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Abstract—A SPICE model for estimating and simulating core
losses of a ferrite magnetic device is presented. The approach
is based on a proposed revised generalized Steinmetz equation
(RGSE) and requires only the use of the Steinmetz coefficients and
core geometry data. The letter presents a RGSE-based SPICE simulation strategy that can both estimate and simulate the effect of
the core losses on the circuit. Primary advantages of RGSE approach are that it does not require switching frequency data and
is applicable to arbitrary excitation and not just sinusoidal excitation as the Steinmetz equation approximation does. RGSE model
is also insensitive to dc bias, this is an improvement over the earlier
model. Comparison of previously reported measured and calculated core loss values with the simulation results of the presented
SPICE RGSE model shows excellent agreement in the sinusoidal
case and good agreement in the rectangular pulse case.
Index Terms—Core loss, ferrite, ferromagnetic cores, SPICE,
Steinmetz equation (SE).

I. INTRODUCTION
ERRITE losses are a limiting factor in an engineering design of high-frequency inductors and transformers. The
mechanism of magnetic loss in ferromagnetic material is attributed to hysteresis loss, eddy current loss, and a residual loss
[1]. The losses are dependent of the type of the ferrite material,
operating frequency, temperature, as well as the waveform and
amplitude of the magnetic flux density excitation, and its dc offset value [2]. For this reason, an analytically-based approach for
core loss estimation is tedious and difficult, if not impossible,
to apply as it requires quite a number of parameters not readily
available to the designer in the field [3].
Ferrite core loss data provided in manufacturers’ documentation are plots of the (major/static) hysteresis loop and the coefficients of the empirical Steinmetz equation (SE) along with
a graphical representation of the fitted SE [4], [5]. Of the two
ferrite loss data types, the SE is evidently more useful since it is
based on experimental data over the whole practical frequency
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range and magnetic flux density excitation amplitudes. The fitted SE data are collected under sinusoidal flux density excitation
with zero dc bias and for this reason it is strictly valid only under
pure ac magnetic flux density excitation. Nonetheless, the empirical SE data are the best, most comprehensive and reliable data
available to designers for estimating core losses. However, in
most power electronics applications, the inductive components
are subjected to rectangular voltage pulses with either variable
duty cycle or variable frequency and may carry substantial dc
current. Furthermore, discontinuous operation mode entails appearance of zero voltage time intervals. In resonant or quasi
resonant converters, the inductor voltage comprises rectangular,
sinusoidal, and zero voltage segments and, hence, the magnetic
flux density waveform is even more complicated. Therefore, for
power electronics practice, the SE loss prediction is not a satisfactory approximation [6]–[8]. To remedy this, a number of
previous studies [9]–[21] suggested reformulations and adjustments of the SE to a more realistic operational conditions in
which an inductive device is operating under nonsinusoidal but,
mainly, rectangular excitation.
Several Steinmetz like models were derived based on the
idea that the loss is caused by the rate of change of the flux
density, dB/dt, rather than the frequency, f [9]. Among these advanced models are the modified Steinmetz equation (MSE) [10],
the generalized Steinmetz equation (GSE) [11], the improved
generalized Steinmetz equation (iGSE) [12], the extended Steinmetz equation [13], the improved–improved Steinmetz equation
[14] and as well as some others.
Fundamental flaws of the earlier GSE are its inaccuracy when
applied to flux density waveforms that include dc bias and its
inability to predict the losses during zero voltage intervals (relaxation effect loss). Recently it has been shown that both these
problems can be accounted for [14] and [15]. Particularly, core
losses in PWM applications were considered in [16] and the rectangular extension of Steinmetz equation [17] was formulated in
terms of the duty cycle. The description of Steinmetz parameters
(SP) in an extended frequency and temperature range was also
suggested in [18]. However, the recent advances [14]–[18] rely
on newly defined constants, which are not yet made available
to the designers by the manufacturers, and cannot be yet used
universally.
The usual CAD tools available to the magnetic designer are
SE-based online calculators, provided by major manufacturers,
and the ferrite hysteresis models, which were incorporated into
a number of electronic circuit simulators including PSPICE
and IsSPICE software [22], [23]. The hysteresis model can
predict saturation; however, its prediction of loss was never
verified rigorously for a wide range of core types and over
practical operational conditions such as flux density excitation
and temperature range. On the other hand, the SE, which
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is more popular among the designers in the field to predict
core loss, has hitherto not been formulated into a SPICE
model.
This letter introduces a SPICE compatible revised generalized Steinmetz equation (RGSE) model suited for estimating and
simulating the core losses of a magnetic device. The proposed
RGSE inherits the GSE power to handle a nonsinusoidal magnetic flux excitation but, to avoid the errors of the GSE when dc
bias is present, disregards its dc value. By this, the RGSE model
mimics the present approach of practicing designers. Clearly,
this compromising method is not an ideal one as it does not
take into account the relaxation and dc offset effects. But, unlike the present practice, that is valid only for a sinusoidal case,
the SPICE compatible RGSE can provide better estimation of
the core power loss under nonsinusoidal magnetic flux excitation. Once manufacturers adopt the advanced material characterization procedures and make the new parameters widely available, the proposed RGSE model can be modified to account for
the relaxation and dc effects. The proposed RGSE-based SPICE
model can be easily incorporated into SPICE schematics of a
system that includes inductive elements, such as inductors or
transformers, to estimate the expected core loss, and simulate
its effect on the circuit.

where T = 1/f is the period of the excitation, α, and β are the
original SP, and k1 is related to the Steinmetz parameter k by
k1 =

k
(2π)α −1 ∫02π |cosθ|α |sinθ|β −α dθ

.

(4)

Note that (4) introduces no additional dependence on frequency so that k1 is a constant.
Indeed, it could be shown that for sinusoidal flux density
B (t) = B̂ sin(θ), (θ = 2πf t), SE (1) is just a private case of
GSE model (2)–(4).
GSE authors claimed that GSE is “in most cases, the most
useful tool available to magnetics designers who need to predict losses in MnZn ferrites with nonsinusoidal flux waveforms.
It gives accurate predictions for a wide range of conditions,
and provides a simple way to make these predictions requiring
no material characterization beyond the SPs, which are often
available from core manufacturers” [11].
While representing a significant improvement over earlier
methods, GSE does inherits some of the limitations of the SE
such as the limited flux density and frequency range and the
temperature dependence of SPs, as well as the dc offset problem.
Moreover GSE is rather difficult, if not impossible, to compute
“by hand” as (2) and (3) involve tedious integration of time
dependent exponential functions.

II. REVIEW OF THE GSE
An empirical formula (1) that accounts for the combined
effect of all core loss factors using a set of only three coefficients
is referred to as the SE, which is convenient to apply in practice
Pv = kf α B̂ β .

(1)

Here Pv is the time-average power loss per unit volume, f
is the excitation frequency, and B̂ is the peak amplitude of
magnetic flux density. The coefficients k, α, and β are referred
to as the SP.
The SPs are obtained by a curve fitting the losses under a
sinusoidal magnetic flux density excitation. Accordingly, SE
can provide accurate loss estimation only for the sinusoidal case
within a certain flux density, frequency, and temperature ranges.
However, most of the contemporary power electronic converters
operate under pulse width modulation. Magnetic devices in such
converters are subject to rectangular voltage excitation. The
resultant flux density is a kind of a piecewise linear waveform
that also may have a nonzero dc component. For these reasons,
the accuracy of SE prediction is compromised.
To account for the realistic operational conditions of magnetic devices found in practical power electronics applications,
the GSE approach [11] was suggested. According to the GSE
hypothesis the instantaneous power loss function of the core
material is


 dB (t) α
 |B (t)|β −α
(2)
Pv (t) = k1 
dt 
whereas the time-average power loss in the core material per
unit volume can be found from

1 T
Pv =
Pv (t) dt
(3)
T 0

III. DERIVATION OF THE SPICE COMPATIBLE CORE
LOSS MODEL
A. Preliminary Considerations
What is intuitively simple for a human designer can be rather
challenging for a circuit simulator and vice versa. Although SE
(1) can be implemented in SPICE within a single analog behavioral building block (ABM), additional ABMs are needed to help
determine the frequency, f, and the peak flux density B̂, which
also may be time varying. These are rather demanding tasks that
require substantial software resources and may introduce time
delays. Furthermore, the classical SE is valid only for sinusoidal
excitation while flux density waveform of cores in PWM converters is mostly either triangular or trapezoidal. Hence, using
SE (1) as a basis for SPICE loss estimation algorithm is disadvantageous. The MSE [10] employs the concept of equivalent
frequency that reportedly accounts for the high frequency components of an arbitrary flux density waveform, but poses even
more profound difficulties for SPICE implementation.
SPICE circuit simulator preferably works with instantaneous
functions and, thus, can attain the numerical solution of (2)
and (3) effortlessly. Therefore, an additional merit of GSE formulation, beyond the fact that it is applicable to nonsinusoidal
excitation, is that it is SPICE friendly and easily lends itself
for implementation in SPICE. However, GSE has a problem,
“GSE loss predictions do depend on dc bias, which appears to
be significantly greater than that of actual materials” [11]. Since
most inductors in power electronic applications do carry dc current the GSE’s dc sensitivity problem can significantly impair
the accuracy of power loss estimation. This prompted [12] to
restate (2) in terms of the ac peak flux density, B̂, instead of the
instantaneous flux density, B(t). This excludes the dc offset from
calculations. The improved model was referred to as the iGSE
and was found to be more accurate. Still, due to the difficulties
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involved in establishing the peak flux density, B̂, iGSE will not
be considered here. Instead a related SPICE-friendly modeling
approach is developed, as described below.
B. Proposed RGSE Model
The RGSE instantaneous power loss density function can be
derived from (2) as


 dB (t) α
 |B (t) − BDC |β −α

(5)
Pv (t) = k1 
dt 
where BDC is the dc offset (the time average value) of the
instantaneous flux density B(t), α and β are the original SP, and
k1 is same as (4).
The idea behind the RGSE (5) is simply disregarding the effect of the flux density dc offset on core loss and considering
the contribution of the ac flux density only. Therefore, the dc
inflicted errors, inherent to the GSE, are mitigated by the RGSE
model. The downside of this approach is that RGSE, same as
iGSE, does not correct for the dc bias dependence of the core
loss. This compromising approach is still deemed useful considering the commonly applied engineering practices that usually
disregard the dc bias effect on the core loss due to the lack
of both workable theory and related manufacturer data to account for the dc offset inflicted loss. Worth noting that it was
recently verified experimentally [15] that by introducing appropriate correction factors in Steinmetz parameters k and β (α
does not depend on dc bias), it is possible to account for the dc
bias effect. Once such correction terms would be available from
manufacturers then they can be easily incorporated to upgrade
the proposed RGSE model.
The proposed RGSE model was identified as a viable candidate to be applied as SPICE loss estimation algorithm due to the
following advantages: continuous time SPICE-friendly formulation, uses the available SP, accounts for an arbitrary excitation,
and is insensitive to dc offset. Furthermore, under pure sinusoidal excitation the average power loss computed with RGSE
by (3) and (5) is identical to that predicted by SE (1).
IV. SPICE IMPLEMENTATION OF RGSE-BASED CORE
LOSS ESTIMATOR
A. Further Considerations
Since SPICE operates with electrical quantities, it is desirable
to reformulate the RGSE power loss function (5) in terms of
inductor’s voltage. Recalling Faraday’s law
v (t)
dB (t)
= −
(6)
dt
N Ae
the flux density, B(t), in (5) can be recognized as
 t
1
v (t) dt
(7)
B (t) =
N Ae 0
whereas the second term in (5) is the ac flux density obtained
by disposing of the dc term
 t
1
v (t) dt
BAC (t) = B (t) − BDC =
N Ae 0


 t

1
1 t
−
v (t) dt dt
(8)
T t−T N Ae 0
here T is the excitation (averaging) period.

Fig. 1.

Current generation scheme of the power controlled resistance.

Plugging (6)–(8) into (5) and manipulating the expression
yields



 v (t) α

.
(9)
Pc (t) = Ve k1 
· BAβ −α
(t)
C

N Ae
Here Ae is the effective area of the core, Ve is the effective
volume of the core, and N is the number of turns of the inductor
under test.
Time average of (9) yields the desired average core power
loss, PC av , in the specified core.
B. Power Controlled Resistance
Another issue to consider is the translation of the predicted
power loss into the simulated circuit. This task can be carried out
by a power controlled resistor (PCR), shown in Fig. 1. PCR is
configured in parallel with the inductor under test to emulate an
equivalent parallel resistor, Rp . The task of PCR is to generate a
current, i(t), such that: (a) i(t) is a scaled replica of v(t) waveform;
and (b) drawing same average power from the simulated circuit
as predicted by (9).
PCR’s principle of current generation can be understood by
examining Fig. 1. PCR accepts the instantaneous power loss prediction (9) as the reference signal, Pc (t), as well as the inductor
terminals voltage, v(t), and outputs the current i(t) = g(t)v(t)
according to the Ohm’s law. The transconductance of PCR,
g = 1/Rp , is determined dynamically, in a closed loop, to adjust to the expected variations in core power loss at different
operation conditions according to

1
(10)
(Pc (t) − v (t) i (t)) dt.
g (t) =
τ
Due to integration in (10), the power feedback loop in Fig. 1
is of Type 1 and tends to develop an appropriate current amplitude such as to null the average steady state error signal,
Pc (t) − v(t)i(t) = 0. Therefore, as the steady state is reached,
the average power, v(t)i(t), absorbed by PCR converges to the
average core loss, Pc (t), predicted by the RGSE and (b) is
fulfilled.
To prevent distortion of the current waveform, and so fulfil
(a), the transconductance variable, g(t), is made slowly varying
relative to v(t). This is easily achieved by setting τ = 1, which
restricts the bandwidth of the feedback loop. Faster response
can be achieved with smaller values of τ .
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Fig. 2.

Schematic diagram of RGSE-based SPICE core loss estimator of L1 inductor core loss under sinusoidal excitation.

C. Simulation Approach
Fig. 2 illustrates the PSPICE schematics needed to evaluate
and simulate core loss of an inductor within a simple RL circuit,
V1, L1, R1. As shown in Fig. 2, only three ABM blocks are
required to implement the RGSE-based core loss SPICE model.
In Fig. 2, ABM1 derives the flux density, B(t), according to
(7) applying the PSPICE syntax
sdt (V (Lp, Ln)) /N/Ae.

(11)

The required ac flux density (8) is then obtained with a highpass filter R2, C2, and coded in voltage, V(Bac).
The core power loss is evaluated by ABM1, according to (9),
applying PSPICE syntax
V e∗ k1∗ abs (pwr (V (Lp, Ln) /N/Ae, a)∗
× pwr (V (Bac) , b − a))

(12)

which outputs the instantaneous power loss, Pc (t), and coded
in voltage, V(P).
The average power loss is obtained with a low-pass filter R3,
C3, and coded in voltage, V(Pav).
Note that the corner frequency of both the high-pass and the
low-pass filters has to be chosen at least a decade below the
lowest expected excitation frequency in the circuit.
The equivalent parallel resistance, Rp , is realized by ABMI1
employing the PCR scheme in Fig. 1. The output current of
ABMI1 is derived by the PSPICE syntax
V (Lp, Ln)∗ sdt (V (P ) − V (Lp, Ln)∗ I (V sns))

(13)

where the transconductance variable (10) is implemented
by PSPICE syntax sdt(V(P)–V(Lp,Ln)∗ I(Vsns)); I(Vsns) is
the current of ABMI1 (as measured through Vsns source);
V(Lp,Ln) is the voltage across the inductor; and, accordingly,
V(Lp,Ln)∗ I(Vsns) is the electrical power sunken by ABMI1 from
the simulated circuit.
Core geometrical data and SPs set are introduced into the
program using the PARAM statement. Note that a = α, b = β,
and k1 according to (4) are required by ABM1.

Fig. 3. Typical simulation waveforms of RGSE core power loss estimator
under pure sinusoidal excitation. Upper screen–the inductor’s voltage, V(LP,LN),
and the scaled PCR current, 4k∗ I(Vsns); middle screen- the instantaneous core
power loss, V(P), and the average core power loss, V(PAV); bottom screen- the
ac flux density, V(BAC).

V. SIMULATION RESULTS
The following simulation experiments were conducted for
the core parameters used in [10]: core material 3C85; core
size E42/42/15; effective length le = 97 mm; effective area
Ae = 180 mm2 ; and effective volume Ve = 17000 mm3 . The
SPs are k = 12, a = 1.33, and b = 2.55. Solving (4) yields
k1 = 4.523. In absence of other data, it was assumed that the
inductor under test was wound using N = 20 turns and that the
resulting inductance is L = 100 μHy.
During the first software experiment the core under test (CUT)
was excited by a pure sinusoidal flux density as illustrated in
Fig. 2. Typical simulated waveforms of the RGSE loss predictions are shown in Fig. 3.
Top screen shows the inductor voltage, V(Lp,Ln), and the
scaled PCR current, 4k∗ I(Vsns), during the start–up transient.
Smooth development of the current is observed. The current is in
phase with voltage and of identical waveform with no noticeable
distortion. This confirms proper function of the PCR. Second
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Fig. 4. (a) Comparison of RGSE-based SPICE simulation results (o’s dots- P s 2 0 , simulated at 20 kHz; diamond dots- P s 5 0 , simulated at 50 kHz; box dotsP s 1 0 0 , simulated at 100 kHz;) versus SE calculated results (solid lines: red- P c (20,B), calculated at 20 kHz; brown-P c (50,B), calculated at 50 kHz; blueP c (100,B), calculated at 100 kHz;) (sinusoidal excitation). (b) Comparison of RGSE-based SPICE simulation results (PR G S E - box) versus SE calculated results
(P S E –diamond) versus experimental results (P e x p - o’s) [10] (pulse excitation).

Fig. 5. (a) Typical simulation waveforms of RGSE power loss estimator under unipolar rectangular excitation: start-up transient; (b) steady-state. Upper screen–
the inductor’s voltage, V(LP,LN), and the scaled PCR current, 4k∗ I(Vsns); middle screen- the instantaneous core power loss, V(P), and the average core power loss,
V(PAV); bottom screen- the ac flux density, V(BAC).

screen shows the instantaneous core loss as predicted by RGSE,
V(P), and the average core loss, V(PAV). The bottom screen
shows the ac core flux density coded in voltage, V(BAC).
During the second series of software experiments RGSEbased algorithm was used to estimate the core losses under
sinusoidal excitation and compare with a calculated replica of
the SE core loss chart similar to the provided by ferrite cores
manufacturers. The source voltage and frequency (20, 50, and
100 kHz) were adjusted, so as to generate the desired peak flux
density (0.02, 0.05, and 0.08 T) in the CUT. The SE prediction
was calculated based on (1), whereas the simulation results were
obtained by SPICE applying the RGSE method described above.
Comparison of the calculated losses versus SPICE simulated
results are presented in Fig. 4(a). Absolute agreement of the
results was found in all cases. This confirmed proper function
of the RGSE power loss estimator.
During the third series of software experiments, the CUT was
excited by a triangular flux density generated by a rectangular
pulsed voltage with variable duty cycle. For any given duty
cycle, the pulse amplitude was adjusted so to keep the peak flux
density at 220 mT and with no dc offset. Hardware experiment

on same core material and size was described in [10]. This allows
us a comparison of the experimental results published earlier
with present simulation results. Comparison of the measured
core losses, reported by Reinert et al. [10], versus present SPICE
simulated results is given in Fig. 4(b). Excellent agreement of
the simulated and experimental results can be observed in the
0.5–0.9 duty cycle range, which, in fact, implies 0.1–0.9. The
accuracy of RGSE prediction deteriorates at very high duty
cycle ratio D > 0.93. Similar deterioration is expected for duty
cycle lower than 0.7. However, since the extreme duty cycle
regime is usually avoided in practice, the resulting error may
not be of a great concern.
Comparison with the SE prediction can also be seen in
Fig. 4(b). As can be observed, and presumably welcomed by
practicing engineers, the simple SE provides acceptable estimation of core loss in a moderate duty cycle range.
During fourth software experiment the CUT was excited by
unipolar rectangular voltage that resulted in triangular flux density with substantial dc offset similar to the situation in PWM
converters. Simulated waveforms are shown in Fig. 5. Top screen
portrays the inductor voltage, V(Lp,Ln), and the (magnified)
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Fig. 7. Comparison of the simulated (P R G S E ) power loss prediction versus
experimental results (P e x p ) [11] under harmonically related (in phase) sinusoidal flux density components.

Fig. 6. Typical RGSE simulation waveforms under harmonically related sinusoidal excitation (C = 0.2). Upper screen – the low frequency source signal,
V(x), the triple harmonic source signal, V(Lp)–V(x), and the resulting inductor’s
voltage, V(Lp); middle screen- the core flux density, V(B); bottom screen- the instantaneous core power loss, V(P), and the average core power loss, AVG(V(P)).

PCR current, I(Vsns). Clearly, the PCR current reliably follows
the waveform of the inductor’s voltage, which implies correct
emulation of resistive characteristic. The middle screen shows
the instantaneous and the average core power loss predicted by
RGSE. The bottom screen illustrates the ac flux density (coded
in voltage), V(BAC).
The fifth series of software experiments was aimed to test
how RGSE deals with flux density waveform that induces both
major and minor loops. In order to do so, the CUT was excited
by two harmonically related, in phase, sources so as to generate
the flux density within the core according to



B (t) = 0.2 · (1 − C) sin 2π · 20 · 103 · t


(14)
+C sin 2π · 60 · 103 · t .
According to (13), the flux density amplitude of both sources
can be varied by stepping the modulation parameter C in 0
to 1 range so that the peak flux density generated by the low
frequency source reaches its maximum of 200 mT at C = 0,
whereas the peak flux density generated by the high frequency
source rises towards 200 mT at C = 1.
Same hardware experiment on same core material and size
was described in [11]. Here the CUT was of the same material (3C85; k = 12, k1 = 4.523, a = 1.33, b = 2.55), but had
different geometry (Ae = 117.4 mm2 ; Ve = 10090 mm3 ) and
different number of turns (N = 6).
Typical simulation waveforms for C = 0.2 are shown in
Fig. 6. In the top screen, the excitation voltages are shown;
the middle screen the resulting flux density, V(B), is plotted;
in the bottom screen the instantaneous, V(P), and the average,
AVG(V(P)), RGSE power loss predictions can be seen.
Fig. 7 shows the comparison of the experimental results reported by Abdallah and Sullivan [11] versus the simulated results generated by RGSE-based SPICE program. The RGSE
somewhat overestimates the loss in the 0.3< C <0.6 range;
however, on the whole, a good agreement of the results is observed. Excellent agreement is found at both high and low C
range, where the flux density is dominated either by the higher
frequency source, or by the low frequency source. Perfect match
between the simulated and the experimental results is observed

Fig. 8. Typical RGSE simulation waveforms of a DAB. Upper screen - inductor’s voltage, V(LP,LN); middle screen- core flux density, V(B); bottom
screen- the instantaneous core power loss, V(P), and the average core power
loss, V(PAV).

at the far edges of the plot where the flux density converges to
a pure sinusoidal waveform (i.e., simple SE cases).
The last series of software experiments was aimed to test how
RGSE estimates the losses in the transformer core of a typical
double active bridge (DAB) converter. In DAB applications, the
core might be subjected to rather long zero voltage excitation
intervals, during which the relaxation effect takes place [14]. The
software experiments reconstructed the hardware experiments
of [14] as close as possible. The CUT winding was excited by a
differential voltage between two phase shifted rectangular voltage sources each with amplitude of 42 V, and 50% duty cycle,
running at 50 kHz. The phase shift was achieved by varying
the time delay, td , between the pulses. The CUT parameters
were EPCOS N87 R42, k = 81.15, k1 = 37.215, α = 1.09, β
= 2.16, le = 103 mm, Ae = 95.75 mm2 , Ve = 9862 mm3 , and
N = 20 turns.
Typical simulation waveforms of the CUT in the simulated
DAB are shown in Fig. 8. Zero voltage intervals across the
inductor winding and the typical trapezoidal flux density are
clearly visible in the top and second screens. The third screen
shows the instantaneous and time average power loss, whereas
the bottom screen depicts the loss current component drown by
the equivalent parallel resistance.
Fig. 9 shows a comparison between the experimental results
reported by Muhlethaler et al. [14], and the simulated results
generated by the RGSE-based SPICE program. Since the relaxation effect model is not incorporated into RGSE, RGSE
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Fig. 9. Comparison of the simulated power loss (P sim ) versus experimentally
measured loss (P e x p ) [14] in the transformer core in a DAB as function of the
zero voltage interval (time delay) td .

underestimates the core loss. Referred to the maximal power
loss, the error is about 10%.

VI. CONCLUSION
This letter presented a SPICE methodology to estimate and
simulate core power loss by the proposed RGSE model. The
RGSE is a revision of the previously published GSE [11] loss
model, which was shown to be a better fit to ferrite core losses
than the original SE model. The improvement of the GSE over
the SE is in the ability of the former to better handle nonsinusoidal magnetic flux excitation, and the fact that it does not
require knowledge about the frequency of excitation. However,
the earlier GSE model produced significant errors if the total
magnetic flux excitation (ac plus dc) was used in calculations.
The proposed RGSE overcomes the dc sensitivity by considering
only the ac magnetic flux density, by subtracting the dc component beforehand. Thus, making the RGSE model insensitive
to dc bias, this is an improvement over the earlier GSE model.
However, for same reason, the RGSE model cannot account for
dc bias inflicted loss. Except for the improvement of dc sensitivity, the RGSE is identical to the GSE and as such has inherited
some other limitations of the latter and cannot properly account
for neither the relaxation induced losses nor the temperature effects. Even so, the important advantage of RGSE model is that
it can be used for calculating core power losses under arbitrary
flux density waveform by just using the SPs and core geometry data. Another merit of the RGSE model is that it is SPICE
friendly and can be easily adopted for simulation. The presented
RGSE-based SPICE simulation approach can provide a reliable
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Comparison of the calculated and previously published results
with the RGSE simulation results reveals excellent agreement
in the sinusoidal case and good agreement in other cases. The
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operating conditions (e.g., very short or very long duty cycles,
or long relaxation times), the proposed RGSE simulation model
was capable of making a quite accurate prediction of the experimental results.
It can, thus, be concluded that the proposed RGSE is a better
model than the original SE and GSE models. Furthermore, the
generic nature of the simulation model and the availability of
the SPs, for just about any commercial core, make the proposed
RGSE-based SPICE simulation approach an easy to use design
tool.
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