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Abstract—Effects of different permanent magnet (PM) 

distribution schemes on the saturation performance of a 

permanent magnet toroid power inductor are presented and 

evaluated in this paper. By appropriately placing the PM in the 

gap of the power inductor, the flux induced by the winding 

current can be cancelled partially or completely by the flux 

induced by one or multiple PM pieces. This can lead to increase 

in the saturation current of the power inductor. Multi-PM 

distribution schemes are proposed for a power inductor in order 

to allow for improved and more uniform flux cancellation and 

therefore higher saturation current. Several PM distribution 

patterns in the power inductor are evaluated using results 

obtained from 3D physical models which are developed using 

ANSYS/Maxwell. The distribution schemes are compared in 

terms of their effects on the performance metrics of the power 

inductor. By appropriately selecting or tuning the air gap sizes 

and the PM dimensions using the 3D physical models in this 

paper, the multi-PM distribution method can yield higher 

saturation current with almost no drop in the inductance value.  
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I. INTRODUCTION  

The power inductor is the biggest discrete component and 
indispensable part of most switching power converters, which 
are used in many applications, and its performance affects the 
performance of these converters and applications in many 
aspects, such as switching ripple, power losses, bandwidth, 
stability and dynamic performance [1-24]. The inductance 
value and saturation current are two key performance 
indicators of power inductor. High inductance density and high 
saturation current are desirable which are important 
requirements in a high power density application. Several 
efforts have been made to increase the inductance density and 
the saturation current of power inductors. One of these 
methods as presented in [3], among other references, is to 
insert a permanent magnet (PM) into the airgap of the core of 
the power inductor. The flux induced by this PM can cancel the 
flux induced by the winding current, which can increase the 
saturation current of power inductor without significantly 

affecting the inductance value. However, the effect of the 
distribution schemes or patterns of PM on the performance of 
power inductor has not been investigated in [3] and other 
similar works.  

In this work, instead of using a single PM, multiple PMs 
distribution scheme for power inductor design is utilized. 
Multiple PMs are inserted in multiple distributed airgaps in the 
soft magnet core. This distribution of the PMs affects the 
magnetic field produced by PM, and therefore it can affect the 
flux cancellation and saturation current. The work presented in 
this paper focuses on improving the effectiveness and 
uniformity in flux cancellation in order to increases the 
saturation current when using multiple PMs for the design of 
power inductor. Several power inductor designs with various 
PM distribution schemes are evaluated through 
ANSYS/Maxwell 3D physical modeling and simulation to 
illustrate the design principal.  

The multi-PM distribution concept for power inductors and 
the design examples for illustration and comparison are 
illustrated in section II. Section III presents the 3D physical 
simulation results of several different toroid inductors with 
different PM distribution patterns and compares or evaluates 
the performances among these toroid inductor designs. The 
conclusions are presented in Section IV.  

II. TOROID POWER INDUCTORS WITH DISTRIBUTED 

PERMANENT MAGNETS SCHEMES  

The proposed distributed PM scheme refers to the design 
structure, which evenly inserts several PMs into the airgaps of 
power inductor. This structure affects the distribution of 
magnetic field induced by the PMs. By properly placing the 
PMs in the airgaps and tuning the size of the airgaps, a uniform 
magnetic field without significantly affecting its intensity can 
be obtained. This uniform magnetic field allows for better flux 
cancellation which can increase the saturation current of power 
inductor with slight effect on the inductance value. 

Fig. 1a shows an illustration diagram for a toroid core (soft 
magnet, e.g. ferrite) with a single gap that includes a relatively 
small PM piece, as presented in [3]. Fig. 1b shows a diagram 



illustrating the proposed toroid core with two gaps each of 
which includes a relatively small PM piece (two PM pieces 
total). This PM distribution concept can be realized with more 
than two gaps and/or more than two PM pieces. The main 

objective in this paper is to evaluate whether different PM 
distribution scenarios can affect the performance metrics of the 
power inductors especially saturation current and inductance 
value.    
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Fig. 1. The design specifications and 3-D physical models of TPIs: (a) PM-TPI and (b) DPM-TPI-1 and DPM-TPI-2. 

 

In this work, three toroid power inductors (TPIs) with three 
different PM distributions are designed, i.e. PM-TPI, DPM-
TPI-1 and DPM-TPI-2 (see Fig. 1 and Table I).  The simulation 
or evaluation results for the models (of the three designs) 
developed using ANSYS/Maxwell software are presented in 
the next section.  PM-TPI has one PM piece inserted in one gap 
and DPM-TPI-1 has two small pieces of PM distributed in two 
gaps while maintaining the total volume of these two gaps be 
equal to the single gap volume of PM-TPI. DPM-TPI-2 also 
has two small pieces of PM inserted in the two gaps, but the 
total volume of these two gaps is 81% of the gap volume in 
PM-TPI or the gaps volume in DPM-TPI-1.  However, the total 
volume of PM pieces is kept equal for PM-TPI, DPM-TPI-1 
and DPM-TPI-2. The design specifications for each of the 
three power inductors are shown in Fig. 1 and Table I. 

The ferrite material of the toroid core is 3C96 with µr≈
5500, Bsat ≈0.4 T at 25 ̊C in the first quadrant, and the 

conductivity is 0.2 s/m) [25]. The PM material utilized is 
NdFeB-N35EH, whose residual flux density Br is 1.06 T, 
coercivity Hc is 574.8 KA/m, intrinsic coercivity Hci is 2244.8 
KA/m, and the maximum energy product (BH)max is 188 KJ/m3 
[26]. Two copper wires with the size of AWG16 are paralleled 
to form the winding of the power inductor. 

III. ANSYS/MAXWELL 3-D SIMULATION RESULTS FOR 

MULTI-TPIS 

The three different TPIs designs are modelled in 
ANSYS/MAXWELL software package based on the design 
specifications given in the section II. The related 3-D physical 
model simulation results of these TPIs under different 
operation points are shown in Fig. 2 and Table II. Fig. 2 shows 
the flux density (B) magnitude for each core in the three power 
inductors when the DC current is swept from 0A to 14A for 



PM-TPI and from 0A to 18A for DPM-TPI-1 and DPM-TPI-2.  
For all three different designs, the net flux has the same trend, 
i.e. the net flux first decreases as the DC current increases 
starting from 0A, and then increases when the DC current 
continues to increase beyond a given value at which the net 

flux becomes approximately zero. This is attributed to the 
presence of one or more PMs in one or more gaps of the core 
of each power inductor. The flux induced by the winding’s 
current is cancelled by the flux induced by one or multiple PM 
pieces.  

TABLE I 

The design specifications of the three TPIs (Fig. 1) 

Parameters PM-TPI DPM-TPI-1 DPM-TPI-2 Units Description 

OD 17 17 17 mm Outer diameter of core 

ID 11 11 11 mm Inner diameter of core 

H 6.4 6.4 6.4 mm Height of core 

THg 0.6 0.3 0.24 mm Length of gap 

THpm 0.3 0.15 0.15 mm Thickness of PM 

Wpm 2.4 2.4 2.4 mm Width of PM 

lpm 4 4 4 mm Length of PM 

Hi 6.4 6.4 6.4 mm Height of insulator 

Wi 3 3 3 mm Width of insulator 

THi 0.3 0.15 0.09 mm Thickness of insulator 

N 10 10 10 -- Number of winding turns 

Dw 1.29 1.29 1.29 mm Diameter of copper wire 

Tcore 3C96 -- Material type of core 

Tpm NdFeB-N35EH -- Material of PM 

 

For PM-TPI, the winding flux at 7 A is cancelled almost 
completely by the flux from the single PM flux, and the core 
becomes partially saturated at 14A. The inductance value of 
the PM-TPI is ~8.38 µH. For the DPM-TPI-1, the net flux is 
almost 0 at 9A, and the core is partially saturated at 18A. It can 
be observed that the saturation current for DPM-TPI-1 (with 
distributed PMs) increases from 14A to 18A  (by ~29%) 
compared with PM-TPI (with a single PM), but its inductance 
value drops from ~8.38 µH to ~6.94 µH. The only difference 
between PM-TPI and DPM-TPI-1 is that the PMs in the DPM-
TPI-1 are separated into two parts and evenly distributed inside 
the two gaps in the power inductor. This difference leads to the 
increase in the saturation current from 14 A to 18 A as a result 
of better uniform flux cancellation in the core of DPM-TPI-1. 
However, the inductance value deceases by ~17%. Thus in the 
DPM-TPI-1 design case there is a trade-off between the 
saturation current value and the inductance value which the 
next discussion shows how to reduce. 

In order to reduce the effect on the inductance value while 
increasing the saturation current simultaneously, the volume of 
the gaps in the core of the DPM-TPI-2 design is reduced to 
81% of that for the PM-TPI design or the DPM-TPI-1 design. 
Based on Fig. 2(c) and Table II, it can be observed that the 
inductance value for the DPM-TPI-2 is 8.3 µH, which is close 
to the inductance value of PM-TPI (8.38 µH), while still being 
able to increase the saturation current from 14 A to 18 A.   It 
can also be observed that the flux distribution in the core of 
DPM-TPI-2 is more uniform. 

An analysis of these results suggest that when using the PM 
distribution concept higher saturation current can be achieved 
with almost no decrease in the inductance value. The 

distribution can be controlled such that additional increase in 
saturation current is achieved at the cost of some reduction in 
the inductance value.  

TABLE II 

Comparison between the three TPI designs with different PM distributions 

 PM-TPI DPM-TPI-1 DPM-TPI-2 

Volume of power inductor 

core (mm3) 

1452 1452 1452 

Footprint size of inductor 

(cm2) 

3.83 3.83 3.83 

Inductance (µH) 8.38 6.94 8.30 

Inductance density 

(µH/cm2) 

2.19 1.81 2.17 

Saturation current Isat (A) 14 18 17-18 

Current density @ Isat 

(A/cm2) 

3.66 4.70 4.70 

 

Fig. 3 shows the changes in the vector of flux density (i.e. 
B) for the DPM-TPI-2 design when the DC current increases 
from 0A to 18A. It can be observed that when the current 
increases from 0 A to 9A, the vector of B flows in 
counterclockwise direction, and when the current increases 
beyond 9 A, the direction of the vector of B is changed to the 
clockwise direction. This is because from 0A and 9A, the 
magnetic field by the PM is dominant (larger than the field 
from the current carrying winding), and above 9 A, the 
magnetic field induced by the current carrying winding is 
dominant. The magnitude changes of flux density in Fig. 3 is 
consistent with the case in Fig. 2. The vectors of flux density 
for the PM-TPI and the DPM-TPI-1 have the same trend as for 
the DPM-TPI-2. 
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Fig. 2. The magnitude of flux density (i.e. B) when the DC current increases for the core of the: (a) PM-TPI, (b) DPM-TPI-1, and (c) DPM-TPI-2. 



Another important design aspect of PM power inductor is 
to prevent the demagnetization of PM. The demagnetization 
occurs when there is a reverse field (H) larger than a certain 
value, which is specific for the type of PM used. For NdFeB-
N35EH PM utilized in this paper, the demagnetization occurs 
when the reverse H-field applied to the PM is larger than 1989 
kA/m at 26.8 °C. Fig. 4 shows the H-filed distribution of PMs 
of DPM-TPI-2 when the DC current is 21 A. It can be 
observed from Fig. 4 that the maximum H value is 734.4 kA/m, 
which is far from the demagnetization value 1989 kA/m. This 
indicates that the PMs will not be demagnetized under the 
operation conditions in this paper.  
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Fig. 3. The vector of flux density (i.e. B) in the core of DPM-TPI-2 when the 
DC current increases from 0A to 18A.  

IV. CONCLUSION  

Different PM distribution patterns for toroid power inductor 
are modelled and evaluated to compare their effects on the 
performance metrics of the power inductor, namely, saturation 
current and inductance. The proposed structure with multi-PMs 
and gaps inserted evenly through the core of the power 
inductor allows to achieve more effective and more uniform 
flux cancellation with possible small drop in inductance value. 
This effective cancellation helps to increase the saturation 
current of the power inductor. By reducing or tuning the gaps 
sizes with PMs, the inductance value can be close to that of the 
structure with single gap and a single PM. The proposed 
inductor design method in this work allows to achieve high 
saturation current and high inductance density simultaneously, 
which is highly desired and important for high power density 
application.  
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Fig. 4. The demagnetization field of the PMs of DPM-TPI-2 when the DC 
current is 21A: (a) 3-D view, (b) and (c) cross-sectional views.  
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