, the initial design of
the transformer requires only a minimum controlled leakage
inductance 300 nH. The low voltage side capacitance and core
capacitance is ignored due to the transfer of turn ratio, and
only the high voltage side capacitance is considered. In the
preliminary design, the leakage inductance is assumed using
the dc leakage inductance formula, and a minimum insulation
distance apsiso then can be gained, and it is set as one of
the boundary conditions for the design. Further, the winding
capacitance is mainly decided by the layer insulation, thus
maximum layer insulation aiso1 and aiso2 are chosen for the
each design. Due to the power balance, the window width
for the primary and secondary side winding is set equal. The
thin insulation Litz wire conductor is chosen as the conductor.
Under the assumptions above, the parameters now become a
two-dimensional optimization problem in (p, Δ) domain, and
a global optimization could be used with the method in [22]
for both ac resistance and winding capacitance.

For verification, a transformer for a 120 kHz dual active
bridge prototype is designed, and the design input and output
parameters are given in Table III. The relationship between Cw

and Rac of the high voltage winding is plotted in Fig. 8 and the
Pareto front is with red line. All the points on the Pareto front
is with the p = 1 situation, and is with no much difference
in terms of capacitance. So the left side point of the Pareto
front is chosen as the design point. The transformer prototype
built with the optimal design is illustrated in Fig. 9. Due to the
increase of chosen wire diameter, the real prototype has two
layers of winding for the high voltage side. Alternatively, a
comparison transformer was built with the same specification
of high voltage side and the core, but with 0.2 mm foil as the
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Fig. 10. Optimum design and comparison transformer operation waveform.

TABLE III
TRANSFORMER WINDING DESIGN INPUTS AND OUTPUTS

Input Parameters Value Units
Pri. Sec.

Core type ETD 59/31/22
Core material N97
Bobbin type B66398
Number of turns p 21 6
Number of strands kstr 50

Output Parameters

Number of layers p 1 1
Turns in one layer t 21 6
di output 0.15 0.23 mm
di chosen 0.20 0.20 mm
Rac @ 100 kHz 118.52 mΩ
Primary Capacitance C 482 nF

low voltage winding. The comparison result is given in Fig. 10.
vAB, vCD, iH and iL are HV and LV side voltage and current,
separately. Both situations are with the same output voltage
of 72V and output power of 1.1 kW, while the optimum one
has the total system efficiency slightly improved (0.1%) to
the comparison. The instrument used for the system efficiency
measurement is N4L precision power analyzer. The current
ringing of the optimum designed transformer is reduced,
which is helpful for efficiency and EMI problems. Further
reduction of the transformer capacitance requires a systematic

modeling and optimization of the capacitance network of the
transformer [6].

IV. CONCLUSIONS

An improved transformer winding design method is pro-
posed and verified in terms of ac resistance, leakage induc-
tance, and parasitic capacitance. The impact of the winding
displacement on those parasitic parameters are concretely
discussed. With the comparison and understanding of the
field distribution, the simple analytical equations originally
for the normal winding can be applied for the displacement
windings with the additional empirical coefficients. With
a local optimization of capacitance, the proposed design
method compresses a three-dimensional optimization to a two-
dimensional problem, and achieves Pareto optimization for the
ac resistance and winding capacitance. Finally, a transformer
winding design case for a DAB converter is presented which
leads to reduced current ringing and increased efficiency.
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