


core and copper loss through simulation. In section IV, a
brief description is given on the loss measurement technique
with information of all the equipments used for experimental
calculations. Section V gives all the experimental results. In
Section VI conclusion of the paper is enlightened.

II. DESIGN OF AN INDUCTOR

A. Area product method
In this method, the value of inductance L, peak current IP

and RMS current Irms �owing through the inductor are the
required quantities [14]. The window utilization factor kw,
current density J and �ux density Bm are the quantities to
be assumed [14]. The equations (1), (2) and (3) are used for
the area product method design [15] where Ac, Aw, N, lg is
the core cross-sectional area, core window area, number of
turns and air gap length respectively.

AcAw =
LIP Irms
JkwBm

(1)

N =
LIP
BmAc

(2)

lg =
�0NIP
Bm

(3)

TABLE I
SPECIFICATIONS OF DAB CONVERTER

Input Voltage (Vin) 400V
Output Voltage (Vout) 325V
Filter Inductance (L) 47uH
Switching frequency (fs) 100kHz
Peak current (IP ) 10:83A
RMS current (Irms) 7:186A
Power rating (P ) 2:5KW

Fig. 1. Inductor designed by area product method

In this paper, design of inductor is done using the speci�-
cations of a Dual Active Bridge (DAB) converter (see Table
I). The operating frequency for design is 100 KHz as given
in Table I, so the material chosen for inductor core is ferrite
(N-27) with a maximum operating frequency of 150 KHz.

Considering the values of Bm, kw and J to be 0.2T , 0.3,
3.5A=mm2 respectively, the inductor is designed with 22
turns and 1.5mm of air gap length. EE type core B66389
from EPCOS [16] is used for core. Cylindrical copper wire
AWG 14 is used for winding. The designed inductor used

for experimental purpose is shown in Fig. 1. The core cross-
sectional area Ac, window area Aw and core volume Vc for
this designed inductor is 117.3 mm2, 171.6 mm2 and 10957.2
mm3 respectively.

III. LOSS ESTIMATION

The dominating losses in an inductor are core loss and
copper loss. In this section, the total loss is calculated an-
alytically and through simulation. The test current waveform
used for loss calculation is triangular in nature, so as to reduce
complexity in the experimental setup. IP is the peak value of
inductor current (IL(t)) and VP is the peak voltage appearing
across the inductor. IP can be represented in the form of VP
as given in (4).

IP =
VP

4Lfs
(4)

Fig. 2. Voltage and current waveform across the inductor where T = 1
fs

A. Loss estimation by analytical method
1) Core loss: Core loss calculation for sinusoidal excitation

is given by the original Steinmetz equation [17] (5) where, Pfe
is the core loss per unit volume, Bmax is the peak value of
�ux density, f is the frequency of excitation and Kc, �; � are
the Steinmetz coef�cients.

Pfe = Kcf�B�max (5)

As the excitation used is non sinusoidal, Improved Gener-
alized Steinmetz Equation (IGSE) [5] is used for core loss
calculation. Therefore, the time-averaged power loss per unit
volume using IGSE is given by (6) where, �B is the peak to
peak �ux density. The constant Ki is given in (8).

Pfe =
1
T

Z T

0
Ki

����
dB(t)
dt

����
�

j�Bj��� dt (6)

= Ki j�Bj
��� 1

T

Z T

0

����
dB(t)
dt

����
�

dt (7)

Ki =
Kc

2��1���1
R 0

2� jcos �j� d�
(8)

The Steinmetz coef�cients are obtained from the manufac-
turer’s data sheet [15]. From the core material data sheet [18],
curve �tting is done on the B vs P curve and B vs f curve
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[15], to get the values of Kc, �, �. Note, here P is given for
sinusoidal excitation. Table II gives the values of Kc, �, �
and Ki obtained for N-27 material [18].

TABLE II
CALCULATED STEINMETZ COEFFICIENTS

Coef�cients N-27
Kc 43.58
� 1.16
� 2.069
Ki 4.52

Voltage excitation across the inductor is a square wave, so
the �ux density waveform shown in Fig. 3 is obtained by (9)
where, N is the number of turns and Ac is the core cross
sectional area. The peak �ux density Bmax, �B and dB(t)

dt
can be calculated for the waveform shown in Fig. 3.

B(t) =
1

NAc

Z t

0
VL(�)d� (9)

Fig. 3. Flux density waveform

Bmax =
VP

4fsNAc
(10)

�B = 2Bmax (11)

dB(t)
dt

=
VP
NAc

(12)

Ultimately the total core loss (13) in an inductor is stated as
the multiplication of loss calculated in (6) and volume of core.

Pcore = Pfe � Vc (13)

2) Copper loss: The conduction loss is affected by high
frequency operation. Skin and proximity effect increases the
AC resistance of the winding due to non uniform current
distribution. The ratio of AC resistance to DC resistance for
sinusoidal excitation is given by the Dowell’s formula [8] (14).
Where, � = d

� , d is stated in (15), p is the number of layers
in the winding and � is the skin depth,

Rac
Rdc

= �
�

sinh(2�) + sin(2�)
cosh(2�)� cos(2�)

+
2(p2 � 1)

3
sinh(2�)� sin(2�)
cosh(2�) + cos(2�)

(14)

First part of (14) denotes the skin effect and second part
denotes the proximity effect. In this method the rectangular
conductor layer is considered [9] and the width of these layers
is calculated by equating the area of cross section of wire
with the area of square. The width of equivalent square cross
section d calculated from (15) is equal to 1.475 mm where,
D is diameter of the circular cross section wire (1.665 mm).
Skin depth � is calculated at different operating frequencies
(fs) taking conductivity of copper � to be 58.7�106S=m by
(16).

d =
p
�

2
D (15)

� =
1

p
�fs��

(16)

The ratio of AC resistance for nth harmonic frequency to
DC in any non sinusoidal excitation is given by (17). Where,
�n is the effective skin depth calculated from (18).

RACn
Rdc

= �n

�
sinh(2�n) + sin(2�n)
cosh(2�n)� cos(2�n)

+
2(p2 � 1)

3
sinh(2�n)� sin(2�n)
cosh(2�n) + cos(2�n)

(17)

�n =
�
p
n

(18)

�n =
p
n� (19)

For the current waveform indicated in Fig. 2, the fourier
series is obtained (20). So, the copper loss in an inductor is
calculated from (22) where, In is the rms current for n odd
harmonic frequencies.

IL(t) =
X

n=odd

�8IP
n2�2 cos(n!t) (20)

In =
8IPp
2n2�2

(21)

Pcu =
11X

1

RACnI2
n (22)

Therefore total loss in an inductor PL is calculated from (23)

PL = Pcu + Pcore (23)

B. Loss estimation by simulation

The inductor designed in section I is modelled in Electronics
Desktop 2021 package of ANSYS [10]. Modelling is done
with Maxwell 3D and PEmag software in ANSYS.

Authorized licensed use limited to: J.R.D. Tata Memorial Library Indian Institute of Science Bengaluru. Downloaded on August 13,2024 at 09:54:49 UTC from IEEE Xplore.  Restrictions apply. 



1) Core loss: The three different solution type present in
ANSYS Maxwell 3D are magnetostatic, transient and eddy
current. Transient solution type is used for estimating the
core loss [10]. Once the model is ready, voltage excitation
is provided to the inductor winding. The important part for
core loss simulation is proper selection of Core loss model.
In this paper, �Power Ferrite� core loss model is selected as
the core material used in inductor is ferrite. For this core loss
model, the P vs B plots obtained from manufacturer’s data
sheet are imported for different frequencies. Importing these
curves generate Steinmetz’s coef�cients used by ANSYS for
core loss calculation. In the analysis tab, solution setup is set
with the simulation time of 50us (see Fig. 4). The model used
for core loss estimation is shown in Fig. 5.

Fig. 4. Instantaneous core loss plot obtained at 125 V excitation voltage and
100 kHz frequency

2) Copper loss: For obtaining accurate copper loss the
designed model must be able to simulate the winding exactly.
So, another model is developed such that the exact winding
cross section is visible. This model is developed using PEmag
tool and then extracted into the Maxwell 3D eddy current
solution type. The PEmag tool provides the manufacturers data
for core and winding, which allows the design to be precise
as seen in Fig.5.

The objective of this simulation is to get the AC resistance
of the winding. The current waveform used in this paper
is triangular (Fig.2), but in eddy current solution type, only
sinusoidal excitation can be applied. So, current excitation
is provided to the winding with amplitudes at harmonic
frequency. The amplitudes of current waveform are obtained
from the fourier series in (20). In the Analysis tab, a solution

Fig. 5. ANSYS models, (a) is the model used for core loss analysis and (b)
is the model used for copper loss analysis.

setup is assigned with 6 number passes and percentage error
to be 0.9%, because if the error given is too low then the time

required for simulation will be huge. The adaptive frequency is
set to be equal to the harmonic frequency at which resistance
is to be calculated. Therefore equation (24) is used to calculate
copper loss. RACn is AC resistance at nth odd harmonic
frequency obtained from simulation.

Pcu =
11X

1

I2
nRACn (24)

IV. LOSS MEASUREMENT TECHNIQUE

The Oscilloscope based measurement is used for measuring
loss of the inductor [11]. The inductor is connected across
the H-bridge (Fig.6), which is supplied by a DC source. The
H-bridge consists of 4 switches, switching alternately (S1-S4
and S2-S3) at a duty ratio of 0.5. The H-bridge converter
is designed with SiC MOSFET SCH2080KE (1200V, 40A)
from ROHM. To drive the MOSFETs, bipolar gate voltage
of +18/3V is used. Isolated gate driver IC ADuM4135 from
Analog devices is selected for this purpose. The output of the
H-bridge is a square wave, which is the input to the inductor.
The voltage and current across the inductor is captured in the
oscilloscope with the use of probes. Before using the probes
for measurement, they are deskewed (matching the delays), so
that the delays provided by each probe is same. So, multiplying
the voltage and current waveform gives total loss in the
inductor. The speci�cation of tools used for measurement are
as follows,

� A high bandwidth (1500 V, 200 MHz) high voltage
differential probe by Tektronix (THDP0200) is used for
measuring the voltage across the inductor.

� A high bandwidth (120 MHz) current probe by Tektronix
(TCP0030A) is used to measure the current through the
inductor.

� Tektronix (067-1686-00, Power Measurement De-skew
and Calibration Fixture) is used for deskewing the probes.

� Mixed Domain Oscilloscope (MDO3104) by Tektronix is
used for capturing the data.

Fig. 6. Schematic used for loss measurement

V. EXPERIMENTAL RESULTS

The schematic shown in Fig. 6 is implemented on hardware.
Experimentally measured current and voltage waveforms (see
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