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Executive Summary 
The Variable Planar Inductor Major Qualifying Project set out to design and test a variable 

planar inductor that operates in a similar fashion to a potentiometer. 

Planar inductors are constructed by overlaying copper windings onto printed circuit board 

(PCB), which can be stacked as many times as desired. It is then surrounded by a core made of a 

ferrous material. The team decided to model a planar inductor because a planar type can be sized 

down to take up less space. Additionally, it can be rated for the same current with a better 

inductance value compared to a coil inductor. The planar type also allowed the team to vary 

inductance by changing the core’s airgap length. This inductor can be used in common circuit 

applications such as filters and DC-DC power converters. 

To begin, a one-layer planar inductor with three turns was first modeled with Ansys 

Maxwell. After this model was created, with the same physical specifications as the ferrite cores 

the team would later use, the team ran a series of simulation tests. This simulation modeled the top 

half of the ferrite core moving up from 0µm (flush with the bottom half of the core), to 100µm. 

The core was moved in increments of 5µm, and the program measured the inductance value at 

each airgap length. After understanding what behavior is expected, the team then modeled a multi-

layer planar inductor. This model consisted of five layers with three turns each, equivalent to a 

fifteen-turn inductor. The same simulation parameters were implemented where the top half of the 

ferrite core was moved up from 0µm to 100µm in increments 5µm. After successfully running and 

analyzing data from both tests, the team translated the simulation design to a physical prototype. 

The team used Altium Designer to design both the one-layer and the multi-layer planar inductors 

on PCB. The multi-layer planar inductor was unable to be fabricated with the five layers were 

already combined due to price and time constraints. Instead, the team designed five separate layers 

and then manually soldered them together once delivered. 

After receiving and assembling both styles of planar inductors from the manufacturer, 

physical testing was implemented. Two procedures were created to determine if a variable planar 

inductor could produce viable or usable data. The first procedure measured the inductance 

generated as the airgap length between the top and bottom half of the core is increased. The test 

measured every 10µm from 0µm to 100µm. This test was performed for the one-layer and multi-

layer planar inductors as done in simulation. The second procedure implemented the multi-layer 

planar inductor into a lowpass filter, a highpass filter. This test increased the airgap until the cutoff 
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frequency, f3dB, was reached, and recorded frequency pushed into the circuit. The inductor was 

also implemented in a boost converter to test if it would be viable for power applications.  

Both procedures confirmed that a multi-layer variable planar inductor operates as expected, 

with a margin of error. Results show the data from the physical model matched the simulated and 

mathematical data with slight variations. These variations were attributed to potential sources of  

error in operating the airgap variation rig, soldering, chipped ferrite cores with large tolerance 

variations for dimensions and permeability measurements.  
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Abstract 

The purpose of this Major Qualifying Project was to understand the relationship between 

core airgap length and inductance. This knowledge was used to create a tunable inductor that 

operates similarly to a potentiometer. This inductor could be integrated into real world 

applications, such as filters and DC-DC power converters. It allows the capability to adjust 

inductance values without replacing the inductor. The team modeled and built a five-layer tunable 

planar inductor to test this concept. The process started with research into planar inductors and 

their applications. The team then modeled and simulated 3-D single and multi-layer inductors 

using Ansys Maxwell. Finally, the team designed and fabricated multiple printed circuit board 

(PCB) planar inductors and tested them through multiple procedures in a lab setting.  
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1.0 Introduction 
Inductors are important components that have numerous uses in electronics. They are 

utilized in applications such as machinery that involves motors, transformers, and any other 

appliance that deals with ferro-magnetic influences [15]. A challenge that designers and 

manufacturers can face is that once an inductor is made, the inductance value is set and cannot be 

changed unless it were to be replaced with an entirely new inductor. Additionally, in many 

applications, circuits could require different inductance values for different loads [9]. Having a 

variable inductor could be beneficial in applications such as filters and DC-DC power converters. 

Having to account for the possibility of replacing an inductor can waste time, money, and 

resources. Currently, there are no applications that can accommodate the ability to change 

inductance values on demand [10]. A potential solution is to take advantage of the relationship 

between inductance values and the length of the airgap. This can be achieved by considering how 

a planar inductor is designed. The following image shows how planar inductors are typically 

constructed. Observe spiral copper traces on non-permeable FR4 encased in a ferrite core in the 

figure below. 

 
Figure 1: Planar Inductor. 

Over the 2023 to 2024 academic year, the team developed a planar inductor model and 

then produced and evaluated it to determine its effectiveness. The benefits of creating an inductor 

model that has similar functionality to a potentiometer are that resources such as time and money 

could be conserved, the design process could take less time, and it would be easier for both 

engineers and whomever is using the design to application to change the use or purpose of the 

overall design. 
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Figure 2: Planar Inductor. 

 The team decided to take this project on because of the lack of research on variable 

inductors, unlike the prolific use of potentiometers. The team saw a great amount of potential for 

the usefulness of the design and its applications. There was also an interest in seeing if the 

completed design could be useful for professional designers and others who rely on inductors as 

integral components in their devices or machines. 

  



 11 

2.0 Background 
2.1 Introduction to Inductors 

An inductor is a passive machine or component used in electrical circuits and other 

electrical applications. Inductors store magnetic energy as current passes through a circuit and 

releases this energy when the current flow has stopped.  

𝑉 = 𝐿 ⋅ %
𝑑𝐼
𝑑𝑡) 

Equation 1: Inductance, L, relates the voltage, V, to the changing current, I, over time [4]. 

Magnetic energy within a circuit is important because it dictates the strength and direction 

of the flow of magnetic flux within a ferromagnetic core of an inductor, or any device that employs 

the use of one, such as a motor [13]. The most common type is called a coil inductor and is 

constructed by winding wire around an iron core, which creates an electro-magnetic field (Figure 

3). The number of windings in the coil can influence how inductive this component is, along with 

other environmental factors [15]. Because of its ability to store and discharge magnetic energy and 

flux when a circuit is not attached to a power source, inductors are often used in the design of DC-

DC power converters. 

𝐿 = 𝑁
Φ
𝐼  

Equation 2: Equation for Inductance, L, based on N turns, change in flux, Φ, and change in current, I. 

 
Figure 3: Coil Inductor. 
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2.2 Planar Inductors 

 
Figure 4: Planar Inductor. 

 Planar inductors follow the same concepts as coil inductors, as outlined in the last section, 

but with different design configurations. Rather than helical windings found on coil inductors, 

windings on planar inductors are found on flat surfaces [3]. Core shapes are also different on planar 

inductors compared to coil inductors (Figure 4). Planar inductors can be used in applications where 

geometric constraints limit the available design volume. Planar magnetic components are also used 

in applications where high frequencies are expected to occur, and when high density power is 

expected to be generated such as in military, aviation, and industrial applications. Planar magnetic 

inductors are often used because unlike traditional power source components, they have power 

losses that typically amount to less than 30%. These can be used in machines such as a Boost-Buck 

integrated LLC converter [11]. 

A big difference between coil and planar inductors is the amount of space they can take up. 

While each type can be scaled up or down depending on the application or the size of the machine 

it would be integrated into, planar inductors could be built on a flat plane. This is advantageous 

for many applications because building and testing the inductor will be a much less time-

consuming, and less expensive task. Unlike coil inductors, the airgap between the core halves in a 

planar inductor can be varied. Additionally, planar inductors have excellent repeatability as the 

planar windings on flat surfaces eliminate variation from wire winding that can be found in coil 

inductors [3].  
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2.2.1 Core 
Inductors are designed with cores that tend to be composed of magnetic material with high 

magnetic permeability, µ. An effective magnetic core permeability is much greater than the 

permeability of free space, µ!. Two common core materials are steel and iron. 

µ! = 4𝜋 ∗ 10"# [H/m] 
Equation 3: Permeability of free space. 

 A core is of uniform cross section and is excited by N turns of windings that carry a current, 

I. These windings produce a magnetic field in the core. Because the cross-sectional area is uniform, 

the flux density, B, is essentially uniform as well. 

Magnetic cores for planar inductors have different shapes than cores found in conventional 

coil inductors with helical windings. Cores tend to have a reduced height and greater surface area 

[2]. The team considered two common core configurations used in PCB applications of trace 

windings EE and EI cores. 

 
Figure 5: EI Core Configuration. 

EI cores, shown as one ‘E’ and one ‘I’ shaped core stacked in Figure 5, are configured with 

PCB windings encased between the two cores. See Table 2 for measurement values. The two cores 

are not bound together, rather the team is evaluating the inductor with various airgap lengths. Thus, 
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where the two cores meet, the airgap between the two cores can be increased or decreased in 

simulation and in experimentation with a rig that can clamp to the core and vary the gap length at 

a precise value. This makes the EI core a viable configuration for this project. 

 

 
Figure 6: EE Core Configuration. 

EE cores, shown as two ‘E’ shaped cores stacked in Figure 6 are configured with PCB 

windings encased between the two cores. See Table 1 for measurement values. Like the EI 

configuration, the two cores are not bound together, rather the team is assessing the inductor with 

various airgap lengths. Thus, where the two cores meet, the airgap between the two cores can be 

increased or decreased in simulation and experimentation with a rig that can clamp to the core and 

vary the gap length at a precise value. This also makes the EE core a viable configuration for this 

project. 

Both configurations can be used to design an effective planar inductor, however one 

configuration may prove to be more beneficial. This will be based on simulation results of the two 

core configurations and ultimately the teams’ decision on final design. 
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2.2.2 Windings 
 Planar inductors are often constructed on PCB with copper traces as windings and FR4 as 

an insulator between winding traces. Different to traditional inductors, planar inductor windings 

are in the Z direction in a PCB, opposed to the helical windings in the X-Y direction in coil 

inductors (compare Figure 3 and Figure 4). The inductance value of a planar inductor fabricated 

on a PCB depends on number of turns, N, trace width, trace separation, and inner and outer winding 

diameter. After the core configuration and desired inductance are determined, copper traces of 

calculated width and separation can determine the number of turns required in the inductor. Trace 

windings can be laid out in different types (Figure 7) [8].  

 
Figure 7: Types of PCB Windings. 

Windings of multiple turns can be modeled on PCB as multiple layers connected by vias. 

Vias are used to transition signals between layers. One type of via is called a through-hole via. 

These vias are drilled in the PCB connected by pads on each layer where a connection is made to 

the trace. Buried vias are placed in between multilayer PCB. Figure 8 shows the different types of 

vias that can be used in multilayer PCB [8]. 
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Figure 8: Vias. 

Determining the type of via depends on the cost and availability, as many PCB 

manufacturers either do not offer services for blind and buried vias or have large price requirements 

[7].  

 
2.2.3 Magnetic Circuits 

Using trace windings encased in a highly permeable core results in the structure of a magnetic 

circuit. The presence of this core allows magnetic flux, 𝜙, to be mostly confined to the paths within 

the core structure [14]. This is like how currents are confined to conductors of an electric circuit. 

Continuing with the assumption that the cross-sectional area, A, of the core is uniform, which is 

true in an ideal core scenario, the flux density, B, is essentially unform as well [14].  

𝜙 = 𝐵 ∗ 𝐴	[Wb] 
Equation 4: Flux Equation. 

 
Figure 9: Circuit. 

In electrical circuits, voltage sources drive currents through resistance. Analogously, in 

magnetic circuits the magnetomotive force, Ƒ, drives a flux through reluctances of the core [14]. 
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This can be seen in Figure 9. The magnetomotive force, or shortened as MMF, is found in terms 

of flux and reluctance like Ohm’s Law in electrical circuits [14]. 

𝑉 = 𝐼𝑅$%$&' 
Ƒ = 𝜙(ℛ(%)* +ℛ+&,) 

Equation 4 and 5: Voltage and Magnetomotive Force. 

Reluctance in the core is determined using the mean path length, 𝑙(, the permeability of 

the core, µ(%)*,  and the cross-sectional area of the core, 𝐴(%)*. The mean flux path length, 𝑙(, is 

the length of travel of the flux from the center of the core [14]. This length of travel also assumes 

an ideal core. 

ℛ(%)* =
𝑙(

µ(%)* ∗ 	𝐴(%)*
 

µ(%)* = µ! ∗ µ) 
Equation 6 and 7: Reluctance and Permeability. 

The MMF can also be found in terms of winding, N, and current, I. It can also be 

determined in terms of the magnitude of the magnetic field intensity, H, in the core and airgap and 

the mean flux path length, 𝑙( 	and airgap length [14]. 

Ƒ = 𝑁𝑖 [A*Turns] 
Equation 8: Magnetomotive Force. 

The magnetic field intensity can be determined through the right-hand rule, figuratively 

using the right hand to ‘grasp’ the coil [14]. The thumb indicates the direction of the magnetic 

field. The relationship between the magnetic field intensity, H, and the magnetic flux density, B is 

a property of the material in which the field exists [14]. 

𝐵 =
𝜙
𝐴(

= 𝜇(%)*𝐻 

                  µ(%)* = µ! ∗ µ) 
Equation 9 and 10: Magnetic Flux Density and Permeability. 

According to Faraday’s Law, the line integral of the electric field intensity, E, around a 

closed contour, C, is equal to the time rate of change of the magnetic flux linking that contour [14].  

?𝐸
(
∙ 𝑑𝑙 = −C %

𝜕𝐵
𝜕𝑡 )

-

"- 
⋅ 𝑑𝑠 

Equation 11: Faraday’s Law. 

In magnetic structures with windings of high electrical conductivity, as in a planar inductor, 

the E field in the wire is small and negligible. The left side of the equation is reduced to the 
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electromotive force (emf), e, at the winding terminals [14]. The instantaneous value of a time-

varying flux is denoted as 𝜑 and the flux linkage of the winding as λ. Flux linkage is the flux, 𝜙, 

multiplied by the number of turns, N. Thus, Faraday’s Law is reduced to: 

е = 𝑁
𝑑𝜑
𝑑𝑡 =

𝑑𝜆
𝑑𝑡  

Equation 12: Faraday’s Law. 

In a magnetic circuit composed of magnetic material of constant magnetic permeability, or 

which includes an airgap, the relationship between flux linkage, λ and current is linear. Inductance, 

L, is defined below [14]. 

𝐿 = 	 /
0
= 1!

ℛ"#"$%
 [H] 

Equation 13: Inductance. 

 
2.2.4 Magnetic Circuits with Airgaps 

This project focuses on varying the airgap length of the inductor cores. When an airgap 

length, g, is smaller than the dimensions of the adjacent core faces, the flux in the core, 𝜙, will 

follow the path defined by the core and the airgap using the techniques outlined in the Magnetic 

Circuits section (Section 2.2.3) [14]. If the airgap becomes too large the flux will ‘leak’ out of the 

sides of the airgap, causing field fringing [14]. 

 
Figure 10: Fringing. 

Figure 10 indicates the fringing effect across an airgap in a magnetic circuit. Flux lines bow 

outward from the airgap which makes the effective area of the gap larger than the area of the core. 

Fringing is accounted for, mathematically, with airgaps by adding the length of the gap to each 

dimension of cross-sectional area [14]. 
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𝐴+&, = I𝑙𝑒𝑛𝑔𝑡ℎ +	𝑙+&,N ∗ (𝑤𝑖𝑑𝑡ℎ + 𝑙+&,) 
Equation 14: Area of Airgap with Fringing. 

The reluctance of the airgap, ℛ+&,, is determined with the length of the airgap, g, the 

permeability of the gap, µ+&,, and the area if the gap with fringing accounted for, 𝐴+&,. The 

permeability of the gap is free space, µ! [14]. 

 

ℛ+&, =
𝑔

µ+&, ∗ 	𝐴+&,
 

ℛ+&, =
+

3&∗5'$(
 [A*Turns/ Wb] 

Equation 15 and 16: Reluctance of Airgap. 

Under the assumption that the permeability of free space, µ! is far smaller than the 

permeability of the core, the reluctance of the core can be considered negligible as compared to 

the airgap, g, the inductance of the winding is: 

𝐿 = 	1
!3&5'$(

+
 [H] 

Equation 17: Inductance. 

2.3 Planar Inductor Design 
When designing a planar inductor, there are constraints that must be considered. These 

include the size of the PCB board and its thermal limits, the required inductance values and the 

time and cost of production. The size cannot exceed the constraints of the PCB board. If the design 

goes beyond the constraints, it could affect the cost and the production time of the inductor.  

 The inductor must be sized appropriately so that they are both functionally efficient. This 

will also influence the budget and production time. It’s also important to consider the thermal limits 

of the design. If the build exceeds the thermal limit of the PCB material, there is risk destroying 

the device. It’s also possible to exceed the thermal limit for the materials that make up the inductor. 

In this case, the production time and costs would increase greatly. 

 
2.3.1 Thermal Considerations 

Thermal management focuses on effectively managing and removing heat to control the 

temperature of a device [20]. Regarding a high-power, high current planar inductor, effective 

thermal management strategies lead to 2.5 to 3 times higher peak power in comparison to standard 
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solutions [21]. Improving thermal management is important during the design process to enable 

size reduction and increase performance [21].  

 Planar inductors at low current and voltage have an advantage regarding thermal 

management due to their high surface-area-to-volume ratio [21]. However, in high-power planar 

inductors, where current is higher, thermal management can prove to be a challenge. Potential 

solutions are the introduction of direct thermal interfaces in-between windings and heat sink, or to 

directly print windings onto a cold plate [6]. Each solution comes with a disadvantage as effective 

thermal management for high-power planar inductors has not been created [21]. 

For a PCB, the copper trace width has a thermal impact. Trace thickness must provide a 

low impedance path for the current to reduce heat generation. Heat reduction for copper traces on 

a PCB can be implemented with vias. Vias help dissipate heat in the board. In the case of smaller 

boards, a thick board with a proportionally larger surface area can allow heat to dissipate quickly 

[6]. 

 
2.3.2 Losses 

Winding loss can occur within inductors. These losses encompass resistive losses of the 

wire, typically made of copper, and the losses that occur in the airgap(s) within the physical 

structure. Winding losses are mainly due to excess flux creating electro-magnetic fields outside of 

the machine or circuit that draw flux away from its intended path through the core. This can 

typically be fixed by increasing the number of windings so that the flux loss is negated. Increasing 

the windings, however, can sometimes increase the overall inductance which would then have to 

be fixed by adding more resistive components to balance out the system [12].  

 

2.4 Planar Inductor Applications 
 
2.4.1 DC-DC Converters 

A boost converter is a DC-to-DC converter that performs a step-up conversion on the input 

voltage. The purpose is to take an input volage and obtain a greater output voltage per the 

requirement of the load and to regulate the output [5]. Boost converters have a variety of 

applications where the load requires a step-up conversion from the input voltage. A specific 

example of a planar inductor application is that they have been used as an energy storage element 

in a very small DC-DC converter [7]. Boost converters are common in photovoltaic applications 
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since input voltage from solar panels can change due to varying weather conditions and solar 

energy [19]. Boost converters also have applications in automotives, battery power and consumer 

electronics [17].  

A boost converter must be sized appropriately so that they are both functionally efficient. 

This will also influence the budget and production time. It’s also important to consider the thermal 

limits of the design. If the build exceeds the thermal limit of the PCB material, there is risk 

destroying the device. It’s also possible to exceed the thermal limit for the materials that make up 

the boost converter. In either of these cases, the production time and costs would increase greatly. 

 

 
Figure 11: Boost Converter.  

A buck converter is a DC-to-DC converter that performs a step-down conversion on the 

input voltage. The purpose is to take an input volage and obtain a lower output voltage per the 

requirement of the load and to regulate the output. Buck converters are used in applications where 

voltage needs to decrease very quickly and drastically, or where input voltage needs to be precise 

and efficient. Buck converters are used in sophisticated electrical equipment, like controls systems 

found in aircrafts, because it is primarily used to ensure voltages from the DC power source, such 

as a battery or other independent source, are consistent [18]. 
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Figure 12: Buck Converter. 

2.4.2 Filters 
Lowpass and highpass filters generate a frequency response based on a 3dB frequency, also 

known as a cutoff frequency, and the desired output. Lowpass filters allow frequencies below the 

3dB frequency to pass through the circuit and be included in the output response. Highpass filters 

do the opposite. A lowpass RL filter can be configured such that the current will pass through the 

inductor first, and then the resistor (Figure 13). The opposite is true for a highpass filter, where the 

circuit is configured such that the current flows through the resistor first and the inductor second 

(Figure 15).  

 
2.4.2.1 Lowpass Filters 
 Lowpass filters operate such that they will only allow low frequencies to pass through to 

the remainder of the circuit. They are generally useful for systems that operate on lower 

frequencies that want to prevent noise, or excess or unnecessary signal data, from interfering with 

the output data [15].  

 The team will use a lowpass filter in one testing scenario to understand how the behavior 

of the filter is affected by a variable planar inductor. In this test, the team will understand how 

changing airgap and inductance values will affect the filters cut off frequency.  

 Figure 13 shows what a lowpass filter looks like when it is configured with an inductor and 

a resistor. The next figure, Figure 14, shows an AC sweep of a simulated filter and the resulting 
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graphs. In both graphs, one can see how both the magnitude of the resulting output and the phase 

changes as the frequency increases from 0Hz to 10GHz. 

 

 

Figure 13: An RL (resistor and indictor) lowpass circuit. 

 
Figure 14: Magnitude and Phase frequency response of a lowpass filter. 

2.4.2.2 High pass Filters 
 Conversely, highpass filters operate in a fashion that permits higher frequencies to pass 

through to the remainder of the circuit. They are used in systems where larger signal frequencies 

are acceptable to be processed, and where any frequency lower than the cut-off, or 3dB frequency, 

is noise [15]. 
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 Similarly, to the purpose of testing the team’s inductor with a lowpass filter, the purpose of 

performing experiments with a highpass filter is to understand how airgap length and inductance 

affect the cut off frequency of the filter.  

 The figure below, Figure 15, depicts the circuit configuration of a highpass filter with a 

resistor and an inductor. Comparing this figure to the one above, Figure 13, the resistor and 

inductor are in opposite places. Figure 16 shows the magnitude and phase response to how 

frequency changes from 0Hz to 10GHz.  

 
Figure 15: An RL (resistor and inductor) highpass circuit. 

 
Figure 16: Magnitude and Phase frequency response of a highpass filter.  

2.5 Simulation Software 
 The software chosen to simulate the planar inductor throughout the design process was 

Ansys Maxwell. Ansys Maxwell is an electromagnetic field solver providing 2D and 3D 
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simulation analysis for electromagnetic and electromechanical devices [16]. Maxwell focuses on 

low frequency electromagnetic simulation. This software provided the simulation tools and 

capabilities needed to simulate the inductor design.  

 

2.6 Problem Statement 
The team wants to better understand the relationship between airgap lengths of core and 

inductance. Additionally, the team will implement the multi-layer planar inductor in different 

applications of planar inductors.   
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3.0 Methodology 
3.1 Modeling of a One Layer Planar Inductor 

To begin the modeling and design process, the team decided to start by creating a one-layer 

planar inductor. In doing so, the team gained knowledge and experience with using the software 

Ansys Maxwell (See Section 1.2). The team analyzed the typical behaviors of an inductor in 

preparation for the prototype testing process (See Section 3).  

Additionally, the team used Ansys Maxwell to vary the airgap length of the inductor core. 

In collecting this data, the team predicted the behavior of the multi-layer planar inductor with 

varied airgap (See Section 2).  

Through the modeling and simulation process, the team gained a better understanding of 

the parameters that affect the inductance of the multi-layer planar inductor. Through using Ansys 

Maxwell simulation tools and MATLAB calculations, the team modeled two one-layer planar 

inductors with two different core configurations with different dimensions, an EE-core, and an EI-

core (See Section 1.2).  

 
3.1.1 EE Core Mathematical Modeling 
 As the first step to creating a magnetic circuit for the planar inductor, the team modeled the 

planar inductor as a N-turn coil wrapped around a magnetic core. The team assumed that a planar 

inductor with N turns (𝑁6) and N layers (𝑁7) can be modeled as a coil with 𝑁6 ⋅ 𝑁7 turns wrapped 

around the core with a current I (Figure 17). 

 
Figure 17: Planar Inductor Coil Model. 
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 From this the team created an equivalent magnetic circuit representing each section of the 

core as a reluctance and the coil as a source. 

 
Figure 18: Planar Inductor Equivalent Circuit. 

 Using the model above, the team calculated the reluctance values using the following 

dimensions in Table 1 for the EE-core configuration (Figure 17). 

 
Side EE-38/8/25 (mm) 
a1 38.5 
a2 16.4 
a3 25.5 
a4 3.7 
a5 3.7 
a6 7.7 
a7 11.7 

Table 1: EE-Core dimension used in Calculations [1]. 

From these dimensions, the team determined equations for each reluctance value in the 

circuit. Using the relative magnetic permittivity of the 3C95 ferrite to be 3000. 

 

ℛ8 =
𝑎9
2 − 𝑎:2

𝜇)𝜇!(𝑎; ∗ 𝑎:)
 

 

ℛ9 =
𝑎8
2 − 𝑎<2

𝜇)𝜇!(𝑎= ∗ 𝑎:)
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ℛ: =
𝑎9
2 − 𝑎=

𝜇)𝜇!(𝑎< ∗ 𝑎:)
 

Equations 18-20: Reluctance. 

To find the reluctance of the airgap, the team accounted for the fringing effect by adding 

the gap length to each dimension for the cross-sectional area. Thus, the team modeled the gap 

reluctances of the gap. 

ℛ+&,8 =
𝑙+&,

𝜇!I𝑎< + 𝑙+&,N ∗ (𝑎: + 𝑙+&,)
 

 

ℛ+&,9 =
𝑙+&,

𝜇!I𝑎; + 𝑙+&,N ∗ (𝑎: + 𝑙+&,)
 

Equation 21 and 22: Reluctance. 

 The circuit model can be further simplified by combining the series resistances. From this 

the team calculated the total reluctance. 
 

 
Figure 19: Simplified Circuit. 

Using the equivalent series and parallel reluctances, the total reluctance from this circuit 

can be found using the following equations below. 

ℛ>*)0*> = 2ℛ9 + 2ℛ: +ℛ+&,8 
 

ℛ,&)&''*' = 2ℛ8 +ℛ+&,9 
 

ℛ$%$&' = ℛ,&)&''*' +
ℛ>*)0*>

2  
Equations 23-25: Reluctance. 
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Using this total reluctance value, the team then calculated the inductance of this magnetic 

circuit using the following equation. 

𝐿 =
(𝑁6 ∗ 𝑁7)9

ℛ$%$&'
 

Equation 26: Inductance. 

From these equations, the team predicted the inductance of the planar inductor with 

considerations to how the airgap affects the total inductance. Then, using MATLAB, shown in the 

appendix, the team calculated the predicted inductance values. See Appendix D for all MATLAB 

code. The graph shown below shows the relationship between airgap length and inductance value. 

 
Figure 20: Inductance vs Airgap of EE core. 

3.1.2 EI Core Mathematical Modeling 
 The team mathematically modeled the planar inductor as a N-turn coil wrapped around a 

magnetic core. It was assumed that a planar inductor with N turns (𝑁6) and N layers (𝑁7) can be 

modeled as a coil with 𝑁6 ⋅ 𝑁7 turns wrapped around the core with a current I (Figure 21). 
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Figure 21: Planar Inductor Coil Model. 

From this the team created an equivalent magnetic circuit representing each section of the 

core as a reluctance and the coil as a source. 

  
Figure 22: Planar Inductor Equivalent Circuit. 

Using the model in Figure 21, the team calculated the reluctance values using the following 

dimensions in Table 2 for the EI-core configuration. 

 

Side EI-43/10/28 
(mm) 

b1 43.3 
b2 4.1 
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b3 9.5 
b4 28 
b5 5.5 
b6 3.8 
b7 13.8 
b8 8.1 

Table 2: EI Core Dimension used [1]. 

From these dimensions, the team determined equations for each reluctance value in the 

circuit. Using the relative magnetic permittivity of the 3C95 ferrite to be 3000. 

ℛ8 =
𝑏9
2

𝜇)𝜇!(𝑏? ∗ 𝑏<)
 

 

ℛ9 =
𝑏# +

𝑏?
2 +

𝑏;
2

𝜇)𝜇!(𝑏9 ∗ 𝑏<)
 

 

ℛ: =
𝑏9
2

𝜇)𝜇!(𝑏; ∗ 𝑏<)
 

 

ℛ< =
𝑏= +

𝑏: − 𝑏=
2

𝜇)𝜇!(𝑏; ∗ 𝑏<)
 

 

 ℛ= =
@)A

*+
! A

*,
!

B-B&(@."@/)∗@0)
 

 

ℛ; =
𝑏= +

𝑏: − 𝑏=
2

𝜇)𝜇!(𝑏? ∗ 𝑏<)
 

Equation 27-32: Reluctance. 

 
To find the reluctance of the airgap, the team accounted for the fringing effect by adding 

the gap length to each dimension for the cross-sectional area. Thus, the team modeled the gap 

reluctances of the gap. 

ℛ+&,8 =
𝑙+&,

𝜇!I𝑏; + 𝑙+&,N ∗ (𝑏< + 𝑙+&,)
 

 



 32 

ℛ+&,9 =
𝑙+&,

𝜇!I𝑏? + 𝑙+&,N ∗ (𝑏< + 𝑙+&,)
 

Equation 33 and 34: Reluctance. 

The circuit model can be further simplified by combining the series resistances. From this 

the team calculated the total reluctance (Figure 23). 
 

  
Figure 23: Simplified Circuit. 

Using the equivalent series and parallel reluctances, the total reluctance from this circuit 

can be found using the following equations below. 

ℛ>*)0*> = ℛ9 +ℛ: +ℛ+&,8 + 𝑅< + 𝑅= 
 

ℛ,&)&''*' = ℛ8 +ℛ+&,9 + 𝑅; 
 

ℛ$%$&' = ℛ,&)&''*' +
ℛ>*)0*>

2  
Equation 35-37: Reluctance. 

Using this total reluctance value, the team then calculated the inductance of this magnetic 

circuit using the following equation. 

𝐿 =
(𝑁6 ∗ 𝑁7)9

ℛ$%$&'
 

Equation 38: Inductance. 

From these equations, the team predicted the inductance of the planar inductor with 

considerations to how the airgap affects the total inductance. Then, using MATLAB, the team 

calculated the predicted inductance values. The graph shown below shows the relationship 

between airgap length and inductance value. 
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Figure 24: Inductance vs Airgap of EI core. 

  

3.2 Modeling in Ansys Maxwell 
3.2.1 No Core Planar Inductor Simulation 

Before modeling the other configurations, the team modeled a one layer, three turn planar 

inductor with no core. The team ran a simulation with 30 adaptive passes with a 0.001 percent 

error and recorded the inductance for each adaptive pass. Outlined in Figure 25, the teams’ 

preliminary inductor is comprised of one layer with three turns of copper trace overlaying a 

dielectric material called FR-4.  
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Figure 25: Planar Inductor with No Core. 

Pass L (nH) 
1 1765.496485 
2 1026.169455 
3 439.766693 
4 294.627863 
5 193.072958 
6 135.913041 
7 102.570715 
8 79.523712 
9 65.929044 
10 52.783627 
11 45.43995 
12 40.281946 
13 37.083662 
14 34.995292 
15 33.75829 
16 32.94915 
17 32.44947 
18 32.119902 
19 31.913714 
20 31.783773 
21 31.682106 
22 31.610572 
23 31.569196 
24 31.539341 
25 31.520444 
26 31.506207 
27 31.496571 
28 31.489215 
29 31.483904 
30 31.48042 

Table 3: Inductance values in nH for 30 Adaptive Passes of a Coreless One-Layer Inductor. 
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As expected, the team determined that the inductor without a core had a low value of 

inductance. Also, the team documented the precision of each adaptive pass of the simulation 

software. After about 25 adaptive passes, the value of inductance converged sufficiently for the 

teams’ purposes. The team determined this when considering the time it took to run 30 adaptive 

passes compared to 25 adaptive passes. Also, the difference between the inductance values 

determined in 35 passes and 25 is only 0.04nH. This was an acceptable difference for the teams’ 

purposes, and the time to run the simulation significantly lessened when using 25 passes. 

Therefore, for the rest of the simulations the team used 25 adaptive passes with a 0.001 percent 

error.  

3.2.2 EE Core Simulation Model 
 The team simulated the single-layer planar inductor model encased within an EE-core in 

Ansys Maxwell (Figure 26). The team used the EE core dimensions in Table 1 and assigned a 

relative permeability of 3000 per the specifications of 3C95 ferrite. The copper traces were 3mm 

wide and 35µm thick. They were spaced apart by 0.8mm and arranged in a spiral pattern on a 

1.8mm thick piece of FR4. For the simulation, the traces were excited with a current of 5 A. The 

simulation was set up to have 25 adaptive passes with a 0.001% error. Using this setup, the team 

ran a parametric simulation varying the gap length from 0µm to 100µm in steps of 5µm. The results 

of this simulation will be compared to the mathematical model for the EE core discussed above.  

  
Figure 26: EE Core Inductor Model. 

3.2.3 EI Core Simulation Model 
 Using similar procedures as the EE core, the team created a single-layer inductor model 

with an EI-core in Ansys Maxwell (Figure 27). The team used the EE core dimensions in Table 2 

and assigned a relative permeability of 3000 per the specifications of 3C95 ferrite. The copper 

traces were 3mm wide and 35µm thick. They were spaced apart by 0.8mm and arranged in a spiral 
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pattern on a 1.8mm thick piece of FR4. For the simulation, the traces were excited with a current 

of 5 A. The simulation was set up to have 25 adaptive passes with a 0.001% error.  Using this 

setup, the team ran a parametric simulation varying the gap length from 0µm to 100µm in steps of 

5µm. The results of this simulation will be compared to the mathematical model for the EI core 

discussed in 3.1.2.  

 

 
Figure 27: EI Core Inductor Model. 

3.3 Design and Modeling of a Multilayer Planar Inductor 
 Through comparison of the EI and EE cores, the team determined that the inductor was 

better in the EE core due to the structure of the configurations. The EE core showed better 

simulation results for fringing effects than EI. Through MATLAB calculations, the team 

determined the final design to be a five-layer planar inductor with three turns on each layer.  

The five-layer inductor was fabricated using the same dimensions as the EE one layer 

design. This means the team was able to use the same calculations for total reluctance as calculated 

in 3.1.1. The team replaced the 3 turns in Equation 26 with 15 turns to predict the 5-layer inductor’s 

behavior when the gap length is varied.  
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Figure 28: Inductance vs Airgap Length for 5 Layer Inductor. 

Practically, the copper traces would be placed on an FR-4 dielectric with three turns for 

one layer, then connected to the next layer using blind and buried vias. This allows for each layer 

to be connected to one another to accommodate the flow of current. The resulting circuit element 

has five layers, each with three turns for a total of fifteen turns (Figure 1). To obtain these 

parameters, the team designed the inductor to meet the specifications of the tested circuits. 

 

3.3.1 Test Circuits: Boost Converter 
 In performing tests with the final inductor design, the team chose three different circuits to 

implement. The first is a low-pass circuit, the second is a high-pass circuit, and the third is a boost-

converter. These three circuits were chosen as the team wanted to evaluate the inductor in practical 

applications where the team can see the result of the variable inductor concept. 
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Figure 29: Boost Converter. 

Expanding upon the configuration of boost converters outlined in the background, the team 

designed a simple boost converter with a 12V input those doubles to 24V in the output (Figure 11). 

To smooth out the voltage ripple, the team implemented a 100µF capacitor. Using this rig the team 

tested the practicality of implementing the variable inductor design in a DC-DC converter. To build 

this converter the team would need to know what range of inductance values could be used to stay 

in continuous conduction. The inductance to keep continuous conduction is with the following 

equation.  

𝐿E0F =
𝐷(1 − 𝐷)9𝑅

2𝑓  

Equation 39: Minimum inductance to keep continuous conduction. 

     f – Frequency 
     D – Duty cycle 

R – Load Resistance 
 

Using a duty cycle of 50%, a frequency of 125kHz and a load resistance of 500Ω we get a 

minimum inductance value of 250µH. Based on the previous calculations, a 15-turn planar 

inductor would have an inductance around 254µH at a gap length of 100µm. This means that a 

planar inductor with 15 turns will be able to keep the boost converter in continuous conduction 

mode through the desired 0µm-100µm change in gap length. The team came up with an inductor 

design that would be 5 layers with 3 turns per layer, like the one-layer design. To better understand 

the range of ripple current this inductor would allow for, the team used the following equation. 
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𝐼)0,,'* =
𝑉0F

𝐿 ∗ 𝑇 ∗ 𝐷 

Equation 40: Ripple Current. 

     L à Inductance 
     T à Period 
     D à Duty cycle 
 

The range was found to be from about 0.1A to 1A and the team determined the inductance 

values from both extremes. Using the max inductance value when the inductor gap length is 1µm, 

and the minimum inductance value when the gap length is 100µm. 

 
Figure 30: Inductance vs Ripple Current for 15 Turn Design. 

 Using the design methodology from the one-layer inductor, the relationship between ripple 

current and airgap length was predicted (Figure 31). 
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Figure 31: Airgap vs Ripple Current for 15 Turn Design. 

 This boost converter circuit was created in National Instruments’ Multisim, then designed 

on a PCB using 282834-2 connectors which have a max of 10amps to make the circuit modular. 

Different versions of the inductor can be plugged in, as well as using a DC power supply to make 

sure the input is constant. Also, a waveform generator to make sure the duty cycle is accurate. 

 

  
Figure 32: Boost Converter PCB Design. 

The team will connect the variable planar inductor to this circuit and observe any changes 

to the output voltage and currents. The load resistances will also be varied to see how the inductor 

handles high currents. The goal is to make sure that as the inductance value changes the circuit 



 41 

still behaves predictably. Also, to make sure that the team’s inductor design is suitable to 

applications that could involve higher currents.  

3.3.2 Test Circuits: Filters 
 To thoroughly understand the potential behaviors that the team’s inductor design could 

display, it is important to find an avenue where the inductor could be applicable. Two scenarios 

where this inductor could be implemented are a lowpass and a highpass filter.  

 One common filter application is a lowpass RL filter. A lowpass filter passes through 

frequency values lower than 3dB frequency. A lowpass RL filter consists of a resistor and an 

inductor. 

Highpass filters have predicable behavior, except that it will allow higher frequency values 

to pass through to the remainder of the circuit. Nothing below the 3dB frequency value will pass 

in this case.  

 The team would like to observe how a changing inductance and airgap value affects the 

anticipated filter behavior. Specifically, how the 3dB cutoff frequency changes as it relates as a 

function of inductance. 

𝐹:GH =
I
9J7

   
Equation 41: RL Cutoff Frequency Equation. 

 Using Equation 41 with a 1kΩ resistor, Figure 33 shows the relationship between the 

inductance values of our design and the predicted 3dB frequency. This is used to create a graph for 

the relationship between gap length and 3dB frequency (Figure 34).  
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Figure 33: Inductance vs 3dB Frequency. 

 
Figure 34: Airgap vs 3dB Frequency.   

 
3.3.3 Modeling in Ansys Maxwell 

Using the software Ansys Maxwell provided by WPI’s licensure, the team designed a 5-

layer inductor to model, shown below. The team performed simulations to have data to refer to 

during the physical testing phase. The team wanted to ensure that the data collected with a 
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fabricated 5-layer inductor was reasonable, and to prove that the initial math and theory 

understanding was correct (Figure 35). 

 
Figure 35: Multilayer inductor in Ansys Maxwell 

The same dimensions from Table 1 for the EE cores were used and the core was given a 

relative permeability of 3000 per the specifications of the 3C95 ferrite. The copper traces were 

3mm wide and 35µm thick. They were spaced apart by 0.8mm and arranged in a spiral pattern on 

a 1.8mm thick piece of FR4, then connected to the next layer using blind and buried vias. For the 

simulation, the traces were excited with 5amps of current. The simulation was set up to have 25 

adaptive passes with a .001% error. Using this setup, the team ran a parametric simulation varying 

the gap length from 0µm to 100µm in steps of 5µm. The results of this simulation will be compared 

to the mathematical model for the 5-layer EE core. 

 

3.4 Designing PCB in Altium Designer 
The team designed the PCB using the software, Altium Designer, using the WPI Student 

License. The following procedure outlines the steps the team took to create the one layer and 5-

layer PCB. 

3.4.1 Designing the One Layer PCB 
Creating a new project, the team used the ‘Place Line’ feature to create a box with the 

required size requirements of the PCB. Highlighting the box and selecting ‘Define Board Shape 

from Selected Objects’ removes all exterior space from the board (Figure 36).  
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Figure 36: Defining Board Shape of PCB in Altium Designer. 

Selecting ‘Place’, ‘Fill’, the team laid out the spiral configuration of the copper traces. 

The dimensions were determined via the core specs to assure that the PCB could sit enclosed in 

both cores.  

Figure 37 outlines the steps to define the board cutout in the center of the PCB. The 

dimensions of this were determined by measuring the core dimensions.  
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Figure 37: Defining Board Cutout. 

The team’s one-layer PCB had “two layers” of traces with a through-hole via connecting 

them. The traces in red were assigned to ‘Top Layer’ and the trace in blue was assigned to 

‘Bottom Layer’. This bottom layer was created in order to attach device leads in physical testing. 

Selecting ‘Place’ ‘Via’ on top of the overlapping traces creates a through via down. 

 
Figure 38: Finalized One-Layer PCB on Altium Designer. 

3.4.2 Designing the Five Layer PCB 
The team designed two methods of creating the five-layer PCB. Starting with the one-layer 

design, the team created five separate one-layer boards. These five separate layers stacked together, 

connected with manual solder through vias, create the five-layer design. The bottom layer was 

removed for layers 1-4 as they didn’t need any connections to device leads. The soldering was 
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done by the team in the lab after the manufacturing of the five separate layers. The transition from 

each layer results in a continuous spiral winding. The “six” layer, shown in blue, is the bottom 

trace used to connect the leads to testing equipment. Using through vias allowed the team to 

effectively solder the layers together. 

  
  Layer 1     Layer 2 

  
  Layer 3     Layer 4 

  
Layer 5 

Figure 39: Individual PCB paths for multi-layer planar inductor and final combined design. 
 

The team also designed the five-layer PCB using bling and buried vias in between layers 

of traces. Starting with the one-layer design, the team stacked the layer windings and separated the 

traces using the ‘Layer Stack Manager’. Layer one in red, layer two in yellow, layer 3 in light blue, 

layer 4 in green, layer 5 in purple. The “sixth” layer is the bottom trace used to connect the leads 

to the testing equipment (Figure 41). 
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Figure 40: Layer Stack Manager of 5-Layer PCB. 

  

  

  
Figure 41: 5 layer PCB.   
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Figure 42: 5-layer Via Configuration. 

When determining the best manufacturers to use for the PCB production, the team 

determined that the stacked five-layer design would be far more affordable than the five-layer 

design with blind and buried vias. This is due to the high manufacturing costs of the vias. As a 

result of the budget for this project, the team proceeded with the stacked PCB design. Final PCB 

shown below. 

 

3.5 Designing the Test Rig 

  
Figure 43: Test Rig. 
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The test rig was set up on a stationary test plate with rubber feet on the bottom to provide 

stability. The team laser printed holes though the test plate to secure the micrometer translation 

stage. The micrometer translation stage has a precision of 10 micrometers and was chosen due to 

its cost.  

Attached to the micrometer translation stage is a 3D printed CAD holder used to hold the 

core in place to keep it level and precise as possible. The core is superglued to the holder to allow 

the micrometer translation stage to move the two pieces of the core apart to vary the gap length. 

In-between the core sits the PCB inductor with two test leads connected to the windings. Final rig 

shown below. 

 

3.6 Practical Testing of Planar Inductor Circuits 
The following sections describe the testing procedures the team used to understand how 

the inductor behaves. 

3.6.1 Procedure 1 
The first procedure was to have the planar inductor in both 1-layer and 5-layer EE core 

configurations connected to an LCR. The team observed the changing inductance and recorded the 

results as that airgap changes. The team observed the effect of airgap length on the overall 

inductance value and compared it to both the mathematical and simulated models. In addition, the 

team hypothesized practical applications for a variable inductor. 

3.6.2 Procedure 2 
  For this experiment, the team built three circuits to see how the 5-layer inductor would 

perform in a more practical setting. The first two are a RL low pass circuit and a RL high pass-

circuit using a 1kΩ resistor. Following this, the team decided to incorporate the inductor into a 

boost converter.  

Like Procedure #1, the team wanted to observe and evaluate the effects of varying the 

airgap on the inductance. However, for this experiment, the team observed how the varying 

inductance due to the gap length affected the filter’s 3dB cutoff frequency. This information was 

then compared to the team’s predictions from the mathematical and simulated models. 

In addition, the team will be implementing the inductor design in a boost converter circuit. 

The output will be monitored to observe if the changing inductance affects the output voltage and 
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currents in any significant or unpredictable ways. The purpose of this test is to find any potential 

problems with the variable inductor design when implemented in practical circuits. 

The goal of this procedure is also to evaluate the viability of the variable inductor’s design. 

The team needed to assess the practicality of these proposed use cases, so understanding the 

efficiency, stability and predictability of the circuits is important. 

 

4.0 Results 
 This section presents the data that the team collected throughout this MQP. The data is the 

result of the steps and procedures described in the methodology.  

 

4.1 Simulation results 
 Using the simulation setups described in the methodology, the team ran multiple different 

simulations on Ansys Maxwell on single layer PCB with EE cores and EI cores. The team also ran 

simulations of the multilayer inductor design. Data presented below reflects the most recent and 

accurate simulations performed by the team.  

  The simulation results support the accuracy of the team’s mathematical calculations for 

modeling planar coils as magnetic circuits represented in the methodology. Through analyzing the 

data from the multilayer simulation, the team confirmed the practicality of using a variable 

inductor design in the test circuits described in the Methodology.  

 
4.1.1 EE core Inductor Simulation 
 Using the EE core Ansys model, outlined in the methodology, the team ran a parametric 

simulation varying the gap length between the two core halves. The table below reflects the 

inductance of the model as the gap varies from 0µm to 100µm in steps of 5µm. 

Gap Length 
(µm) L (µH) 

0 130.167027 
5 81.909481 

10 59.935507 
15 47.360795 
20 39.219393 
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25 33.512866 
30 29.288268 
35 26.037862 
40 23.456656 
45 21.357899 
50 19.616854 
55 18.15469 
60 16.90088 
65 15.817354 
70 14.870725 
75 14.037419 
80 13.297638 
85 12.636539 
90 12.041898 
95 11.504585 
100 11.016726 

Table 4: Simulated Inductance vs Gap Length for EE core Inductor 

 The simulation results are close to those predicted by the mathematical modeling calculated 

in the methodology. To better represent this similarity, both data sets were plotted on an Inductance 

vs Airgap graph for comparison shown in Figure 44.  
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Figure 44: Graph comparing Inductance vs Airgap for the mathematical and simulated models of the EE core inductor. 

 While both curves are close to each other, the values of inductance are higher on the 

simulated curve (shown in blue). The greatest difference is when the gap length is 0µm. The 

simulated inductance is 130.167µH and the calculated inductance is 114.319µH. This is only a 

12.17% error, and the curves converge as the gap length increases. This data, with minor error, 

validates the calculations done in the methodology and shows they are accurate enough to predict 

the inductance of the team’s EE core model. 

4.1.2 EI core Inductor Simulation 
Using the EI core ANSYS model outlined in the methodology, the team ran a parametric 

simulation varying the gap length between the two core halves. The table below reflects the 

inductance of the model as the gap varies from 0µm to 100µm in steps of 5µm. 

Gap Length 
(µm) L (µH) 

0 162.443742 
5 98.339747 

10 71.075568 
15 55.866169 
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20 46.092014 
25 39.271223 
30 34.281341 
35 30.454027 
40 27.442288 
45 24.981866 
50 22.946379 
55 21.232482 
60 19.771622 
65 18.508348 
70 17.408098 
75 16.438553 
80 15.571703 
85 14.804001 
90 14.119585 
95 13.490168 
100 12.923496 

Table 5: Simulated Inductance vs Gap Length for EI core Inductor. 

The results from the simulation are close to those predicted by the mathematical modeling 

shown in the Methodology. To better represent this similarity, both data sets were plotted on an 

Inductance vs Airgap graph for comparison shown in Figure 45. 



 54 

 
Figure 45: Graph comparing Inductance vs Airgap for the mathematical and simulated models of the EI core inductor. 

While both curves are close to each other, the values of inductance tend to be higher on the 

simulated curve (shown in blue). The greatest difference is when the gap length is 0µm. The 

simulated inductance is 162.444µH and the calculated inductance is 131.219µH. This is a 19.22% 

error, while the curves do converge as the gap length increases, the simulation does seem to have 

significantly higher inductance values compared to the calculations. This can be due to 

inaccuracies in the assumptions made in the mathematical calculations. The team’s approach of 

adding the gap length to each dimension of the area does not appear to work with this core 

configuration. This could be because the core is not uniform at the intersection like the EE 

configuration, allowing for greater fringing. This difference between the calculation and 

simulation and the need for additional materials is why the team modeled the multilayer inductor 

with the EE core configuration.  
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4.1.2 Multilayer Inductor Simulations 
Using the multilayer (3 turns 5 layers) Ansys model outlined in the methodology, the team 

ran a parametric simulation varying the gap length between the two core halves. The table below 

reflects the inductance of the model as the gap varies from 0µm to 100µm in steps of 5µm. 

Gap Length 
(µm) L (µH) 

0 3252.307611 
5 2044.318873 

10 1495.283011 
15 1181.365949 
20 978.079007 
25 835.659659 
30 730.270752 
35 649.12791 
40 584.713537 
50 488.871806 
55 452.24373 
60 420.947711 
65 393.894024 
70 370.279836 
75 349.471402 
80 331.001067 
85 314.494719 
90 299.654522 
95 286.237655 
100 274.049532 

Table 5: Simulated Inductance vs Gap Length for the Multilayer Inductor. 

The results from the simulation are close to those predicted by the mathematical modeling. 

To better represent this similarity both data sets were plotted on an Inductance vs Airgap graph for 

comparison shown in Figure 46. 
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Figure 46: Graph comparing Inductance vs Airgap for the mathematical and simulated models of the multilayer inductor. 

 Using this data, the team assessed the practicality of using a variable inductor design in an 

RL filter and a boost converter. The cutoff frequency vs gap length (Figure 39) and ripple current 

vs gap length (Figure 40) can be reassessed using the simulated inductance data. If values match 

the team’s previous graphs, with a small margin calculated error, then the prediction will be 

validated, and the team can confirm that the test circuits should perform as expected.  



 57 

 
Figure 47: Graph comparing Airgap vs Cutoff frequency for the mathematical and simulated models of the multilayer inductor. 

 
Figure 48: Graph comparing Airgap vs Ripple current for the mathematical and simulated models of the multilayer inductor. 

Figure 47 and Figure 48 show that the simulated results vary little from the original in 

each test circuit. This confirms the validity of the use cases for each circuit described in the 

methodology. A variable inductor should be able to significantly adjust the cutoff frequency of a 
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filter and the ripple current of a boost converter at will. The linearity of each also shows that this 

variation will be predictable with respect to the gap length.  

4.2 Physical PCB Testing Results 
 The following sections will expand upon the results of two different procedures and their 

findings. In each procedure, which can be found in Appendix A, two tests were performed. Before 

beginning to collect data, the team first looked at the simulated results so that expectations on what 

data we should have been. Keeping this in mind, testing proceeded as planned. Further discussion 

on why differences or data variations may have occurred are in Section 5.1. 

 
4.2.1 Procedure 1 
One-Layer Planar Inductor 
 The data table below shows the results of each test performed comparing the airgap 

length versus the recorded inductance value in a one-layer planar inductor in an EE ferrite core. 

Of the tests performed, there were numerous outliers and other inconsistencies within the testing 

rig due to uncontrollable factors, which are further discussed in Section 5.1. The team decided to 

use the eleven data points that were the most consistent among the data set.  

One-Layer 

GapL 

(µm) 

L 

(µH) 

L 

(µH) 

L 

(µH) 

L 

(µH) 

L 

(µH) 

L 

(µH) 

L 

(µH) 

L 

(µH) 

L 

(µH) 

L 

(µH) 

L 

(µH) 

Avg (µH) SD 

0 84.59 83.81 85.62 76.8 80.37 80.33 85.05 85.25 83.67 84.76 84.27 83.13818 2.77036 

10 52.31 51.47 50.32 53.76 53.63 52.45 53.17 52.38 51.48 51.21 51.3 52.13455 1.08881 

20 37.53 38.04 38.76 51.72 52.39 47.09 44.69 45.06 43.21 46.01 42.57 44.27909 5.01827 

30 28.17 27.92 27.47 40.33 42.38 32.18 38.78 38.55 37.37 40.57 37.17 35.53545 5.56228 

40 22.57 22.55 21.85 32.71 31.18 24.04 34.32 33.99 33.25 36.86 32.85 29.65182 5.66023 

50 18.51 18.52 18.08 27.72 22.49 19.27 25.63 27.41 28.66 32.25 27.51 24.18636 4.99709 

60 16.16 15.99 15.92 23.26 18.53 16.39 20.75 21.24 21.93 27.93 22.65 20.06818 3.85971 

70 14 14.36 14.03 20.36 15.87 14.91 18.02 18.78 17.79 22.28 18.19 17.14455 2.74996 

80 12.64 12.65 12.68 18.65 14.35 13.04 15.52 15.7 15.7 18.31 15.66 14.99091 2.16107 

90 11.55 11.69 11.57 16.58 12.77 11.61 13.71 13.88 13.69 15.78 14.05 13.35273 1.72864 

100 10.69 10.82 10.65 15.21 11.59 10.83 12.48 12.31 12.31 14.07 12.56 12.13818 1.46912 
Table 6: Airgap length versus Inductance value for a one-layer planar inductor. 
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 The following graph compares the data collected compared to the simulated and 

calculated data. This shows the team any differences in data, and where the deviations, if any, 

occurred.  

 
Figure 49: Inductance versus Airgap for the mathematical, simulated, and physical test results of the one-layer EE core inductor. 

 As shown above, the data collected from the physical testing of the one-layer planar 

inductor have both differences and similarities. The measured data (green) follows the general 

expected shape (red). From approximately 70µm to 100µm, the measured inductance follows the 

expected inductance (red) and the simulated inductance value (blue). 

 The largest difference occurs from approximately 20µm to 50µm. For each of these 

values and those between, they are roughly 9.6% to 21.4% greater than the expected values (red). 

These variations are generally acceptable because they are within a 20% +/- predicted values 

range. Overall, it can be said that the teams’ result for this test displays that the behavior of a 

one-layer planar inductor is comparable to other types of inductors when airgap length is 

increased. 
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Multi-Layer Planar Inductor 
 The data table below shows the results of each test performed comparing the airgap length 

versus the recorded inductance value in a multi-layer planar inductor in an EE ferrite core. 

Five-Layer 
GapL 

(µm) 

L 

(µH) 

L 

(µH) 

L 

(µH) 

L 

(µH) 

L 

(µH) 

L 

(µH) 

L 

(µH) 

L 

(µH) 

L 

(µH) 

L 

(µH) 

L 

(µH) 

Avg 

(µH) SD 

0 2190.5 2159.4 2027.4 2178 2132.8 2159 2202.6 2227.7 2262 2277.1 2272.8 2189.936 76.7088 

10 1334.5 1398.9 1184.8 1291.9 1314.3 1363.7 1381.2 1507.3 1475.2 1438.9 1348.1 1367.164 89.899 

20 984.02 1043.9 961.16 953.2 1261.3 1252.8 1165.4 1173.2 1094.8 1050.8 1125.7 1096.935 109.285 

30 711.85 804.61 692.85 865.98 1054.2 1036 998.38 863.71 830.55 804.17 856.4 865.3364 120.22 

40 576.53 634.12 573.48 731.24 826.05 803.3 768.38 734.75 676.97 634.87 720.65 698.2127 86.1247 

50 479.46 513.35 497.85 584.72 661.62 647.2 593.73 556.03 513.22 504.06 586.36 557.9636 61.796 

60 419.61 436.23 432.28 523.23 568.83 578.25 504.62 457.26 437.9 419.39 438.42 474.1836 59.3116 

70 365.92 394.03 388.17 444.33 489.4 471.22 434.02 380.05 383.69 357.84 417.23 411.4455 43.3838 

80 327.46 352.42 346.03 353.89 397.18 376.12 379.45 332.11 334.9 316.56 370.2 353.3018 25.0494 

90 296.77 318.43 306.24 310.04 341.34 326.4 333.85 300.23 300.31 290.48 313.96 312.55 16.1082 

100 270.17 284.33 282.41 282.19 291.81 290.96 290.69 270.37 275.57 263.77 278.53 280.0727 9.36874 
Table 7: Airgap length versus Inductance value for a multi-layer planar inductor. 

The following graph compares the data collected compared to the simulated data. This 

shows the team any differences in data, and where the deviations, if any, occurred. 
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Figure 50: Inductance versus Airgap for the mathematical, simulated, and physical test results of the multi-layer EE core 

inductor. 

 As shown above, the data collected from the physical testing of the multi-layer planar 

inductor are very similar to the simulated and calculated data. There are some variations in the 

measured inductance (green) from approximately 20µm to 50µm, but otherwise fits the 

theoretical (red) and simulated (blue) data lines nicely. Additionally, there is a very small 

deviation from roughly 0µm to slightly less than 10µm.  

 At 0µm from the measured data versus the theoretical data (red), there is approximately a 

17.4% difference in expected inductance values. For the differences between 20µm and 50µm, 

there is approximately 12.2% to 13.4% difference in the measured inductance value (green), and 

the theoretical (red). Overall, the teams’ results for this procedure are acceptable and prove that a 

multi-layer planar inductor can behave similarly to other types of inductors when the airgap 

length is changed.  

  
4.2.2 Procedure 2 
Lowpass Filter 
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 The data table below shows the results of each test performed comparing the airgap length 

to the recorded frequency value when the f3dB frequency is approximately -3.02535Hz. These 

tests were performed using the teams’ multi-layer inductor in a lowpass circuit (see Figure 13). Of 

the tests performed, there were outliers and inconsistencies within the testing rig due to 

uncontrollable factors, which are further discussed in Section 5.1. The team decided to use the 

eleven data points that were the most consistent among the data set. 
 

Low Pass Filter 
Gap 
length 
(µm) Test 1 (kHz) Test 2 (kHz) Test 3 (kHz) 

Average 
(kHz) 

Standard 
Deviation 

0 80 90 89 86.33333 5.507571 
10 115 128 122 121.6667 6.506407 
20 135 139 135 136.3333 2.309401 
30 185 152 153 163.3333 18.77054 
40 240 169 186 198.3333 37.072 
50 305 199 255 253 53.02829 
60 385 269 323 325.6667 58.04596 
70 440 345 389 391.3333 47.54296 
80 520 401 445 455.3333 60.16921 
90 565 469 512 515.3333 48.08673 

100 575 527 569 557 26.15339 
Table 8: Airgap Length versus Frequency value for a multi-layer inductor in a lowpass circuit. 

The following graph compares the data collected compared to the simulated data. This 

shows the team any differences in data, and where the deviations, if any, occurred. 
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Figure 51: Frequency value to Airgap Length for the mathematical, simulated, and physical test results for a multi-layer inductor 

in a lowpass filter. 

 The data displayed above shows that the measured cutoff frequency (green), behaves 

similarly to the simulated data (blue), but is not a perfect match. It is, however, behaving in a 

comparable manner to the measured cutoff frequency (pink), and deviates only slightly. Overall, 

the data for the lowpass filter using a multi-layer variable planar inductor behaves in a manner 

that is expected and acceptable. 

 
Highpass Filter 

The data table below shows the results of each test performed comparing the airgap length 

to the recorded frequency value when the f3dB frequency is approximately -3.02535Hz. These 

tests were performed using the teams’ multi-layer inductor in a highpass circuit (see Figure 15). 
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High Pass 
Gap L 
(µm) 

Test 1 
(KHz) 

Test 2 
(KHz) 

Test 3 
(KHz) Average SD 

0 82 82 82 82 0 
10 113 113 109 111.6667 2.309401 
20 125 129 114 122.6667 7.767453 
30 136 143 130 136.3333 6.506407 
40 153 158 153 154.6667 2.886751 
50 176 187 191 184.6667 7.767453 
60 197 239 233 223 22.71563 
70 243 274 270 262.3333 16.86219 
80 289 314 306 303 12.76715 
90 340 349 344 344.3333 4.50925 

100 389 388 385 387.3333 2.081666 
Table 9: Airgap Length versus Frequency value for a multi-layer inductor in a highpass circuit. 

The following graph compares the data collected compared to the simulated data. This 

shows the team any differences in data, and where the deviations, if any, occurred. 

 
Figure 52: Frequency value to Airgap Length for the mathematical, simulated, and physical test results for a multi-layer inductor 

in a highpass filter. 

 The measured cutoff frequency for the highpass filter (green) using a multi-layer variable 

planar inductor does not behave in a way that was expected. It entirely deviates from the simulated 
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values (blue) and is approximately 31.8% below the measured cutoff frequency (pink). The team 

discusses potential sources of error in Section 5, but overall, there is little explanation for why 

these results occurred. 

Overall Results 
 Cutoff, or f3dB frequencies, will be the same for a low pass or a high pass filter given that 

the parameters, such as resistance value, also stay the same. That means that the results for the low 

pass and high pass filter should look the same. The graph below shows the results of both filters 

averaged together.  

 
Figure 53: Combined data for lowpass and highpass filter cutoff frequencies versus calculated, simulated, and measured 

inductance. 

 The red line represents the calculated cutoff frequency using calculated inductance 

values, and the blue line represents the calculated cutoff frequency using simulated inductance 

values. Additionally, the pink line is the calculated cutoff frequency using the average measured 

inductance values from the testing rig, and the green line is simply the measured cutoff 

frequency. 
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As seen in the graph above, the measured cutoff frequency for the combined lowpass and 

highpass filter (green) data is quite different than the other measurements. From about 0µm to 

10µm, it is approximately 47.4% greater than the simulated cutoff frequency (blue). As seen in 

the generalized shape of the simulated cutoff frequency, the data collected is supposed to be 

linear. The slope of the simulated cutoff frequency is 5. However, the measured cutoff frequency 

does not have a linear relationship. It is not possible to determine a slope from a non-linear data 

set, but it can be said that the measured cutoff frequency is approximately 26.3% lower than 

what it is expected to be. This could be due to a multitude of reasons including human error in 

operating the micrometer, which is discussed further in Section 5.1.3. 

Boost Converter 
 When implementing the planar inductor into a boost converter the team did not notice any 

unexpected behavior from the circuit using a 470Ω load. There was some slight variation in voltage 

output and current as the gap length was increased. However, given the tools used that variation 

could be error. The output was relatively steady around 24V. The circuit behaved as expected up 

until the point where the inductance went beyond continuous conduction. The team was unable to 

get an accurate reading for how the ripple current changed with the inductance.  

 The team then used a load with a lower resistance of 200Ω, this allowed for more current 

to flow in the circuit. When this happened the two halves of the core seemed to stick together 

magnetically. This was an unexpected result and has some implications for the variable planar 

inductor design at higher power. If larger currents can cause the cores to magnetize, operation of 

the variable inductor needs to be done more carefully. To prevent magnetization the operator would 

need to completely stop current flow to make precise adjustments to the gap length. So, at higher 

power the variation of the inductance values would not be as smooth or convenient as predicted. 

If a gap length is set before the current is turned back on it is also not guaranteed that the gap 

length will remain constant if the two parts of the core start to be pulled together.  
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5. Discussion 
5.1 Potential Errors 
 The following section will discuss any errors that may have occurred while performing lab 

testing, and how those errors may have affected the results. 

5.1.1 Ferrite EE Core 
 The ferrite cores received in a shipment for testing may have contributed to testing errors 

and unexpected data variation. The core used in the Ansys Maxwell simulation, as well as the 

assumed permeability in mathematical or MATLAB simulations, were modeled as ‘perfect’. This 

means that the form is completely uniform, with no imperceptible physical variations. 

 However, the team visually observed that many of the shipped cores had dents, chips, or 

other noticeable imperfections. This may have affected the team’s test results because any physical 

imperfections would have altered the flow of flux throughout the core, the mean pathway would 

be shortened and would force the numerical value for flux to be smaller, which in turn lowers the 

flux density. The cores that arrived were also of varying sizes. Almost none of the cores had an 

exact matching pair, as there were tolerances on the dimensions. This error would have altered 

results for the one-layer and multi-layer inductor in Procedure 1. 

 
Figure 54: Photo of core highlighting the chips and dents. 

 Additionally, the permeability of the core can contribute to any errors. When looking at the 

manufacturer’s data sheet, which can be found in Appendix C, the manufacturer was unable to 

guarantee an exact value for relative permeability (µr). They provided a range saying that the given 
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value of 3000 had a 20% tolerance. Given the available resources and time the team was unable to 

get an accurate measurement for the relative permeability so 3000 was used in both simulation and 

calculation.  

5.1.2 PCB for Multi-Layer Planar Inductor 
 As outlined in the Methodology, the team had two PCB designs for the five-layer. Due to 

the cost and unavailability of PCBs with blind and buried vias, the team proceeded with the stacked 

five-layer PCB. Though it was the correct decision to make due to cost and timing of the project, 

the team found that the stacked configuration left room for error.  

 
Figure 55: Final stacked 5-layer PCB. 

 To connect each layer, the team soldered down to the layer beneath through the vias. 

Though the team had designed a CAD holder to help keep the inductor flush, the team struggled 

to solder a five layer that was perfectly aligned. This made the PCB sit tighter in the core and there 

were times that the core would get caught on one of the ridges of the stacked PCB. The layers were 

also not perfectly flush and level. There were sizable differences in height due to the solder 

accumulating between the layers pushing up parts of the board.  

 
5.1.3 Airgap Length Testing Rig 
 The design for the airgap rip, shown in the Methodology, was fine tuned to ensure that the 

inductor was as flush and stable as possible. The CAD holders for the core were designed with as 

low tolerance as possible and glued to the core. The clear stage was laser cut to be as close as 

possible to the screws used to attach the 10µ translation stage. Though the team attempted to be as 
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precise as possible, the cores were never perfectly aligned, and repeated tests had inconsistent data 

based on how the translation stage was turned.  

  

5.2 Recommendations 
The team recommends repeating testing procedures with more precise tools. Regarding the 

micrometer translation stage, the stage was accurate to 10 micrometers, meaning the gap length 

was varied by 10 micrometers for each datapoint. It could not be assumed that the micrometer 

translation stage would linearly increase or decrease between each 10-micrometer increment, 

therefore no datapoints could be taken in-between each 10-micrometer value. This resulted in large 

slope differences between points as shown in graphs in the Results section, such as Figure 41. A 

more precise, and thus a more expensive, tool to replace the micrometer stage would help show 

more data.  

Additionally, the 10µ translation stage did not have a precise “zero” value for the team to 

determine as no airgap. “Zero” values represented in the Results are a result of a team member 

firmly pressing the cores together when measuring. A more precise translation stage could prevent 

the need to force a zero value for airgap.  

The team also recommends finding different production companies for the cores and the 

PCB multilayer inductor. The EE cores came chipped from shipping and had a large tolerance of 

+/-20%. The team shipped ten cores, and each core had noticeable differences from each other. 

Additionally, the material was very delicate and often chipped if handled at too much pressure as 

outlined in the Potential Error section.  

 As for the PCB, the company that printed the inductor was unable to accommodate the 5-

layer design with buried vias. Many other manufacturers either did not offer buried vias as a service 

or offered it at a steep price. Given more budget, the team would have ordered the buried via design 

over the stacked PCB design presented in the project. Because the team ordered each layer 

individually, the team ended up soldering each layer together resulting in possible errors in 

connections. 

The overall rig to vary airgap was designed with a combination of designed and order parts. 

For this variable planar inductor to be viable by industry standards, the team recommends 

designing a smaller rig that would make a variable inductor as viable as a potentiometer. 
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5.3 Conclusion 
This MQP showed proof of concept of a variable planar inductor as outlined in the problem 

statement. The team implemented the variable planar inductor in lowpass and highpass filters, and 

a DC-DC boost converter. The team was successful, bearing error discussed in section 5.1, in 

implementing the planar inductor in the lowpass and highpass filters and the DC-DC boost 

converter. With more time and money, this project could be improved to a more condensed and 

precise rig. 
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7. Appendix 
Appendix A: Physical Testing Procedures 
Procedure #1: 
Varying the Airgap Length vs. Inductance Values 

Introduction: For this experiment, two circuits will be tested. A one-layer planar inductor 

attached to an LCR meter, and a multi-layer planar inductor attached to an LCR meter. We will 

vary the airgap in our planar inductor to observe the results as that airgap changes.   

Purpose:   

1. To understand what happens to the measured inductance value as the airgap length of an 

EE-core planar inductor increases.  

2. Compare simulated/calculated results to measured results to see if the data matches and if 

the testing methodology is viable and repeatable in the 2023-24 Variable Planar Inductor 

Major Qualifying Project (MQP).  

Materials:  

• EE-core planar inductor,  

• Airgap varying rig, 

• LCR device,  

• Test leads, 

 

Part I: One-Layer Planar Inductor 

Steps: 

1. Begin by inserting a one-layer planar inductor into an airgap varying rig. 

2. Once secure, attach the LCR meter leads to the beginning and the end of PCB trace. 

Ensure that PCB does not move or shift.  

3. Measure an ideal zero. 

a. To do this, move the micrometer as close to zero as possible. 

b. Then, push down on the top half of the airgap rig until the LCR meter reaches the 

desired expected value for when the gap length is meant to be at 0µm. 

4. From there, raise the micrometer until the LCR meter shows a large jump in inductance 

this will represent the 10µm point. 
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5. Raise the micrometer by 10µm until 100µm is reached. 

6. Repeat 5-10 times to get range of data. Then take the average of that data as the results. 

 

Gap Length (µm) Inductance Value (µH) 

0  

10  

20  

30  

40  

50  

60  

70  

80  

90  

100  

 
Table A.1: Procedure 1, Part I Testing Results 

 

Part II: Multi-Layer Planar Inductor 

Steps: 

1. Begin by inserting a multi-layer planar inductor into an airgap varying rig. 

2. Once secure, attach the LCR meter leads to the beginning and the end of PCB trace. 

Ensure Measure an ideal zero. 

a. To do this, move the micrometer as close to zero as possible. 

b. Then, push down on the top half of the airgap rig until the LCR meter reaches the 

desired expected value for when the gap length is meant to be at 0µm. 

3. Raise the micrometer by 10µm until 100µm is reached. 

4. From there, raise the micrometer until the LCR meter shows a large jump in inductance 

this will represent the 10µm point. 

5. Repeat 5-10 times to get range of data. Then take the average of that data as the results. 
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Gap Length (µm) Inductance Value (µH) 

0  

10  

20  

30  

40  

50  

60  

70  

80  

90  

100  

 
Table A.2: Procedure 1, Part II Testing Results 

 

 

 

  



 77 

Procedure #2: 
Varying the Airgap Length vs. Cutoff Frequency Values 

Introduction: For this experiment, we will build three circuits. A lowpass circuit, highpass 

circuit and boost converter. We will vary the airgap in our planar inductor to observe the results 

as the inductance changes. 

Purpose:  

1. To understand the relationship between airgap length and cutoff frequency as the length 

increases.  

2. Compare simulated/calculated results to measured results to see if the data matches and if 

the testing methodology is viable and repeatable in the 2023-24 Variable Planar Inductor 

Major Qualifying Project (MQP).  

3. Materials:  

• 1kΩ resistor,  

• EE-core planar inductor,  

• Airgap varying rig, 

• Power supply,  

• LCR device,  

• Alligator clips,  

• Oscilloscope,  

• Jumper wires.  

 

Part I: Lowpass Filter 

Steps: 

1. Begin by creating a lowpass filter, pictured below. 

 
Figure A.1: A Resistor-Inductor Lowpass Circuit 
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2. Attach oscilloscope to either side of the resistor. 

3. Set the oscilloscope power generator to 10V peak-to-peak, the frequency to 10kHz, and 

the impedance to high. 

4. Measure an ideal zero. 

a. To do this, move the micrometer as close to zero as possible. 

b. Then, push down on the top half of the airgap rig until the LCR meter reaches the 

desired expected value for when the gap length is meant to be at 0µm. 

5. From there, raise the micrometer until the LCR meter shows a large jump in inductance 

this will represent the 10µm point. 

6. Adjust the frequency until an output voltage of 7.07V peak-to-peak is measured every 

time. 

7. Raise the micrometer by 10µm and take another data point. 

8. Repeat until 100µm is reached. 

 

Input Voltage (V) Airgap Length (µm) Output Voltage (V) Frequency (Hz) 

10 0 7.7  

10 10 7.7  

10 20 7.7  

10 30 7.7  

10 40 7.7  

10 50 7.7  

10 60 7.7  

10 70 7.7  

10 80 7.7  

10 90 7.7  

10 100 7.7  
 

Table A.3: Procedure 2, Part I Testing Results 

 

 

Part II: Highpass Filter 

Steps: 
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1. Begin by creating a highpass filter, pictured below. 

 
Figure A.2: A Resistor-Inductor Highpass Circuit 

2. Attach oscilloscope to either side of the inductor. 

3. Set the oscilloscope power generator to 10V peak-to-peak, the frequency to 10kHz, and 

the impedance to high. 

4. Measure an ideal zero. 

a. To do this, move the micrometer as close to zero as possible. 

b. Then, push down on the top half of the airgap rig until the LCR meter reaches the 

desired expected value for when the gap length is meant to be at 0µm. 

5. From there, raise the micrometer until the LCR meter shows a large jump in inductance 

this will represent the 10µm point. 

6. Adjust the frequency until an output voltage of 7.07V peak-to-peak is measured every 

time. 

7. Raise the micrometer by 10µm and take another data point. 

8. Repeat until 100µm is reached. 

Input Voltage (V) Airgap Length (µm) Output Voltage (V) Frequency (Hz) 

10 0 7.7  

10 10 7.7  

10 20 7.7  

10 30 7.7  

10 40 7.7  

10 50 7.7  

10 60 7.7  

10 70 7.7  
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10 80 7.7  

10 90 7.7  

10 100 7.7  
 

Table A.4: Procedure 2, Part II Testing Results 

Part III: Boost converter: 

For this section of the procedure, we will implement the inductor in a boost converter and 

observe the changes in the output voltages and currents as the inductance changes. 

1. Begin by creating a boost converter circuit like below. 

 
Figure A.3: Boost converter 

2. Hook up a DC voltage source and control the switch with a square wave using a function 

generator.  

3. Attach an oscilloscope and DMM to measure output voltage. 

4. Measure an ideal zero. 

a. To do this, move the micrometer as close to zero as possible. 

b. Then, push down on the top half of the airgap rig until the LCR meter reaches the 

desired expected value for when the gap length is meant to be at 0µm. 

5. From there, raise the micrometer until the LCR meter shows a large jump in inductance 

this will represent the 10µm point. 

6. Observe the output voltage and the current running through it. 

7. Raise the micrometer by 10µm and take another data point. 

8. Repeat until 100µm is reached. 
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Appendix B: Bill of Materials 
Item Qt

y. 
Link 

Inductor 
E38/8/25-

3C95 Ferrite 
Core 

10 https://www.digikey.com/en/products/detail/ferroxcube/E38-8-25-
3C95/7041492 

Boost Converter 
1000 µF 50 

V 
Aluminum 
Electrolytic 
Capacitors 

Radial 
UVR1H102

MHD 

10 https://www.digikey.com/short/d47djdqw 

IRF540PBF 
N Channel 

Mosfet 
10 https://www.digikey.com/en/products/detail/vishay-

siliconix/IRF540PBF/812042 
SB550 
Diode 10 https://www.digikey.com/en/products/detail/vishay-general-

semiconductor-diodes-division/SB550-E3-54/754861 
Misc. 

Micrometer 
Manual 

Precision 
Linear 

Translation 
Stage 

Platform Z 
Axis 

1 

https://www.amazon.com/gp/product/B07TTJ492P/ref=ewc_pr_img_1?s
mid=AN3QLT9N21E5P&psc=1 

M4 10mm 
screw lot https://www.amazon.com/gp/product/B09VV59VSR/ref=ewc_pr_img_3?smid=

ADEBTV7I8FDCW&th=1 
M4 12mm 

screw lot https://www.amazon.com/gp/product/B09VV9MKGQ/ref=ewc_pr_img_1?smid
=ADEBTV7I8FDCW&th=1 

Eunenete 304 
Stainless 
Steel C 

Clamp,1 1/2 
Inch Tiger 

Clamp 

lot 

https://www.amazon.com/gp/product/B0CC4WXYXY/ref=ewc_pr_img_2?smid
=AQZVZAJU5COEB&th=1 

https://www.digikey.com/en/products/detail/ferroxcube/E38-8-25-3C95/7041492
https://www.digikey.com/en/products/detail/ferroxcube/E38-8-25-3C95/7041492
https://www.digikey.com/short/d47djdqw
https://www.digikey.com/en/products/detail/vishay-siliconix/IRF540PBF/812042
https://www.digikey.com/en/products/detail/vishay-siliconix/IRF540PBF/812042
https://www.digikey.com/en/products/detail/vishay-general-semiconductor-diodes-division/SB550-E3-54/754861
https://www.digikey.com/en/products/detail/vishay-general-semiconductor-diodes-division/SB550-E3-54/754861
https://www.amazon.com/gp/product/B07TTJ492P/ref=ewc_pr_img_1?smid=AN3QLT9N21E5P&psc=1
https://www.amazon.com/gp/product/B07TTJ492P/ref=ewc_pr_img_1?smid=AN3QLT9N21E5P&psc=1
https://www.amazon.com/gp/product/B09VV59VSR/ref=ewc_pr_img_3?smid=ADEBTV7I8FDCW&th=1
https://www.amazon.com/gp/product/B09VV59VSR/ref=ewc_pr_img_3?smid=ADEBTV7I8FDCW&th=1
https://www.amazon.com/gp/product/B09VV9MKGQ/ref=ewc_pr_img_1?smid=ADEBTV7I8FDCW&th=1
https://www.amazon.com/gp/product/B09VV9MKGQ/ref=ewc_pr_img_1?smid=ADEBTV7I8FDCW&th=1
https://www.amazon.com/gp/product/B0CC4WXYXY/ref=ewc_pr_img_2?smid=AQZVZAJU5COEB&th=1
https://www.amazon.com/gp/product/B0CC4WXYXY/ref=ewc_pr_img_2?smid=AQZVZAJU5COEB&th=1
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BOJACK 
300 Pcs 30 

Values 
Resistor Kit 
1 Ohm - 1M 
Ohm with 

1% 2W 
Metal Film 
Resistors 

Assortment 

kit https://www.amazon.com/gp/product/B09MS545M3/ref=ewc_pr_img_4?smid=
A2RFXKS6GNXFWP&th=1 

18 awg Solid 
Wire kit 

Electrical 
Wire Cable 

lot https://a.co/d/1eouxg7 

282834-2 
Connector 10 https://www.digikey.com/short/821rmrnw 

300 Pcs M4 
Screw 

Assortment 
Button Head 
Socket Cap 

kit https://www.amazon.com/gp/product/B0BZ6Y8KRD/ref=ox_sc_act_title_2?smi
d=A23XVIPJ96UME3&psc=1 

Clear Rubber 
Stoppers 

Bumpers Self 
Adhesive 

kit https://www.amazon.com/gp/product/B09WRFDMKY/ref=ox_sc_act_title_1?sm
id=A16FUM8J3D9097&psc=1 

Proster LCR 
Meter Digital 

LCR 
Multimeter 
Capacitance 
Resistance 
Inductance 
Measuring 
Meter with 
LCD Over-

Range 
Display 

kit 
https://a.co/d/e7UabZ5 

 

  

https://www.amazon.com/gp/product/B09MS545M3/ref=ewc_pr_img_4?smid=A2RFXKS6GNXFWP&th=1
https://www.amazon.com/gp/product/B09MS545M3/ref=ewc_pr_img_4?smid=A2RFXKS6GNXFWP&th=1
https://a.co/d/1eouxg7
https://www.digikey.com/short/821rmrnw
https://www.amazon.com/gp/product/B0BZ6Y8KRD/ref=ox_sc_act_title_2?smid=A23XVIPJ96UME3&psc=1
https://www.amazon.com/gp/product/B0BZ6Y8KRD/ref=ox_sc_act_title_2?smid=A23XVIPJ96UME3&psc=1
https://www.amazon.com/gp/product/B09WRFDMKY/ref=ox_sc_act_title_1?smid=A16FUM8J3D9097&psc=1
https://www.amazon.com/gp/product/B09WRFDMKY/ref=ox_sc_act_title_1?smid=A16FUM8J3D9097&psc=1
https://a.co/d/e7UabZ5
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Appendix C: Specification Sheets 
Ferrite Core 
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Figure C.1: Data sheet for Core E38/8/25. 
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Aluminum Electrolytic Capacitors 
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Figure C.2: Datasheet for Aluminum Electrolytic Capacitors. 
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Power MOSFET 
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Figure C.3: Datasheet for Power MOSFET IRF540. 

  



 97 

Schottky Barrier Rectifier
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Figure C.4: Datasheet for Schottky Barrier Rectifier SB520 thru SB560. 
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Linear Stage 

 
Figure C.5: Datasheet for SEMZL60-ACR Z Linear Stage. 
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M4 10mm Screw 

 
Figure C.6: Datasheet for VESA Compatible M4 10mm TV/Monitor Wall Mount Screws. 
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M4 12mm Screw 

 
Figure C.7: Datasheet for VESA Compatible M4 12mm TV/Monitor Wall Mount Screws. 
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C Clamp 

 
Figure C.8: Datasheet for 304 Stainless Steel C Clamp. 
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18 AWG Wire 

 
Figure C.9: Datasheet for 18 awg Solid Wire kit Electrical Wire Cable. 
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Terminal Block 
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Figure C.10: Datasheet for 282834-2 Connector Terminal Block. 
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M4 Assorted Screws 

 
Figure C.11: Datasheet for 300 Pcs M4 Screw Assortment Button Head Socket Cap. 
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Rubber Stoppers 

 
Figure C.12: Datasheet for 100pcs Cabinet Door Bumpers Clear Rubber Stoppers Bumpers Self Adhesive. 

  



 112 

Portable LCR Meter 

 

 
Figure C.13: Datasheet for Proster LCR Meter Digital LCR Multimeter Capacitance Resistance Inductance Measuring Meter 

with LCD Over-Range Display. 
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Appendix D: MATLAB Code 
Five- Layer Inductance versus Airgap 
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Figure D.1: MATLAB Code for the Five-Layer Inductance versus Airgap graph. 

  



 115 

Filter Cutoff Frequency versus Airgap 
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Figure D.2: MATLAB Code for the Filter Cutoff Frequency versus Airgap graph. 

  



 117 

EE Core One-Layer Inductance versus Airgap 
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Figure D.3: MATLAB Code for the EE Core One-Layer Inductance versus Airgap graph. 
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EI Core One-Layer Inductance versus Airgap 
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Figure D.4: MATLAB Code for the EI Core One-Layer Inductance versus Airgap graph. 


