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Abstract- A simple method to plot online B-H curve and
calculate core loss of the inductor in a conventional buck-boost
converter is developed. In order to obtain a reliable loss data,
measurement error and phase shift error are analyzed and then
quantified. A new method to minimize measurement error is
given. A new core loss model in terms of switching duty cycle is
presented. This model predicts variation of core loss of an
inductor operating ‘in various conditions in a switching
converter. This inductor model can be generalized to inductors
in other switching converter topologies.

I. INTRODUCTION

Miniaturization of power converters requires minimization
of components on the printed circuit board. Magnetic
components consume a lot of space. Pushing switching
frequency higher enables a design engineer to choose a
smaller size magnetic core in his design so that minimization
of magnetic components can be achieved. However, pushing
frequency higher and higher results in increasing losses of
magnetic components. The losses are core loss and copper
loss. In this paper the main concern is to investigate core loss
of an inductor in a switching power converter.

Core loss comprises hysteresis loss, eddy current loss and
residual loss. Hysteresis loss is directly ~proportional to
switching frequency and square of magnetic flux density.
Eddy current loss in a magnetic core is similar to eddy
current loss inside a copper conductor so it is directly
proportional to both square of switching frequency and
square of magnetic flux density. Residual loss is directly
proportional to both frequency and magnetic flux density [1].

Core loss can be read from the loss graph on a magnetic
data sheet. However, information provided by the
manufacturer is often incomplete. The designers sometimes
cannot find the core loss under the switching frequency and
flux level they desire. Another method to obtain core loss is
by referring to loss formula given in the form of
Cix B® x £ . The precision of C;, C, and C; is not high
enough and error in calculation will be high. Another point is
that loss formula or loss graph presented on data sheet is
obtained when the core is under sinusoidal voltage excitation.
In a power electronics circuit, usually voltage across an
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inductor is a square wave but not a sinusoidal one. Thirdly,
the parameters of a core sample vary from sample to sample
due to manufacturing tolerance. For the three reasons given
above, loss data acquired from the information given on a
data sheet may not lead to an accurate core loss.
Measurement techniques for magnetic cores have been
reported in the literatures [1] [2] [3] [4] and [5]. Reference [1]
suggests a method which can avoid the notorious phase shift
error introduced in the electrical measurement. In reference
[2], potential sources of measurement errors are discussed
along with circuits suitable for high-frequency sine-wave or
square-wave excitation. In reference [3] an experimental
method to measure losses in magnetic components is
presented. Reference [4] develops an automatic method to
derive loss formula directly by measuring a set of loss data
using electrical method. Reference [5] describes the
development and verification of measurement techniques for
the design of high-frequency SMPS transformers. All of them
perform the core loss measurement in a standalone way, i.e.
when the magnetic core is not put into a real operating circuit.
When magnetic cores are put onto a real operating circuit,
their core losses may be different from the result obtained
from standalone test.

In this paper, a simple online B-H curve tracer is
developed. It is capable to plot B-H curve while the inductor
is in circuit and simultaneously calculate core loss. This setup
provides information on whether the inductor is well
designed or not. Saturation of core is also noticeable by
referring to the B-H curve plotted. Core loss during saturation
is more than that when the core is operating at linear region
so we should always avoid operating the core in saturation
region. When an inductor is operated in the saturation region,
core temperature will increase. The increase in temperature
decreases maximum flux density flowing without saturating
the core [6]. As a result the core becomes more saturated.
This positive loop continues until the power converter fails to
work.

Electrical measurement has the benefit of easy and
repeatable measurement but it is less accurate than
calorimetric method. Reference [7] points out that electrical
measurement can lead to large error. Core loss of a DC to DC
power converter with output power of several tens of Watts is
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usually less than 1W. It is therefore worth investigating the
sources of errors and then finds way to minimize them.

Core loss predicted by formula Cix B* x £ has been
used extensively for its clearance and simplicity. However,
C,, C, and C; for each core are found when the core is under
sinusoidal excitation. In a switching power converter, voltage
across an inductor is usually square in shape. Reference [8]
finds out that core loss can increase a lot for large difference
between the on and off time. In the present work we propose
that core loss can be represented by the formula

CixB® x f¢ x D x (1- D)©, the
influence of duty cycle D.

which  includes

II. ANALYSIS OF MEASUREMENT AND PHASE SHIFT
ERRORS

Core loss of ferrite core used in high frequency power
converter is usually small, often in the order of one watt.
However power level of a converter is of several tens of
watts. In an electrical measurement, core loss is found as the
difference between input power to inductor and output power
from it. The input power and output power are large
compared with core loss. As a result the error can be large
and a detailed analysis of measurement and phase shift error
is essential.

Any inductors working in continuous mode are excited by
a bipolar square voltage source, with the voltage and current
waveforms shown in Fig. 1. If there is no loss, integral of
voltage current product across one period equals to zero (1).
In a lossy inductor, the result of the integral will be equal to
its core loss.
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Fig. 1.Voltage and current of an inductor of a power converter working in
continuous mode

Fig. 2 show that the measurement system contains several
source of errors. There are measurement errors and phase
shift errors. Measurement errors include errors from voltage

measurement and current measurement. These measuring
errors depend on which measuring apparatus are used. Phase
shift error is due to signal time difference between the voltage
measurement system and the current measurement system.
This error is notorious and has been pointed out in papers [1]
and [2].

Voltage
Measurement
Eor
Phase Shift Power Loss
Error Error
Current 1\J>
Error

Fig. 2. Block diagram of measunng errors

There are several assumptions made in the investigation. In
the analysis of measuring errors, it is assumed there is no
distortion of voltage and current waveform and only DC
offset errors are present. It is also assumed the average DC
errors of V,, V,, I; and I, to be AV,, AV,, Al, and Al,
respectively. Fig. 3 shows the measurement errors. The
measurement error is given by,

AV 7T AV: [F;
Measurement Error = T LD i()dt + T IDTIz(t)dt
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Fig. 3. Measurement error

The sign of each quantity should be noted. Fig. 3 shows
that V, is positive while V, is negative. Al, is positive while
Al is negative. Assume the errors are 2% of its measured
value and let V), V,, average I, and average I, over one
period be 30V, -30V, 1A and 1A respectively and D = 0.5.
Imax = 1.5A and I, = 0.5A. In the worse case shown in Fig.

3, AV, and AV; = 0.6V and Al; = 0.03A and Al, = -0.03A.
The maximum absolute error becomes 1.5W. At the other

extreme, AV}, Al and AV, are negative and Al, are positive,
absolute error is —1.5W. Core loss is often smaller than 1W
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under excitation voltage of 30V and switching frequency of
several hundred kHz. In order to obtain a reasonable
accuracy, the measuring system has to be able to give errors
less than 0.2% of the measured value.

Another source of error is phase shift error. It is caused by
signal time delay between the current measuring system and
the voltage measuring system. Fig. 4 shows the phase shift
between current and voltage of an inductor of a power
converter. Here the current waveform is modelled as straight
line, then we have phase shift error given by,

Vi-Va
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Fig. 4. Phase shift between voltage and current of an inductor of a power
converter

where At is the time shift between voltage and current. The
error will be greater than zero when current leads voltage and
become negative when current lags behind voltage. If D =
0.5, V, = 30V, V, = -30V, average I, = average
L= 1A, At = 10ns, T = 5ps, Ip;n = 0.5A and I, = 1.5A. Atis
only 1/500 of period T. The error is 0.1198W if current leads
voltage. When current lags behind voltage, phase shift error
becomes -0.1198W. When At = 20ns or 1/250 of period T,
phase shift error becomes +0.2395W. Again this cannot be
neglected since core loss is often less than 1W.

1II. MEASUREMENT SETUP

Our target magnetic component is the inductor of a
conventional buck-boost converter. It is shown in Fig. 5. Fig.
6 shows the measurement setup. The input voltage is 30V.
The inductor core under test is an EFD20, 3F3 core, airgap of

0.05mm exists along all limbs of the core, inductance of

60uH with effective length of 47mm, effective area of 31mm?

and N; = NL, = 20. The equivalent resistance of the current
sensing res:istors is .0.516Q. The small current sensing
resistance causes little disturbance to the testing circuit. The
osc1lloscope used is Tektronix TDS320. The temperature
variation of the inductor under investigation is small, from
30°C to 40°C. As a result the temperature effect on core loss
is ignored 11'1 the measurement.

Values of Magnetic flux density B and magnetic field
intensity H are required to plot the online B-H curve.

Secondary winding with the same number of turns as primary
is wound on the inductor. Secondary voltage is sensed.

l T
- To Channet 2
Vo=t >
o Channe! 1

Fig. 5. A Conventional buck-boost converter

The alternating magnetic flux density inside inductor core
is governed by Faraday’s law,

B =3¢ jv:(t)dt | )
where N is the number of inductor turns and A, is the
effective area of the magnetic core.

Buck-boost
Converter

¥ Channet 1
it | 4

Fig. 6. Core loss measurement setup

Measuring secondary voltage bears two advantages. First
of all, electrical isolation between power circuit and voltage
measuring system, typically an oscilloscope, is achieved. In
case where both two terminals of inductor being measured
are not grounded, electrical isolation is essential. Secondly,
measuring secondary voltage eliminates the effect of
resistance of primary winding acting upon measured loss.

Primary current is sensed with the aid of current sensing
resistors. From the principle of Ampere’s Law we have,

H(ry =0 ©
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wnere N is the number of turns and 1, the effective length of
the magnetic core. B-H curve can be plotted on the computer
screen. The next step is to calculate core loss. Two electrical
methods can be used to measure core loss of the inductor.
The first method is by multiplying primary current and
secondary voltage of the inductor under measurement. That
gives instantaneous power. The average of the instantaneous
power over one switching period gives core loss,

_ T V2
core loss = T [\D i(t)dt + T J'DTn(t)dt @)

where D is the duty cycle and T is the switching period. The
second method requires computation of the enclosed area of
the B-H curve. Core loss is obtained by multiplying that area
by switching frequency and effective volume of the inductor
core. Finding area involves integration which means more
tedious calculation work has to be performed. Also in this
case error cannot be analysed easily. Due to these two
reasons the first method is adopted to calculate core loss.
Loss found from these two methods are equivalent and is
verified in appendix.

To facilitate fast data capturing, B-H curve plotting and
calculation of core loss, a Pentium personal computer with
program written in LabVIEW is developed during research.
The program has several functions and is shown in table 1.

TABLE 1
FUNCTIONS OF LabVIEW PROGRAM

" Functions'of LabVIEW]
Core effective area
Core effective length

Number of secondary inductor turns
Value of current sensing resistance
Calculate B and H using (5) and (6)
Calculate core loss using (7)
Display online B-H curve

Show core loss

Input

Data processing

Output

In the measurement setup, voltage measurement system is
formed by a voltage probe connected to an oscilloscope.
There are many combinations of equipment that can function
as a current measurement system. The first is a current
sensing resistor, a voltage probe and an oscilloscope. The
second is an AC current probe connected to a digital
oscilloscope and the third setup is a DC current probe,
connected to an amplifier circuit and then joined to a digital
oscilloscope. Using current probe has the advantages of
better electrical isolation, better noise immunity and
minimum disturbance to the testing circuit. However they
have poor frequency response, which means there is
distortion in the measured current waveform. Secondly the

introduction of current probe causes time delay between
voltage measurement system and current measuring system
and results in notorious phase shift error. As a result it is not
recommended to use a current probe to get current waveform.
A voltage probe connected to an oscilloscope and the current
sensing resistors are used as a current measuring system.

IV. MINIMIZATION OF ERRORS IN MEASURING
SETUP

Measurement errors have been analyzed in section IL. It is
found from (2) and (3) that considerable error can be incurred
in electrical measurement. Therefore it is a must to find ways
to reduce errors in measurement.

The first method used to minimize the measurement error
is voltage error offset technique. The voltage is taken from
secondary ‘winding of the inductor which is free from the
effect of primary winding resistance. Volt-time integral of
secondary voltage across one period is equal to zero. Refer to
Fig. 1, numerically,

lfTV(z)dHle Va(t)dt = DVi+(1— DV2=0(8)
T 1 T br 2 = 1 2=

Because there exists errors AV; and AV, in voltage
measurement,

D1+ AV)+(1-D)V2+AV2)=C )

where C is any real number. After rearrangement, we have,

DV1+AV1-C)+(1-D)V2+AV2-C)=0 (10)
then,
D(AV1-C)+(1-D)YAV2—-C)=0 an

A program written in LabVIEW can calculate the value C
and subtract it from the voltage measured. The first two terms
of (2) becomes,

AVC T iyar + AC [ iy (12)

where i;(t) and ix(t) are rising and falling current waveform
without errors respectively. Then it is obvious that (12)
equals to zero automatically.

Error introduced by the voltage measurement system (the
first two terms in (2)) vanishes. The remaining error is the
error caused by the current measuring system. In our system
it is a voltage probe connected to an oscilloscope and current
sensing resistors.
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Measurement Error’
=ALDV 1+ AV1=C)+ Al (1 - D)(Vz2+ AV2~C)
=(AL-AL)D(V1+ A/ -C) by (10)

(13)

If the current measurement channel on the oscilloscope is
set to 0.1V/Div. Coupling method is selected as AC. As a
result there is no need to adjust the vertical scale when DC
current of the inductor changes. Assume the inductor
maximum peak to peak current is 1.2A, or 0.612V measured
from the voltage probe since the value of the current sensing
resistors is 0.516Q. Under these conditions, DC accuracy
found from the instruction manual of Tektronix TDS320 is
+0.0224V under measuring condition [9]. That means about
0.2 divisions. 0.2 divisions are recognizable. The actual error
of either I; or I, in the measurement can be +0.0224V but
their difference should be less than 0.2 divisions. Assume Al
- Al, =0.01| which is 0.1 divisions in the oscilloscope screen.
V| = 30V. Then according to (13) and assume AV,-C be very
small, maximum measurement error when D = 0.3, 0.4, 0.5,
0.6 and 0.7 are 0.09, 0.12, 0.15, 0.18 and 0.21W respectively.
It can be seen that the larger is the duty cycle, the larger will
be its maximum error.. :

Phase error is minimized, since current sensing resistors
and a voltage probe are used as the current measurement
system. A 200kHz square wave generated by a HP8116A
signal generator is applied to two voltage probes of channel 1
and channel 2. The delay is found to be very close to zero
when time base is set to 5ns/Div. As a result phase shift error
is set to be zero.

The above analysis shows that the maximum error of the
measuring system is 0.09, 0.12, 0.15, 0.18, 0.21W when D =

0.3, 0.4, 0.5, 0.6 and 0.7 respectively under the measuring
conditions, which is acceptable in the case concerned.

V. RESULTS

Core loss is related to frequency f and magnetic flux

density B. It is commonly used in industry to represent core

loss by Steinmetz law,

Cix B® xfC3 (14)
where C,, C, and C; are constant. The core under test is
excited by sinusoidal voltage. In a switched mode power
supply, the excitation waveform is usually bipolar square-
wave voltage. One of the parameters used to characterize
bipolar square-wave voltage is the duty cycle. According to
[8], the less symmetrical is the magnetizing current, the more
will be the core loss. It is therefore proposed that core loss
can be represented by a new model in terms of duty cycle,

Cix B x f© x D x (1- D)* (s
where C,, C,, C;, C4 and C; are constants. After collecting a
number of core loss data, multiple linear regression technique
[10] is used to perform the curve fitting. When DC current
flowing through the inductor is 1A, and frequency ranges
from 150kHz to 300kHz, magnetic flux density B is up to
70mT and D is from 0.3 to 0.7. Core loss in the inductor
under investigation (EFD20, 3F3) before saturation is given
by,

8289 x 1077 x B'9B x 1508 5 pO312(1_ )08 (1¢)
where the error is estimated in section four.

Refer to (16), we can see core loss becomes minimum
when duty cycle is about 0.5. In other words the less
symmetrical is the magnetizing current, the larger will be the

core loss with B and f kept constant. Then Cix B x f< is
constant and D" x (1- D)% as a function of D is

plotted in Fig. 7. D% x (1- D)™* can reflect the relative
magnitude of core loss incurred. The result agrees with that
found in {8].

constant

Fig. 8. DC* x a- D) as a function of duty cycle and input voltage is
constant

If only duty cycle is changed but input voltage remains
constant, magnetic flux density will vary. By (20) and (21),
magnetic flux density is proportional to time or its duty cycle.
Doubling duty cycle will double magnetic flux

density. C1x f©is constant in this case.
B® x D% x(1-D)®is equal to Csx D¢ x (1- D)** so
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that D’“* x (1- D)® can reflect the relative magnitude of

core loss incurred. In Fig. 8, D*“* x(1- D)®is plotted
against duty cycle. We can see that increasing duty cycle
alone will increase core loss and vice versa.

At the first glance of (16), it can be seen that the higher the
switching frequency is, the higher will be the core loss.
However, the magnetic flux density B of an inductor in a
switching power converter is inversely proportional to
frequency f. Doubling the frequency has the effect of halving
magnetic flux density. The exponent of magnetic flux
density is larger than that of frequency. The net effect is that
increasing switching frequency alone will decrease core loss
instead of increasing it while reducing switching frequency
alone will increase core loss. In this case,

Cix D% x(1- D) is a constant, Then
B x f€ =Crx £ since B is inversely proportional to
f. As a result we can represent relative magnitude of core loss
by the factor f< . fOCor f?as a function of
normalized frequency is plotted in Fig. 9.

Fig.9. f €3-C2 45 a function of normalized frequency

Fig. 10 and 11 represent graphically core loss vs magnetic
flux density B when D = 0.5, f =200kHz and D= 0.4 and f =
240kHz respectively. The calculated core loss (solid line) and
measured core loss (diamond) agree with each other well.

Since the role of inductors in other switching converter
topologies, such as buck, boost and forward converters are
similar. The inductor model given by (15) can be applied.

27
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B(T)

Fig.10. Core loss vs flux density when D = 0.5 and f = 200kHz

CoreLoss(W)
—_— .l
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Fig. 11. Core loss vs flux density when D = 0.4 and f= 240kHz

The B-H curve tracer so developed can plot the B-H curve
online. Therefore it is easy for a designer to notice whether
the core is saturated or not. Two figures shown below are the
B-H curve being plotted when the core is working in linear
region and in saturation region.

Fig. 12. B-H curve of the inductor of a buck-boost converter working in
linear region

Fig. 13. B-H curve of the inductor of a buck-boost converter working in
saturation region

VI. CONCLUSION

A measuring system to plot B-H curve and measure online
core loss of an inductor in a conventional buck-boost
converter is developed. The system can give instantaneous
core loss data when the core is operating. Various
measurement errors are present in the system. They are
analysed and is found to be large if the data are not handled
properly. A new method is proposed to minimize the error
and finally a reasonable error is acquired. Using the B-H
curve tracer, core loss of an inductor (EFD20, 3F3) core is
obtained. It is proposed that core loss of an inductor can be
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represented by a new model in terms of duty cycle. The core
losses predicted by the model agree with measured core
losses well. The new core loss model can be extended to
inductors in other switching converter topologies.

VII. APPENDIX

The energy density stored in the magnetic field plus the
energy density stored in the material is given by: [11]

E-= fHdB a7
H, the magnetic field intensity is a function of B, the
magnetic flux density. B is a function of time t. Using
expression (1), the energy density supplied to a magnetic core
to increase its magnetic flux density from zero to value B, is
given by:

E= _[B}lI(B)dB (18)

By Faraday’.s law, the voltagé induced in a conductor is
proportional to the change in the magnetic flux passing
through the surface enclosed by that conductor.

For the inductor in a buck-boost converter, when the switch is
ON, we have:

Vi= N BB (19)

where V, the input voltage to the inductor, N the number of
inductor turns and A, the effective area of the magnetic core.

Bi=B1-0=AB=Kt (20)

where k = -I_V% 21

substitute (20) into (18) and using power P = %li‘:— , we have

Instantaneous power density when the switch is ON
= P(t)

-dE
T odt

-4 (HBas
= kH(B)

= M)

(22)

|
|

Average ipower density supplied to an inductor when the
switch is ON

T (im) (23)
where iy is the average primary current when the switch is
ON.

Similarly average power density returned from an inductor
when the switch is OFF

= =12 (im) @9

where iy, is the average primary current when the switch is
OFF. |

Average power loss density of the inductor
= Viim+V 2im2

T; (25)
Average power loss of the inductor
= Viim + V 2im2

T T
-h f s@yde+ Y [ in(eya ©6)
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