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  Abstract — Core loss estimation of filter inductors is critical for modelling and optimising high-frequency, high-

efficiency and high-density Pulse Width Modulation (PWM) power electronics converters. However, data provided by 

inductor core manufacturers is insufficient for core loss estimation in PWM converters, particularly in the case of 

customized gapped inductors. This paper presents a whole process of characterising and estimating the core loss of a 

customised high-current gapped inductor for PWM converters. To excite the inductor for the B-H loop measurement, a 

test circuit formed by a half-bridge structure is proposed, which has the ability to compensate the asymmetric rectangular 

voltage on the inductor caused by the device voltage drops. To overcome the other challenges raised by high excitation 

current, a discontinuous test procedure, Triple Pulse Test (TPT), is applied to reduce the requirements of the high-current 

test setup (thermal stress, current-time stress for current probes, capacity of dc sources, etc.). For practical purposes, a 

user-friendly loss map approach is proposed involving only time-domain and electrical variables to replace magnetic 

variables to enable straightforward loss mapping process and core loss calculations. Presented experimental results show 

consistency between the estimated inductor loss and measured values. Overall, the proposed testing approach can be 

easily implemented on the user’s side to develop a loss map of a given inductor. The established core loss map enables the 

users to accurately and rapidly estimate the core loss of a tested inductor for given PWM waveforms.  

  Index Terms — core loss; B-H loop measurement; loss map; pulse width modulation (PWM); optimisation; 



 

 

I. INTRODUCTION 

In recent years, high-frequency, high-density and high-efficiency power converters are driven forward by advances in high-

speed, low-loss power devices, such as silicon carbide (SiC) and gallium nitride (GaN) based switching devices. In power 

converters, filter inductors are used to attenuate current ripple and contributes substantially to the total converter volume, weight 

and power losses. Particularly, filter inductors can contribute to 30~50% of the weight or volume of a typical power converter 

[1]. Regarding the power loss, the loss characterisation of inductors in general, and their core loss in particular, has been a hot 

research topic. Accurate estimation of inductor core loss is crucial for the thermal design and optimisation of power converters 

[2]–[4] in early design stage. It is especially important when considers the high-frequency operation and associated high-

frequency core loss with the use of wide-bandgap switching devices. As an example, the inductor studied in the paper is intended 

for a shunt regulator for aircraft generator application with a targeted switching frequency of over 50 kHz.   

Within the context of Pulse Width Modulation (PWM) power converters, there are several challenges in estimating the core 

loss of filter inductors. Challenge A: In a PWM converter, the inductor is exposed to rectangular voltage and triangular current, 

rather than sinusoidal excitation. However, normally only a limited loss profile generated from sinusoidal excitation can be found 

in manufacturer’s datasheet for one type of core material. Furthermore, Fourier Transformation cannot be applied to decompose 

the PWM excitation waveform [5]. Challenge B: The high frequency triangular current waveform contains a varying, low-

frequency dc component. This dc bias factor is also referred as pre-magnetisation, indicating the position of the B-H loop relative 

to the origin where H0 = 0. Pre-magnetisation is reported to have significant impact on the core loss [6]–[9] for particular 

materials such as Soft Ferrites. 

A widely accepted empirical core loss model is the Steinmetz Equation (SE) (1), which indicates the core loss is a function 

of frequency f and flux density swing ΔB.  

 𝑃 = 𝑘𝑓 ∆𝐵  (1) 

However, SE is limited in accuracy as the coefficients are only accurate within a certain range of frequency [10], [11]. 

Moreover, SE is only valid for sinusoidal excitation, which means SE is not directly applicable for the filter inductors driven by 



 

 

PWM converters. 

To overcome Challenge A, Improved Generalised Steinmetz Equation (IGSE) (2) was introduced to calculate the loss of 

any arbitrary flux waveform [12]–[14].  

 𝑄 = 𝑘 (
𝑑𝐵

𝑑𝑡
) (∆𝐵)  𝑑𝑡 (2) 

IGSE enables the conversion of SE parameters from sinusoidal excitation to rectangular. The concept of IGSE also includes 

decomposing a complex waveform into individual B-H loops. It is widely accepted and proven to be accurate. However, as the 

main drawback, IGSE does not consider the effect of pre-magnetisation [9].  

To take the pre-magnetisation effect into account, Challenge B, “loss map” approach was proposed in publications [6]–[8]. 

This approach relies on experimental B-H loop measurement to construct a core loss profile covering various inductor operating 

points described by H0, ΔB and f. The measurement configuration of these studies is based on a buck (chopper) converter with 

rectangular output voltage. The method of utilising the pre-measured loss map to calculate the inductor core loss for PWM 

inverters is also proposed in [6]–[8], based on decomposing the B-H trajectory into calculable quasi-closed loops. In [15], [16], 

the loss map calculation method is revised to a half-loop based approach. An approximation method is also proposed for 3-phase 

PWM converters where there are consecutive segments with dB/dt changes and the sign not reversed. In [15], [17], based on 

dynamic B-H loop measurement, Iron Loss Analyser (ILA) is introduced as a system accurately measuring instantaneous core 

loss (at switching cycles level) and verifies the accuracy of revised loss map. Although, this concept is for real-time experimental 

evaluation on an operating PWM converter, instead of the estimation of core loss from pre-measured data. As an alternative of 

loss map, [9] investigated the impact of pre-magnetisation on the SE parameters and presented it in Steinmetz Pre-magnetization 

Graphs (SPG), with measurements based on a H-bridge converter. However, the accuracy of this approach is limited by the 

accuracy of original SE parameters. To summarize, establishing a loss map is still the most practical approach to achieve accurate 

estimation of the core loss.  

When it comes to customised inductors (e.g. with gapped cores), the outcomes of the above research are hardly transferable. 

Most of the previous studies are based on performing B-H loop measurements on toroidal cores, characterising the property of 



 

 

one type of core material with a relatively low excitation current (e.g. <10 A). However, inductors with gapped cores are widely 

used for relatively high-current applications (e.g. >100 A) to avoid core saturation. Even if the core loss profile of a magnetic 

material is given, it still cannot be applied on gapped cores directly. For example, the H axis of the loss map for a gapped core 

must be rescaled, since the operational range of H is extended. Additionally, a gapped core potentially comes with excessive gap 

loss as reported in [18], which is essentially eddy current losses concentrated around the airgap. This is not predictable from the 

loss data measured from toroidal core and directly associated with the physical shape of the core, especially the airgap length. 

But these effects can still be evaluated as B-H loop measurement covers all the core loss components including hysteresis loss 

and eddy current loss [19], [20]. Furthermore, core loss is very sensitive to the actual physical property of individual inductor 

cores. For laminated cores, the thickness and alignments of the laminations could drift from the designed form unpredictably 

from batch to batch. It is also pointed out in [21] that “Characterising a specific core or a specific wound component is better 

(more accurate, easier to use) than characterising a material”. Additionally, the effect of pre-magnetisation is normally not 

assessed by the supplier of the core material. To count in this effect for better accuracy, additional experimental evaluation is 

required. Therefore, evaluation of a specific inductor on the user’s side is necessary to achieve better accuracy.  

To evaluate a specific, customised inductor, new challenges arise. Consider a specific high-current gapped inductor is given 

with the structure unalterable (e.g. potted/housed). To meet the designed operating point of H, it is not feasible to reduce the 

amplitude of excitation current by increasing the number of turns as the windings are fixed. In this case, the inductor loss mapping 

process requires high excitation current. This high current can result in unwanted temperature rise, a large dc current-time product 

for current probes and asymmetric excitation voltage due to significant voltage drop on power devices.   

In addition, the loss map approach developed in previous studies is not straightforward for practical purposes. Firstly, it is 

normally employed in the form of a three-dimensional look-up table [15], [22] that is difficult to be presented or utilised. 

Secondly, the variables in loss map is normally in magnetic form while it is more common to use electrical and time-domain 

variables in the context of power electronics. The translation between these variables complicates the loss mapping process and 

core loss calculations. Additionally, the translation involves the effective dimensions of the core. In some cases this information 



 

 

is not available (e.g. not provided for housed inductor), or not accurate, which could affect the accuracy of the core loss 

calculation [20]. 

Therefore, this study intends to present a whole process of characterising and estimating the core loss of a customised, 

high-current, gapped inductor for PWM operations. It covers from experimentally establishing a loss map to utilizing the 

loss map to estimate the inductor’s core loss in PWM converters. The main contributions of this paper are given as follows. To 

excite the inductor-under-test, a new test circuit is proposed, which is based on a half-bridge structure and enables the 

compensation of the asymmetric rectangular voltage caused by the device voltage drops. To overcome the other challenges 

raised by high excitation current (e.g. 100 A), a discontinuous testing procedure, Triple Pulse Test (TPT), is applied in this study. 

The idea of Triple Pulse Test is to run necessary cycles only and avoid unnecessary operations. Similar ideas were discussed in 

previous studies, such as in [9] and [23]. This study further reveals the significant benefits of TPT in the context of testing the 

core loss with high excitation current. TPT does not require the full continuous operation capability of the converter and inductor. 

It reduces the requirements of the test setup (thermal stress, current-time stress for current probes, current capacity of dc sources, 

etc.) and enables a fast evaluation. Additionally, Triple Pulse Test is analogous to the Double Pulse Test (DPT) in characterising 

switching loss of power devices. As such, it can be easily understood and adopted by a power electronics engineer who is familiar 

with DPT. Furthermore, a loss map calculation approach is presented to utilise the pre-built loss profile to calculate/estimate the 

core loss of the tested inductor when operating in a PWM converter. A user-friendly loss map and core loss calculation method 

involving only time-domain and electrical variables, which replaces the conventional magnetic variables, has been proposed 

to enable straightforward loss mapping process and simplified core loss estimation. An experimental evaluation of the proposed 

approach is conducted on a real PWM converter. This paper is presented in three steps: (1) Core loss measurement (2) Establish 

a loss map and utilize it to estimate the core loss for PWM operations (3) Experimental evaluation. 

II. CORE LOSS MEASUREMENT 

A. B-H Loop Measurement 

As mentioned in the previous section, B-H loop measurements have been used in many papers for the evaluation of core 

loss [8], [9], [22]. This approach measures the core loss of an inductor with the copper loss excluded. To perform B-H loop 



 

 

measurement, the inductor is equipped with two windings: a primary winding for excitation current and a secondary winding to 

sense core flux as shown in Fig. 1. By measuring the excitation current I on the primary side and the open-circuit voltage ULsec 

on the secondary side, the magnetic field H and flux density B can be found by the relationships expressed by (3) and (4)  

 𝐵(𝑡) =  
1

𝑁 𝐴
𝑈 (𝑡) 𝑑𝑡 (3) 

 𝐻(𝑡) =  
𝑁 ∙ 𝐼(𝑡)

𝑙
 (4) 

Where N1 and N2 are the numbers of turns of the primary winding and secondary wingding, respectively; Ae is the effective cross-

section area of the core; le is the effective length of magnetic path. 

Then the core loss is obtained from (5) by integrating the product of the secondary voltage and primary current, with the 

turns ratio accounted. Note that in (5), the geometry parameters of the core Ae and le are irrelevant regarding the measured total 

core loss in the form of energy. 

 𝑄 = 𝐴 𝑙 𝐻 𝑑𝐵 =
𝑁

𝑁
𝐼(𝑡) ∙ 𝑈 (𝑡) 𝑑𝑡  (5) 

Fig. 1 shows a basic schematic of a B-H loop measurement test rig, formed by a dc power supply, a power converter, the inductor-

under-test, voltage and current probes and a digital oscilloscope. A typical voltage-current waveform for B-H loop test is shown 

in Fig. 2, with square-wave excitation voltage. The curvy shape of the current, instead of a triangular shape, is caused by the 

magnetization process [8]. In practice, the accuracy of B-H loop measurement is sensitive to the phase discrepancy between the 

measured voltage and current [8], [20], [24]. Therefore, the phase differences of the probes must be carefully calibrated.  
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Fig. 1. Overview of the test system 
Fig. 2. Typical voltage/current waveforms of the inductor  

for B-H loop measurement with dc-biased current 



 

 

B. Power Converter Configuration 

For the power converter stage in Fig. 1, a common configuration is a buck converter [8], [9]. However, a buck converter 

can only evaluate the operating points with the current flowing in one direction. In PWM converters, there are operating points 

of the inductor with the current crossing both directions within one switching cycle. Therefore, this topology is not ideal for the 

evaluation of the whole operating region of the inductor in a PWM converter.  

As an option with bidirectional conduction capability, a test circuit formed by a H-bridge structure is shown in Fig. 3, which 

is also a common configuration in studies such as [25], [26]. However, for the scope of this study, H-bridge configuration features 

a significant drawback. For a pre-built high-power gapped inductor, a high excitation current must be driven into the inductor, 

especially for the operating points with high H0. When a high current is fed into the inductor, the voltage drops across the power 

devices at the power converter stage becomes significant. When a dc-biased current as shown in Fig. 2 is driven into the inductor, 

an asymmetric square-wave voltage will cross the inductor, with unequal amplitudes UL+ and |UL −|. In the positive cycle shown 

in Fig. 3(a), the inductor current is drawn from the dc-link and flows through T1, the inductor and T4. The inductor voltage UL+ 

can be expressed by (6). In the negative cycle shown in Fig. 3(b), the inductor current flows through diodes D2, D3 and charges 

the dc-link capacitor. The inductor voltage UL− in this case can be expressed by (7).  

  
(a) positive cycle with dc-biased current (charging inductor) (b) negative cycle with dc-biased current (discharging inductor) 

Fig. 3. H-bridge test circuit 

 𝑈 = 𝑈 − 2𝑈  (6) 

 𝑈 = −(𝑈 + 2𝑈 ) (7) 

Where, UDC is the converter dc-link voltage, UIGBT is the IGBT forward voltage drop, UDiode is the diode forward voltage drop. 



 

 

Taking an IGBT power module SKiM301TMLI12E4B (1200V, 300A) as an example, given a current of 100 A, UIGBT is 

around 1.5 volts and UDiode is around 1.8 volts according to the datasheet. Assuming UDC = 50 V, theoretically the voltage drops 

would lead to UL+ = 47 V and UL− = −53.6 V following (6) and (7), which is a 6.6 V bias in total. This asymmetry will prevent 

the measured B-H trajectory from forming a closed loop and have unneglectable impact on the measured core loss. Unclosed B-

H loop will compromise an important assumption to be elaborated in the next section, where it assumes the positive half cycle 

and the negative half cycle of a B-H loop each consumes equal energies.  

In order to achieve more reliable and accurate measurements, this asymmetry caused by device voltage drops must be 

mitigated. Therefore, an alternative test circuit for the power stage is proposed in this paper as shown in Fig. 4. This test circuit 

comprises a half bridge structure with two tunable dc power sources (UDC1 and UDC2) and two capacitors in series to form the dc-

link. The inductor-under-test is placed between the output port of the half bridge and the neutral point of the dc-link. 

  
(a) positive cycle (charging inductor) with dc-biased current (b) negative cycle (discharging inductor) with dc-biased current 

Fig. 4. Half bridge test circuit 

This configuration brings extra degree of freedom: the two dc-link voltage supplies can be adjusted to compensate the 

asymmetric voltage drops. In the positive cycle, the current is drawn from the pre-charged capacitor with voltage UDC2, flows 

through T1 and charges the inductor, as shown in Fig. 4(a). In this case the inductor voltage UL+ is expressed by (8). Fig. 4 (b) 

shows the current in the negative cycle, where the inductor voltage UL− is expressed by (9).  

 𝑈 = 𝑈 − 𝑈  (8) 

 𝑈 = −(𝑈 + 𝑈 ) (9) 



 

 

By tuning the output voltages of the two dc power supplies, UDC2 and UDC1, the inductor voltages UL+ and |UL−| can be 

compensated to equal. For example, if UIGBT = 1.5 V and UDiode = 1.8 V, UDC2 and UDC1 can be set as 51.5 V and 48.2 V respectively 

to achieve UL+ = |UL−| = 50V. In practice, the voltage drops on the power devices (UIGBT and UDiode) may deviate from what has 

been given the datasheet. The parasitic resistance of the test circuit also contributes to the voltage drops. In this case, the values 

of supply voltages UDC2/UDC1 are empirically determined by tuning UDC2/UDC1 and measuring UL+/UL− until the inductor voltage 

reaches aimed symmetric rectangular for each operating point.  

C. Test Procedure – Triple Pulse Test 

The goal of the B-H loop measurement is to measure the area of a closed B-H loop given the operating point described by 

H0, ΔB and dB/dt. To overcome the challenges introduced by high excitation current, a discontinuous measurement procedure is 

applied in this study. The idea of this approach is applying limited pulses (triple pulses) to reach the desired B-H loop and avoid 

further unnecessary operation, which leads to a test waveform that is similar to the saturation property test in [23]. For the scope 

of this study, where a large peak current is required (e.g. 100 A), this triple-pulse-test (TPT) holds the following merits:  

(1) Does not require a dc power supply with the capacity of supplying a large continuous current. As this is a relatively 

fast and short transition (e.g. < 200 μs), the current required in this process is mainly drawn from the dc-link capacitors.   

(2) Significant temperature rise is avoided due to little heat generated from this process. 

(3) In the case where the current is measured by current probes, the dc current-time product I·t (in A·µs) in the process 

must not exceed the allowable range, so that they would not saturate (reach non-linear operation region). Taking current 

probe N2781B as an example, the maximum allowable non-continuous current-time product is stated at 15000 A·μs. This 

means that if the dc biased current is 100 A, the time duration of the whole testing process is limited to < 150 μs. A large dc 

current-time product is avoided in the proposed process as limited pulse cycles are supplied. 

The process of the TPT approach is illustrated in Fig. 5: Stage I, an initial pulse is supplied to build up the desired pre-

magnetisation H0; Stage II, several cycles with desired flux density swing are supplied to force the B-H trajectory into aimed 

steady state; Stage III, the B-H trajectory stabilises and forms the desired B-H loop; Stage IV, the power devices are all turned-



 

 

off, and the energy stored in the inductor releases through the free-wheeling diodes, which leads to the current dropping back to 

zero at the end of this process. The B-H loop of interest is obtained in Stage III. The turn-on and turn-off delay of the power 

devices is compensated in the generation of gate signals to ensure the ON duration T2+ equals to the OFF duration T2−.  

By experimental observations, the B-H trajectory stabilises at the aimed B-H loop as of the second or the third pulse cycle 

for most of the operating points. An example of the B-H trajectory measured from one discontinuous measurement is shown in 

Fig. 6, where the blue loop is the second pulse cycle and the red loop is the third pulse cycle. The dashed line shows the pre-

magnetisation process and the de-magnetisation process. It is visible that the blue and red loops are self-closed and similar in 

shape and area. Consecutive pulses would only repeat the trajectory of the third loop and result in the same close-loop area. 

Therefore, in the following study, the third B-H loop cycle is captured for core loss calculation and the proposed test approach 

is therefore called TPT. Note TPT procedure should not make any differences compared to the B-H loop measurement used in 

other studies, since it only intends to measure the first steady-state B-H loop and avoid further unnecessary operations. 

 

Fig. 5. Inductor current/voltage waveform  
of Triple Pulse Test  

Fig. 6. Example of measured B-H trajectory from TPT  
(H0 ≈ 2000 A/m, ΔB ≈ 130 mT) 

The concept of this proposed TPT approach is analogous to the Double Pulse Test (DPT) [27], which is widely used for 

evaluating the switching loss of a semiconductor device (e.g. IGBT or MOSFET). Therefore, it is relatively easy for engineers 

who are familiar with DPT to adopt the TPT approach for inductor core loss characterisation. A comparison between these two 

procedures is presented in Table I. 
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TABLE I. COMPARISON BETWEEN DPT AND TPT  

 DPT for power devices TPT for inductors 

Initialization pulse(s) To build up the switching current I0 To build up pre-magnetisation H0 

Pulse of interest Rising edge for turn-on loss 

Falling edge for turn-off loss 

A closed B-H loop 

with dc-bias H0 and flux density swing ΔB 

Voltage U Switching voltage Usw Flux density change rate dB/dt 

T1 Determined by Usw, I0 Determined by dB/dt, H0 

T2−/ T2+ Not relevant Determined by dB/dt and ΔB 

D. Test Setup 

A customised inductor-under-test is shown in Fig. 7, with the parameters listed in Table II. It is formed by EE cores (double 

E-core) made from Cobalt Iron (CoFe) laminations. The rated current of the inductor is 80 Arms. This inductor is designed as 

the output current ripple filter of a high-power shunt regulator system.  

  
(a) The customized inductor (b) The inductor with added secondary windings for TPT 

Fig. 7. Inductor under test 

The airgap is at the central leg of the EE core with a length lg of 0.52 mm. The copper windings are spaced away from the 

central leg for larger than four times lg to avoid the fringing flux effect.  

TABLE II. SPECIFICATIONS OF THE INDUCTOR UNDER TEST 

Core Material 
VACOFLUX48 0.01mm 

(laminated Cobalt Iron)  
Winding 1.9 * 2.8 mm rectangular copper 

Air gap length lg 0.52mm Rated current 80 Arms 

Shape EE cores Rated Inductance 36 uH 

N1 6 turns N2 3 turns 

As illustrated in Fig. 7 and in Table II, the primary winding (main inductor winding) has 6 turns. Two secondary windings, 

with three turns for each, are fitted for TPT at two side legs of the inductor to capture the flux on both sides in case of asymmetric 

flux distribution. In this case, the relationship between the two measured secondary voltages and the total flux density change is 



 

 

shown in equation (10) 

𝑈 + 𝑈 =  𝑁
𝑑Φ

𝑑𝑡
+ 𝑁

𝑑Φ

𝑑𝑡
= 𝑁

𝑑Φ

𝑑𝑡
=  𝑁 𝐴

𝑑𝐵

𝑑𝑡
= 𝑈  (10)

A test rig is built and shown in Fig. 8, formed by dc-link, power converter and measurement probes.  

 

Fig. 8. Test rig 

The signals are measured by high-bandwidth voltage and current probes shown in Table III and fed to a digital oscilloscope. 

The phase discrepancy between the voltage and current probes is aligned by offline de-skew. 

TABLE III. INSTRUMENTS AND COMPONENTS IN THE TEST RIG 

Power supply Elektro-Automatik TS 8000 T Power module Semikron SKiM301TMLI12E4B 

Voltage probe Keysight N2862B (150 MHz) Current probe Keysight N2781B (10MHz) 

Digital Oscilloscope MSO-X 3054A (500 MHz, 4 GSa/s)   

III. LOSS MAP APPROACH 

The above presented test rig and procedure enables the core loss measurement of the inductor. The following section 

elaborates how to establish a loss map based on finite measurements in order to estimate the core loss for PWM operations. 

A. Loss Map 

As mentioned in the introduction, a loss map needs to be built up experimentally for a given inductor, which is a database 

of core loss that covers all possible operating points. For this purpose, the variables describing one operating point must be 

identified first. There are three known variables describing a closed B-H loop excited by symmetric square-wave excitation 

(regardless of the operating temperature): 



 

 

(1) Flux density change rate |dB/dt|. This variable is convertible to frequency f for repetitive symmetric excitation as 

appeared in a number of papers [22]. However, for an instantaneous point on the B-H trajectory, it is more suitable to 

refer this variable as |dB/dt| rather than frequency. In the context of power electronics, |dB/dt| is proportional to the 

amplitude of the applied square-wave voltage on the inductor. This is also pointed out in [28] and indicated in Improved 

Generalised Steinmetz Equation (9).   

(2) Flux density swing ΔB.  

(3) Pre-magnetisation/dc-bias of the magnetic field H0. 

Therefore, a loss map, a database of core loss, is a function of the above three variables, as expressed in (11). A loss map 

produced from finite discrete measurements can be utilized as a three-dimensional lookup table with interpolations or fitted 

curves/surfaces with mathematical expressions.  

𝑄 = 𝑓
𝑑𝐵

𝑑𝑡
, ∆𝐵, 𝐻  (11)

For the first variable, it is reported that the effect of |dB/dt| regarding core loss is independent from the other two variables 

([9], [28], [29]). The correlation between the core loss and dB/dt is in the form as equation (12) as indicated in IGSE. Therefore, 

factor dB/dt can be assessed independently by only one set of data (i.e. fixed ΔB and H0) to determine the coefficient α. This 

simplifies the loss mapping process by one dimension. 

𝑄 ∝ (
𝑑𝐵

𝑑𝑡
)  (12)

According to previous studies, the other two variables, ΔB and H0, are coupled factors with respect to the core loss. 

Therefore, given a fixed dB/dt, data sets covering the possible operating region of interest formed by various ΔB and H0 need be 

evaluated as shown in (13).  

𝑄 = (
𝑑𝐵

𝑑𝑡
) ∙ 𝑓′(∆𝐵, 𝐻 ) (13)

To establish the loss map, the inductor-under-test is characterised experimentally using the test rig shown in Fig. 8. The 

core loss measurement is conducted with the presented TPT procedure. The measured data of secondary voltage and primary 

current is then processed in Matlab following expressions (3)-(5). 



 

 

 The loss mapping process is conducted in two steps. Firstly, keeping |dB/dt| (UL+ and UL−) fixed, operating points with 

various ΔB and H0 are tested. The results are shown in in Fig. 9(a) in the form of a surface with thin spine interpolation. It shows 

that the relationship between H0, ΔB and core loss Q is complex and difficult to be fitted with a generalised expression. This 

finding is similar to the previous studies [9]. Secondly, to determine the dependency of |dB/dt|, a set of points with constant ΔB 

and H0 is realized by varying |dB/dt|. The results are shown in Fig. 9(b). Curve fitting is performed on this set of data to determine 

the parameter α in (13). As can be seen from Fig. 9(b), the measured data is well fitted with a power equation as in (12).  

 

 

(a) (b) 

Fig. 9. Loss map (a) Q vs. ΔB, H0 (dB/dt = 21840 T/s) (b) Q vs. dB/dt (ΔB = 365 mT and H0 = 4000 A/m) 

B. Core Loss Calculation for PWM operations 

The loss map developed above is based on closed B-H loops excited by symmetric square wave (duty cycle equals 50%, 

UL+ = |UL−|) as shown in Fig. 2. However, for filter inductors in PWM converters, it is more common to witness an asymmetric 

quasi-square-wave excitation UL(t) in each switching window as shown in Fig. 10, where Uab ≠ |Ubc|, Tab ≠ Tbc. The non-50-to-

50 duty cycle is due to the Pulse Width Modulation. The unequal Uab and |Ubc| are caused by the fundamental-frequency 

sinusoidal dc-bias. To calculate the core loss for this type of waveform utilizing the loss map produced, an approach combining 

the piecewise concept of IGSE [5], [11], [13], [14] and revised loss map calculation [15], [16], [22] is adopted in this study. The 

idea of this approach is decomposing a given PWM waveform into calculable half-loop segments. One half-loop segment is 

either the positive half with dB/dt >0 (red part in Fig. 11) or the negative half with dB/dt <0 (blue part in Fig. 11) of a B-H loop.  



 

 

  

Fig. 10. Typical waveforms of the filter inductor with a single-
phase two-level PWM converter 

Fig. 11. Example of a measured B-H loop excited by symmetric 
square wave with pre-magnetisation  

(H0 ≈ 2000 A/m, ΔB ≈ 130 mT) 

Three important assumptions are made in this approach: 

(1) The start/end points of one half-loop segment are considered at the moments where the polarity of dB/dt reverses, e.g. 

point a and point b shown in Fig. 10. In the case of varying |dB/dt| within one segment, the average value (e.g. ΔBab/Tab) 

is treated as the equivalent |dB/dt|. This is similar to the linear approximation (revised loss map approach) in [15], [22], 

[30], which has been proven to be accurate. 

(2) Considering the core loss is instantaneous, it is assumed that the positive half (dB/dt > 0) and the negative half (dB/dt < 

0) each consumes 50% of the total energy loss of the closed B-H loop with symmetric excitation [15], [20], [30]. For 

example, the core loss of segment ab is obtained by equation (14) from the loss map described by (11). 

𝑄 =
𝟏

𝟐
∙ 𝑓

𝑑𝐵

𝑑𝑡
, ∆𝐵 , 𝐻  (14)

(3) The “relaxation effect” [11], [21], [26], [31], [32] is not considered, because the typical voltage applied on the filter 

inductors of PWM converters does not experience any periods with constant flux density (UL = 0) due to the varying 

fundamental-frequency dc-bias. 

Based on the above assumptions, a given quasi-square-wave excitation can be decomposed into n pieces of half-loop 

segments. Then the energy loss for each segment can be found individually through the loss map. The total power loss of a given 



 

 

waveform can be calculated by adding up the power losses of all half-loop segments that forms this waveform as in (15).  

𝑄 =  𝑄( ) (15)

In this way, a switching window with non-50-to-50 duty cycle is decomposed into two half-loop segments, which are 

corresponding to a wider pulse and a narrower pulse. For instance, given the waveform a to c in Fig. 10, the waveform is 

decomposed into wider segment ab and narrower segment bc. For segment ab, three descriptive variables of it, ΔBab, H0ab and 

|dB/dt|ab, are fed into the loss map to obtain the core loss Qab by (14). The narrower segment bc is equivalent to half a symmetric 

full cycle with higher frequency 1/ Tbc (i.e. higher dB/dt) in the loss map. The total core loss from point a to c equals to the sum 

of Qab and Qbc. For more complex waveforms, such as PWM waveforms, they only need to be decomposed into finite piecewise 

half-loop segments following this approach. Note in Fig. 9(b), the top right tested point reaches 365 mT with a speed of 9.6e4 

T/s, which is equivalent to a 130 kHz symmetric positive-negative cycle. Therefore, the testing in this work equivalently covered 

a wide range of frequency. Theoretically, the presented approach can be extended to any frequency if the hardware allows. 

C. User-Friendly Loss Map and Core Loss Calculation 

As mentioned previously, this study aims at utilizing a pre-measured loss map such as those shown in Fig.9 to estimate the 

core loss in a PWM converter, which is, specifically, to calculate the inductor core loss over a fundamental cycle of a PWM 

waveform. In this case, the steady-state PWM waveforms on the inductor must be provided and processed to be fed into the loss 

map, and the steady-state PWM waveforms are normally generated by simulations. These waveforms are generated in the form 

of the inductor current I and voltage UL. However the conventional loss map used in previous studies (e.g. [8], [9]) requires H 

/B waveforms in time-domain, as shown in Fig. 9. Referring to equations (3) and (4), to translate the voltage/current waveforms 

into H/B waveforms, it involves the geometry parameters of the inductor core, which introduces additional complexity and 

uncertainty. It has been pointed out in [20] that the inaccuracy of the effective dimensions of the core may lead to substantial 

errors in loss calculation, if the loss map is supplied in the form of loss density (e.g. J/m3). In some cases, the accurate geometry 

information is not available, e.g. housed inductors. Therefore, it is motivated to convert the whole process into electrical and 

time-domain variables rather than H/B based, which is more user-friendly in practice.  



 

 

Fig. 12 shows one sample segment in time-domain. Two consecutive zero-crossings of the inductor primary voltage ULpri 

are detected as the start/end point of one half-loop segment. Corresponding to H0, the average current I0 of this segment is 

measured, as in (16). Corresponding to ΔB and dB/dt as shown in (17) and (18), time duration Tab and average primary inductor 

voltage ULpri are measured. 

 
Fig. 12. Example of half-loop segment ab with only electrical and time-domain measurements 
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1
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1
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1

𝑁 𝐴
 (18)

In this way, the loss map generated can be converted to the form expressed as (19) with electrical and time-domain variables.  

𝑄 = 𝑔 𝑈 , 𝑈 𝑇 , 𝐼  (19)

It becomes a look-up table with three inputs: average inductor voltage ULpri, volt-time product ULpriT and dc-biased current 

I0. The output Q is the energy loss of a half-loop segment in mJ. This form of loss map will not only enable more straightforward 

core loss calculation, but also simplify the loss mapping process, compared to magnetic-domain loss map shown in Fig. 9. The 

electrical and time-domain parameters (pulse width and height) required in the Triple Pulse Test can be obtained directly give an 

aimed operating point on the user-friendly loss map, without translating from magnetic domain. 

Furthermore, it is also difficult to illustrate the conventional three-dimensional loss map in surfaces for practical purposes, 

e.g. to present in a datasheet. Therefore, a core loss profile presented in curves is proposed in this paper as follows. Fig. 13(a) 



 

 

shows the energy loss in mJ versus the biased current I0, with various sets of volt-time product in V·μs (corresponding to ΔB). It 

is noticeable that the effect of I0 is not identical for each set of data with the same volt-time product. But for each individual set, 

it can be well fitted with a cubic function. Operating points in between the curves can be obtained by interpolation. Converted 

from Fig. 9(b), Fig. 13(b) illustrates the core loss normalized to 50 V with respect to the inductor voltage UL, as the testing 

voltage for Fig. 13(a) is ±50 V. These curves shown in Fig.13 can be printed on datasheets by the manufacturers of inductors. 

  
(a) (b) 

Fig. 13. User-friendly loss map (a) Q vs. UL∙T and I0 (U = 50 V) (b) Q vs. UL normalized to 50 V 

To summarize, the energy of a half-loop segment can be found from a user-friendly loss map by two steps: (A) Input UL∙T 

and I0 to Fig. 13(a) to find the energy in mJ. (B) Input UL to Fig. 13(b) to scale the energy with respect to the testing voltage ±50 

V. The core loss calculation flow following the above description is shown in Fig. 14.  

 
Fig. 14. Core loss calculation flow for a given voltage/current waveform 

 In the case of a PWM waveform, it is decomposed into half-loop segments (n = 2· fsw / f0) for each fundamental cycle, and 

the energy loss of each single segment is calculated and summed up. As an example, consider a single-phase two-level converter 

is outputting a PWM waveform with 50 Hz fundamental frequency and 20 kHz switching frequency with a modulation index 

less than 1. In this case, 400 positive and 400 negative half-loop segments can be extracted from one fundamental cycle. This 



 

 

calculation flow can be easily implemented as an automated block either in simulation models or experimental evaluation, once 

the loss map of a specific inductor is pre-built with the boundaries covering possible operating plane. 

IV.EXPERIMENTAL EVALUATION 

To implement and evaluate the proposed loss map approach outlaid above, an experiment was designed and conducted. A 

test rig was designed to feed the inductor-under-test with PWM excitation. As shown in Fig. 15, the circuit is formed by a two-

level converter with RLC load. The output of the power converter is filtered by the LC filter and applies on the load resistor. 

 
Fig. 15. Single-phase two-level inverter  

The inductor voltage/current waveforms are captured and fed into the loss map to calculate the core loss. The resulting 

measured waveforms of the inductor voltage and current, and the load current are shown in Fig. 16 for one PWM operating point, 

where UDC is the dc-link voltage; M is the modulation index; fsw is the switching frequency; f0 is the fundamental frequency. 

  
(a) (b) 

Fig. 16. Experimental waveforms (a) inductor voltage and current (b) filtered current in load resistor R 
UDC = 100 V, M = 0.7 , fsw = 10 kHz, f0 = 50 Hz 



 

 

The voltage/current information measured was fed through the calculation flow shown in Fig. 14 and the core loss for each 

segment is generated. The operating plane of the inductor described by the three variables is plotted in Fig. 17 over a fundamental 

cycle. In this case, the inductor voltage varies between 10 ~ 90 Volts; The volt-time product varies between 1000 to 2500 Volts-

microseconds. The biased current is between -30 ~ +30 A, equals to the filtered fundamental-frequency load current. The core 

loss of each segments is calculable as the pre-built loss map covers the whole operating plane. 

    (a)      (b) 

Fig. 17. Operating plane of the core (a) U*T and U (b) U*T and I (UDC = 100 V, M = 0.7 , fsw = 10 kHz) 

Calculated from the loss map approach, the instantaneous core loss is shown in Fig. 18 over a fundamental cycle. As fsw = 

10 kHz and f0 = 50 Hz, the instantaneous core loss of 400 positive half segments and 400 negative half segments are found and 

plotted in Fig. 18 (a). Within each switching cycle, the core loss of the positive half and negative half are added up to obtain the 

instantaneous core loss of each switching window, which is plotted in Fig. 18 (b). It can be seen that, for one fundamental 

sinusoidal cycle, there are two peaks of the core loss occurring at maximum inductor current ripple. 



 

 

  
(a) (b) 

Fig. 18. Estimated core loss over one fundamental cycle (a) Plotted by half-loop segments (b) Plotted by switching cycles 
(UDC = 100 V, M = 0.7 , fsw = 10 kHz) 

In addition to the core loss, the copper loss of the inductor can be estimated relatively accurately by analytical models. The 

dc resistance of the windings is measured by a dc milliohm meter of 3.59 mΩ. Considering both skin effect and proximity effect, 

the ac-to-dc resistance ratio of the rectangular winding selected at a particular frequency can be calculated by (20) [33].  
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=
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Where h is the thickness of the conductor; δ is the skin depth; η is the porosity factor; Nl is the layer numbers. Note the 

windings of the inductor shown in Fig. 7 are stacked parallelly in the horizontal direction with regard to the centre of the cores. 

In this case the layer numbers equals to the turn number (Nl = 6) according to [33]. The fringing flux effect on the windings is 

neglected, since the winding is spaced away from the central leg airgap. The measured inductor current is processed by Fast 

Fourier Transformation (FFT) in Matlab to extract the amplitude-frequency spectrum. For each frequency components, the ac 

resistance is calculated individually. Following equation (21), the total copper loss is obtained by adding up the copper losses for 

all the frequency components [33].  

 𝑃𝑤 = 𝑅𝑤𝑑𝑐𝐼0
2 + 𝑅𝑤𝑑𝑐 𝐹𝑅𝑛𝐼𝑛

2

∞

𝑛=1

 (21)

The total power loss of the inductor is experimentally measured according to (23) by measuring the input (Pin) and output 

power (Pout) of the inductor (shown in Fig. 15) with the power loss on the capacitor neglected. The powers are obtained by 



 

 

mathematically integrating the instantaneous voltage-current product and averaging it over fundamental cycles, as in (22). The 

voltage and current signals are measured with the high-bandwidth voltage and current probes shown in Table III as in the TPT. 

𝑃 =  
1

2𝜋
𝑈 ∙ 𝐼 𝑑𝜃 (22)

Rather than directly integrating the inductor voltage and current, the real power loss of the inductor is measured by Pin−Pout 

to reduce the error caused by the phase discrepancy of the probes. As demonstrated in [24], the greater power factor of a voltage-

current pair has, the less error in the measured real power loss would be caused by the phase discrepancy. 

𝑃 =  𝑃 − 𝑃  (23)

The estimated inductor core loss using the approach proposed in this paper and the calculated copper loss according to (21) 

are added up and compared with the experimentally measured total loss of the inductor. The results are shown in Fig. 19, with 

several combinations of dc-link voltage and switching frequency. It can be seen that the measured total power loss agrees very 

well with the sum of the estimated core loss and copper loss, with an average error of less than 5%. The results indicate that the 

core loss estimation approach proposed in this paper is valid and accurate.  

Note at the lower switching frequency, i.e. 10kHz, the core loss is higher due to larger swings of flux density ΔB of half-

loop segments, which is proportional to volt-time product UL∙T. Although the number of segments is doubled at 20 kHz, the 

larger ΔB (UL∙T) of the segments in the 10 kHz case resulted in overall higher core loss.  

 
Fig. 19. Experimental results of inductor losses over one fundamental cycle (0.02 s)  

with various combinations of UDC and fsw 



 

 

V. CONCLUSION 

This paper has presented a whole process to characterise the core loss of a customised, high-current, gapped inductor and 

estimate its core loss for PWM operations. To overcome the challenges raised by high excitation current, a test circuit based on 

a half-bridge structure has been proposed and a Triple Pulse Test procedure was applied in the B-H loop measurement. The half-

bridge converter configuration mitigates the asymmetric rectangular voltage across the inductor-under-test caused by device 

voltage drops. The Triple Pulse Test procedure reduces the requirements of the test setup (thermal stress, current-time stress for 

current probes, current capacity of dc sources, etc.) and enables a fast evaluation. For practical purposes, a user-friendly loss map 

and core loss calculation involving only time-domain and electrical variables have been proposed to enable a more 

straightforward loss mapping process and simplified core loss estimations. The loss map presented in the form of 2-D curves can 

be printed on manufacturer’s datasheet of inductors. The proposed user-friendly loss map approach has been applied and verified 

in a single-phase two-level PWM converter, which validates the practicality and accuracy of the proposed approach.  

It is anticipated that the manufacturers can perform out-of-factory tests on each single inductor or each batch of inductors 

with the same cores, rather than the core material, to establish the user-friendly core loss profile. Alternatively, the core loss map 

can be rapidly constructed on the user’s side through the presented approach. The established core loss profiles will be beneficial 

for the users of inductors (e.g. power electronics engineers) to accurately predict the core loss in the design of PWM converters. 
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