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ABSTRACT Inductors are cornerstone components in power electronics converters. Since winding loss
is the dominant loss mechanism in these components, its accurate measurement is fundamental for the
validation of the inductor’s operation and design. The techniques for the winding resistance R,, measurement
in power inductors can be classified into two groups, indirect and direct. Both techniques use coupled
inductors to separate winding and core power losses. If coupled inductors with non-zero winding mutual
resistances Ry, , are used, invalid results are obtained with these techniques. Understanding the meaning of
R,,  in coupled inductors is complex. In this paper, the impact of R, ,,, on the inductor R,, measurement
techniques is demonstrated and practical guidelines for the design of the zero R, ;, coupled inductors are
given. Particularly, the location of the auxiliary winding for the direct technique is investigated. In order to
compare the R,, measurement techniques and to validate the coupled inductor’s R,, ,, impact, two different
inductors are built and tested. The results are compared with the values for R, calculated by FEA simulation.
It is found that only the direct technique with an auxiliary winding carefully designed and located following
the guidelines given in this paper makes the accurate measurement of R,, in power inductors possible.

INDEX TERMS Inductor, coupled inductor, winding resistance, mutual resistance, loss measurement,

measurement technique, measurement uncertainty.

I. INTRODUCTION

Inductors are key components in the operating principle of
most industrial power electronics converters such as EV
chargers [1], [2], PFC rectifiers [3], traditional single-phase
SMPS [4], and low-power and multi-megawatt inverters
for distributed and centralized renewable energy generation
systems [5]-[7]. Inductors strongly influence the volume,
weight, cost and efficiency of these converters [8]-[10].
In consequence, inductor design and validation are critical
steps in the converter design process and operation. Power
loss during the inductor operation leads to a temperature
increase that delimits its size and its stored energy den-
sity capability [11], [12] and in consequence its cost [8].
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In addition to this, inductor power loss negatively impacts the
converter efficiency increasing its life cycle cost [9].

Power loss in an inductor is divided into winding and core
losses. Inductor design can be saturation-constrained, typi-
cally in dc-dc converters and grid frequency applications with
large dc or low frequency current components, or thermally-
constrained, typically in applications with large or only high
frequency components [10]. In the first case, winding loss is
predominant over core loss [11], while in the second case
winding loss and core loss are similar [10]. Thus, winding
loss estimation and validation are fundamental in the design
and correct operation of any kind of inductor.

There are a large number of models to estimate induc-
tor winding resistance, R,,, depending on the winding-core-
gap geometrical arrangement. Some examples can be found
in [10], [13]-[17]. However, it is even more important to
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have R,, measurement techniques available that enable exper-
imental validation of these models. These techniques are also
useful to test a given inductor and to validate its correct design
and assembly. Another important advantage of knowing R,, is
that it enables the extraction of the inductor core loss under
real operation from a total loss measurement [18].

The main challenge when measuring R,, is to successfully
separate the inductor winding loss from its core loss. The R,,
measurement techniques can be classified into two groups,
the indirect and the direct techniques. In the indirect tech-
nique, R,, is obtained as a combination of different measured
resistances, while in the direct technique, R,, is directly mea-
sured. The indirect technique follows 3 steps [19], [20]:

1) Step I: Measure the total inductor resistance under a
small-signal sinusoidal excitation.
2) Step 2: Measure the same core resistance existent in the
previous test by means of an auxiliary coupled inductor.
3) Step 3: Subtract the core resistance from the total
resistance.
If the three steps are properly executed, which is not a
straightforward task, R,, is obtained. However, two measure-
ments of the resistive part of impedances with phases very
close to 90° are combined often leading to a high measure-
ment uncertainty. The uncertainty is further deteriorated in
this technique if the core loss measured in step 2 is a relevant
percentage (more than 10%) of the total resistance measured
in step 1 [19]. Thus, for certain types of inductors commonly
used in power electronics, it is not unusual to obtain uncer-
tainties higher than 100% at medium frequencies even when
dedicated high-cost impedance analyzers are used [21]. This
means that the indirect technique is not always valid for the
R,, measurement.

As an alternative, the direct technique uses an auxiliary
winding wound on the original inductor to form a coupled
inductor and to enable the separation of winding and core
power losses thanks to a specific connection. The idea behind
this technique is to be able to directly measure the leakage
impedance of the transformer formed thanks to the auxiliary
winding [21]. As a result, only one impedance needs to be
measured with a phase far below 90° leading to low mea-
surement uncertainty independently of the relevance of the
core loss in the total inductor power loss. This is an important
advantage over the indirect technique.

Both measurement techniques use coupled inductors to
separate winding and core power losses. In coupled inductors,
the windings are linked not only by a mutual inductance and a
core mutual resistance but also by means of a winding mutual
resistance R, ,; [20], [22], and [23]. This mutual resistance
models the fact that when two ac currents are present in two
coupled windings, the winding loss is not only the sum of
each of the winding losses calculated individually, but that an
extra power loss due to the cross terms of the currents of the
two windings also exists. As will be shown in this paper, Ry,
appears in the measurements even when a current is flowing
only through one winding. This R,, ,, causes an important
error in the measured R,,. This fact has already been analyzed
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for the indirect technique in [20] concluding that a zero R,
auxiliary coupled inductor must be used in step 2. However,
this fact has not been analyzed or even reported for the direct
technique. As will be demonstrated in this paper, in order
to keep the advantages of the direct technique, an specific
auxiliary winding with zero R, ,, must be used. It is key then
to properly understand the physical phenomenon represented
by the winding mutual resistance. This way, it will be possible
to build coupled inductors with zero R, ,, that can assure a
correct R, measurement with both techniques.

This paper is organized as follows. In Section II, the electri-
cal equivalent circuits for inductors and coupled inductors are
explained in depth with a special focus on the modelling and
understanding of the winding mutual resistance. By the end
of the section, a specific coupled inductor equivalent circuit
is proposed to facilitate the understanding and discussion of
the different R,, measurement techniques. A review of the
existing R,, measurement techniques, indirect and direct, is
presented in Section III. In Section IV, the impact of the
mutual winding resistance on the R,, measurement techniques
is first studied. Then the conditions for zero R,, ,, coupled
inductors that enable proper R,, measurement are investi-
gated. Finally, the correct practical design and location for
the auxiliary winding in the direct technique is presented.
Section V carries out an experimental comparison of the two
R,, measurement techniques and also the experimental valida-
tion of the auxiliary winding location for the direct technique.
The different techniques are implemented and the measured
R,, values are compared to the results obtained by means
of FEA simulation. Two different types of inductors widely
found in power electronics applications are tested showing
the benefits of the direct R,, measurement technique but only
if the auxiliary winding is designed and located following the
indications given in this paper. Finally, conclusions are drawn
in Section VI.

Il. ELECTRICAL MODELLING OF INDUCTIVE DEVICES

A. INDUCTOR ELECTRICAL EQUIVALENT CIRCUIT

A physical representation of an inductor is shown in Fig. 1(a).
The inductor consists in an electric conductor wound N times
over a magnetic core with an effective relative permeability
of . "111)6 relationship between the inductor voltage V7, agl)d
current I;, can be modelled as the inductor impedance Zj .
An electrical equivalent circuit for inductors for sinusoidal

FIGURE 1. (a) Physical representation of an inductor. (b) Inductor
electrical equivalent circuit.
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excitation is shown in Fig. 1(b). In this circuit, the physical
phenomena involved in the inductor operation are modelled
by means of the self-inductance L, the winding and core series
resistances, R,, and R, respectively, and the parallel parasitic
capacitance Cp,.

The self-inductance relates the device’s total mag-
netic flux to the current that generates it and can be
calculated as:

L =L+ Luir + Ly, (D

where each term represents the flux in the materials that
form the inductor: in the core, L., in the air, L,;-, and in the
winding, L,,. In addition to the magnetic flux that circulates
only through the air and through the winding, the last two
terms also model the flux that flows partially through the core
and that closes through the air or the winding. If only the
dominant term in cored inductors is considered, by solving
the magnetic circuit, the self-inductance can be expressed
as a function of the device geometry and properties as
follows:

N 2 2 /’LOMeﬂ'AC

L~Lo=—=N

, 2
Re MMP, @

where R, is the core reluctance, A, is the core section, MMP,.
is the core mean magnetic path and po is the magnetic
constant. The effective relative permeability used in inductors
in power electronics applications is typically low (<150) in
order to both avoid saturation and increase the stored energy
density [11]. This can be made by using magnetic cores with
an homogeneously distributed air gap such as powder cores,
commonly toroidal cores [13], [24]-[26], or by including
one or more lumped air gaps in high relative permeabil-
ity cores such as amorphous, ferrites and nanocrystalline
cores [12], [24], and [27].

The winding resistance R,, models the power loss P,, in the
winding due to a rms current I, as:
= =R 3)

rms

Ry,

where Ry is the dc winding resistance (current density is
homogeneously distributed in the wire section) and F, is
the resistance factor that models the winding loss increase
with frequency when the inductor is excited by an ac current.
When operating with ac current, the flux variation throughout
the copper section induces eddy currents. As a consequence,
the current density distribution in the winding volume J is
non-homogeneous. The current density J can be expressed
for sinusoidal waveforms in a generic way as:

J(x»y’zﬂ‘)=Jp(x,y,Z)COS(wt+§0), (4)

and can also be expressed as a spatial phasor 7 of magni-
tude J, and phase ¢. The non-homogeneous current density
distribution leads to an effective increase in the winding loss.
It is then convenient to keep in mind that the winding loss
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can be calculated as a function of the current density J as
follows [28]:

J sinusoidal with ¢

U

T
1 5 1 - =
P, =— |J|“dt dV,, = — J -J*dv,
oT 20
Vi

Vi 0
~ (e 5)
20 P
Vi
where o is the conductor conductivity considered homoge-
neous in the winding volume V,,, T is the period of the current
waveform and * indicates the phasor conjugate. J depends
on the geometry and properties of winding and core. For this
reason, there is not a generic expression for the calculation
of R,, in inductors. The calculation of R,, remains a topic of
great interest. Some examples for different winding-core-gap
arrangements can be found in [10], [13]-[17].
The core resistance R, models the power loss in the mag-
netic core P, due to a variable magnetization as follows:

P
=I2

rms

R. (6)

Core loss can be empirically modelled with reasonable
accuracy for a sinusoidal magnetization by means of the
Steinmetz equation [29]:

P.=Cy 'fa : /Bﬁdvc’ (7)
Ve

where C,,, « and B are empirical magnetic material loss
coefficients, V, is the core volume and B is the peak magnetic
induction vector. Approximating B as homogeneous in the
core volume and expressing it as a function of the inductor
rms current that generates it, R, can be expressed as:

B
g
Re=2%.V..Cp-sro. (NZOTM;{) B2 (®)

This equation is equivalent to the one presented in [19]
and is suitable when the core loss is modelled by means of
a series resistance. R, has been represented in series in the
inductor circuit here because it enables the direct calculation
of the core loss for a given current. Both representations,
series and parallel, are valid and can be found indistinctly in
the literature [19], [20], [30], and [31]. As established in (8),
the inductor R, value depends on the inductor current (i.e. the
core magnetization) and the frequency. The core resistance
also depends on the dc magnetization of the magnetic core.
This fact can be included in (8) by making the coefficients
C,, and B dependent on the dc bias magnetization [32].

The parasitic capacitance C, models the electrical coupling
between conductive objects in the winding. This lumped
capacitance can satisfactorily model the effects of distributed
parasitic capacitances, mainly turn-to-turn and layer-to-layer,
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at low and medium frequencies [33]. The interaction of C,
with L causes the inductor self-resonance at frequency f;:

1

“ o JL- G,

The impact of the self-resonance on the inductor operation
cannot be neglected if the inductor operates with current com-
ponents at frequencies in the vicinity of f;,.. The calculation of
Cp is not straightforward and is strongly dependent on the
winding and core geometries [34].

Ir ©))

B. COUPLED INDUCTOR ELECTRICAL

EQUIVALENT CIRCUIT

In the different R,, measurement techniques, coupled induc-
tors as the one shown in Fig. 2 are used. When two windings
of N1 and N> number of turns are wound on the same mag-
netic core, the device can be electrically modelled for sinu-
soidal excitation as shown in Fig. 3. In this model, the same
elements as the ones in the inductor model in Fig. 1(b) are
present for each of the windings. In Fig. 3, these elements
are shown in black being L and L, the self-inductances, R, |
and R, the core resistances and R, ; and R,, > the winding
resistances, all of them for winding 1 and 2, respectively.

FIGURE 2. Physical representation of a two-winding coupled inductor
used in Ry measurement techniques.

I, RwiRao Ren Ly L,

+ + —t + -+ +
Rc,m'lzi iRc,m'Il

—  — o+ + —

lVl Znly | 1joM 1, | VjoM I | Znly V2
—T + —
_ Rw,m'lzi iRW,m'Il

o
o

FIGURE 3. Two-winding coupled inductor electrical equivalent circuit for
sinusoidal excitation.

However, as the windings are closely placed, resistances
R1, ¥y Ry, need to be considered. These extra winding resis-
tances are due to the induction heating effect [20]. When there
is current only flowing through one winding and the other
winding is in open circuit, proximity losses can be induced
in the open-circuited winding leading to an increase in the
resistance of the excited winding.

In addition, as the windings are wound on the same mag-
netic core, there exists a magnetic coupling between them.
This coupling can be modelled as dependent voltage sources
as shown in Fig. 3. The relationship between the voltage
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induced in one winding due to the current flowing through the

other winding can be modelled as a mutual impedance Z_,),, Its
imaginary part models the part of this voltage induced by the
variation of the magnetic flux created by the current in the
other winding and common to both windings. This inductive
coupling is modelled by means of the mutual inductance M:

M =M.+ Myir +M,,, (10)

where M., M,;, and M,, are the mutual inductances due to
the common fluxes through the core, the air and the wind-
ing volume, respectively. As the energy stored in a coupled
inductor has to always be positive, the maximum value for
M is delimited by M 2 < L,Ly [35]. It is convenient then to
define M by means of the magnetic coupling coefficient &,
as follows:

M = kny/Li Lo, (1)

with 0 < k, < 1. The more compact and geometrically
similar the windings are, the higher their magnetic coupling
is and the closer &, is to 1.

If the power loss in the coupled inductor is to be modelled,
the mutual impedance also has a real part that is formed of
two components, the core mutual resistance R., and the
winding mutual resistance R, . These mutual resistances
are a consequence of the non-linear dependence of winding
loss on the current density and of core loss on the magnetic
induction.

With respect to winding loss, it must be taken into account
that the total current density J is now the vector sum of
two current densities of different origin. Firstly, the current
density distribution over the volume of both windings Vr due
to the net current flowing through only winding 1 J; and,
secondly, the current density distribution over Vr due to the
net current flowing through only winding 2 J,. Expressing J
as the addition of J; and J3 in (5), the total power loss in the
windings for sinusoidal currents can be now calculated as:

1 - =\ /2 1 5 5
Po=o | (T+%) (4453 dve=5- | (41,433,
Vr Vr
— =2 — =2

+ Re{h : Jz*} +Re |Jz -Jl*})dvf. (12)
In other words, the total winding loss is not only the sum of
each of the winding losses calculated individually but also the
power loss due to the cross terms. Solving the spatial phasors

dot products and taking the real part, the cross terms in (12)
are:

_ >
Re [J1 ~12*} = JipJapciacos (g1 —¢2) and
7> 7
Re {]2 . ]] ] =]2,le,pCZI Cos (902 - 901) s
(13)

where ¢ and ¢, are coefficients that depend on the spatial
situation of one vector with respect to the other but not on
time (as windings are static in inductors) and ¢; y ¢, are
the time phases for each current. Taking into account that

92227



IEEE Access

E. L. Barrios et al.: Winding Resistance Measurement in Power Inductors

_Rc,m RC,Z _Rw,m Rlo Rw,z 1

I Rw,l RZo me Rc,l _Rc,m (Ll - M) (LZ - M)
1 L
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+
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O

FIGURE 4. T model for a two-winding coupled inductor.

cos ¢ = cos —@ and cj2 = c¢p; in each volume differential,
the cross terms in (13) are equal and total winding loss is:

1
Pv=o / (2,492, + 21 p 2 pe12 c0s (91 — ¢2)) dVr.
Vr
(14)

Solving the integral throughout the volume of both wind-
ings, winding loss can be finally expressed as follows:

PW = (RW*I + RZO) Irzms,l + (va2 + RIO) Irzms,Z
>
+2Rym Re (Tt Tisa} - (19)

Equation (15) is a well-known expression that can be found
in [20], [22], and [23] among others. The extra coupling
winding loss represented by the winding mutual resistance, its
dependence on the phase shift between currents and its mod-
elling still attract the researchers’ attention today [22], [36],
and [37].

Analogously, total core loss can be expressed as:

2 2 T
pPe~ RCallrms,l +RC,21rms,2 + 2R5,m Re {Irms,l ’ rms,2} :

(16)

As shown in (7), core loss is not proportional to the square
of the magnetic induction. Thus, as in the case of the induc-
tor, this difference is included and corrected in the different
core resistances R, ; that therefore depend on the operating
currents as expressed in (8).

From (14) and (16), it is clear why the mutual resistances
need to be included in the equivalent circuit in Fig. 3. The
total core and winding losses can never be negative and, as in
the case of the mutual inductance, the maximum values for
the mutual resistances are ngm < R¢1Rc> and R%V’m <
(Rw,1 + R2p)(Rw2 + Ryp). It is interesting then to define
the core loss coupling coefficient k., and the winding loss
coupling coefficient k,,, ,, as follows:

Rc,m = kc,m\/ Rc,ch, s (17)
Rw,m = kw,m\/(Rw,l + R20) (RW,Z + Rlo)v (]8)

with 0 < k., < 1 and O < &y, < 1. It should be clarified
here that the magnetic coupling coefficient k,, and the core
loss coupling coefficient k. ,,, despite being similar, are not
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the same. In order for two windings to have a k,, of 1, both
windings must experience exactly the same magnetic flux.
However, in order for two windings to have a k. ,, of 1, it is
enough that the magnetic flux in the core is common to both
windings without being relevant whether the flux outside the
core is common or not.

From a practical point of view, it is often convenient to
avoid dependent voltage sources in order to make it easier to
work with a circuit. For this purpose, a T model can be intro-
duced as represented in Fig. 4, in which the two circuits are
unified while the voltages and power balance are unchanged.
The galvanic isolation between windings is represented by an
ideal transformer with a unity turns ratio.

If both windings have the same number of turns
(i.e. N1 = N3) and are wound in a way so that they generate
a similar magnetic induction distribution in the core, the core
resistance for winding 1 is very similar to the core resistance
for winding 2, R.;1 & R, . If, in addition, the two windings
are wound in a way in which a high core loss coupling
between windings is obtained (k. ,, &~ 1), from (17) the core
mutual resistance is also very similar to the core resistance
of each of the windings, R.,» =~ R.1 & R 2. Thus, in this
case, the model from Fig. 4 can be simplified to the model
in Fig. 5. This equivalent circuit will be used from now on
in this paper since the coupled inductors used in the R,, mea-
surement techniques always have the same number of turns
for both windings and a high core loss coupling. In this model,
the galvanic isolation is implicit and it is not represented as it
is not relevant for the R,, measurement techniques.

FIGURE 5. Simplified T model for a two-winding coupled inductor with
the same number of turns and a high k¢ m. (galvanic isolation implicit).
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As can be seen in Fig. 5, only a resistance is needed to
model the power loss in the core. This core resistance is
the core mutual resistance and only appears in the common
circuit branch or in parallel as it is usually represented in
transformer equivalent circuits. As a novelty, in the model
presented in this paper the winding resistances are conve-
niently broken down according to their physical origin. These
winding resistances are the addition of each winding self-
resistance plus the high frequency proximity effects that exist
due to the presence of other windings (induction heating
effect and winding mutual resistance). It is also demonstrated
here that the winding mutual resistance needs to be present
in the parallel branch. Thus, the total resistance present in
the parallel branch includes two different power loss mecha-
nisms, one is the power loss in the core and the other one is a
portion of the power loss in the windings.

Ill. Ry MEASUREMENT TECHNIQUES

A. INTRODUCTION

The main challenge when measuring R,, is to successfully
separate the inductor winding loss from its core loss. The first
approach that every engineer is tempted to follow consists in
removing the core from the winding and directly measuring
the resistance of the winding only. However, this is a mis-
take since, in the absence of the core, the flux lines in the
winding volume are changed. As a consequence, it is very
likely that J in (5) is strongly modified and that the measured
R,, is not similar to the actual R,, of the original induc-
tor [19], [21]. Another extended practice is to neglect the
core loss under small signal excitation and, thus, to consider
that the winding resistance equals the inductor total series
resistance measured by means of an impedance analyzer.
However, it has been demonstrated that this assumption can
lead to important measurement errors even under small-signal
excitation. This is due to the existence of a constant rema-
nent core loss for very small core magnetization values
(beyond 0.1 mT) [19].

Since the core cannot be removed and the core resistance
is not negligible, R,, measurement techniques use a coupled
inductor to separate winding and core losses. As mentioned in
the introduction, these techniques can be classified into two
groups, the indirect and the direct techniques. In the indirect
technique, two measured resistances are combined to obtain
the inductor’s R,,, while in the direct technique, only one test
is needed.

In the measurement techniques, impedances are measured
by means of an impedance analyzer (Z Analyzer). The ana-
lyzer applies a small-signal sinusoidal excitation and per-
forms a frequency sweep. No large signal test is needed, since,
unlike the core resistance, the winding resistance does not
depend on the magnetization level or the dc bias. Moreover,
if the winding loss for a non-sinusoidal current is to be
calculated, the power losses for each current harmonics can
be calculated separately and by adding them together the total
winding loss is obtained [38].
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B. INDIRECT Ry MEASUREMENT

The indirect technique is the most common technique
to measure inductor winding resistance and follows three
steps [19], [20]:

- Step I: Directly measure the inductor impedance under
sinusoidal excitation for a given frequency range as shown
in Fig. 6. The inductor self-resistance R,,., which is the sum
of core and winding resistances, is obtained as the real part
of the measured inductor impedance Zy, ;4. If the inductor
self-resonance frequency in (8) is close to or even in the range
in which R,, is to be measured, it is necessary to correct
the effect of the parasitic capacitance C, on the measured
resistance as indicated in [19] or in [20].

Z Analyzer

FIGURE 6. Step 1 in the indirect Ry measurement technique.

- Step 2: Measure the core resistance existent in step 1
in the same frequency range. For this purpose, the mutual
impedance of a specific auxiliary coupled inductor is mea-
sured by exciting one winding and measuring the voltage
induced in the other winding as shown in Fig. 7. The real part
of the measured mutual impedance Zp, ;¢4s 1S then extracted,

-
Rc,aux =Re {Zm,meas}~

Z Analyzer

Sense +

Hp 11. e . =7

Source + = Zm lem
H — —
¢ l v, I,=0 U
e _
Le R + AR
Seme N, N, c,aux c,aux

Lp Virtual —
GND v Ny =N,

m,meas

FIGURE 7. Step 2 in the indirect Ry measurement technique.

Particularizing the coupled inductor model in Fig. 5 for the
conditions of this test, the circuit in Fig. 8 is obtained. It can be
seen that the measured resistance is actually the sum of core
and winding mutual resistances, R, , and R, ,, respectively:

—_
Vmeas, 2
—
I, meas,2

Rc,aux =Re = Rc,m + Rw,m' (19)
As the aim of this step is to obtain the original inductor
core resistance R, it is necessary for the measured resistance
Rc.aux to equal R.. For this purpose, the next characteristics

are required for the auxiliary coupled inductor:
o To experience the same core loss as the original inductor,
i.e. the coupled inductor R, ,, must equal the original
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Rw,l RZo _Rw,m Ll -M

FIGURE 8. Equivalent circuit for step 2 in the indirect technique.

inductor core resistance R, (Fig. 1). For this purpose,
the same core must be used with exactly the same core
magnetization as the core resistance depends on the mag-
netization level.

o The minimum winding mutual resistance possible,

Ry.m =~ 0.

- Step 3: Finally the core resistance measured in step 2
Rc.aux 1s subtracted from the total resistance measured in
step 1 R, and the measured winding resistance with the
indirect technique R,, ; is obtained:

Rw,i - ch - Rc,aux- (20)

The main drawback of this method is that very high mea-
surement uncertainty is obtained. Both measured resistances
in step I and 2 present high measurement uncertainties since
the impedance phases to be measured 6 are very close to
90° [21]. The relative uncertainty in the measurement of a
resistance AR based on an impedance measurement, when
only the influence of a deviation in the measured phase A6 in
rad (which is the main source of error) is considered, is [39]:

AR
X =tanf-A6 x 100%. 2n

Applying (21) for a power inductor with an 89.8° phase
and considering a source of error of 4 ns of uncompensated
total delay between voltage and current, the measurement
uncertainty for the resistance (e.g. Ry, in step 1) is 10% at
20 kHz and beyond 100% at 200 kHz.

In addition, the subtraction performed in step 3 magnifies
the final measurement uncertainty. When subtracting two
measurements their uncertainties are combined as follows
(considering uncorrelated errors):

AR, = \/ARZ. + ARZ .. (22)

As the result of a subtraction is always a lower value
(Rw.meas < Rwe) and the uncertainty has been propagated
(AR,, > AR,.), the final measurement relative uncertainty
increases:

ﬂ > ﬂ (23)
Rw,meas RWC

This magnifying effect is more relevant the higher the per-
centage of the core loss is in the inductor total loss. Therefore,
it can be very important in high-frequency magnetic materials
with high core loss such as powder cores.
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In order to reduce the measurement uncertainty in step 2,
and thus the final measurement uncertainty, it is common to
eliminate the air gap in the auxiliary coupled inductor used
for measuring R, in this step [40]. In this way, the quality
factor Q is reduced leading to a lower impedance phase.
This process is not straightforward and is explained in detail
in [20]. This approach generally leads to very good results,
however it cannot be always applied. When using powder
cores, the air gap cannot be removed as it is homogeneously
distributed within the core. In addition, when lumped gaps or
multigaps are present in some magnetic materials the core
loss is increased. Examples are given for nanocrystalline
cores with a single gap in [27] and [41] and for ferrite cores
with multiple gaps in [31]. In these cases, the gap cannot be
removed without modifying the core resistance and then the
measurement uncertainty in step 2 cannot be reduced.

C. DIRECT Ry MEASUREMENT

To overcome the limitations of the indirect technique,
the direct technique avoids the combination of several mea-
surements with impedance phases close to 90° [21]. Only one
test with the specific connection shown in Fig. 9 is needed to
measure R,,. In this test, an auxiliary winding with the same
number of turns as the original inductor winding is wound
on the original inductor. The idea behind this technique is to
directly measure the leakage impedance of the transformer
formed thanks to the auxiliary winding.

Z Analyzer

éVirlual
GND

FIGURE 9. Direct Ry measurement technique.

In order to properly understand this technique, the coupled
inductor model in Fig. 5 is particularized for the conditions
of the test in Fig. 9 obtaining the circuit shown in Fig. 10. The
series elements are drawn in the bottom part of the equivalent
circuit for the sake of clarity since in the direct technique the
corresponding terminals are short circuited. From Fig. 10,
it can be seen that the impedance measured with the direct
technique Z; is as follows:

—

— \%
7 = meas Ry + Ruo

Imeas
Indeed, thanks to the coupling obtained with the auxiliary
winding, the direct technique enables:

— Ry +jo L —M). (24)

— The separation of winding and core losses without the
need of an auxiliary coupled inductor.

— A reduction in the measurement uncertainty since only
one impedance measurement is necessary with a phase far
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FIGURE 10. Equivalent circuit for the direct Ry measurement technique.

below 90°. The inductive character of the impedance is
considerably reduced thanks to the effect of the coupling
since (L — M) < L.
The measured winding resistance with the direct technique
R4 is the real part of the measured impedance Z;:

v,
Ry.q =Re {%} =Ry +Rup — Rym. (25)

Imeas

It can be seen that the measured resistance is actually
the sum of the original inductor winding resistance R,, and
the resistance due to the induction heating effect in the
auxiliary winding R,,, minus the winding mutual resistance
between the original and the auxiliary windings Ry, ,,. Thus,
and thanks to the model proposed in this paper, it can be
easily understood that the direct technique does not success-
fully measure the inductor winding resistance unless the next
requirements are fulfilled:

o The minimum induction heating effect resistance possible
for the auxiliary winding, R,, =~ 0.

o The minimum winding mutual resistance possible,
Ry.m = 0.

IV. INFLUENCE OF Ry, IN THE Ry MEASUREMENT
A. THE IMPORTANCE OF Ry
In both, indirect and direct R,, measurement techniques, the
winding mutual resistance R,, ,, plays an important role.
In the indirect technique, the R,, , of the auxiliary coupled
inductor is measured in step 2, while in the direct technique,
the R, ,, between the original winding and the auxiliary
winding is directly included in the measurement. In both
techniques it is necessary for these mutual resistances to be
zero to successfully measure the inductor R,,. In the indirect
technique, a non-zero R, ;, in the auxiliary coupled inductor
leads to an error in the measurement of the core loss and thus
a deviation in the measured winding resistance R,, ; obtained
in step 3. In the direct technique, a non-zero R, ,, directly
leads to a deviation in the measured winding resistance R,, 4.
Practical guidelines to build an auxiliary inductor with
minimal R, ,, to be used in step 2 of the indirect technique can
be found in the literature [19], [20]. Techniques for measuring
the core loss by means of coupled inductors as the one in [42]
also address this issue. The guidelines for a minimum R,, ,,
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in a coupled inductor are: to use wires with the minimum
diameter possible [19], [20], [42], to place the wires far away
from each other [42] and even to use only one turn per
winding [20]. However, no theoretical justification of these
guidelines is given meaning that the understanding of the
physical phenomenon represented by R,, ;, is limited.

In the direct technique, the existence of the winding mutual
resistance has not been analyzed. As a consequence, there
are no guidelines or indications on how to wind the auxiliary
winding. Only a very thin wire is recommended in [21] in
order to fit the auxiliary winding in the core window, but
no more indications can be found. However, and as is going
to be demonstrated in this paper, if the auxiliary winding
is randomly wound, a non-zero R,, , will most likely be
obtained. In that case, the direct winding technique leads
to an unacceptable measurement deviation and its inherent
advantages over the indirect technique are lost.

B. ZERO Ry y BETWEEN COUPLED WINDINGS,

IS IT POSSIBLE?

A zero Ry, is key to the success of any of the two R,
measurement techniques. Only by properly understanding
the loss mechanism represented by R,, ,,, its value can be
minimized. For this purpose, we can consider the total wind-
ing loss in a two winding device due to sinusoidal currents
presented in (14). As it is of interest to know how the char-
acteristics of each of the windings impact the R, ,, value,
it is convenient now to study the power loss in each of the
windings separately. The total winding volume V7 is then
split into the volume of winding 1 V| and the volume of
winding 2 V. In the same way as in (14), the total current
density is differentiated with respect to its origin. Jj is the
current density distribution (peak value) due to the net current
flowing only through winding 1 and J» is the current density
distribution (peak value) due to the net current flowing only
through winding 2. The winding loss in winding 1 and in
winding 2 are then respectively:

1
Pur=ro [ (473420001 cos (o1 —gn)) avi. 20
Vi

1
Pua=5— / (J22 +JP+201J2¢2 cos (¢1 — wz)) dava. (27)
Va

In both equations, the integral of the first term is the power
loss in the winding due to its own current, modeled as the
winding self-resistance, R, ; for winding 1 and R, > for
winding 2 in Fig. 5. The integral of the second term is the
power loss in the winding due to a net current flowing through
the other winding, modeled as R, for winding 1 and R, for
winding 2 in Fig. 5. The integral of the third term is the power
loss in the winding due to the coexistence of net currents
flowing through both windings. Adding up the integrals of
the third terms in (26) and (27), the total power loss due to
the coexistence of net currents in both windings is obtained.
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This power loss is modeled by means of the winding mutual
resistance R,, , in Fig. 5.

In the tests performed in both R,, measurement techniques
there is only a net current flowing through one winding.
If we consider that winding 1 is excited while winding 2 is
open circuited, J> does not exist and the power losses are in
winding 1 due to its own current R,, 1 (first term in (26))
and in winding 2 due to the so called induction heating
effect Ry, (second term in (27)). As there is no coexistence
of net currents in both windings, there is no power loss
due to the cross terms in (26) and (27) (third terms). This
means that no net power is dissipated in the winding mutual
resistances in Fig. 5 (the same current I; flows through —
R, n and +R,, ). However, due to the way in which the
voltage is measured, the mutual resistance R,, ,, does appear
in the measurements and can result in incorrect R,, measure-
ments. As established in Section III, to correctly measure R,,,
in step 2 of the indirect techniques (Fig. 8) R,, ,, needs to be
zero. In the direct techniques (Fig. 10), not only R,, ,, but also
R, needs to be zero (being the auxiliary winding the open
circuited winding).

There are two ways to obtain a zero R, , between two
windings. One option is that the current densities due to the
net currents of the different windings are orthogonal in space
and, in consequence, its dot product is zero (meaning c|
in (26) and ¢; in (27) are zero). This is very difficult to obtain
in a practical way. The second and more practical option is
that the current density in winding 2 induced by a net current
flowing through winding 1 (J7 in (27)) is zero and that the
current density in winding 1 induced by a net current flowing
through winding 2 is zero as well (J> in (26)). In other words,
both windings must not modify each other’s current densities
which means that there is no proximity effect between them
(kw,m = 01n (18)). As a consequence, the resistances due to
the induction heating effect R, and Ry, will also be zero.

In step 2 in the indirect technique, this is easy to obtain
as the windings that form the auxiliary coupled inductor
can be chosen freely. To minimize the proximity effect, it is
enough to use windings with a diameter ¢ smaller than the
minimum skin depth §,,;, present in the test (corresponding
to the highest frequency f;,,. to be tested):

1

Itis also advisable to place the windings far from each other
and far from any possible air gap to minimize the magnetic
flux variation through them. Thus, the guidelines that can be
found in the literature are correct and are here justified.

In the direct technique, it is more difficult to achieve a
zero Ry, ;, since one of the windings is the original inductor
winding (winding 1). This winding cannot be modified as
its resistance R, is to be measured. In a power inductor
this winding has a considerable section and is affected by
the fringing flux if lumped air gaps are present. To obtain
a zero R, ,, between original and auxiliary windings, two
requirements are to be fulfilled. First, the diameter of the

@ < Smin = (28)
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auxiliary winding must be small and fulfill (28). This way
the current density in the auxiliary winding due to the net
current flowing through the original winding (J; in (27)) is
zero. Second, in order to minimize the current density in
the original winding when a net current flows through the
auxiliary winding (J; in (26)), the auxiliary winding must
be wound in a very specific location. This location must be
such that if an ac current circulates through the auxiliary
winding it will not produce a varying magnetic field in the
volume of the inductor original winding meaning that its
current density will not be modified. This location is difficult
to find but it does exist. As will be demonstrated in the
next sections, the correct location depends on the inductor
winding-core-gap geometrical arrangement and, thus, on the
type of inductor.

C. AUXILIARY WINDING LOCATION FOR THE DIRECT Ry
MEASUREMENT TECHNIQUE

In this paper, two types of inductors widely used in power
electronics applications are considered. The first inductor
type shown in Fig. 11(a) is a toroidal inductor with a homoge-
nously distributed air gap and a low effective permeability
Hefr- The second inductor uses a magnetic material with high
relative permeability 1, that includes one or several lumped
air gaps to reduce its effective permeability and prevent sat-
uration. As shown in Fig. 11(b), a generic PM core with one
gap in its central leg is considered here.

(b)

FIGURE 11. 3D representation of two common types of inductors for
power electronics applications: (a) low n toroidal inductor and (b) high x
PM gapped inductor.

For each of these types of inductors, two different locations
for the auxiliary winding to be used in the direct technique are
investigated. The first location has been carefully designed
to achieve zero R, ,, while the second location represents
a case in which the auxiliary winding is wound without
taking into account the winding mutual resistance. The dif-
ferent locations presented here are experimentally validated
in Section V.

In Fig. 12, the cutting plane shown in Fig. 11(a) for the low
1 toroidal inductor is schematically represented. Two loca-
tions are investigated for an auxiliary winding with a small
diameter that fulfills (28). In the first one, shown in Fig. 12(a)
and called inside position, the auxiliary winding is wound on
the core and inside the power winding. This location leads
to a zero Ry, and is then appropriate for the direct R,
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FIGURE 12. Two auxiliary winding locations for the inductor in Fig. 11(a):
(a) inside position (Rw,m ~ 0) and (b) outside position (high Ry m).

measurement technique. This fact can be understood by con-
sidering the magnetic field that would be created in the
section of the original winding (power winding) when a net
current circulates through the auxiliary winding. Ampere’s
law is applied to the two closed loop paths concentric to the
windings shown in Fig. 12(a). In both cases, no magnetic field
is obtained as the net current enclosed by the closed loops is
zero. Thus, there is no eddy currents in the original winding
as a consequence of a net current in the auxiliary winding.

In the second location called outside position and shown
in Fig. 12(b), the auxiliary winding is directly wound over the
power winding. Considering now the same two closed loop
paths, it is easy to see that in this case a net current in the
auxiliary winding produces a magnetic field in the original
winding. If variable in time, the magnetic field induces a
current density in the original winding given its big section.
Thus, if the outside position is used for the auxiliary winding,
the direct technique will lead to an incorrect R,, measurement
due to the high R,, ,, between windings.

In Fig. 13, the cutting plane indicated in Fig. 11(b) for
the high u PM gapped inductor is schematically represented.
Two locations are also investigated for the auxiliary winding.
In the first one called inside position and shown in Fig. 13(a),
the auxiliary winding is wound just over the air gap with the
help of a non-magnetic non-conductive material piece placed
in the gap. This location leads to a zero Ry, ,, and is thus
correct. This can be understood as follows, in this arrange-
ment the magnetomotive force produced by a net current

Magnetic Core Magnetic Core

Auxilia
Winding

Auxilia
Winding

(2) (b)

FIGURE 13. Two auxiliary winding locations for the inductor in Fig. 11(b):
(a) inside position (Rw,m ~ 0) and (b) outside position (high Ry m).

VOLUME 9, 2021

circulating through the auxiliary winding drops in the gap.
This leads to a negligible magnetic field in the core window
where the original winding is placed. As a consequence, eddy
currents are not induced in the original winding due to a cur-
rent in the auxiliary winding. One more regard is taken here
due to the proximity of the auxiliary winding to the gap. When
a current circulates through the original winding the auxiliary
winding is exposed to an intense magnetic field due to the
fringing flux. To avoid eddy currents in the auxiliary winding
a further reduction of its diameter is necessary. We advise a
diameter for the auxiliary smaller than half the minimum skin
depth, ¢, < Smin/2.

In the second location, shown in Fig. 13(b) and called
outside position, the auxiliary winding is directly wound over
the power winding. This location leads to a high R, », and is
thus incorrect. The reason is that a net current flowing through
the auxiliary winding would produce a fringing flux that
severely affects the original winding which in turn modifies
its current density.

Thanks to the understanding of the physical phenomenon
represented by Ry, », it is been possible to analyze its impact
on the R,, measurement techniques and, more importantly,
to proposed practical guidelines for the correct design and
location of the auxiliary winding to be used in the direct
technique.

V. EXPERIMENTAL VALIDATION

A. INDUCTORS’ CHARACTERISTICS AND TESTING
METHODOLOGY

Two inductor prototypes that represent two types of inductors
commonly used in power electronics applications are built
and tested. Their winding resistances are calculated by sim-
ulation via software FEMM [43] and experimentally tested
with the impedance analyzer E4990A 20Hz-120MHz from
Keysight Technologies [44]. A picture of each of the inductor
prototypes is shown in Fig. 14 and their main characteristics
are listed in Table 1.

(2) (b)

FIGURE 14. The two inductor prototypes: (a) low . toroidal inductor and
(b) high 1 PM gapped inductor.

For each of the inductors, both indirect and direct R,,
measurement techniques are applied. The obtained results are
compared taking as a reference the R,, values calculated by
simulation. The maximum desired measurement frequency
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FIGURE 15. Winding resistance measured with the different techniques for the low . toroidal inductor prototype. (a) Direct technique with the
auxiliary winding in the inside position Ry, 4, (continuous line) and in the outside position Ry, 4, (dash line). (b) Indirect technique R, ;
(continuous line), including the total inductor resistance Ry (dash line) and the core resistance R¢ qux (dot line). (c) Rw measurement uncertainty
for the direct technique with the inside position uncR,, 4, (continuous line) and the indirect technique uncRy, ; (dash line). In all of them the 2D FE
results Ry, reyp are shown (red cross).

TABLE 1. Inductor prototypes main characteristics.

Low u toroidal High 4 PM gapped
Characteristics inductor inductor
Fig.14(a) Fig.14(b)
Self-Inductance, L 2 mH @0A -1.5mH @/, 110 pH @ OA and 1,
Maximum 125 A 7A
current, 7,
CH610060 (CSC PM 50/39 N27 250n
Core HighFlux powder core (TDK ferrite 2 mm air
with 11y = 60) [45] gap) [46]
. . 420x0.1mm P155/G1
Winding AW (11‘3 wire, 105 turns Litz wire [47], 21
= in 2 layers
turns 3 layers
dc-dc buck converter dual active bridge for
Application for low power electric automotive
vehicle charger applications
Current waveform 9A DC fundamental, 7 Atms @50 kHz
HITent Wavelre 7 App 20 kHz ripple trapezoidal

Design type

Saturation-constrained
P,=12.5 W and
P=12 W, AT=50°C

Thermally-constrained
P,=3.4 W and
P=3.1W,AT=40°C

is 500 kHz for both prototypes, which is at least a decade
over the fundamental current harmonic. Thus, and according
to (28), in the direct technique auxiliary winding diameters
¢, of 0.1 mm for the toroidal inductor and of 0.05 mm for the
PM gapped inductor are used (8min = 92 um at 500 kHz and
20°C). The auxiliary coupled inductors used in step 2 of the
indirect technique for the two inductors are built following the
guidelines explained in Section IV.B in order to assure a zero
R,, . It is not considered necessary here to show the effect
of an incorrect design of this auxiliary coupled inductor on
the R,, measurements since it has already and recently been
analyzed in [20].
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B. LOW u. TOROIDAL INDUCTOR

First, the direct technique with the two different locations for
the auxiliary winding proposed in Fig.13 is implemented. The
measured winding resistances and the calculated ones via the
2D finite element simulation are shown in Fig. 15 (a) as a
function of frequency. In this figure, the measured values for
the inside position (Fig. 12(a)) are referred to as R, 41 and
the measured values for the outside position (Fig. 12(b)) are
referred to as R,, 42. It can be seen that the inside position
of the auxiliary winding leads to a measurement in very
good agreement with the simulated results. However, if the
auxiliary winding is placed in the outside position, a big
deviation between measurement and simulation is obtained
for frequencies higher than 1.5 kHz. This is due to a non-
zero Ry, ;. The value of this resistance is non negligible for
frequencies for which the diameter of the original winding ¢
(1.83 mm) is higher than the skin depth § (1.35 kHz in this
prototype). For frequencies beyond 10 kHz, R, ;, overtakes
the original winding resistance R,, and negative resistances
are measured as predicted in (25). The value of R, , is
0.52 € at 20 kHz (fundamental current harmonic) and 1.7
at 100 kHz (fifth harmonic).

For the sake of clarity, it is important to understand here
that measuring a negative resistance does not mean that the
inductor generates energy. It is just a voltage reflection effect
due to the points between which the voltage is measured.
If the circuit in Fig. 10 is analyzed, it can be seen that the
voltage drop produced by I, in the series -R,, ,, is always
compensated by the voltage drop produced by the same
current in the parallel +R,, ;, and no power is generated or
dissipated.

It can be concluded then that only the inside position
proposed in this paper for the auxiliary winding (Fig. 12(a))
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FIGURE 16. Winding resistance measured with the different techniques for the high 1 gapped inductor. (a) Direct technique with the auxiliary winding
in the inside location R, 41 (continuous line) and in the outside location R, 4, (dash line). (b) Indirect technique with an auxiliary coupled inductor
with no gap Ry, ;; (continuous line) or with a 2 mm gap R, ;> (dash line). (c) Rw measurement uncertainty for the inside direct uncR,, 4, (continuous

line) and the non-gapped indirect uncRy, ;; (dash line) techniques. In all of them the 2D FE results Ry, reyy are shown (red cross).

enables the direct technique to correctly measure R,. A max-
imum deviation of 7.6% is obtained at 10 kHz with this
technique. The obtained measurement uncertainty is also
plotted in Fig. 15 (c) as the maximum and minimum bound-
aries (uncR,, 41) for the true values of R,,. Measurement
uncertainties of 1.2% at 20 kHz and 1.7% at 100 kHz are
obtained.

Second, the indirect technique is implemented. In
Fig. 15(b) the total inductor resistance measured in step 1,
R,,, the core resistance measured in step 2, R 4y, and the
measured winding resistance obtained in step 3, R, ;, are
plotted. As can be seen in Fig. 15(b), important deviations
in the measured R, ; are obtained for frequencies beyond
20 kHz. The reason for this deviations is found in the core
resistance measurement in step 2 but it is not related to the
R,, » of the auxiliary coupled inductor. The coupled inductor
has been built with 0.1 mm-diameter round wire for a zero
R,,.m. The deviation is due to the fact that the same core with
the same effective permeability as in the original inductor has
to be used since it is not possible to remove the air gap from
a core with a homogeneously distributed air gap. As the air
gap cannot be removed, very high phase values are measured,
even higher than 89.9° for some frequencies. This means that
very high measurement uncertainty is obtained. In addition,
powder cores experience high power loss meaning that, even
with small signal excitation, the core resistance is a relevant
percentage of the inductor total resistance. At frequencies
over 20 kHz the core resistance becomes higher than the
winding resistance to be measured. As a result, the mea-
surement uncertainty is strongly amplified by the subtraction
performed in step 3 leading to big measurement errors for
frequencies over 10 kHz and a maximum error of 55.3% at
100 kHz. The measurement uncertainty obtained with the
indirect technique is plotted in Fig. 15(c) and referred to as
uncR,, ;. The calculation of the measurement uncertainty for
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both the indirect and the direct techniques under different
conditions is discussed in [21].

It can be concluded that, when applied to powder core
inductors, the indirect techniques obtain unacceptable mea-
surement uncertainties (84.5% at 20 kHz and 394% at
100 kHz) that lead to important measurement deviations.
Only the direct technique with the inside position for the
auxiliary winding proposed in this paper enables an accurate
measurement of the winding resistance.

C. HIGH ;. PM GAPPED INDUCTOR

First, the direct technique with the two different locations
for the auxiliary winding presented in Fig.14 is implemented.
The measured winding resistances and the calculated one via
the 2D finite element simulation are shown in Fig. 16 (a) as
a function of frequency. In this figure, the measured values
for the inside position (Fig. 13(a)) are named R,, 41 and the
measured values for the outside position (Fig. 13(b)) Ry, 42.
It can be seen that the inside position of the auxiliary winding
leads to a measurement in very good agreement with the
simulated results. If the auxiliary winding is placed in the
outside position, a big deviation between measurement and
simulation is obtained for frequencies higher than 20 kHz.
This is again due to a non-zero R, ;. The value of Ry,
is 28 m2 at 50 kHz (fundamental current) and 3.7 Q at
500 kHz (tenth harmonic). For frequencies beyond 90 kHz,
R\, increases over the original winding resistance R,, and
negative resistances are measured.

It can again be concluded that the location of the auxiliary
winding is key for the validity of the direct technique. It has
been shown here that only the inside position proposed in this
paper enables the direct technique to correctly measure R,,.
Deviations of —3.8% at 50 kHz and -3.4% at 500 kHz are
obtained with this technique.
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Second, the indirect technique is implemented following
two different approaches. The difference lies in the way the
coupled inductor is built in order to perform step 2. In both
cases the coupled inductors are built to obtain zero R,
following the guidelines presented in Section IV. In the first
approach, the gap has been removed to reduce the mea-
surement uncertainty. While in the second one, the auxiliary
coupled inductor is built with the same gap as the original
inductor (2 mm) in order to represent the cases in which the
gap cannot be removed due to its impact on the inductor core
loss as in [27], [41], and [31].

The winding resistance values measured with the indi-
rect technique are shown in Fig. 16(b). The results with the
ungapped auxiliary coupled inductor are named R,, ;; and
plotted in a continuous line and the results obtained with the
2 mm auxiliary coupled inductor, called R, j», are plotted
in a dash line. It can be seen that the indirect technique
with the no gap approach leads to a measurement in very
good agreement with the simulated results with deviations of
—0.9% at 50 kHz and —2.6% at 500 kHz. However, when the
gap cannot be removed important deviations in the measured
R\, i are obtained for frequencies beyond 20 kHz. Deviations
of —45.5% at 50 kHz and —84.1% at 500 kHz are obtained
which indicates that the indirect technique is not suitable for
these cases.

In Fig. 16(c), the measurement uncertainties for the best
versions of both R,, measurement techniques, direct R, 41
and indirect R, ;1, are plotted. It can be seen that at the funda-
mental frequency of the current (50 kHz), the measurement
uncertainty obtained with the direct technique with the inside
position proposed in this paper is 32%, considerably lower
than the 91% obtained with the best version of the indirect
technique (step 2 with no gap).

VI. CONCLUSION

The techniques for the R,, measurement in power inductors
are reviewed in this paper. These techniques can be classified
into two groups, indirect and direct. Both R,, measurement
techniques use coupled inductors to separate winding and
core power losses. If coupled inductors with non-zero wind-
ing mutual resistances R,, ,, are used, invalid results will be
obtained with the R,, measurement techniques. In this paper,
this fact is demonstrated and practical guidelines for the
design of the zero Ry, ,, coupled inductors for both techniques
are given. Particularly, the location of the auxiliary winding
for the direct technique is investigated. For this purpose, first
coupled inductors are explained in depth with a special focus
on the Ry, ,, modelling and understanding.

Two inductor prototypes are built and tested, one with
low u toroidal powder core and solid round wire and the
other with high u gapped PM ferrite core and Litz wire.
Their winding resistances are measured by means of both
indirect and direct techniques and also calculated by means of
simulation with a FEA software. It is found that, especially for
low w but also for high ¢ gapped inductors, the indirect tech-
nique obtain high measurement uncertainties that can lead
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to important deviations in the measured R,,. Only the direct
technique with the inside position for the auxiliary winding
proposed in this paper enables an accurate measurement of
the winding resistance for any of the studied inductors.
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