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ABSTRACT: In this paper, a magnetic circuit, which has an opportunity to realize volume reduction of a reactor used in a DCDC converter 

for vehicle drive applications is proposed. The magnetic circuit is based on a magnetic bias reactor and variable magnets are applied to 

manipulate its magnetization direction by the external magnetic field induced by the reactor winding. For vehicle drive applications, 

DCDC converters are demanded to supply wide-output-power-range operations. The proposed reactor changes the magnetization direction 

of the bias magnets based on operating conditions such as power or regeneration to widen the operable range of reactor cores and realize 

the downsizing of reactors. In this paper, the design principle of the reactor is discussed, and its effectiveness is evaluated by simulation. 
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1. INTRODUCTION 

Diversification of electric vehicles induces the demand for 

downsizing electrified powertrain(e-PT) components including 

inverters and DCDC converters. To maximize e-PT performance, 

DC bus voltage needs to be set at optimum values for each segment 

of cars and DCDC converters are one of the solutions. So, smaller 

DCDC converters provide further opportunities to improve e-PT 

performance while saving its volume.  

A Method to reduce the size of the reactor would contribute to 

the DCDC miniaturization. Magnetic bias reactors, which contain 

magnets inserted in the air gap portion, are proposed as a method 

to reduce the size of the reactor for DCDC converters. [1]-[7]. 

Magnets are inserted to bias in the opposite direction of the 

magnetic flux induced by the current, and the magnetic field 

margin to core saturation can be improved. Therefore, the 

magnetic bias reactors can be one of the solutions to downsize the 

reactor. However, the preferred magnetization direction of the 

magnets is different between power and regeneration. So, the 

miniaturization effect is not expected when this method is applied 

to vehicle drive applications that repeat power and regeneration 

cycles. 

 In this paper, we propose variable magnetic bias reactors, 

which are expected to have a downsizing effect even for vehicle 

drive applications. By using variable magnets, the magnetized 

direction can be changed depending on the external magnetic field 

in the air gap section for both power and regeneration. This enables 

a wider operating range of the reactor core and expects to lead to 

a downsizing effect in automotive applications as well. This paper 

shows the design principle of the reactors, and its effectiveness are 

verified by simulation results. 

2. Variable magnetic bias reactor 

2.1. Principle of variable magnetic bias  

 

(a) Air-gap reactor 

 

(b) Magnetic bias reactor 

 

(c) Proposed variable magnetic bias reactor  

Fig. 1 Magnetic circuit of each reactor types 

Fig.1 shows the magnetic circuit of the air-gap reactor, magnetic 

bias reactor, and proposed variable magnetic bias reactor. In Fig.1 

(c), variable magnetomotive force sources are added because of 

the variable magnet. Fig.2 shows Typical B-H curves and L-I  
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(a) Air-gap reactor 

 

(b) Magnetic bias reactor 

 

(c) Variable magnetic bias reactor 

Fig. 2 Typical B-H curves and L-I profiles of cores  

for each reactor types 

profiles of the reactor core for each reactor type. Where, 𝐹𝑚, 𝐹𝑣𝑚𝑝, 

𝐹𝑣𝑚𝑟  is magnetomotive force of magnet, 𝐻𝑐𝑑_𝑝, 𝐻𝑐𝑑_𝑟 is magnetic 

field to change magnetizing direction and 𝐼𝑐𝑑_𝑝, 𝐼𝑐𝑑_𝑟 is current to 

change magnetizing direction. From Fig.2, magnets change the 

operation range of the reactor core without saturation. L-I profiles 

in Fig. 2 also imply the approximate size of each reactor. The 

energy handling capability of a reactor can be calculated as 𝐿𝐼2 

and is proportional to the size of the reactor therefore the area 

enclosed by L-I profiles can provide an intuitive estimation of the 

required reactor size [7]. By using a variable magnetic bias reactor, 

size reduction is expected because the operating area of the core 

can be limited while changing the magnetization direction. LI 

product for magnet reactors is as following equation. 

𝐿𝐼 = 𝐿 (𝐼𝑚𝑎𝑥 −
𝐹

𝑁
) = 𝐵𝑚𝑎𝑥𝑁𝑆𝑐𝑜𝑟𝑒…(1) 

where, 𝐿  is inductance, 𝐼𝑚𝑎𝑥  is maximum current, 𝐹  is 

magnetomotive force of the magnet, 𝐵𝑚𝑎𝑥  is maximum flux 

density of the core and 𝑆𝑐𝑜𝑟𝑒  is the cross-sectional area of the 

core. Conventional magnetic bias reactors can decrease effective 

𝐿𝐼 product by magnetomotive force of magnet. However, in case 

of 𝐼𝑚𝑎𝑥 is negative, direction of magnetomotive force of magnet 

and coil are aligned in same direction thus magnetic saturation 

occurs. Therefore, in applications which require bidirectional 

DCDC converter, variable magnetic bias reactors are desirable. 

 

2.2. Design method of variable magnetic bias reactor 

  Four main parameters need to be considered when designing a 

variable magnetic bias reactor. One is inductance 𝐿, which  

 

Fig. 3 Bidirectional DCDC converter 

determines circuit performance such as current ripple as same as 

the conventional reactor. The others are the coercive force of the 

magnet 𝐻𝑐𝑗, the thickness of the magnet 𝑙𝑚𝑎𝑔, and the number of 

turns 𝑁, which determines the strength of the external magnetic 

field to change the magnetized direction. These three parameters 

need to be designed with the correct values in order for the 

magnitude of the external magnetic field to set a given value. In 

this section, the possible values of these parameters are illustrated 

on the graph and determine approximate values first. In addition, 

the relation between each circuit constant and design variables will 

be shown to clarify the design method of the variable magnetic 

bias reactor. 

First, the required inductance to operate at a desired current 

ripple ratio 𝑟 at a certain operating point will be determined. The 

assumed circuit is a bidirectional DCDC converter in this study as 

shown in Fig. 3.  The relationship between the voltage applied to 

the winding of the reactor 𝑉𝐿, the inductance 𝐿, and the winding 

current 𝑑𝑖𝐿 is expressed as 

𝑉𝐿 = 𝐿
𝑑𝑖𝐿

𝑑𝑡
…(2) 

𝜂 =
𝑉𝑜𝐼𝑜

𝑉𝑖𝑛𝐼𝑖𝑛
…(3) 

𝐼𝑖𝑛 =
𝑉𝑜𝐼𝑜

𝑉𝑖𝑛𝜂
…(4) 

𝑑𝑖𝐿 = 𝑟𝐼𝑖𝑛 = 𝑟
𝑉𝑜𝐼𝑜

𝑉𝑖𝑛𝜂
…(5) 

𝑑𝑡 = 𝑇𝑂𝑁 =
𝐷

𝑓𝑠𝑤
=

1

𝑓𝑠𝑤

𝑉𝑜−𝑉𝑖𝑛

𝑉𝑜
…(6) 

where, 𝑉𝐿 is applied voltage to the winding of the reactor, L is the 

inductance, 𝑑𝑖𝐿 is the winding current, 𝜂  is efficiency of DCDC 

converter at the certain operating point, 𝑉𝑖𝑛, 𝑉𝑜 is input and output 

voltage of DCDC converter respectively, 𝐼𝑖𝑛, 𝐼𝑜 is output current 

of DCDC converter respectively,  𝑟 is current ripple ratio, 𝑇𝑂𝑁 is 

on time of power semiconductor, 𝐷 is the duty, 𝑓𝑠𝑤 is switching 

frequency. From Eq. (2) to Eq. (6), the required inductance 𝐿𝑟𝑒𝑞 at 

the assumed operating point is expressed as following equation. 

𝐿𝑟𝑒𝑞 =
𝑉𝑖𝑛

2 (𝑉𝑜−𝑉𝑖𝑛)𝜂

𝑉𝑜
2𝐼𝑜𝑟𝑓𝑠𝑤

…(7) 
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As shown in Fig. 1 (c), the magnet is inserted in the gap section in 

close contact with the core. The inductance value  𝐿𝑑 , which is 

derived from the magnetic circuit perspective is as following 

equation. 

𝐿𝑑 =
𝑁2𝜇0𝑆𝑐𝑜𝑟𝑒

𝑙𝑚𝑎𝑔
…(8) 

where, 𝑁 is the number of turns, 𝜇0 is a permeability in vacuum, 

𝑆𝑐𝑜𝑟𝑒 is the cross-sectional area of the core, 𝑙𝑚𝑎𝑔 is the thickness 

of the magnet. It is assumed that the magnetic resistance of the 

core is neglected in this study thus inductance can be derived to be 

determined only by the magnetic resistance of the magnet or air 

gap.  The cross-sectional area of the core and the magnet are the 

same. To change the direction of magnetization during driving, it 

is necessary to apply an external magnetic field that exceeds the 

Knick point. Based on this, the direction or amount of bias flux by 

the magnet can be varied by determining the number of turns, 

magnet thickness, and coercive force to satisfy the following 

equation. 

𝑙𝑚𝑎𝑔𝐻𝑐𝑗

𝑖𝑐𝑑
≤ 𝑁…(9) 

where, 𝑖𝑐𝑑is desired current value to change magnetizing direction. 

Variable magnetic bias reactor with the desired electromagnetic 

characteristics can be designed by selecting a combination of the 

number of turns 𝑁, magnet thickness 𝑙𝑚𝑎𝑔, and coercive force of 

the magnet 𝐻𝑐𝑗 that satisfies Eq. (7) and Eq. (8) as well as Eq. (9).  

Fig. 4 shows a designable space that satisfies Eq. (7) to Eq. (9). 

Where, the required inductance 𝐿𝑟𝑒𝑞is set to desired constant value 

and thickness of magnet 𝑙𝑚𝑎𝑔 is set to satisfy Eq. (8) and Eq. (9) 

and cross-sectional area of core 𝑆𝑐𝑜𝑟𝑒 is set to appropriate constant 

value. From Fig. 4, the sensitivity of the inductance 𝐿𝑑 is linear to 

the number of turns 𝑁. This implies that one design degree of 

freedom is used since Eq.(9) must be satisfied when designing a 

variable magnetic bias reactor. In this calculation, the magnet 

thickness 𝑙𝑚𝑎𝑔 increases in proportion to the square of the number 

of turns 𝑁. Since the magnetic resistance moves in the direction of 

increase, the sensitivity of the inductance 𝐿 to the number of turns 

𝑁 is not a square but a proportional relationship. This Figure also 

expresses that increasing the coercive force 𝐻𝑐𝑗  can reduce the 

number of turns 𝑁 . Assuming constant inductance values, the 

sensitivity of the number of turns 𝑁  and coercive force of the 

variable magnet 𝐻𝑐𝑗 is shown in Fig. 5. Fig. 5 shows that the range 

of the number of turns 𝑁, which can be designed, determined when 

material properties are considered. Since the upper limit of the 

coercivity of a typical neodymium magnet is about 2000 kA/m,  

 

 

Fig. 4 Designable space of L versus N satisfy Eq. (7) to Eq. (9) 

 

 

Fig. 5 Sensitivity versus N and Hcj 

the 2250 kA/m coercive force value of the variable magnet is 

selected for this study. 

 

2.3. Simulation and discussion 

 In order to demonstrate the miniaturization effect of variable 

magnet bias reactors, the parameter study for the cross-sectional 

area of the core  𝑆𝑐𝑜𝑟𝑒 , which had been assumed to be an 

appropriate constant value in the previous sections was also 

conducted. The sensitivity of the cross-sectional area of core 𝑆𝑐𝑜𝑟𝑒 

versus the volume of variable magnetic bias reactor 𝑉𝑣𝑚 will be 

shown in this section. In this parameter study, the 2250 kA/m 

coercive force magnets are used, and the inductance value is set to 

a constant value as the previous section. To calculate the volume, 

the window area of the reactor 𝑆𝑤𝑖𝑛 is determined according to the 

following equation, and the current density  𝐷𝑐  and coil space 

factor 𝑘𝑠𝑓 are kept constant value. 

𝑆𝑤𝑖𝑛 =
𝑁𝑖𝑚𝑎𝑥

𝐷𝑐𝑘𝑠𝑓
…(10) 

 

It is assumed that the window of reactor and cross-section of the 

core are square. The volume of the core 𝑉𝑐𝑜𝑟𝑒 can be calculated as  
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Fig. 6 Volume versus Cross-sectional area of core for each type 

of reactor 

 

 

Table 1 Design parameter 

 

 

 

Table 2 The typical parameters of designed reactors 

 

 

 

 

 

Fig.7 Reactor volume comparison for each type 

 

𝑉𝑐𝑜𝑟𝑒 = 4𝑙𝑐𝑜𝑟𝑒𝑆𝑐𝑜𝑟𝑒…(11) 

where, 𝑙𝑐𝑜𝑟𝑒 is the length of one side of the outline of the core and 

calculated as following equation. 

𝑙𝑐𝑜𝑟𝑒 = 2√𝑆𝑐𝑜𝑟𝑒 + √𝑆𝑤𝑖𝑛…(12) 

The volume of the winding 𝑉𝑐𝑜𝑖𝑙 can be calculated as following 

equation. 

𝑉𝑐𝑜𝑖𝑙 = 𝑁(𝑆𝑤𝑖𝑛 + 2√𝑆𝑤𝑖𝑛 √𝑆𝑐𝑜𝑟𝑒)…(13) 

The volume of the reactor 𝑉 is calculated as following equation so 

that this volume includes only volume of the core and winding, not 

including other components such as a cooling case in this study. 

𝑉 = 𝑉𝑐𝑜𝑟𝑒 + 𝑉𝑐𝑜𝑖𝑙…(14) 

Table 1 shows the assumed design parameters where, 

𝑘𝑚𝑎𝑔 =
𝐼𝑑𝑐_𝑚𝑎𝑥

𝐼𝑐𝑑_𝑝
…(15) 

𝑘𝑝𝑟 = |
𝑃𝑚𝑎𝑥𝑟

𝑃𝑚𝑎𝑥𝑝

|…(16) 

Fig. 6 shows the sensitivity of volume versus cross-sectional area 

of the core for each type of reactor. From Fig. 6, in case of 

designing reactors with the same output power and inductance 

value, the proposed variable magnetic bias reactor can be the most 

effective to reduce the size. Table 2 shows the typical parameters 

of designed reactors. Fig.7 shows the reactor volume comparison. 

From Fig.7, 8% of the size was reduced by the magnetic bias 

reactor and 40% of the size was reduced by the variable magnetic 

bias reactor compare with the conventional air gap reactor 

respectively. 
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3. CONCLUSION 

Variable magnetic bias reactors are proposed as a method to 

reduce the size of bidirectional DCDC converters for vehicle 

applications. By using this magnetic circuit, it is feasible to reduce 

40% of the reactors size. As a future work, magnetize and de-

magnetize control method is considered. Additionally, detail 

magnet material design and thermal design, which are strongly 

correlated with reactor size. 
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