
6.5% (Non-Grain-Oriented) Silicon Steel is a soft magnetic 
material that is best used in electrical rotating machinery, 
such as motors and generators. It has a high silicon content 
up to 6.5 mass %, which reduces the alloy magnetostriction 
to nearly zero, but causes brittleness and other associated 
manufacturing challenges. Due to its more random texture 
compared to 3% (grain-oriented) silicon steel, 6.5% 
(non-grain-oriented) silicon steel is used for primarily for 
rotating applications, i.e. motors and generators. Typical 
operating frequencies of 6.5% Silicon Steel is 400 Hz 
(hertz). A variety of forms can be manufactured, including 
lamination, toroidal and C-cores, as well as glued block 
cores of various shapes by cutting or pressing.
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Fig. 2: Illustration of core dimensions

Dimensions

Table 1: Core dimensions

Description Symbol Finished dimension (mm)

Width of core A 180

Height of core B 240

Depth of core (or cast width) D 30

Thickness or build E 50

Width of core window F 80

Height of core window G 140

Gap width H
Minimum

(cut surface to cut surface)

Fig. 1: Core under test (6.5% silicon core)
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Table 2: Magnetic characteristics

Description Symbol Typical value Unit

Effective area Ae 1,350 mm2

Mean magnetic path length1 Lm 583 mm

Mass (before impregnation) 6.11 kg

Mass (after impregnation) 6.60 kg 

Lamination thickness
0.004
(0.102)

inch
(mm)

Chemistry Fe87.9 Si12.1

Grade
CRNGO

(cold rolled, non-grain 
oriented)

Anneal Standard – No Field

Impregnation 50% Solids Epoxy

Supplier MK Magnetics

Part number 4216P4-A

Measurement Setup

Fig. 3: Arbitrary waveform core loss test system (CLTS) (a) conceptual setup (b) actual setup

(a) (b)

The BH curves, core losses, and permeability of the core under test (CUT) are measured with an arbitrary 
waveform core loss test system (CLTS), which is shown in Fig. 3. Arbitrary small signal sinusoidal waveforms 
are generated from a function generator, and the small signals are amplifi ed via an amplifi er.

Magnetic Characteristics

1 Mean magnetic path length is computed using the following equation. OD and ID are outer and inner diameters, 

respectively. 
( )OD ID
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Two windings are placed around the core under test. The amplifier excites the primary winding, and the 
current of the primary winding is measured, in which the current information is converted to the magnetic 
field strengths H as 

( ) ( )p

m

N i t
H t

l
⋅

=  ,  (1)

where Np is the number of turns in the primary winding. A dc-biasing capacitor is inserted in series with the 
primary winding to provide zero average voltage applied to the primary winding.

The secondary winding is open, and the voltage across the secondary winding is measured, in which the 
voltage information is integrated to derive the flux density B as 

( ) ( )
0

1 T

s e

B t v d
N A

τ τ=
⋅ ∫  ,  (2)

where Ns is the number of turns in the secondary winding, and T is the period of the excitation waveform.

Fig. 4 illustrates three different excitation voltage 
waveforms and corresponding flux density waveforms. 
When the excitation voltage is sinusoidal as shown 
in Fig. 4(a), the flux is also a sinusoidal shape. When 
the excitation voltage is a two-level square waveform 
as shown in Fig. 4(b), the flux is a sawtooth shape. 
The average excitation voltage is adjusted to be zero 
via the dc-biasing capacitor, and thus, the average 
flux is also zero. When the excitation voltage is a 
three-level square voltage as shown in Fig. 4(b), the 
flux is a trapezoidal shape. The duty cycle is defined 
as the ratio between the applied high voltage time 
and the period. In the sawtooth flux, the duty cycle 
can range from 0% to 100%. In the trapezoidal flux, 
the duty cycle range from 0% to 50%. At 50% duty 
cycles, both the sawtooth and trapezoidal waveforms 
become identical.

It should be noted that only limited ranges of the core 
loss measurements are executed due to the limitations 
of the amplifier, such ±75V & ±6A peak ratings and 
400V/µs slew rate. The amplifier model number is 
HSA4014 from NF Corporation. For example, it is 
difficult to excite the core to high saturation level at high 
frequency due to limited voltage and current rating of 
the amplifier. Therefore, the ranges of the experimental 
results are limited.

Additionally, the core temperature is not closely 
monitored; however, the core temperature can be 
assumed to be near room temperature.

Fig. 4: Excitation voltage waveforms and corresponding flux 
density waveforms (a) Sinusoidal flux, (b) Sawtooth flux, and 
(c) Trapezoidal flux 
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Similarly, the anhysteretic BH curves can be computed as a function of fl ux density B using the follow 
formula.
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Table 3 and Table 4 lists the anhysteretic curve coeffi cients for eqs. (3) and (4), respectively.

The core anhysteretic characteristic models in eqs. (3) and (4) are based on the following references.

Scott D. Sudhoff, “Magnetics and Magnetic Equivalent Circuits,” in Power Magnetic Devices: A 
Multi-Objective Design Approach, 1, Wiley-IEEE Press, 2014, pp.488-

G. M. Shane and S. D. Sudhoff, “Refi nements in Anhysteretic Characterization and Permeability 
Modeling,” in IEEE Transactions on Magnetics, vol. 46, no. 11, pp. 3834-3843, Nov. 2010.

The estimation of the anhysteretic characteristic is performed using a genetic optimization program, which 
can be found in the following websites: 

https://engineering.purdue.edu/ECE/Research/Areas/PEDS/go_system_engineering_toolbox

Table 3: Anhysteretic curve coeffi cients for B as a function of H

k 1 2 3 4

mk 1.61971033286534 -0.0682590964791112 -0.827720390879472 0.345208242551854

hk 14.7265079561752 3.67467195566482 76.7429770091444 27.7230629690197

nk 1 2.84996990836529 1.28296744422051 1.25742471383929

Anhysteritic BH Curves 

Fig. 5 illustrates the measured low frequency 
BH loops at 10 Hz. Using the outer most BH 
loop, the anhysteretic BH curve is fi tted. The 
anhysteretic BH curves can be computed as 
a function of fi eld intensity H using the follow 
formula.
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Fig. 5: Low frequency BH loops (excitation at 60 Hz, Np = 26, Ns = 26)
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Fig. 6: Measured BH curve and fitted anhysteretic 
BH curve as functions of H and B

Fig. 7: Absolute relative permeability as function of 
field strength H

Fig. 8: Absolute relative permeability as function of 
flux density B

Fig. 9: Incremental relative permeability

Table 4: Anhysteretic curve coefficients for H as a function of B

k 1 2 3 4

μr 62847.6669574855

αk 0.592146257384503 0.0464683799908967 0.00260604465193353 0.00237727772062132

βk 20.6208668515978 96.0792383330119 42.3267809084648 4.65204078052854

γk 1.55934173433034 1.49730584102319 1.17203961227103 1.69159849134441

δk 0.0287158760902731 0.000483646423484715 6.15696397410736e-05 0.000511018246136532

εk 1.08460191619297e-14 3.32961306833830e-63 2.85253525277297e-22 0.000382123248137697

ζk 0.999999999999989 1 1 0.999617876751862

Fig. 6 illustrates the measured BH curve and fitted anhysteretic BH curves as functions of H and B using 
the coefficients from Table 3 and Table 4. Fig. 7 and Fig. 8 illustrates the absolute relative permeability 
as functions of field strength H and flux density B, respectively. Fig. 9 illustrates the incremental relative 
permeability.
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Fig. 10 illustrates the measured BH curve at different frequencies. The fi eld strength H is kept near 
constant for all frequency. At 60 Hz and 100 Hz excitations, the BH curve is similar, which indicates that 
the hysteretic losses are the dominant factor at frequencies below 60 Hz. As frequency increases, the BH
curves become thicker, which indicates that the eddy current and anomalous losses are becoming larger.

Fig. 10: BH curve as a function of frequency (Np = 26, Ns = 26, Ip = 1.45A)

Table 5 lists the Steinmetz coeffi cients at different excitation conditions, and Fig. 11 illustrates the core loss 
measurements and estimations via Steinmetz equation.

Table 5: Steinmetz coeffi cients

kw Α β
sine 0.00664025234195815 1.15395156893757 1.80303874841542

Sawtooth/Trapezoidal 50% duty 0.00385693219075020 1.24714883609020 2.00763723375500

Sawtooth 30% duty 0.00809496134786619 1.15491048110368 1.82801779013568

Sawtooth 10% duty 0.0241852029165309 1.12127778530197 2.12598642570042

Trapezoidal 30% duty 0.00561020449874965 1.18972003947278 1.72341244942205

Trapezoidal 10% duty 0.00161176860420949 1.49437483328666 1.88800829098069

Core Losses 

Core losses at various frequencies and induction levels are measured using various excitation waveforms. 
Based on measurements, the coefficients of the Steinmetz’s equation are estimated. The Steinmetz’s 
equation is given as

( ) ( )0 0/ /w wP k f f B Bα β= ⋅ ⋅  (5)

where PW is the core loss per unit weight, f0 is the base frequency, B0 is the base fl ux density, and kw, α, 
and β are the Steinmetz coeffi cients from empirical data. In the computation of Pw, the weight before 
impregnation in Table 2 is used, the base frequency f0 is 1 Hz, and the base fl ux density B0 is 1 Tesla.
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Fig. 11: Core loss measurements and estimations via Steinmetz equation: (a) Sine (b) Sawtooth/Trapezoidal 50% duty (c) Sawtooth 30% 
duty (d) Sawtooth 10% duty (e) Trapezoidal 30% duty (f) Trapezoidal 10% duty
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Core Permeability 

The permeability of the core is measured as functions of fl ux density and frequency. Fig. 12 illustrates the 
measured absolute relative permeability µr values, which is defi ned as
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where Bpeak and Hpeak are the maximum fl ux density and fi eld strength at each measurement point.

Fig. 12a: Left column: relative permeability as a function of fl ux density and frequency, Right column: BH loop at the maximum B of the 
corresponding frequency (a) Sine (b) Sawtooth/Trapezoidal 50% duty (c) Sawtooth 30% duty
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Fig. 12b: Left column: relative permeability as a function of flux density and frequency, Right column: BH loop at the maximum B of the 
corresponding frequency (d) Sawtooth 10% duty (e) Trapezoidal 30% duty (f) Trapezoidal 10% duty

Core Permeability (continued) 
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