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Abstract 

 

This paper introduces a simple core loss calculation method for output filter inductor in pulse width modulation (PWM) 
DC-AC inverter. Amorphous C-core (AMCC-320) is used to analyze the core loss. In order to measure core loss of the output 
filter inductor and validate the proposed method, a single-phase half-bridge inverter and a calorimeter are used. By changing 
switching frequency and modulation index (MI) of the inverter, core loss of the AMCC-320 is measured with the lab-made 
calorimeter and the results are compared with calculated core loss. The proposed method can be easily extended to other core 
loss calculation of various converters. 
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I. INTRODUCTION 
 

Magnetics such as inductors and transformers take 
significant portion in most power electronics converters in 
terms of volume, weight, and cost. A lot of research efforts, 
however, have been focused mainly on topology design and 
control method while very few researches have been 
conducted on magnetics.  

In magnetics design, there are several issues to be 
considered for compact and cost-effective design. First, 
selection of the core material and winding geometry is 
important. Secondly, all the losses incurred inside magnetics 
should be able to be calculated for optimum design [1]-[3]. If 
we take inductor as an example, there are mainly two losses 
in inductor; core loss and winding loss. For DC-DC 
converters, core loss in the inductor can be easily calculated 
by using core loss equation provided by the manufacturer 

because flux swing in the magnetic core is relatively constant 
during operation. However, core loss calculation in the output 
filter inductor of PWM DC-AC inverter is not an easy task 
because the flux swing in this case is not constant in each 
switching interval. The varying flux swing is caused by the 
change of inverter output voltage. 

Up to the present, many methods have been proposed to 
calculate core loss in AC filter inductor [4]-[11]. Most of the 
previous theoretical approaches to core loss are based on 
some form of the Steinmetz equation shown in (1), which 
expresses loss density as power law with fixed exponent of 
frequency ( f ) and flux density ( B ) [12]-[14], [27]-[29]. 

 (1)P kf Ba b=   
In (1), ,k a  and b  are material parameters, where f  

and B  represent the frequency and flux density of the core, 
respectively. P is the power loss per unit volume and has the 
units of W/m3.  

In [15], [16] modified Steinmetz equation and behavioral 
model for inductor core materials are used to calculate the 
core loss in output filter inductor. In [17], [26], expanded 
core loss map which takes the inductor dc bias condition into 
account was proposed to evaluate inductor core loss.  

Although the above mentioned approaches are useful and 
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accurate, the process and method used in those works are 
quite complex and sometimes requires lots of back data to 
calculate the core loss. When calculating core loss of AC 
filter inductor in high power conversion system such as MW 
class wind power generation system, it is very difficult to 
acquire experimental database of core loss map. Therefore, 
practically engineers need the way of a bit less accurate but 
quick and easy to estimate the core loss of AC filter inductor 
in industrial applications. 

In this paper, a very simple but effective way of calculating 
AC inductor core loss is proposed. In order to verify 
effectiveness of the proposed core loss calculation method, a 
calorimeter is built and the measured core losses are 
compared with the calculated ones. 

 

II. CALORIMETER TEST 
 

Traditionally, there are mainly two kinds of measurement: 
electrical measurement and calorimetric measurement. The 
electrical measurement uses the product of voltage and 
current which gives a power loss of the device under test 
(DUT). For this measurement, such equipments as a 
wattmeter, a digital oscilloscope and a power analyzer are 
required [18]-[23]. However, for high frequency applications, 
such as a PWM DC-AC inverter, electrical measurements are 
not suitable due to the limited bandwidth of the equipments 
and possible measurement error.  

Unlike the electrical measurements having the difficulties 
mentioned above, calorimetric methods are based on direct 
loss measurements with fairly good accuracy [24], [25]. In 
this paper, therefore, calorimetric methods are chosen to 
verify the proposed core loss calculation method.  

Fig. 1 shows a picture of the calorimeter built in this paper 
to measure inductor core loss. Calorimeter box was made of 
Styrofoam insulation sheets which separate the hot air inside 
the box from the ambient air outside of the chamber, closed 
on top to make sure that there is no air outflow. A small dc 
fan is installed inside the calorimeter for air stabilization. 
However, even the small dc fan also consumes power and 
hence contributes to temperature increase inside the 
calorimeter. Therefore, a power offset needs to be taken into 
account for accurate measurement for DUT. During the 
experiment, the calorimeter is covered with another bigger 
paper box for improved thermal insulation, as shown in Fig. 1. 
The excitation source is connected to the inductor from 
outside the box.   

Before measuring inductor core loss, a thermal resistance 
data of the calorimeter must be extracted first. Instead of an 
inductor, a 20 Ω/400 W metal clad resistor was installed 
inside the calorimeter and an adjustable DC voltage source 
was directly applied to the resistor to generate thermal energy. 
For each power level from 5 to 50 W, the temperature inside 
the calorimeter was measured every 5 minutes from zero to 

40 minutes. After each experiment, the resistor is cooled 
down to the ambient temperature. Experimental results are 
shown in Table I. To linearize the temperature rise of 
calorimeter box, a slope (°C/min) in (2) for each power level 
is calculated by using the least square method of the linear 
regression calculations, 

                                   
T at b= +                (2) 

where T is the temperature of the calorimeter box, a is the 
slope (°C/min), t is the elapsed time (min) and b is the offset 
temperature of the calorimeter box.  

Parameters a and b are easily calculated through the least 
square fit function. For example, when the DUT inside of the 
calorimeter is excited at the power level of 50W, the 
temperature increases 0.5 degrees per minute (see Table I). 
Microsoft Excel was used to perform the linear regression 
calculation.  

The acquired calorimeter data were also linearized to a 
trend line equation through the least square method, as 
follows 

                                                                       
0.0098 0.0026y x= +             (3) 

where y is the slope (°C /min) and x is the power.  

 
Fig. 1. Calorimeter for measuring core loss of output filter 
inductor. 

TABLE I 
TEMPERATURE (T ; °C) AND CALORIMETER PARAMETER 

(A ; °C/MIN) 
  Power(W)                
 
Time(min) 

5 10 15 20 25 30 35 40 45 50 

0 20.9 21.0 19.3 16.8 19.8 18.9 20.2 19.3 20.2 22.1 

5 21.1 22.3 20.2 17.7 20.5 19.8 21.2 20.2 22.2 23.5 

10 21.2 23.0 21.1 19.0 21.7 21.4 23.0 22.1 24.5 25.7 

15 21.4 23.6 22.0 20.2 23.2 23.2 25.1 24.2 27.0 28.3 

20 21.7 24.2 22.9 21.5 24.7 24.8 27.1 26.5 29.5 31.0 

25 22.2 24.7 23.8 22.6 26.1 26.5 29.1 28.8 31.9 33.6 

30 22.9 25.2 24.8 23.7 27.4 28.4 31.1 31.0 34.4 36.3 

35 23.1 25.7 25.7 24.8 28.8 29.8 33.0 33.1 36.8 38.8 

40 23.1 26.1 26.4 26.0 30.2 31.3 34.8 35.2 39.2 41.3 

a (°C/min) 0.06 0.12 0.18 0.23 0.27 0.32 0.38 0.42 0.48 0.50 
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As shown in Fig. 2, the trend line shows linear 
relationship. Once the trend line equation is obtained, a 
temperature slope (°C /min) of any DUT in the calorimeter 
box can be matched to power (W), which is the core loss of 
inductor in this paper. 
 

III. INDUCTOR CORE LOSS CALCULATION IN PWM 
DC-DC CONVERTER 

Before we directly apply the proposed core loss 
calculation method to AC inductor, it is somewhat necessary 
to verify appropriateness of the proposed method. For this 
purpose, a simple 1 kW buck dc-dc converter as shown in Fig. 
3 was built.  

For the case of DC-DC converters such as the buck 
converter shown in Fig. 3, core loss in the inductor can be 
easily calculated by using the core loss equation provided by 
the manufacturer because flux swing ( BD ) in the magnetic 
core is relatively constant during steady-state operation. 
Table II shows the electrical specifications of the 1 kW buck 
converter and inductor designed.  

To see the influence of DC bias condition on the lab-made 
inductor, the inductor was evaluated with the lab-made dc 
bias characters tester. This dc-bias characters tester employs 
Digital Signal Controller TMS320F2812 to control the DC 
bias current, measuring the maximum and minimum value of 
inductor current. For the case of inductor test such as the full 
bridge PWM converter shown in Fig. 4 (a), the DC current 
biased inductance can be easily calculated by using the 
following relations.  

TABLE II 
ELECTRICAL SPECIFICATIONS OF THE BUCK CONVERTER AND THE 

INDUCTOR 

Buck 
converter 

Vin 250 V 
Duty cycle (D) 0.5 

Switching frequency 
(fsw) variation 

5 kHz, 10 kHz,  
15 kHz, 20 kHz 

Inductor 

Core material Amorphous C-core (Metglas) 
Core shape U-shaped, AMCC-320 

Maximum flux density 
(Bmax) 

1.65 T 

Effective magnetic path 
length (le) of the core 

32.5 cm 

Effective core 
cross-sectional area (Ae) 

9 cm2 

Number of turns (N) 22 T 
Measured inductance 
(L) at rated condition 

1.56 mH 

 

(4)SW
DUT in

L

T
L V

i
=

D
 

where LiD  is the current ripple of DC bias current and 

1/sw swT f= . 
According to DC bias test results as shown in Fig. 4 (b), 

inductance value was reduced by only 3% of initial value at 
the rated current of 13A, confirming that the influence of a 
DC bias on lab-made inductor is small. 

In order to calculate the inductor core loss, flux ripple (or 
flux swing, BD ) of the magnetic core should be first 
calculated by using the following equation. 

 
( )

(1 ) (5)in o sw in sw

e

V V DT V T
B D D

NA L
-

D = = -  

where D  is the converter duty cycle and 1/sw swT f= . 
 

The inductor core loss now can be calculated by inserting 
flux ripple in (5) to the Steinmetz equation provided by the 
core manufacturer as follows  

( ) ( /1000) [ ] (6)core swP wt k f B Wa b= ´ ´ ´  

 
,where 2.167 , 6.5, 1.51wt kg k a= = =   and 1.74b =  

for Metglas AMCC-320. In (6), f  is in kHz and  B  is in 
Tesla. 

In (6), B  should be replaced with / 2BD  and 
multiplied by the form factor to consider rectangular inductor 
voltage waveform because Eq. (6) is generated by applying 
an ac sinusoidal voltage waveform to inductor. Form Factor 
is the ratio between the average value and the root mean 
square value of a sinusoidal waveform, which equal to 1.11. 
Therefore, 1.11 / 2B B= ´D .  

To measure the inductor core loss with the calorimeter 

  
Fig. 2.  Calorimeter parameter versus power. 

inV

oVoC
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D
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DV
oL

 
Fig. 3.  Buck converter. 
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designed in section II, the metal clad resistor was replaced 
with the 1 kW inductor for DUT, as shown in Fig. 3. To 
obtain as much information as possible on the core loss, the 
buck converter switching frequency was varied from 5 kHz to 
20 kHz. For each switching frequency, the buck converter 
was operated for 45 minutes. The temperature in the 
calorimeter was measured every 5 minutes and the 
corresponding slope was calculated by the same least square 
method mentioned in section II. After every experiment, the 
calorimeter was cooled down to ambient temperature and the 
next experiment was conducted for fair measurement. 

Fig. 5 and 6 show experimental waveforms of the buck 
converter operating at 5 kHz and 10 kHz, respectively, with 
all other parameters unchanged. As shown in Fig. 5 and 6, 
inductor current ripple is reduced as switching frequency 
increases. Table III compares the inductor core loss obtained. 
In this paper, the current density of inductor winding is 
intentionally made very small to minimize the effect of 
winding loss in the measurement and the calculated winding 
loss was almost 1 W. Thus, the effect of winding loss is 
negligible and is not included in the calculation.  

 

Fig. 5. Experimental waveforms of the buck converter when 
5 , 0.5swf kHz D= = . 

 

Fig. 6. Experimental waveforms of the buck converter when 
10 , 0.5swf kHz D= = . 

 
Fig. 7 shows the plot of the inductor core losses measured 

using the calorimeter developed in this work at different 
switching frequencies and they are compared with the 
calculated core losses to find the discrepancy of the both 
method. With the increase of the switching frequency, 

BD decreases and inductor core loss decreases in both 
experiment and calculation. This can also be expected from 
(6) because the coefficient b  is greater thana . Although 
there is some error between the measured and calculated 
results, they are in quite good agreement, as shown in Fig. 7. 
It is confirmed that the lab-made calorimeter can be applied 
to the measurement of AC filter inductor to prove the 
effectiveness of the proposed method. 

 

IV. INDUCTOR CORE LOSS CALCULATION IN PWM 
DC-AC INVERTER 

 

In this Fig. 8 shows a 1 kW single-phase half-bridge (HB) 
PWM DC-AC inverter with LC output filter, where  Vin=400 
V, Lo=1.65 mH and Co=44 μF.  The switching frequency of 
inverter is set to 4.8 kHz, 9.6 kHz, and 19.2 kHz. The MI of 
inverter is varied to 0.5, 0.8 and 1.0.  

 
(a) 

 
(b) 

Fig. 4. Evaluation of dc bias characters of inductor.  
 

TABLE III 
COMPARISON OF CALCULATED AND MEASURED INDUCTOR CORE 

LOSS OF THE BUCK CONVERTER 

swf  5 kHz 10 kHz 15 kHz 20 kHz 

BD  0.631 T 0.316 T 0.21 T 0.158 T 

Pc.calculated 25.8 W 22.0 W 20.0 W 18.8 W 
Pc.measured 24.2 W 20.1 W 18.1 W 16.1 W 

Error 6.5 % 9.2 % 10.7 % 16.8 % 
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Fig. 7. Calculated and measured inductor core loss. 
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Fig. 8. Single-phase half-bridge inverter. 

 
Similar to the inductor in buck dc-dc converter, the output 

filter inductor was also designed to minimize the winding 
loss and to generate enough core loss. A sinusoidal PWM 
(SPWM) method is used to generate 60 Hz output voltage 
waveform. For each switching frequency and MI of inverter, 
the AC filter inductor was excited for 45 minutes. The 
temperature in the calorimeter was measured by the same 
manner as in Section III.    

Fig. 9 shows conceptual idea of the proposed method used 
to calculate AC output filter inductor core loss. As shown in 
Fig. 9, a 60 Hz fundamental frequency ( of ) output voltage 

( ov  ) is first chopped down with high switching frequency 

( swf ). Therefore, there are  /sw of f  (defined as n  in this 
paper) number of pulses during one fundamental cycle. While 
the dc-dc converters producing a constant output voltage and 
hence results in a constant inductor current ripple (or constant 
flux ripple, BD ) over the entire operating period, the 
inductor current ripple of PWM DC-AC inverter during one 
fundamental cycle varies according to the switching PWM 
signals because ov  is not constant during one fundamental 

cycle. Therefore, the flux ripple ( BD ) in inductor core also 
varies, which makes the core loss calculation in AC filter 
inductor complicated and challenging. The changing BD  is 
represented as follows 

( ) 1 ( ) ( ) (7)in sw
j j j

e

V T
B D D

NA
q q qé ùD = -ë û  

where  ( )jBD q  is the flux swing in each switching interval 

( swT ), 1,2,3,.....,j n=  , N  is the number of turns, and 

eA  is the core cross-sectional area. By defining am  as 
inverter modulation index (MI), the inverter duty cycle 

( )jD q  in each switching period is represented as follows 

                
1 sin( )

( ) (8)
2

a j
j

m
D

q
q

+
=  

Therefore, Eq. (7) can be rewritten as 
                                                       

2 2( ) 1 sin ( ) (9)
4
in sw

j a j
e

V TB m
NA

q qé ùD = -ë û  

From core loss equation of the AMCC-320 given by the 
manufacturer, the inductor core losses in each switching 
interval are calculated as follows 

                               

( ) ( )( /1000) 1.11 ( ) / 2
(10)

sw j
cj

sw

wt k f B
P

f

ba q´ ´ ´ ´D
=

 
,where 2.167 , 6.5, 1.51, 1.74wt kg k a b= = = =  . 
 
In the proposed method shown in this paper, the B-H 

curve of each interval is assumed to be the closed loop, which 
is the premise for using Steinmetz equation supplied by the 
manufacturer. In (10), Steinmetz equation is divided by   

swf because we only consider the core loss in each switching 
interval. The next step is to add all the core losses in one 
quadrant ( / 2 ~p p  , for example) and then multiply them 
by 4 to make one period. This is the core loss in one 
fundamental period, which is equal to 1/60 s. Finally, this 
value is multiplied by of  as (11) because the total core loss 
per second is the summation over the 60 cycles. 

 
/4

c.total
1

4 (11)
n

cj o
j

one period

P P f
=

æ ö
ç ÷= ´ ´
ç ÷
è ø
å
14243  

Fig. 10 shows the plot of  ( )jB qD  when inverter MI is 

1.0, 0.8 and 0.5. During one fundamental cycle, maximum 
value of flux swing ( maxBD ) is the same regardless of the MI. 
However, minimum value of flux swing is different 
according to MI of inverter, which can also be expected from 
(9). While the flux swing reaches zero at MI = 1.0, the flux 
swing does not reach zero at MI = 0.8 and 0.5. We can expect 
that the total flux swing during one fundamental cycle 
increases with the decrease of MI of inverter, with all other 
parameters unchanged. In this section, based on the proposed 
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method, the AC filter inductor in a closed calorimeter is 
excited by changing the switching frequency and MI of 
inverter. Calculated and experimental results of the core loss 
for an AC filter inductor under various MI and switching 
frequency of the PWM inverter are presented and discussed. 

Fig. 11 and Fig. 12 show the experimental waveform 
when the switching frequency is fixed to 4.8 kHz and the MI 
is set to 0.5 and 0.8, respectively. Fig. 13 shows the 
waveform when the switching frequency is 9.6 kHz and the 
MI is 0.8. The inductor current ripple in Fig. 11 is larger than 
the one in Fig. 12, which is mainly due to the MI of inverter. 
Also, comparing the results of Fig. 12 and Fig. 13, inductor 
current ripple decreases with the increase of switching 
frequency when the MI is same. Fig. 14 shows the expanded 
waveforms of Fig. 12 around a zero crossing point of 
inductor current when the switching frequency is 4.8 Hz and 
the MI is 0.8.  It is confirmed that the current ripple of 
inductor current is changed according to the duty cycle of 
SPWM. 

As shown in Fig 15, the first step is to take the calorimeter 

box equation in Section II. In the second step, for each 
inverter experiment, the slope (°C/min) of the calorimeter is 
obtained. In the third step, this value is put into the y 
(°C/min) of (3). Finally, the x (W) is calculated, which is the 
core loss of each experiment.  

q0
2p

q

( )2 21 sin
4
in sw

a
e

V TB m
NA

qD = -

swT

p

2
p

2( )BD q
3( )BD q

( / 4)B nD

( ) sin
2
in

o a
V

v mq q=

1q

1( )BD q
0

3
2
p

q0

1 sin
( )

2
am

D
q

q
+

=

2
in

a
V m

2
in

a
V m-

1
2
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1
2

am-

1
2

2pp

4( )BD q
5( )BD q

( )jBD q

2q 3q 4q 5q jq ( /4)nq  
Fig. 9. Conceptual idea of the proposed core loss calculation method. 
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Fig. 10. Variation of BD as a function of modulation index 
( am ). 
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Fig. 16 shows the inductor core losses measured using 
calorimeter at different  am  and they are compared with 
the calculated ones. As shown in Fig. 16, the measured and 
calculated results are in fairly good agreement. The 
difference between measurement and calculation are mainly 
caused by the inductor winding loss (almost 1 W) included in 
the calorimeter measurement and a very small portion of the 
unclosed loop B-H loop area [17]. We can see that the core 
loss of AC filter inductor decreases with the increase of the 
switching frequency and MI in accordance with theoretical 
considerations, when leaving all other parameters unchanged.  

The proposed simple and practical technique is capable of 

predicting core losses for AC filter inductor in PWM DC-AC 
Inverters, employing only core loss equation specified by the 
manufacturer. An improvement of the lab-made calorimeter 
will be implemented to prove the effectiveness at higher 
power level tests, so that proposed methods can approach the 
actual core loss calculation of AC filter inductor in high 
power conversion system without the necessity of a massive 
experimental database. 

Table IV compares the result of core loss calculation and 
measurement.  

  
 

Fig. 11. Experimental waveforms when 4.8 , 0.5sw af kHz m= = . 

 
 

Fig. 12. Experimental waveforms when 4.8 , 0.8sw af kHz m= = . 

 
 

Fig. 13. Experimental waveforms when 9.6 , 0.8sw af kHz m= = . 
 

 
Fig. 14. Expanded waveforms of Fig. 11. 
 

 
Fig. 15. Core loss calculation method. 
 

TABLE IV 
COMPARISON OF CALCULATED AND MEASURED INDUCTOR CORE 

LOSS 

 
swf  4.8 kHz 9.6 kHz 19.2 kHz 

1.0am =  
Pc.calculated 23.1 W 19.7 W 16.8 W 
Pc.measured 26.3 W 23.0 W 21.7 W 

0.8am =  
Pc.calculated 31.7 W 27.1 W 23.1 W 
Pc.measured 35.9 W 31.8 W 27.8 W 

0.5am =  
Pc.calculated 46.2 W 39.4 W 33.7 W 
Pc.measured 47.1 W 39.9 W 34.9 W 
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(a) am  = 1.0. 

 
(b) am  = 0.8. 

 
(c) am  = 0.5. 

 

Fig. 16. Core loss of inverter output filter inductor according to the 
switching frequency and modulation index. 

 

V. CONCLUSIONS 
In this paper, a very simple but effective way of 

calculating core loss of the AC output filter inductor of PWM 
DC-AC inverter was presented. The proposed calculation 
method was verified with the thermal measurement in the 
lab-made calorimeter. The results confirm that the proposed 
method is very practical not only for calculation of the core 
loss, but also for designing AC filter inductor. By using the 
proposed method, one can expedite inductor design process 
quite successfully. The proposed method in different core 
materials should be equally applicable in further experiment. 
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