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ABSTRACT

This paper presents a modelling and parameter identification of through-hole type contactless slipring systems for
transferring electrical power for wind turbine pitch control. An equivalent circuit model has been developed from the
physical structure and dimensions of the contactless slipring using the duality rules, which is very different form tradi-
tional transformer. The circuit inductances are determined by the derived expressions from the system reluctances. In
particular, the equivalent resistance representing the core loss of the slipring has been determined using phasor diagram
of exciting current. FEM (Finite Element Method) models and practical prototypes are developed for testing and verifi-
cations. Both simulation and experimental results have shown that the developed model gives truthful values for nu-
merical calculations in order to obtain the equivalent electric circuit. The effect of fringing flux around the air gap on
mutual inductance and the ways of correcting its effects are analysed. The obtained values have shown that the devel-
oped models and derived equations are with high accuracy as compared to the FEM simulation and experimental re-

sults.

Keywords: CSS (Contactless Slipring Systems); Transformer Modeling; Contactless Power Transfer;

Wind Turbine Pitch Control

1. Introduction

Recently contactless slipring systems have gained high
popularity among researchers for their several advantages as
compared to conventional mechanical slipring systems.
In a glance, the reliability and long life cycle, in combi-
nation with minimum maintenance requirement, are the
main advantages of CSS (Contactless Slipring Systems).
Use of conventional slipring assemblies is often undesir-
able, since their inherent high friction characteristics of-
ten cause excessive wear and increased maintenance [1].
The contactless slipring solution eliminates many of the
disadvantages associated with the conventional systems
[2,3].

However, with all the mentioned benefits, contactless
slipring systems posed some unusual design constraints.
To begin with, the relatively large gap in their magnetic
circuit results in a low magnetizing inductance. Again,
because of the air gap between primary and secondary
windings results in high primary and secondary leakage
inductances. Moreover, eddy currents, caused by fringing
flux, can be formed in the magnetic material near the gap
which could cause losses and local radiation [4]. There-
fore, based on CSS features and the mentioned design
restrains, having a reliable prediction and an accurate

Copyright © 2012 SciRes.

model of the contactless transformer used in such sys-
tems is essential for design prejudgments. Moreover, the
obtained model is advantageous for theoretical calcula-
tions, electrical network simulations, and any further
modifications before construction. This helps the de-
signer to have a better understanding about the system
and its associated limitations for any possible changes, in
order to design the system so as to meet the application
requirements. There are other methods such as testing
/measurements and FEM analysis that can be used for
design analysis. However, the measurement method can
only be applied in practical systems and the finite ele-
ment analysis is only suitable for preliminary calcula-
tions and simulations.

The aim of this paper is to obtain a complete proce-
dure and derive the required equations for modeling two
types of through-hole contactless transformers. Basic
principle of a CSS is presented. This is followed by the
effect of the fringing flux generated around the air gaps
and the way of correcting this effect. Mathematical equa-
tions and developed theory are presented for obtaining
the electrical model based on the physical layout. The
reluctance equations are summarized for two contactless
transformers for numerical calculations. Finite Elements
Models are developed and simulation results are pre-
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sented for the system assessment. A complete procedure
of experimental contactless transformer measurements is
presented. Two coaxial and face to face designs of a
through-hole contactless transformer are prototyped and
experimental testing are performed for modelling verifi-
cation. Finally, to evaluate the theoretical modelling and
calculations, a comparison with FEM and experimental
results is conducted.

2. Basic Principle of Operation

Figure 1 shows two through-hole types (a) coaxial and
(b) face to face structures of a contactless transformer.
As it can be seen because of the air gap, the secondary
can freely move or rotate relative to the primary. The
block diagram of this system is demonstrated in Figure
1(c). The whole system includes primary converter, con-
tactless transformer and secondary converter. Generally
high frequency resonant converter is adopted at the pri-
mary to improve the power transfer characteristics. The
secondary converter realizes rectifying and power con-
verting according to the load requirements. A distance
between the whole structure and the shaft is considered
to avoid any excessive heating the shaft due to fringing
flux lines, etc. The revolution of high-frequency switch-
ing power conversion allowed the magnetic link to be
implemented with reasonably sized components [5]. This
new technology creates new possibilities to supply port-
able devices with electrical energy which has been used
in many different applications, each of them having par-
ticular specifications, necessities and restrictions.

The air gap is fixed for the first design, while it can be
varied by moving the rotating part back and forth for the
second design. Usually, for high power and small air gap
situations, transformers with magnetic cores in primary
and secondary side are appropriate. Other new coupling
structures for a contactless transformer with single core
and single air gap are proposed for this application [6,7].
In contrast, for large air gap and low power air trans-
formers (coreless) are preferred. A special case is a slid-
ing transformer which can have construction for linear or
circular movement. The final configuration of contactless
power transfer systems depends also strongly on number
of loads to be supplied. In such cases transformer with
multi-windings secondary or primary side are used. Be-
cause of the air gap, a contactless transformer reveals
different features as compared to the typical un-gapped
transformer as detailed in the next section.

3. Effect of Air-Gap and Its Correction Rules

Depending on the application, the magnetic coupling
structure used in contactless slip-ring systems has differ-
ent geometry, size and structure that define their per-
formance. Due to the existence of air gap between the
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Figure 1. Axial contactless transformer structures (a) Co-
axial; (b) Face to face; (c) Block diagram of a CSS.

windings, the contactless transformer reveals a low mag-
netic coupling coefficient. This results in storing a portion
of the total supplied energy into the magnetic structure
itself (mainly within the air gap) rather than transferring
it to the secondary. The energy storage is directly related
to the coupling. There are two basic energy storing ele-
ments; the magnetizing inductance (inversely propor-
tional to the air gap length) and the leakage inductance
(related to the windings layout and relative positioning).
The magnetizing inductance of such a transformer is
much lower than that of a compactly coupled counterpart.
As a result, in addition to the reflected load current, the
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primary winding carries an increased magnetizing current,
in turn, increasing the primary-side conduction losses.
Again, by the reason of air gap inclusion and the avail-
ability of alternative magnetic-flux paths (air space) rather
than the ideal core path, the contactless transformer also
exhibits increased leakage inductance in both windings.
The increased leakage inductance, which appears in se-
ries with the windings, causes a voltage drop across them,
resulting in the reduced voltage gain. At the same time
only a portion of the primary current is being reflected to
the secondary side as the rest is being drawn by the low
magnetizing inductance [8]. Furthermore, whenever an
air gap is introduced into a magnetic path, the magnetic
field lines will “fringe” outward as they cross the air gap
as shown in Figure 2. These fringing fields will increase
the effective cross-sectional area A, of the air gap. One
way to correct this effect is by adding the length of the
gap to the dimensions of the core center-pole cross-section.
To avoid what could be a significant error, the induc-
tance calculation must be based upon the effective gap
area rather than the actual center-pole area. Therefore, a
range of experiential methods have been developed for
correcting this effect. For a core with a rectangular cen-
ter-pole (cp) with cross-section dimensions (a and b), the
effective gap area, 4, is approximately [9] is,

A, =axb

P

Agz(a+lg)x(b+lg) M

Similarly, for a round centre-pole with diameter D,

AC

T
pZZDCP

2

g

4 z%(Dq, )

Thus, to achieve the desired inductance, the gap area
must be modified by using the above correction method.

4. Obtaining Electrical Model from Geometry

The purpose of modeling the transformer as an electrical
network is to offer an improved analysis of the transformer
performance, simulation, derivation of mathematical equa-
tions to put a figure on each aspect of a magnetic compo-
nent. Moreover, it helps to define the magnitude and lo-
cation of relevant parasitic magnetic elements to enable
prediction of performance effects. The duality method is
proposed decades ago and it’s based on finding the
equivalent magnetic circuit by identifying the different
magnetic flux paths in it. Then using the duality between
magnetic and electric quantities, the reluctance model
then is converted to an electric equivalent network [10].
Figure 3 shows the flux paths of the contactless trans-
former used for contactless slipring system. The primary
current is flowing in the primary winding sets up an mmf
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Figure 3. Flux paths of the contactless transformer.

(N1I7) which is considered as a driving mmf. If a load is
connected to the secondary winding, then the induced
current in the secondary winding produces a back-mmf
(N,L,) which its associated flux ¢, opposes the primary
flux ¢; (and thus subtract from it) as illustrated in Figure
3. The resultant of these two mmf’s is the working main
flux ¢,, (mutual flux) is given by,

G =0~ Py (3)

Where ¢, =9, -9, 4)

Referring to Figure 3; the leakage stray flux lines (¢,
and ¢,p) in contactless transformer do not have a priori
known path, therefore, it is inaccurate to model them
with a reluctance network. Thus, fringing fields around

the gaps will be ignored, except the effective gap area
might be corrected to take the fringing field into account
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as presented in Section 3. Therefore, the total flux linked
by each winding can be divided into two components: a
mutual component ¢, that is common to both windings,
and a leakage flux components (¢, and @) that links
only the winding itself. In terms of these flux compo-
nents, the total flux by each of the windings can be ex-
pressed as,

(pl = ¢]p + (om (5)
¢2 = (ols + (ﬂm (6)

For N, and N, as primary and secondary number of
turns, the primary and secondary windings flux linkage
then are given by,

/11:N]¢L;J+Nl¢m (7
4 =Nyg, +N,o, (®

Based on the above relationships for the flux linkages,
the primary and secondary inductances are also divided
into two components (the leakage inductances and the
magnetizing inductances) as following,

L=L,+L, ©)
L=L,+L,, (10)

The mutual inductances as well are given as,
M=L,=L, (11)

The above self-inductances plus the mutual inductance
then are determined from modelling the physical struc-
ture of contactless transformers. The reluctance of each
region of the structure is calculated from its area, length
and permeability [Equation (12)], and inserted with its
specific value into the appropriate location in the reluc-
tance model, as shown in Figure 4. The magnetic field
sources (ampere-turns) of the windings are assigned to
any discrete point where the flux is not divided.

R=— (12)
uA
The series reluctances for the same core section with
the same dimensions can be summed giving the primary
and secondary core reluctances as following,

ch = Rcl +R02 +R03 (13)
Rcs = Rc4 + RL‘S + Rc() (14)

Generally, the air gap reluctances are much greater
than the adjacent ferrite core legs in Figure 4. This indi-
cates the reluctance of the air-gap is governing and re-
strains the magnetic flux that is remaining through the
core. Therefore, the core reluctances could be eliminated
from the reluctance model. This leads to the simplified
reluctance model as shown in Figure 5.

A dual now needs to be created for the magnetic circuit
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Figure 5. Simplified magnetic circuit.

of Figure 5 following the duality relationships between
the two networks. For instance, in a reluctance model,
nodes are the meshes in the electrical model. Similarly,
open branch will be shorted, series will be parallel, mmf
is a voltage source, and a reluctance is a permeance in
the electrical network.

Figure 6 shows a permeance network of the reluctance
model after applying a network transformation between
the two networks. Permeance is the reciprocal of reluc-
tance and can be calculated as follows,

1_m
R I

Next, the permeance model of Figure 6 is converted to
inductance values by multiplying them with the respec-
tive number of turns squared N, as a reference wind-
ing [Equation (16)]. Thus, terminal ¥}/N, and V,/N, are
multiplied by N; to become terminal voltage, and N,/;
and N[, are divided by »; to become terminal current.

2
L=N?=N2P (16)

(15)

Therefore, based on the above relationship, the pri-
mary leakage and magnetizing inductances of Equation
(9) are given by,

N2

Llp :_1:N12})lp (17)
Ip
N} N?
Ly=—"l—="L_NlP,  (8)
R,+R, R,
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Figure 6. Permeance network.

Likewise, for the secondary side,

NZ
L[S :_Q:szljb (19)
Is
N2 N?
L, =——"—="2=N]P, (20)
R,+R, R

m

Moreover, taking the ratio of L,,; and L, gives,

2
LmZ = (EJ 'Lml (21)

The primary and secondary inductances of Equations
(9) and (10) then are given by,

L =L,+L, =NB,+NP, (22)
L2:Lls+LmZ:N2213lS+N22Pm (23)

The mutual inductance on the other hand depends on
both windings and can be given as,

N 1 N. 2 N 1 N. 2
R,+R, R

M=L,=L, = (24)

From Equations (18) and (24), the relationship be-
tween the mutual inductance and magnetizing inductance
of the primary side can be obtained as following,

L, :M(&j:M-a (25)
N 2

where a=N,/N,, it is the turn’s ratio of the trans-
former. Using the above relationships leads to the induc-
tance based electrical model of the transformer in Figure
7. It can be seen that the series reluctances of the air gaps
show up as parallel inductances and the leakage induct-
ances are in series. These parallel branches are the mu-
tual inductance between the primary and secondary
windings. It should be noted that the obtained secondary
leakage inductance is the value seen from the primary
side. It can be observed that the model of Figure 8(a) is
the T-equivalent electrical circuit for the transformer
seen from the primary side. To obtain the m-equivalent
model an ideal transformer now needs to be added to
allow different turn’s ratio. Thus, the final stage of trans-
formation involves moving the secondary leakage induc-
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Figure 8. (a) T-equivalent model; (b) m-equivalent model.

tance to the secondary side dividing by the square turn’s
ratio. This leads to Figure 8(b) which is in consistent
with the well-known m-equivalent model of a trans-
former.

The model presented in Figure 8(b), consists of the
primary and secondary leakage inductances that repre-
sent the energy storage in the space around the windings
and the magnetizing inductance that represents the energy
storage in the magnetic core and the air-gap. The leakage
inductance depends on the distance of the winding from
the core. Unlike leakage, the magnetizing inductance is
clearly dependent on the magnetic core and mainly the
air-gap length.

It should be noted that for a contactless transformer
used for contactless slipring systems, there is a complete
circle of cores as it shown in Figure 9. Thus, the cross-
section area for each flux path must be calculated for a
circular path for the two different design structures in
following sections.

4.1. Reluctance Calculations (Design 1)

Figure 10 shows the cross-section view of the coaxial
design type contactless transformer. It is assumed that the
shape of the primary and secondary cores is similar and
the total shape has the circular symmetry. To calculate
the mutual inductance, the air gap reluctances have to be
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in CSS.
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Figure 10. Cross-section view of a coaxial design.

obtained. As the air gap reluctances are horizontal in this
design, their active cross-section areas for the magnetic
flux flow can be calculated from Equation (26) for a cy-
lindrical sector,

Volume _[”’” drdpdz
Length B /

Area= (26)

Therefore, for R, and R, the cross-section area for
magnetic flux flow is,

4, Ih]dzjo dqojrzrdr

(r3 _rz) (27)

_ (h2 —hl)(2n)(l/2)(r32 —rf)
(r=7)

A

gl

:n(h2 —hl)(r3 +r2)
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However, as presented earlier in Section 3, the effec-
tive gap area might be corrected to take the fringing field
into account, thus the length of the air gap has to be
added to the outer sides of the air gaps as following,

o~ (41 )~[hy+(r-1)] (28)

Thus the air gap reluctances are,

P S ) (29)
g e omt(hy —h))(ry +7)

In case of the leakage inductances, practically, the
major portion of the leakage flux start leaking when gets
closer to the air gap after passing the first half of the core
limb. This means, the second halves of the core limbs
(“rp — r1” for the secondary and “ry — r3” for the primary
in Figure 10) have to be considered for their cross-sec-
tion area as follows,

A, =n(r-r) (30)
A, =n(r} =1) (31)
And for their relevant reluctances,
R, =(2h, )/ 1 (4,) (32)
Ry =(2h)/ 1y (4,) (33)

4.2. Reluctance Calculations (Design 2)

Similarly, for the second design shown in Figure 11 for
the air gap reluctances, first the areas have to be cor-
rected. Thus, for Ry,

(r4+l ) [r4 ] (34)
And similarly for R,
1 (’"1 -l ) |:r1 :| (35)
Rgl = % (36)
ﬂo“(d - )
_ (2m)
iy (2 -] (37

Likewise, for the leakage flux lines, the second halves
of the core limbs are considered for the flux flow. How-
ever, because they are horizontal in this design, the
cross-section area for the flux flow is calculated from
Equation (26), and accordingly the reluctances can be
obtained from the following relationship,

_ _ (”3_”2)
Ry =R = M) (rer) OO

Table 1 summarises the derived equations for air gaps
as well as leakage reluctances for both contactless trans-
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Table 1. Derived reluctance equations.

Parameter Coaxial Face to Face
(r-n) (2h)
Rgl T T2 2
Auﬂn(h'.’ihl)(r}+rz) /101'[(}”4 77’3)
2 (r-n) (2h)
° s (B, =h)(r,+1,) o (r =17)
R (2h) (r—=n)
v /10112(1;2—}32) :uon(hz*hl)(rerrz)
R (2h) (n-1)
g #On(rzz_r;z) :uon(hz_hl)(rﬁ"'rz)

former designs. Using the derived equations of Table 1
the leakage inductances, mutual inductance, magnetizing
inductance and the coupling coefficient of coaxial as well
as face to face designs contactless transformers can be
calculated before construction or performing any simula-
tion work.

5. Accurate Modeling with Resistive
Components

The windings losses in contactless transformer can be
classified into two major groups: 1) the DC and 2) the
AC losses. The DC losses are the result of current / (rms
value of the current) flowing through the wire with resis-
tance R, power (I’R) is dissipated and accordingly, de-
veloping heat on the wire. On the other hand, normally
due to the varying magnetic field around the windings,
the current distribution in the conductors is not uniform.
The self-inductance of the conductor, as well as the
magnetic field created by adjacent turns of the same
winding, redistributes the current flow within the wire
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and reduces the effective cross-sectional area of the con-
ductor and increase the AC resistance. These effects are
known as skin and the proximity effects and become
stronger at higher frequencies of operation [11]. The
proximity effects together with the skin effect are the two
high frequency effects that change the AC resistance of
the conductors. Magnetic core losses are also exagger-
ated with higher frequencies, in turn, eddy currents and
hysteresis effects becoming more severe.

As part of core losses, the enclosed area within the
hysteresis loop is a measure of the energy lost in the core
material during that cycle. This loss is made up in two
components: 1) the hysteresis loss and 2) eddy current
loss. The hysteresis loss is the energy loss when the
magnetic material is going through a cycling state. The
eddy current loss is caused when the lines of flux pass
through the core, inducing electrical currents in it. These
currents are the eddy currents and produce heat in the
core. If the electrical resistance of the core is high, the
current will be low; therefore, a feature of low-loss mate-
rial is high electrical resistance. Normally, when design-
ing magnetic coupling structure such as contactless
transformer, the core loss is a major design factor. Core
loss can be controlled by selecting the right material and
thickness. Selecting the correct material, and operating
within its limits, will prevent overheating that could re-
sult in damage to the wire insulation. The winding resis-
tances R, and R,, can be calculated using Cheng’s [12,
13] or Hurley’s [8,14] methods. Therefore, in this section
only a new method of estimating the core losses in a
contactless transformer is presented.

As obtained earlier, based on the calculated modelling
derived from the physical layout, the T-equivalent circuit
can be demonstrated as in Figure 12. The frequency do-
main relationships of this circuit can be given as,

V, = joLlI + joMI, 39)

V, = joMI, + joL,1, (40)

For the secondary side open-circuited (/, = 0), the pri-

mary and the open circuit voltages are,

W = JjoLl (41)

V, =V, = joM, (42)

From Equations (25) and (42), the open circuit voltage
in terms of magnetizing inductance can be written as,

I/oc zjw(Lml .a)ll (43)

The open circuit voltage of Equation (43) across the

magnetizing branch of the transformer is shown in Fig-

ure 13. Referring to the same figure, the primary voltage
can be written as,

V=1, (R, +joL,)+V,, (44)
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Figure 13. Equivalent circuit with magnetizing branch.

Combining Equations (43) and (44) gives the primary
voltage as,

Vi=1[ R, +jo(L,+L,-a)] (45)

It should be noted that the total primary current in an
unloaded transformer is the exciting current and estab-
lishes an alternating flux in the magnetic circuit. Thus,
the primary current as an exciting current is calculated
as,

Vo <0°
[p =1 = 1
R, +jo(L,+L, a)

ID

<, (46)

Where,
"

]0

= @)
\/Rj,l +o’ (L, +1L,,-a)

oL, +L  -a
¢i:—tg_l[ (lpR ml )j (48)

wl

Since, magnetic flux in the core lags 90° behind the
primary source voltage. The current drawn by the pri-
mary coil from the source to produce this flux is also lags
the supply voltage by 90°. Thereby, the exciting current
comprises of two components, one is lagging by 90° and
the other in phase (Figure 14). The in-phase component
supplies the power absorbed by hysteresis and eddy-
current losses in the core. Where, the remainder is the
magnetizing current as presented in below,

I, =Re[1,]=|I,|Cosg, (49)

I, =1Im[1,]=|I,|Sing, (50)

According to the two core loss and magnetizing compo-
nents of the exciting current and their relevant impedances,

Copyright © 2012 SciRes.

V1<00

. lelo
I, Sind;

Figure 14. Phasor diagram of circuit presented in Figure 13.

it can be written,

I R 1,|Sing,
R o) s 4 (51)
I, oL |10|Cos¢,.

‘ml
From the above relationship, core resistance then is,
Rc = Lmltg(Dz (52)

It can be observed that for minimizing the core losses,
a core with high resistance is preferable. However, for
9, =90,/ =0, in turn the core losses are minimized.
Nevertheless, because of the winding resistance, ¢, is
always less than 90 in practice.

Equation (52) can be combined with Equation (48)
giving the following relationship,

R —ol a)(Llp +L, 'a)

4 ml R (53)

wl

It should be noted that Equation (53) presents the core
resistance irrelevant of current, voltage and phase angles
and it is obtained based on the parameter values obtained
from the physical dimensions for the given frequency.
This is a strong and reliable tool for calculating the resis-
tance representing the core loss with no need for any
experimental or simulation works. Moreover, core resis-
tance of Equation (53) is directly related to the quality
factor of the primary winding at a certain frequency.
Hence,

RC = wLm] pr (54)

Or at the resonant frequency (w = 27f), can be related
to the primary tuning capacitance by substituting (c,°L,
=1/C,) as,

R = (55)
wi&p

Equation (55) is important as it is a measure for pri-
mary tuning capacitor. Adding a capacitor in the primary
side for the tuning purpose, the equivalent reactance and
its compensating capacitance cancel each other out at the
resonant frequency making winding resistance is the only
remaining impedance. This will shift ¢, to almost zero
making [, maximum as presented in Equation (49).
However, from Equation (50) as ¢, reduces, the mag-
netizing component of the exciting current is also reduc-
ing and according to that the conduction losses due to the
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circulating current (because of low magnetizing induc-
tance for contactless transformer) is reduced.

Summing up, during designing a contactless slipring
system, a good compromise between R, and C, has to be
taken in consideration.

6. FEM Simulation

To verify the analytical method proposed in the previous
section and compare the calculated electrical properties
of the investigated transformers, finite element 3D simu-
lation study has been performed. The software used for
this purpose is the JMAG package. The magnetic 3D
models are developed to calculate the mutual and leakage
inductances and coupling coefficient. The solver of the
package uses the “finite element method” as the analysis
method. The FEM divides and expresses the analysis
object into a finite number of elements, and each and
every field of the element is calculated.The procedure is
comprised of four basic stages: drawing the 2-D model,
defining material properties and boundary conditions,
create the 3-D model and simulating/post processing the
results. The simulation is performed at 88 KHz operating
frequency, N; = N, = 8, air gap of 3 mm, and AB,,,x= 0.3
Tesla. Results of the simulations are demonstrated in
Table 2 in section-8 for comparison and further discus-
sions.

7. Contactless Transformer Measurements

After a contactless transformer is built, measurements
and tests can be conducted in order to verify its electrical
characteristics. Contactless transformers are frequency
sensitive and measurement conditions should match the
operating conditions for accurate results.

The primary and secondary inductances can be meas-
ured from each side and leaving the other side open cir-
cuit (see Figure 15). Measuring the mutual inductance is
different from the self-inductances, first the inductance
of the primary and secondary measured in series, and
then the connections of one winding for a second reading
is interchanged as illustrated in Figure 16. The measured
inductances are expressed as follows,

L. =L+L,+2M (56)
L, =L +L,-2M (57)

St

The mutual inductance then can be calculated applying
the equation below,

M=t
4

S+

-L_) (58)
Using the values of the primary and secondary self-

inductances and mutual inductance give the coupling
coefficient as following,
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Table 2. Obtained results from different approaches.

Parameter  Design Calculated FEM Measured
Coaxial 40.76 36.5 44
L,(uH
» (WH) FTF 32.35 27.5 322
Coaxial 39.07 345 42.5
L (D) FTF 32.35 275 322
Coaxial 31.45 28.5 343
M (uH) FTF 24.73 21.6 24.2
Coaxial 9.31 8 9.7
Ly (uH) FTF 7.62 6 8
Coaxial 7.62 6 8.2
Ly (nH) FTF 7.62 6 8
s Coaxial 0.788 0.80 0.793
FTF 0.764 0.78 0.751
o T Yo
~ N7 < ||~
Ll - \ a = ’7 LZ

Figure 15. Primary and Secondary self-inductances meas-
urements.

Lsr+\ N Lsr-k\

Figure 16. Mutual inductance measurement.
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Obviously, what is not mutually coupled is the leakage;
therefore the leakage inductance coefficient can be ex-
pressed as following,

k=

(39

c=1-k (60)
Likewise, the primary and secondary leakage induct-

ances can be calculated from the following relationships,
L,=0xL, (61)

L,

s

=oxL, (62)

It can be observed from Equations (61) and (62) that
the coupling coefficient as well as the leakage inductance
coefficient is independent of the transformer turns ratio.
If the secondary is shorted, the resulting primary induc-
tance (L) is said to be given by,

L, =(1-k)xL, (63)

And the primary leakage inductance as,
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L :i (64)
P2
Note that L, is not the primary leakage inductance as
sometimes claimed. The two Equations (63) and (64)
give accurate results, if the following conditions hold; a)
the transformer magnetizing inductance is much higher
than the leakage inductances and b) the primary and
secondary leakage inductances can be assumed to be
equal. Clearly, in a contactless transformer neither of the
above assumptions is valid. The magnetizing inductance
is very low (and in some cases comparable to the leakage
inductances) and therefore the secondary leakage cannot
be combined with the primary leakage inductance. Also
the primary and secondary leakage inductances are not
always equal. Therefore, applying the first approach and
using the Equation (56) to (62) give more accurate re-
sults.

8. Modeling Validation and Results Discussion

In order to verify the accuracy of the models obtained
from the physical layout and the derived mathematical
equations, two contactless transformers are built and

their parameters are calculated by three different methods.

Firstly, the parameters are calculated using the modeling
procedure from the physical layout and relationships of
Table 1. Secondly, using the same dimensions and cal-

culating the parameters based on Finite Elements Method.

Third method is based on measurements and practical
experiments. For this purpose, the two designs are con-
structed and practical testing is performed.

Figure 17 illustrates the dimensions in “mm” of the
investigated contactless transformers. Accordingly, Ta-
ble 2 points up the results for the two axial types of the
contactless transformers calculated by different ap-
proaches. It can be observed from the table that the cal-
culated results have a good accuracy close to the meas-
ured results. Primary leakage inductance is higher in case
of coaxial design and that is because of the greater cross
section area and accordingly lower reluctance as compare
to second design. However, this higher active cross sec-
tion area is advantageous in order to achieve greater mu-
tual inductance. It can be seen from the table that mutual
inductance is higher for the case of coaxial design.

The leakage inductance is not determined by the air
gap length and is only dependent on the distance wind-
ings from the core. Leakage inductance is directly related
to the cross-section area of the windings from the core
and inversely proportional to the distance between the
limbs as shown in Figure 18. Therefore, to reduce the
leakage inductance a long core with short limbs is pref-
erable. Another way of reducing the leakage inductance
by reducing its cross-section area for flux path is to have
a thinner core. But, the disadvantage of this is reducing
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(©)

Figure 17. Dimensions of the prototyped designs (a) Coaxial;
(b) Face to face.

Main flux cross-

Flux leakage section area

cross-section
area

Figure 18. Cross-section areas of leakage and mutual in-
ductances.
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the cross-section area of the main mutual flux path, and
accordingly reducing the mutual inductance.

On the other hand, the mutual inductance is mainly re-
lated to the air gap length and is increasing with the in-
crease of the air gap. Moreover, a core with thicker limbs
has the greater air gap area and accordingly will increase
the mutual inductance. Accordingly, increasing the core
area and keeping the air gap length results in higher cou-
pling coefficient.

Moreover, a larger core window is usually required to
fit the additional copper that handles the excess magnet-
izing current. To sum up, all are related to the application
requirements and a good compromise should be taken
between the size, output power, etc.

9. Conclusions

A method of obtaining an electrical network for model-
ling the physical structure of wind turbine contactless
slipring system has been developed and verified. This is
completed by full derivation of mathematical equations
for numerical calculations.

Two axial designs; 1) coaxial and 2) face to face con-
tactless transformers are modelled and their parameters
are calculated based on the derived equations. This is
followed by FEM simulation using JMAG software and
experimental testing for modelling verifications.

It has been verified that the theoretical analysis is reli-
able and gives a good insight to the connection between
the dimensions of the magnetic core, windings layouts
and the resulting electrical characteristics. Furthermore,
this helps the designer for better understanding the sys-
tem before construction in order to modify and finalize
the structure parameters. The calculated results have
shown that the proposed method is accurate and trust-
worthy as compare to the FEM simulation and experi-
mental results. Moreover, it has been found that correct-
ing the effect of the air gap has a great influence on error
reduction and obtaining an accurate value for the induct-
ances.

It has been shown that leakage inductances are not
dependent to the air gap length and only to the distance
of the windings from the core and it can be reduced
greatly by choosing an appropriate core for ex. Long core
with short limbs. Besides, the mutual inductance is
highly related to the air gap length and it can be in-
creased by reducing the length of the air gap or increas-
ing the air gap cross section area.

It has shown that resistance representing the core loss
can be obtained based on the modelling from the physical
structure at a given frequency. The effect of the primary
tuning on the core loss is proven to be large thereby
needs to be considered in designing contactless slipring
system.

Copyright © 2012 SciRes.
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