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Parasitics of Orthocyclic Windings in Inductors and

Transformers
Zhan Shen, Student Member, and Huai Wang, Senior Member

Abstract— The orthocyclic winding in magnetic compo-

nents is common in both laboratory prototyping and mass-

production, especially for round wires with curved edges.

However, its impact on winding parasitics, i.e., the winding

capacitance, ac resistance, and leakage inductance, has not

been systematically investigated. Omission or inaccurate

calculation of those parameters lead to current ringing,

additional losses, and even abnormal operations. In this

paper, three modified formulas for parasitics of orthocyclic

windings are proposed, and the impacts of the orthocyclic

windings are comprehensively studied. The magnetic field

distortion and air-gap effect are analyzed and compen-

sated. The formulas are verified by finite element method

(FEM) simulation and experimental results. Finally, a

comparison of the normal and orthocyclic winding is per-

formed, and conclusions are listed to control the parasitics

of orthocyclic windings.

Index Terms—Orthocyclic winding, stray capacitance, ac

resistance, leakage inductance, inductor, transformer.

I. INTRODUCTION

T
he parasitic parameters of magnetics, i.e., the ac resis-

tance, leakage inductance, and stray capacitance, have

significant impacts on the circuit performance [1, 2]. Typi-

cal parasitic models of the inductor and transformer are in

Fig. 1(a) and (b). For the inductor, L is the inductance,

Cind is the stray capacitance, Rp and Rw are the equivalent

core and winding resistance, respectively. For the transformer,

R1, L1σ , C1 and R2, L2σ , C2 are the resistance, leakage

inductance, and inner-winding capacitance of the primary and

secondary, respectively, and C12 is the inter-winding capac-

itance. Minimizing the ac resistance decreases the resistive

loss and increases the efficiency of magnetics [3, 4]. A certain

value of the transformer leakage inductance is required for

the power transferring and current shaping in the dual active

bridge converter [5, 6], while in other cases it may need

to be minimized [7]. Stray capacitance causes severe current

ringings and capacitive switching losses [8, 9].

Those parasitics highly depend on winding configurations,

as illustrated in Fig. 1(c). The current flows in the windings

and induces the magnetic field. As the increase of frequency,

there are eddy currents in wires, which generate resistive

losses in the winding. Those losses are represented by the
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Fig. 1. The parasitic model of magnetics. (a) Inductor circuit model. (b)
Transformer circuit model. Winding parasitics discussed in this paper is
highlighted in gray in (a) and (b). (c) From magnetic/ electric field to winding
parasitics. (d) Four typical winding positions. dair is the width of air gap. aiso
is the inter-layer insulation distance.

ac resistance, i.e., winding resistance of inductors Rw, pri-
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mary and secondary resistance of transformers R1, R2. The

magnetic field in the transformer also stores the magnetic

energy in the winding area, which is represented by the leakage

inductance L1σ and L2σ . Moreover, the voltage applied on the

winding generates the electric field between each turn, so the

winding also stores the electric field energy as a capacitor.

This capability is represented by stray capacitances, i.e.,

winding capacitance of inductors Cind, primary and secondary

winding capacitance C1 and C2. The variation of winding

configurations also affects those parasitic values. So proper

magnetic and electric field models based on a precise winding

configuration are essential.

Usually the windings are designed and modeled as the

normal configuration, i.e., type I & II in Fig. 1(d). However, for

round wire windings, they displace from the normal position

and become type III and IV. This is due to the curved edge and

unstable shape of the wire, and is normal in high-turn-ratio

and high-voltage windings. Winding IV without insulation

layer is also used to reduce the cost and increase window

utilization factor. Normally a tolerant error is used to explain

the difference between the normal and orthocyclic windings.

However, in some scenarios, even a slight displacement causes

a significant variation of parasitics, e.g., stray capacitance

values. So the orthocyclic position should be considered in

the parasitic modeling. The major research of the winding

parasitics focuses only on normal windings. They are briefly

reviewed below.

The classic formula for the winding ac resistance is pro-

posed by Dowell [10] and is widely applied for ac resistance

optimization [11–13]. It is derived in the Cartesian coordinate

system, and assumes that the magnetic flux is parallel to the

winding in height direction. However, the flux can distort in

two or three dimensional as the changing of the porosity factor,

conductor shape, etc. So the assumption becomes weak and

the accuracy decreases [14, 15]. There are mature models

to compensate the field distortion by modifying Dowell’s

equation. Firstly, when the porosity factor η, i.e., the winding

height divided by the core window height, decreases, there

is magnetic field distortion. Analytical models in [16, 17]

use η as the adjust coefficient in to compensate this effect,

while models in [18, 19] solve the two-dimensional field

directly. Secondly, the winding curvature also leads to the

two dimensional effect, and the analytical solution in the

cylindrical coordinates is used to modify Dowell’s equation

with correction factors [20]. Thirdly, the analytical model is

also improved by coefficients considering the thermal effect

[21], asymmetric coupling [22], phase shift between winding

currents [23], etc. For the Litz wire, there are analytical

models derived from both Cartesian and cylindirical coor-

dinates systems [4, 24, 25]. Moreover, the Finite Element

Method (FEM) is with significant improvement of accuracy by

considering the two or three dimensional field distribution in

the simulation. Adopting it for the fast resistance calculation

[26, 27] or using the simulation results to fit corresponding

analytical formula coefficients offline [28–30], those models

achieve good accuracy without too much calculation burden.

Finally, the orthocyclic winding also distorts the magnetic field

and has two dimensional effect. However, a discussion about

its impact is still missing.

The leakage inductance is induced by the same magnetic

field as the ac resistance. Most analytical methods are based

on the magnetic field analysis, stored energy integration, and

then leakage inductance calculation. The leakage inductance

formula is also given in Dowell’s paper [10]. Different from

the low-frequency leakage inductance model [31], Dowell’s

model considers the high-frequency magnetic field and eddy

current distribution [32]. By combing the result of the energy

storage in the windings in [10] and in the isolation and insu-

lation layers in [31], a practical formula is proposed in [33].

A recent advance in [6] proposes an expression through a

detailed analysis of the energy stored in each winding part.

Besides, there are also leakage inductance models for other

different winding types, e.g., Litz wire windings [34], planar

transformers windings [32, 35, 36], windings with magnetic

shunt [37], coaxial coils in air [38], asymmetric parallel

windings [39], transformers with gaped cores [40–42], and

windings around toroidal cores [43, 44]. Different winding

configurations are compared in [45] and their impact to the

leakage inductance is analyzed. Moreover, there are also

investigations on the impact of the field distortion to the

leakage inductance. Dowell’s model assumes a straight field

line along the winding. However, this assumption becomes

week when the porosity factor η decreases, or the turns of the

winding displaces. [46] derives the field distortion around the

winding analytically. By solving the field, the proposed semi-

analytical model achieves comparable accurate results than

the FEM simulation. [47] also observes the uneven geometric

magnetic field distribution, and uses a correction factor in the

analytical model to modify the equivalent height of the wind-

ing. For the orthocyclic winding, in [48, 49], the probabilistic

distribution of the leakage inductance of transformers with

non-ideal winding is obtained. All types of windings with not

ordered turns, including orthocyclic windings, are considered.

For orthocyclic winding type IV, the inter-layer insulation

distance aiso in formulas are zero or even may be negative,

as in Fig. 1(d). The inter-layer energy is then underestimated,

which does not coincide with the field distribution in reality.

Therefore a new leakage inductance formula is needed.

The stray capacitance of magnetics consists the winding

capacitance and the capacitance between the winding and

core, i.e., core-related capacitance. The FEM electrical field

simulation obtains the winding capacitance considering the

impact of the core and the field distortion. It is used to model

the normal winding capacitance in two dimensional [50] or

three dimensional filed [51]. A hybrid method is proposed in

[52] to use the results from analytical calculation for the fast

simulation. The model in [53] uses a set of simulation results

to fit coefficients in analytical models, which obtains precise

winding capacitance of single layer winding and can be extend

for multi-layer windings. For the analytical models, various

formulas are reviewed in [1]. The core-related capacitance

models are proposed in [54–59]. For the winding capacitance,

there are mature models for normal windings [2, 60, 61], inter-

leaved windings [62], and six-capacitance network considering

the intra-winding and inter-winding capacitance of the primary

and secondary [8, 63–68]. Most analytical models are based
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on the parallel-plate and cylindrical capacitance models and

are for the normal winding type I & II [2, 54, 69–71]. For the

orthocyclic winding, one solution is to use the parallel-plate

and cylindrical capacitance models by modifying the concept

of the effective distance between layers [72]. However large

errors up to 60% are reported [1]. In [73], the probabilistic

distribution of the stray capacitance in various positions is

obtained through a generic method. Finally, the models in

[74–76] are specially for the orthocyclic winding type IV when

the air gap dair = 0 in Fig. 1(d). However in reality, due to the

hardness of copper wire, there is always irregular curvature in

each turn, making dair > 0. It causes the overestimation of

equations and therefore a modification is necessary.

Until now, there is no systematic study on how the ortho-

cyclic affects all the winding parasitics, i.e., the ac resistance,

leakage inductance, and stray capacitance. Our previous re-

search [77] compares the impact through the simulation and

experimental results of a series of prototypes. This paper inves-

tigates the differences theoretically, and proposes coefficients

to modify the equations for orthocyclic windings. It aims to

address five aspects:

1) A orthocyclic coefficient is proposed to modify the ac

resistance and leakage inductance formula. It compensates

magnetic field distortion due to the orthocyclic structure.

2) The new definition of inter-layer insulation distance aiso
is proposed for the leakage inductance formula. With that, the

energy stored in the inter-layer is considered.

3) For the stray capacitance formula, the equivalent permit-

tivity and equivalent wire diameter are proposed to compensate

for the air gap effect.

4) The proposed parasitic equations are verified by finite

element method (FEM) simulation and experimental results in

four case studies with eight prototypes.

5) Finally, a comprehensive comparison of the orthocyclic

and normal winding is given to illustrate its impact to winding

parasitics.

The rest of the paper is organized as follows. Section II, III,

and IV give the discussion about the impact of the orthocyclic

winding to the ac resistance, leakage inductance, and stray

capacitance, and proposes coefficients to modify analytical

equations. The simulation and experimental comparisons are

conducted for verification. Finally, Section V gives a com-

parison of the difference between orthocyclic and normal

windings, and Section VI concludes the paper.

II. AC RESISTANCE OF ORTHOCYCLIC WINDING

A. Dowell’s Equation for Ac Resistance

Dowell’s equation is originally derived for the normal

winding [10]

Rac = RdcFr =
lMLTN

σA
· Fr (1)

with

Fr = △[ς +
2

3
(p2 − 1)ξ],

ς =
sinh(2△) + sin(2△)

cosh(2△)− cos(2△)
, ξ =

sinh△− sin△
cosh△+ cos△ ,

△ =

√
ηdw

δ
, η =

tdw
hc,eq

, dw =

√
π

2
di

(2)

TABLE I
ORTHOCYCLIC COEFFICIENT kh AT EXTREME CONDITIONS

Winding type I & II & III IV

kh(LF, ηo) 1 1

kh(HF, 0.5) ≈ 1 2/π
kh(HF, 1) ≈ 1 3/π
kh(HF, ηo) ≈ 1 1

2ηo arcsin 1
2ηo

1
Notes: LF : low freq., ∆ ≪ 2; HF : high freq., ∆ ≫ 6.

The detailed formulas and parameter definition are in Fig. 2.

B. Orthocyclic Coefficient

Dowell’s equations only considers the normal winding type

I and II. It assumes the magnetic field flux line is one

dimensional, straight, and parallel to the winding, as illustrated

by Fig. 2 (b) as the winding type II. In low frequency (LF)

range, the skin effect is not distinct and the skin depth δ
is much larger than the wire diameter dw. So ∆ ≪ 2, and

the flux line is straight. When the frequency increases and

∆ ≫ 6, there is severe eddy current induced in the wire.

They also generate the magnetic fields against the external

field. In general, the external fields are pushed out of the wire,

and concentrates in the insulation and air gap area between

layers. The field itself also slightly distorts as illustrated in the

winding type II high frequency (HF) scenario. Nevertheless,

Dowell’s assumptions are still applicable and these distortions

are negligible.

The field intensity H which generates the eddy current loss

is

H = kh(∆, ηo) ·
MMF

hc
(3)

where MMF is the magnetomotive force, ∆ is the penetration

ratio and has positive correlation with the frequency f , hc is

the window height and also the field path length, kh(∆, ηo) ≤
1 is the orthocyclic coefficient modifying the field length. ηo
is the new defined orthocyclic porosity factor which uses the

winding height hw as denominator

ηo =
tdw
hw

(4)

For the normal winding type I and II, kh(∆, ηo) = 1 in low

frequency (LF) range, and kh(∆, ηo) ≈ 1 in high frequency

(HF) range. For the orthocyclic winding III with insulator

between layers, the wires in each layer is separated by the

insulator and keeps a distance from different layers. The effect

of the field distortion is weaker than that of the compact

orthocyclic type IV. Therefore kh(∆, ηo) is close to 1 in HF

range, as summarized in Table I.

For compact orthocyclic winding type IV, Dowell’s equation

overestimates Rac due to the field distortion, as illustrated in

Fig. 2 (b). In the low frequency (LF) range, the magnetic

field is straight and one-dimensional, kh(∆, ηo) = 1. In the

high frequency (HF) range, the eddy current induced in the

conductor and push the field out of it. Due to the displacement
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Fig. 2. Formulas for the winding resistance and inductance. (a.1) Cross-section the transformer. (a.2) Wire dimensions. (a.3) Definition of the aiso in
orthocyclic winding type IV for the leakage inductance calculation. (a.4) Dimension definition to calculate the distorted field length analytically. (b) The
field distortion of winding type II and IV with respect to the frequency. Winding type I and III are similar to II and are neglected. (c) The ac resistance and
leakage inductance formulas.
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of the wire position, the field distortion of compact orthocyclic

winding is much severe than normal winding. A geometrical

relation between the wire diameter and the field length is

illustrated in Fig. 2 (a.4).

Define the angle of 6 bac as θ, and ra is the sum of the

wire radius δwire and half of the air gap length dair/2. In

Fig. 2 (a.4), the orthocyclic porosity factor ηo is expressed

as ηo = 2ra/(2ra + lgh), where lgh is the length of the line

gh. Moreover, there are relation between the angle θ and lgh:

4ra sin(θ/2) = 2ra + lgh. Substituting lgh of two equations

obtains the relationship between the orthocyclic porosity factor

ηo and the angle θ

θ = 2arcsin
1

2ηo
(5)

The length of line bc is 2×2ra sin(θ/2) = 4r sin(θ/2). The

red curve def is approximately the length of the orthocyclic

magnetic field flux, its length is 2raθ. So the flux of orthocyclic

winding is 1/kh(∆, ηo) times longer than normal winding in

high frequency (HF) range

kh(HF, ηo) =
4ra sin(θ/2)

2raθ
=

1

2ηo arcsin
1

2ηo

(6)

According to (6), kh(HF, ηo) = 3/π when ηo = 1,

kh(HF, ηo) = 2/π when ηo = 0.5. When 0.5 ≤ ηo ≤ 1,

3/π ≤ kh(HF, ηo) ≤ π/2.

Table I summarizes the quantitative relation between

kh(∆, ηo) and ηo. For the relationship between kh(∆, ηo) and

penetration ratio ∆ (∆ is positive correlation to frequency

f ), a qualitative conclusion is reached: in low frequency (LF)

range (∆ ≤ 2), kh(∆, ηo) = 1; in high frequency (HF) range

(∆ ≥ 6), kh(∆, ηo) =
1

2ηo arcsin 1
2ηo

. To quantify this relation,

a Hyperbolic function tanh is used

kh(∆, ηo)

=
kh(HF, ηo)− 1

2
tanh(

∆− 4

2
) +

kh(HF, ηo) + 1

2

=

1
2ηo arcsin 1

2ηo

− 1

2
tanh(

∆− 4

2
) +

1
2ηo arcsin 1

2ηo

+ 1

2

(7)

when ∆ ≤ 2, then ∆−4
2 ≤ −1 and tanh(∆−4

2 ) ≈ −1,

so kh(∆, ηo) ≈ 1; when ∆ ≥ 6, then ∆−4
2 ≥ 1 and

tanh(∆−4
2 ) ≈ 1, so kh(∆, ηo) ≈ kh(HF, ηo); when 2 ≤

∆ ≤ 4, kh(∆, ηo) locates in between. tanh function acts as a

switch to give the value between the extreme values in Table

I. So the orthocyclic coefficient (7) gives the relation between

kh(∆, ηo), ∆, and ηo. (7) can also be other form of functions.

Compared with the assumptions of Dowell’s equation for

normal winding, the field length of the orthocyclic winding is

1/kh(∆, ηo) times longer, and the field intensity is kh(∆, ηo)
times smaller. Therefore, kh(∆, ηo) is used to compensate

Dowell’s equation for the orthocyclic winding effect, referring

to [16] using η to compensate the magnetic field for the

porosity effect. So the ac resistance factor Fr and equivalent

window height is modified to

Fr = △[ς + kh(∆, ηo)
2 · 2

3
(p2 − 1)ξ], (8)

hc,eq = hc/kh(∆, ηo) (9)

ηo= 0.6 

ηo= 0.7 

ηo= 1.0 

Fig. 3. Orthocyclic resistance ratio Fr,o/Fr,n with respective to the penetra-
tion ratio ∆ and orthocyclic porosity factor ηo. The circle is the simulation
results. The solid line is the analytical calculated results.

TABLE II
TRANSFORMERS WITH NORMAL AND ORTHOCYCLIC WINDINGS

Parameters P1/ P1o P2/ P2o P3/ P3o Units

ETD Core 59/31/22 59/31/22 29/16/10

Pri./Sec. p 3 3 3

Layer turns t 34 30 20

Wire Dia. di 1.0 0.9 0.75 mm

Main Insu. dg 0.8 0.4 0.2 mm

Inter-layer aiso 0.2 0.1 0.1 mm

Substituting (8) and (9) into (1) and (2) obtains modified

equation for the orthocyclic winding.

To verify the proposed orthocyclic coefficient, two groups

of transformers with the same ETD 59/31/22 core, 3 lay-

ers primary and secondary winding, 1 mm wire diameter,

0.8 mm main insulation, 0.2 mm inter-layer insulation, but

different winding configurations are designed and simulated.

The first group is with normal winding, and the second

is with orthocyclic winding. In each group, there are three

transformers with the number of turns per layer t as 40,

27, 23, which results in the orthocyclic porosity factor ηo as

1.0, 0.7, and 0.6, respectively. Defining Dowell’s ac resistance

factor for normal winding as Fr,n, the modified ac resistance

factor for orthocyclic winding as Fr,o, their ratio Fr,o/Fr,n in

Fig. 3 shows a good agreement between the simulation and

calculation.

The orthocyclic factor is different from the porosity factor.

The porosity factor modifies the magnetic field prolongation

due to the air gap between turns with η. The orthocyclic factor

considers the prolongation due to the orthocyclic placement.

They can be used at the same time to modify the field

distortion.

C. FEM and Experimental Verification: Three Case Studies

1) Case 1: ETD 59/31/22 core, ηo = 0.91: To verify

the proposed equation for winding IV, two transformers are
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Symmetry axis Core

0

2

(a) (b) (c)

1

40 Hz

180 kHz

1 MHz

Winding

6
6

.2
 m

m

Pri. Sec. Pri. Sec.

(d) (e)

Orthocyclic windings Normal windings

B (mT)

Fig. 4. The prototype and magnetic field simulation of P1 and P1o. (a, b, d) Prototype and simulation of P1o with winding type IV, and its zoom-in view.
(c, e) Simulation of P1 with winding type II and its zoom-in view. The magnetic field in (d) and (e) verifies the field distortion illustration in Fig. 2(b). The
magnetic flux density are plotted here while the filed strength in the window area follows the similar distribution with a coefficient of the permeability µ0.

designed named P1 and P1o as in Table II, respectively. P1

is with the winding type II and P1o is IV. They are with the

same winding distance dg , inter-layer distance aiso, core, and

bobbin. Only P1o is built because wiring the winding II is

difficult. The finite element method (FEM) simulation results

in Fig. 4 show the magnetic field of two windings from low to

high frequency, which verifies the field illustration in Fig. 2(b).

The experimental comparison is in Fig. 5 (a, b). In practice,

the porosity factors are calculated directly using (4), the

vertical distance of wires at adjacent layers laj in Fig. 2(a.4)

is calculated by

laj =
hw − de
2(t− 1)

(10)

the horizontal distance of wires at adjacent layers lcj is

lcj =
dwdg − de
p− 1

(11)

where dwdg is the width of the winding, the air-gap between

the wires dair is

dair =
√

l2aj + l2cj − de (12)

and the vertical distance between each equivalent turn lgh is

lgh = 2laj − de − dair. (13)
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The simulation is close to the measurement results. For

the analytical results, if the original Dowell’s equation for

the normal winding is used for the orthocyclic winding, it

overestimates the ac resistance in most of the frequency points,

and the maximum error is 9.8%. If the modified equation with

orthocyclic coefficient is used, the maximum error reduces to

4.7%.

Wiring the exact winding II and IV are difficult in real-

ity. Due to the clock and counterclockwise of the spiral in

neighborhood layers, the wires stay in a position which is

between type II and IV, but more turns are close to type IV.

Therefore the measurement value, the normal equation, and

the orthocyclic equation are all with errors compared with

the measurements. Moreover, the orthocyclic equation is with

smaller error than normal equations.

2) Case 2: ETD 59/31/22 core, ηo = 0.73: Two trans-

formers P2 with winding II and P2o with IV are designed as

in Table II, respectively. The experimental comparison is in

Fig. 5 (c, d). It shows that this field distortion is more severe

with the decrease of the orthocyclic porosity factor ηo, and

the orthocyclic equation offers smaller error (max 8.4%) than

Dowell’s equation (max 20.3%).

3) Case 3: ETD 29/16/10 core, ηo = 0.87: Transformers

P3 and P3o are also with winding II and IV but smaller cores,

as in Table II. The test results are in Fig. 5 (e, f). The maximum

error of Dowell’s equation is 16.2%, while it is 9.4% for

orthocyclic equation.

Compared with Dowell’s equation for the normal winding,

the orthocyclic equation compensates the field distortion and

achieves better accuracy in most frequency range, while at the

remaining frequency, e.g., 20 and 40 kHz, their difference are

negligible.

In general, the accuracy of the proposed equation is im-

proved for the orthocyclic windings, especially with the de-

crease of the orthocyclic porosity factor and increase of the

frequency. The maximum error of the proposed equation in

three cases is 8.6%, while Dowell’s equation 24.4%. On the

other side, the error of orthocyclic equation still follows the

error of Dowell’s equation with the increase of frequency,

because it is a modify coefficient based on Dowell’s equation,

and they share the similar field assumptions.

III. LEAKAGE INDUCTANCE OF ORTHOCYCLIC WINDING

A. Analytical Model for Leakage Inductance

The ac leakage inductance represents the energy storage

ability of the winding. It consists of the frequency-dependent

and independent parts [10, 47, 78]

Lσ =µ0N
2
1

lLMT

hw,eq
[dw1

p1
3
FL1 + dw2

p2
3
FL2

︸ ︷︷ ︸

freuqncy dependent

+dg + aiso1
(p1 − 1)(2p1 − 1)

6p1
+ aiso2

(p2 − 1)(2p2 − 1)

6p2
︸ ︷︷ ︸

freuqncy independent

]

(14)

where

FL1 =
1

2p21△1
[(4p21 − 1)ϕa − 2(p21 − 1)ϕb],

ϕa =
sinh(2△1)− sin(2△1)

cosh(2△1)− cos(2△1)
, ϕb =

sinh△1 − sin△1

cosh△1 − cos△1

(15)
FL1 is the leakage inductance factor of primary winding.

The formula and parameter definitions are also in Fig. 2.

B. Orthocyclic Coefficient & Inter-layer Distance

For orthocyclic winding IV, the magnetic field length

increases and the field intensity H also decreases to (3).

The weaken of the field intensity also decreases the leakage

inductance. The winding height hw in (14) is modified by the

orthocyclic factor

hw,eq = hw/kh(∆, ηo) (16)

Besides, the original definition of the inter-layer insulation

distance aiso is in the horizontal direction, as in Fig. 1 and

Fig. 2 (a.1). It is close to zero or even negative for orthocyclic

winding IV . So the leakage flux in the inter-layer is neglected,

which leads to the underestimation of the formula. The newly

defined aiso is the direct distance between two wires in

adjacent layers, as in Fig. 2 (a.3). It depicts the width of the

magnetic field path in reality.

Substituting (16) and the new defined inter-layer insulation

distance aiso into (14) obtains the proposed leakage inductance

for orthocyclic windings, as summarized in Fig. 2.

C. Finite Element Method and Experimental Verification

Transformers P1o, P2o, and P3o in the previous section are

also used to verify the proposed leakage inductance formula

with the the orthocyclic factor and newly defined inter-layer

aiso, as in Fig.6.

There is error of the simulation results compared with the

measurement. This is due to that the winding position in

reality is between type II and IV, as indicated in the previous

section. With the decrease of frequency, the eddy current

effect in both winding and core decreases and the measured

short-circuit inductance increases [11]. When close to zero

frequency, the impedance of the main inductance falls to the

comparable value with the resistive component and it cannot

be neglected when short-circuited. Therefore the measurement

is not accurate anymore, and the error at 0 Hz is significant.

For analytical calculation, Anal. Norm is the original equa-

tion (14) for the orthocyclic winding, Anal. Norm + kh comp.

is the original equation (14) plus the modified winding height

(16) for the orthocyclic winding, and Anal. Orc is the proposed

equation for the orthocyclic winding.

In all three cases, the Anal. Norm and Anal. Norm + kh
comp. are with similar accuracy. So the impact of the field

distortion to the leakage inductance is not significant. How-

ever, with the change of the definition of aiso, the proposed

orthocyclic equation achieves much smaller error compared

with those two equations. It indicates that neglecting or the

unsuitable definition of the inter-layer insulation distance aiso
causes the significant underestimation.
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Fig. 5. Ac resistance of transformers with orthocyclic windings. FEM Orc., Anal. Orc., and Meas. Orc. are the FEM, analytical, and measurement results of
the prototype with orthocyclic winding type IV, respectively. Dowell’s equation for the normal winding is also used to calculate the orthocyclic winding, as
marked with Anal. Norm. (a) Ac resistance of the Prototype P1o. (b) Error of the analytical equation compared with the experimental results. (c), (d), (e),
and (f) are the ac resistance and analytical formula error of prototypes P2o and P3o, respectively.

Finally, the change of errors of the proposed equation

follows with the original, which is due to the similar Dowell’s

field assumption.

IV. STRAY CAPACITANCE OF ORTHOCYCLIC WINDING

A. Parallel-Plate Model for Normal Winding

The classic parallel-plate model for layer capacitance Cww

is

Cww,n = ε0εwire
2πhw(lMLT/(2π))

dww
(17)

The winding total capacitance Cw is obtained by connecting
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Fig. 6. Leakage inductance of transformers with orthocyclic windings. FEM Orc., Anal. Orc., and Meas. Orc. are the FEM, analytical, and measurement
results of the prototype with orthocyclic winding type IV, respectively. Dowell’s equation for the normal winding and Dowell’s equation plus the orthocyclic
coefficient kh compensation are also used to calculate the orthocyclic winding, as marked with Anal. Norm. and Anal. Norm. + kh comp. (a) Leakage
inductance of the Prototype P1o. (b) Error of the analytical equation compared with the experimental results. (c), (d), (e), and (f) are the leakage inductance
and analytical formula error of prototypes P2o and P3o, respectively.

the layer capacitance Cl in each layer [79]

Cw = β · Cww(p− 1)(
2

p
)2 (18)

The formulas and the definitions of parameters are in Fig. 7.

B. Basic Cell Model for Orthocyclic Winding

The parallel-plate model has the significant error for ortho-

cyclic windings [1]. An alternative formula in [72, 75] is based

on the field analysis in basic cells of winding IV in Fig. 7. It is

used in [1] to calculate the layer capacitance of the orthocyclic

winding without insulation layer:

Cww,o = tε0

4εwire arctan

[

(
√
3−1)(2εwire+kln)

(
√
3+1)

√
kln(2εwire+kln)

]

√

2εwirekln + k2ln
(19)

where kln = ln krad, krad = de/di is the radius ratio, de and
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Fig. 7. Stray capacitance formulas of the normal and orthocyclic windings. (a) Wire dimension definition. (a.1) is four typical windings types. (a.2) is the
transformation of the winding type IV from with air gaps to without gaps, with the equivalent permittivity εwire,eq and equivalent diameter de,eq. (a.3) is
the definition of aiso of the winding type IV with air gaps between turns in adjutant layers. (b) Winding capacitance formulas.

TABLE III
INDUCTORS WITH NORMAL AND ORTHOCYCLIC WINDINGS

Parameters Normal Orthocyclic Units

L2,3,4,5,8 L2o,3o,4o,5o,8o

Core type ETD 59/31/22

Layers p 2, 3, 4, 5, 8

Layer turns t 34

Wire dia. di 1 mm

Wire iso. δwire 0.05 mm

Inter-layer aiso 0.13 mm

di are the diameter of the wire with and without insulation

coating, respectively, t is the number of turns per layer. Other

parameters are illustrated in Fig. 7.

C. Compensation Equations for Orthocyclic Winding

Equation (19) is derived when the air gap length dair = 0
in the basic cell of Fig. 7(a.1) type IV. So it requires no air

gap between layers. In reality, wiring the compact winding

IV is difficult. Due to the hardness of the copper wire, there

is normally air-gap between layers and dair > 0, as in

Fig. 7 (a.3). So (19) only considers the insulation coating

between two bare conductors with the thickness of 2δwire. It

overestimates the layer capacitance when there is air between

two wires and dair > 0.

To compensate the air gap effect, the system 1: conductor

1-coating 1-air gap-coating 2-conductor 2 is transferred to

the system 2: conductor 1-coating 1-coating 2-conductor 2,

as from Fig. 7(a.3) to (a.2). Through the transferring, the

thickness of the wire coating δwire increases to δwire + dair/2
and leads to d′air = 0, so the assumptions for (19) is valid

again.
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Fig. 9. Stray capacitance of inductors with orthocyclic windings. (a) The FEM, analytical, and measurement result of the inductor L2o, L3o, L4o, L5o, L8o
are marked as FEM Orc., Anal. Orc. w/ Comp., and Meas. Orc., respectively. The analytical result with (17) and with (19) but without equivalent permittivity
and diameter compensation equations (22, 23) are also presented as Anal. Norm. and Anal. Orc. w/o Comp.. The core-related capacitance is subtracted in all
cases [58]. (b) Error of the analytical equations compared with the experimental results.

Referring to the transferring method in [1] for the parallel

plate model, the equivalent permittivity and capacitance dis-

tance is also modified here for the orthocyclic winding. In

system 1, the capacitance between conductor 1 and 2 are the

series connection of the coating 1 capacitance Cco1, air gap

capacitance Cag, and coating 2 capacitance Cco2, respectively.

Cco1 = Cco2 due to the same type of wire and coating.

Their total capacitance Ctot is the series connecting of three

capacitances

Ctot =
1

1
Cco1

+ 1
Cag

+ 1
Cco2

=
Cco1Cag

Cco1 + 2Cag
(20)

Assume Cco1 and Cag are with the same capacitance area Aco,

their permittivity and capacitance distance are εwire, ε0, δwire,
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and dair, respectively. So (20) becomes

Ctot =
εwireAco

δwire

ε0Aco

dair

εwireAco

δwire
+ 2 ε0Aco

dair

=
εwireε0(dair + 2δwire)

εwiredair + 2ε0δwire

Aco

dair + 2δwire

= εwire,eq
Aco

aiso

(21)

Therefore, from Fig. 7 (a.3) to (a.2), the original εwire is

modified to the equivalent permittivity εwire,eq

εwire,eq =
εwireε0(dair + 2δwire)

εwiredair + 2ε0δwire
(22)

the diameter of the wire with coating de is transferred to the

equivalent diameter de,eq

de,eq = di + aiso (23)

Substituting the proposed (22 and 23) into (19) obtains

the modified stray capacitance for orthocyclic windings, as

summarized in Fig. 7.

D. FEM and Experimental Verification: A Case Study

Prototypes L2/ 2o, L3/ 3o, L4/ 4o, L5/ 5o, and L8/ 8o are

designed to verify the air gap compensation equations, as in

Table III and Fig. 8. The inductors with winding II is in the

normal group, while with IV is in the orthocyclic group.

Fig. 9 is the comparison for the Lio with compact ortho-

cyclic windings. The parallel-plate model (17) considers the

original definition of the inter-layer insulation distance aiso in

width direction (c.f. Fig. 1 and Fig. 2 (a.1)). Due to the com-

pact winding structure, the built inductors are with negative

value of original aiso. So the calculated equivalent permit-

tivity and the effective capacitance distance decrease, which

finally leads to the decrease of the calculated capacitance.

The original equation for the orthocyclic winding (19) without

equivalent permittivity and diameter compensation equations

(22, 23) neglects the inter-layer insulation distance aiso, which

overestimates the capacitance in all cases. It results in a

maximum error of 111.5%. The proposed orthocyclic equation

uses (19) and the compensation equations. It considers aiso
and obtains the lowest errors in all cases, with the maximum

error 23.9%.

The wire position of built inductors is between the ideal

type II and IV in reality. Therefore the measured values

are also between the simulation results of those two type

windings. However, from the comparison, it is more close to

the simulated and calculated results of winding type IV.

V. COMPARISON OF THE NORMAL AND ORTHOCYCLIC

WINDINGS

A. The Orthocyclic Resistance Ratio

The orthocyclic resistance ratio kr is defined to compare the

ac resistance ratio of orthocyclic winding Fr,o and the normal

winding Fr,n with the same winding dimensions

kr =
Fr,o

Fr,n
· 100% (24)

Fig. 10. The orthocyclic resistance ratio kr with respect to the penetration
ratio ∆ and porosity factor η. The air gap between turns in adjutant layers
dair = 0 in both windings. The number of layers p = 5, and the ratio map
does not change significantly when p changes from 2 to 20.

Fig. 11. The orthocyclic leakage inductance ratio kl with respect to the
penetration ratio ∆ and porosity factor η. The air gap dair = 0 in both
windings. The number of layers p = 5, however, the ratio map does not
change significantly when p changes from 2 to 20. The radius ratio krad =
1.1, and the kl < 0.8 area is (△ > 6.0, η < 0.55). When krad = 2.0, it
changes to (△ > 5.0, η < 0.55).

During comparison, the porosity factor η is assumed the same

as the orthocyclic porosity factor ηo. Conclusions are obtained

from the comparison in Fig. 10:

1) The ac resistance of the orthocyclic winding type IV is

smaller compared with the normal winding type II.

2) The difference is neglectable when (△ ≤ 2.0, η ≈ 1.0)
where kr > 90%. kr decreases with the frequency f and the

decrease of the porosity factor η, and is not relevant to the

number of layers p.

3) [kr]min = 35% when (△ = 10, η = 0.5).
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kc < 100%

Safe area

kc > 100%

Fig. 12. The orthocyclic capacitance ratio kc with respect to the permittivity
εi and radius ratio krad. The air gap dair = 0. The safe area is kc ≤ 100%,
which means the orthocyclic does not increase stray capacitance in this range.

B. The Orthocyclic Leakage Inductance Ratio

The orthocyclic leakage inductance ratio kl is the ratio of

the leakage inductance of the orthocyclic winding and normal

winding and only considers the primary winding

kl =
µ0p

2
1

lw
hw,o

[dw1
p1

3 FL1,o + di1
(p1−1)(2p1−1)

6p1
]

µ0p21
lw

hw,n
[dw1

p1

3 FL1,n + di1
(p1−1)(2p1−1)

6p1
]
·100% (25)

where hw,o, hw,n and FL1,o, FL1,n are the equivalent winding

height and leakage inductance ratio of orthocyclic and normal

windings, respectively.

From the comparison in Fig. 11 it concludes (cont’d):

4) The leakage inductance of the winding type IV is smaller

than type II.

5) The difference is negligible when (△ ≤ 5.0, η > 0.6)
where kl > 90%. kl decreases with the frequency f and the

decrease of the porosity factor η, and is with no significant

relevant to the number of layers p and radius ratio krad.

6) [kl]min = 65% when (△ = 10, η = 0.5, krad = 2, p =
20).

C. The Orthocyclic Capacitance Ratio

The orthocyclic capacitance ratio kc is to compare the layer

capacitance of the orthocyclic and normal winding

kc =
Cww,o

Cww,n
· 100% (26)

kc with εwire and krad is in Fig. 12 with conclusions (cont’d):

7) For the layer capacitance, the orthocyclic causes a

maximum 118% increase or 20% decrease compared with the

normal winding.

8) For the winding capacitance, this difference decreases

with the increase of the number of layer p.

9) To ensure that the winding capacitance is not becoming

larger when orthocyclic (kc ≤ 100%), one method is to use

large permittivity and thick insulation wire coating at the same

time. The safe area for this is illustrated in the figure. Another

method is to add insulation tapes between winding layers,

which also leads to kr ≈ 100% and kl ≈ 100%.

VI. CONCLUSIONS

In this paper, three parasitic formulas for orthocyclic wind-

ings are proposed, and differences between the orthocyclic and

normal winding are systematically investigated. An orthocyclic

coefficient is proposed for the ac resistance formula to modify

the field distortion; it is also used in the leakage inductance

model along with the new defined inter-layer distance; the

modified stray capacitance model considers the air gap effect

with compensating equations. The proposed formulas are

verified by FEM simulation and experimental results with

eight prototypes. They achieve higher accuracy compared

with original models, especially with the increase of the

frequency and air gap. The impact on the resistance, leakage

inductance, and parasitic capacitance of orthocyclic windings

with respect to normal windings in the presented case studies

are summarized in Figs. 10 to 12.
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