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ABSTRACT

ZACHARY T. MATHESON. Automated High-Bandwidth Current Sensor Design
Tool. (Under the direction of DR. BABAK PARKHIDEH)

Wide-bandgap power converters switch at kHz to several MHz, demanding current
sensors that are simultaneously compact, linear, and immune to electromagnetic in-
terference. Commercial shunts, Hall-effect (HE) ICs, magneto-resistive (MR), and
core-based current transformers (CTs) satisfy only a subset of these requirements.
This thesis introduces a hybrid sensing architecture that combines a PCB-embedded
differential Rogowski coil for high-frequency detection with a tunneling magneto-
resistance (TMR) sensor for DC-to-kHz detection. The complete design of the high
bandwidth current sensor will be developed using an automated design tool based on
user specifications.

The MATLAB-based tool designs a Rogowski coil using analytic expressions, ver-
ifying parasitics with Ansys Q3D and OrCAD extraction. It pulls from a device
database to select an MR that remains linear under the computed flux density, and
employs a constrained nonlinear cost function to optimize all passive components in
the differential amplifier and inverting integrator conditioning stages, forcing unity
gain across the combined bandwidth while respecting realistic R-C limits. LTspice
co-simulation of the synthesized stages provides pre-hardware validation.

By collapsing electromagnetic design, device selection, and circuit optimization
into a single script, the proposed tool reduces the design cycle time from weeks to
minutes. It offers a reproducible path to high-bandwidth, non-invasive current sensing

for power-electronic systems.
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CHAPTER 1: INTRODUCTION

An increased demand for precise, high-speed measuring instruments is becoming
increasingly crucial in power electronics. As power converters become more compact
and have higher switching frequencies, sensor redesign becomes a unique requirement
for each system’s specific needs. Monitoring current at different electrical nodes and
branches can be used to control, protect, and monitor. By using a current control
loop, power converters can monitor or limit both the instantaneous and average power
or current of their inputs, outputs, and internal components, such as the currents of
switches, inductors, legs, or capacitors, thereby controlling the active and reactive
powers [1]. When designing a sensor for the switch node of power converters, some
of the most significant challenges include the need for high bandwidth (BW) for ac-
curate detection, the detector’s susceptibility to electromagnetic interference (EMI),
coupling with nearby circuitry, and limited space for current sensor technology. Most
current sensors on the market lack the appropriate size, BW, and isolation for wide-
bandgap converters. Many onboard sensors, such as a shunt or coreless hall-effect
(HE) IC, require current to pass through them [2]. Silicon-based Hall sensors typi-
cally have a bandwidth (BW) limited to only hundreds of kHz, but with the recent
use of techniques such as a Rogowski design without a core or a differential design,
higher BWs and improved immunity to noise can be achieved [3]. The design of a
coreless construction eliminates the need for magnetic materials, which results in a
faster response time. Implementing a differential design allows for excellent rejection
of external magnetic fields (H), ensuring the sensor responds quickly to switching
currents without being interfered with by ambient magnetic fields. It may be more

challenging to monitor switch currents in high-frequency converters due to changes in
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the recommended layout of power converters and the long traces/connections, which
can cause parasitic effects in the system. Using a magnetic core current sensors
such as current transformers (CT) results in large amounts of parasitic inductance
near switches and decoupling capacitors [1]. Magneto-resistive (MR) current sensors
or micro fluxgate (MFG) can solve these problems by sensing contactless magnetic
fields; however, they usually cannot achieve high BWs. A printed circuit board (PCB)
embedded Rogowski coil has already been proven to provide high BW and flexible
system integration. Although a Rogowski coil cannot measure direct current (DC), a
hybrid sensor that combines a DC-to-low-BW detector and a Rogowski coil can solve
this issue. Careful design of the coil for sensitive currents and the selection of com-
ponents with high accuracy will help with accurate detection, reduce EMI radiation,
and minimize component coupling. Magnetic field induction-based transducers, such
as CTs and Rogowski coils, use Faraday’s law of induction and are only applicable
for alternating current (AC) measurements. A Rogowski coil uses an air core with
no saturation and detects the derivative of the current, in the form of voltage, due
to changes in the magnetic field seen by the coil. The integration of the Rogowski
coil output provides current information; this is achieved using a discrete op-amp
integrator or through passive integration with a calculated resistor and capacitor.

CHAPTER 2 provides a literature review that discusses different current sensing
technologies. It examines the working principles, benefits, and drawbacks of each
technology. It reviews the Rogowski coil’s theory of operation with an implementation
as a PCB-embedded application.

CHAPTER 3 presents the methodology for modeling and designing the hybrid
sensor. It provides details about the physical and electrical models of Rogowski coils,
including inductance, resistance, and capacitance. It compares these values from
the analytical approach to the FEM-based techniques (Ansys Q3D). It introduces

the sensor’s signal conditioning path with the analytical derivation of its frequency



response.

CHAPTER 4 demonstrates the development and implementation of the automated
MATLAB-based design tool. It describes the process of optimizing coil geometry,
selecting an MR sensor from a created database, and tuning R-C parameters using a
cost function. An LTspice simulation is presented to validate the sensor’s frequency-
domain behavior.

Finally, CHAPTER 5 summarizes the results of the sensor design and lab valida-
tion. It compares the simulation-predicted output with measured results, confirming
unity gain from kHz to MHz with proper sensor behavior under transient conditions.
It concludes with a discussion on the tools’ practical impact and potential future

enhancements.



CHAPTER 2: LITERATURE REVIEW

2.1 Current Sensing Overview

Measuring electrical currents is essential for the protection, control, and reliability
of power converters. One of the challenges in current sensing is developing a compre-
hensive scheme to measure the various types of currents incorporated into switching
devices. The current sensor requires a fast-sensing speed, doesn’t fluctuate with in-
creasing ambient temperatures, and is immune to EMI. This chapter will explain
that no specific current sensing scheme will provide the necessary BW, size, isola-
tion, linearity, and accuracy. While accuracy is essential, current-sensing devices that
are accurate often come in large sizes. The need for noise immunity will require an
increase in complexity. HE sensors are examples of this because they do not have
adequate accuracy, resolution, and/or BW. An MR sensor needs to be compensated
for temperature drift due to its electrical resistance and magnetic properties that may
vary with temperature. CTs are incredibly bulky and will saturate when exposed to
amplitude-significant currents or external fields because the core material magnetic
flux density (B) reaches its saturation point and cannot linearly respond to additional
magnetic excitations [4][5]. Rogowski coils have been proven to be very effective in
terms of their volume, manufacturing cost, and high-frequency sensing; however, they
cannot detect DC currents (as DC currents do not change over time). A second sen-
sor, in combination with the Rogowski coil that detects DC, such as a HE or an MR
sensor, will be required. While shunt resistors can measure DC up to MHz, they have
drift and isolation limitations. A shunt resistor has a non-zero temperature coefficient
of resistance (TCR), so the accuracy will be affected as the resistor increases in tem-

perature. When current passes through the shunt resistor, the voltage drop across it
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can be measured as shown in Figure 2.1. While a shunt resistor is placed in line with
the current path, it can float ground potential and introduce noise when placed on the
low side. The shunt resistor is rarely placed on the high side, so an isolation amplifier
is required to reference the voltage safely. When placed in a switching environment,
the shunt resistor is susceptible to electrical noise. While shunt resistors seem ideal
for measuring currents, they are invasive and introduce parasitic elements, such as
series inductance. The voltage drop across the shunt resistor generates heat, which
can be undesirable in certain scenarios where it may affect other circuitry surrounding

the shunt [5].
+ V -
R »

1=V
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Figure 2.1: Working principle of a Shunt sensor.

Magnetic sensors have met the need for increased sensitivity while being in a small
package. With a changing magnetic field or flux density, these sensors can detect
and convert it into an electrical current. These sensors have improved and can be
connected to digital circuitry, improving feedback accuracy. Based on how these
sensors detect, external magnetic fields can interfere with their accuracy and detection
ability. The most widely used magnetic sensors implemented in power applications
include HE, MR, and MFG sensors.

A HE sensor is based on the phenomenon that occurs when a potential difference
is created across an electrical conductor due to a transverse electric current in the
conductor and an applied magnetic field perpendicular to the current. A HE sensor
will determine the magnetic field intensity through an input interface subjected to
signal conditioning to produce a sound output. Typical signal conditioning involves

an amplifier stage, temperature compensation, and voltage regulation. Many HE
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sensors are low-level signals, so the amplifier should have low noise, high impedance,
and moderate gain. To reduce interference from other magnetics, it is best to choose

a magnetic core with high permeability [5].
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Figure 2.2: Typical Hall-Effect Sensor Scheme [6].
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A MR sensors have varying electrical resistance as a function of the applied mag-
netic field. Three types of MR sensors seem to be more attractive on the market:
anisotropic magneto-resistance (AMR), giant magneto-resistance (GMR), and tunnel-
ing magneto-resistance (TMR) sensors. GMR sensors are typically used for applica-
tions that require higher sensitivity and resolution, while AMR sensors are generally
used for low-field and low-frequency applications [5]. As an emerging technology,
TMR can detect low fields, is less susceptible to external magnetic fields, has high

resolution, and can be used in high-frequency applications.

Contact Conductor Contact

Magnetic

}]

Figure 2.3: Structure of a Tunneling Magneto-resistance Sensor.

Some popular inductive current sensors include current transformers (CTs) and

Rogowski coils, which utilize Faraday’s law of induction, which states that the mag-
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nitude of the induced voltage in a coil is proportional to the rate of change of magnetic
flux. At higher frequencies, the induced voltage is larger; therefore, this type of sensor
would be more accurate at higher frequencies. When adding turns to the coil, the
induced voltage increases, but the resonance point decreases. An increased number
of turns will increase the overall inductance while reducing the resonant frequency.

di

‘/induced (t) =—-M % (21)

A Rogowski coil and a CT have the same working principle; however, Rogowski
coils typically use an air core instead of a magnetic core. Due to the absence of a
magnetic core, a Rogowski coil will not saturate or fluctuate due to changes in core
permeability. A Rogowski coil generally requires an integrator circuit to compensate
for the lower gain due to the air core. Including a termination resistance before the
integrator stage will dampen the response. Overall, inductive-based current sensors
are good at detecting high frequencies, not low frequencies. Due to their physical
design, they provide isolation and are the only option to measure high-frequency

currents non-invasively.



CHAPTER 3: METHODOLOGY

3.1  Rogowski Coil Review

Using a simple wound Rogowski coil with n turns wrapped around a magnetic
material core, with a structure shown in Figure 3.1, an AC current flows through
the central conductor, and based on Ampere’s law, that current produces a magnetic

field.

j[H Sl = i(t) (3.1)
Each turn of the winding encloses the flux of field H. According to Faraday’s law,

a voltage is induced.
V=-——= (3.2)

where

b
@:/ B-dA

and

BzﬂoH

To obtain a function for the voltage of N loops with respect to the current i(t).
V()= —N- —/B dA (3.3)

- — 4
L dt (3:4)

V(t) = —
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Figure 3.1: Structure of a Simple Wound Rogowski coil [7].

A Rogowski coil can be modeled as an electrical equivalent circuit (Figure 3.4). The
relationship between the electrical parameters and physical dimensions/properties can
be analyzed. The mutual inductance (M) determines the magnitude of the induced
voltage, which is proportional to the rate of change of the current flowing through
the conductor. In the equivalent circuit, this can be modeled as a voltage source.
The resistance, R, is determined by the conductive material used to wind the coil,
or it can be the conductive material that forms the planar Rogowski coil. The self-
inductance, L., is determined based on the turns and geometry of the Rogowski
coil design. The inter-turn and inter-layer capacitance between the coil’s windings
determines the coil’s parasitic capacitance. These values are crucial to the coil design
as they determine the resonance frequency, contributing to the limitation of the coil’s
BW. In Figure 3.2, these parameters are swept, showing their contributions within
the frequency response.

An external resistance, R;, is included in the model, which should be used to
dampen the resonances. As the impedance gets larger, the output of the Rogowski
coil is dampened less (Figure 3.3). While M is the only property increasing sensitivity
to currents, the RLC elements are parasitic values contributing to the resonance
frequency. Considering the circuit as the electrical equivalent and including these

non-idealities, the transfer function is given:
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When analyzing the electrical equivalent model of a Rogowski coil, we see that it

contains a series of resistance, inductance, and parallel capacitance.

Pl
Rt = 22 (3.7)
NQ/,L()CZ b
Lcoil - o In 5 (38)
4m2eo(b+ a
C’coil = 0§,+ ) (39)

Where p,, is the resistivity of copper, [,, is the length of the coil wire, a and b are
the internal and external radii of the coil, N is the number of turns, and d is the

diameter of each loop in the coil [9].

o

AN, sy . .
Reodl Leoil l I_
Pt T =

Veoil=Mdifdt ° _ / 1 Ceoil :..:} 7

Figure 3.4: Electrical Equivalent Rogowski Coil Model.

3.2 Rogowski coil Modeling

When designing a PCB-embedded Rogowski coil, it is crucial to consider the physi-
cal shape and geometry. The available space required in which the sensor will inhabit
will determine the size of which it will sit (relative to the current carrying trace).
There are several simulation tools to optimize coil design, ensuring the best perfor-
mance while balancing the electrical and magnetic properties with space restrictions
and geometry selection. The Rogowski coil that will be focused on will be octago-
nal. In a modern electromagnetic field solver, Ansys Maxwell Q3D, the coil can be

modeled sitting over the current-carrying trace. While exciting the trace, a magnetic
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field pickup from the Rogowski coil can be seen. From this model, Ansys will solve

parameters for the electrical equivalent circuit of a Rogowski coil.

Figure 3.5: PCB-embedded Rogowski coil Modeled in Ansys Q3D.

After the design of the coil in a PCB editor (Figure 3.6), most PCB editors include
an analysis for parasitic effects. In the case of OrCAD, it will also deliver all electrical
parameters for the electrical equivalent circuit of a Rogowski coil. Due to Ansys’s
strong ability in electromagnetic fields, the solver can solve for the M between the
Rogowski coil and the current-carrying trace. The results from both programs can

be viewed in Table 3.1.

Figure 3.6: PCB-embedded Rogowski coil Modeled in OrCAD.

Table 3.1: Comparison of parameters between Ansys and OrCAD.

Tool Resistance Self-Inductance Mutual Inductance Capacitance
Ansys Q3D 2.5415 m$2 20.53130 nH 1.04525 nH 0.563072 pF
OrCAD 79.7476 mS2 15.1172 nH N/A 0.554864 pF

We can formulate our electrical parameters based on our knowledge. Using these

formulas for an octagonal Rogowski coil, where [..; is the total core length, wyqce is




the cross-sectional width, and hy.qe 18 the cross-sectional height [10][11].

l cot
Rcoil = 2,0 :

Werace htrace

Leou = L;elf + L%, F—2M

Table 3.2: Empirical constants for Wheelers Formula.

Layout K K,
Square 2.34 2.75
Hexagonal 2.33 3.82
Octagonal 2.25 3.55

I(.’DE.I

Figure 3.7: PCB-embedded Rogowski coil Parameters Realized.

13

(3.10)

(3.11)

(3.12)

(3.13)
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To correctly calculate the M between the Rogowski coil and the current carrying
trace, Neumann’s formula, which is derived from the magnetic vector potential and
Faraday’s law of induction, will give an analytical solution to the M. Each copper trace
is seen as a series of straight lines defined by their 3D coordinates in this approach.
The M is computed as a double integral over their lengths by evaluating the interaction
between all segment pairs from the Rogowski coil and the current carrying trace. This
will result in the cumulative magnetic coupling between the two structures. From
the formula, d; is the small integration element on the Rogowski coil, while [ is the
path along the Rogowski coil. The path along the current carrying trace k£ and the
small integration element d;. The vector pointing from the observation point to the
Rogowski coil is r, and the vector from the observation point to the current trace is

/

r’. The absolute difference between the two is the distance between a point on the

Rogowski coil and a point on the current-carrying trace.

i dl - dk
M= ﬁ/k/l (3.14)

v —r'|

y i
dk V7 :

Figure 3.8: Neumann’s formula Implementation.
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3.3  Simulation

To further prove the calculator, building a model using L'Tspice, an electronic circuit
simulator that can model the sensor and test bench. With this approach, it is possible
to see the sensor’s response before populating a new sensor. This would be considered
pre-proof of what you would expect in the lab. The first thing to create in LTspice
is the test conditions. The converter will be a buck converter using silicon carbide
(SiC) Wolfspeed devices for all testing purposes. The bottom device will be turned off,
allowing the free-wheeling diode to commutate. Due to the desired testing frequency,
the inductor, L, and capacitor, C,, will vary for the TMR and Rogowski coil testing.
During the testing, the device under test (DUT) will be placed at the load side and

compared to the currents seen by a commercial-grade device.

2

_y
)
L5
erim|
i

= |:|"‘|:J
-y

Figure 3.9: Buck Converter: (a) Simplified Diagram, (b) Hardware Test Bench

When creating the test bench, it is vital to use the same switching devices; this is
given to us as a Spice model from the manufacturer’s page. Using the C2M0080120D
(a SiC MOSFET with fast switching used for HVDC converters), spice model, the
devices are implemented into the system, as seen in Figure 3.10. Values R;, R, and
R, are represented as line parasitics within the circuit, while R3 is a small shunt

where I can feed the current flowing through the resistor into a dependent voltage
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and current source.

Jparam Bredgd =1 {freg)

Rl -]
ATAY, _x'}“ PULSE(-5 15 Sia 60n T0% (Ireqlf 2] {iregl) 200)
0.o32 | } w2
b
CHADDE L 200 n

[0 1 lu+5u G0n 70n (Ireql 2] (lreql) 300)

%
._’_5.
|ﬁ-§-ﬂ

19 . Tc:s'
|| L
™ 100 S1_rebs S ==
v LT .1 [
CIM0080 200
R
us L] Co
Tl N { 16.1
kg aEr RLT I
[ L i . .
w L] v
10 o R
“amay
w2 [

Figure 3.10: LTspice Implementation of a Buck Converter.

The current is fed into the dependent voltage source connected to the TMR equiv-
alent circuit. The values Ry and C create a low-pass filter that sets the cutoff

frequency. The values Ry and Rj3 set the dB gain of the TMR. This can be found:

R
Aap_rmr = 201logy <R3T3R2> (3.15)

R+- L“ R3
S

Figure 3.11: LTspice Implementation of a TMR Sensor.
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The gain of the TMR is essential when considering the transfer function. Modeling

it as a simple R-C low-pass filter does it just in terms of its frequency response at the
cutoff frequency; however, it will end up with zero gain. The sensitivity of the TMR
can be calculated from Figure 3.12, where the TMR is connected to a high-current
step function. From this, to calculate the gain in terms of mTY, considering the base

and peak of the TMRs output:

R
Aap_Tmr = 20logy, (R—i—zR> (3.16)
3 2

MS0- 31044 MY54100375: Wed Mar 16 11:14.57 2022
13,00V X

IMS0-X 31048, MY54100375 Wed Mar 16 11:3628 2002
15,00V 005/

221V
KEYSIGHT

Figure 3.12: TMR Sensitivity: (a) 10A, (b) 25A

To model the Rogowski coil, the current from the inductor in the buck converter
is also fed into a dependent current source connected to L1. Based on the function
K1 L1 L2 L3 1, it is coupled in unity with no losses. For this method, the Rogowski
coil will be modeled as a transformer. This is a differential coil design represented
by two coils in LTspice, and for that reason, it is modeled as a 1:2 transformer. In
this design, Ly is the self-inductance, Ry is the line resistance, Lo is the coil

inductance, and C,; represents the coil capacitance.
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Figure 3.13: LTspice Implementation of a Rogowski Coil.

3.4 Frequency Response

Figure 3.14 illustrates the proposed bandwidth of the sensor using a hybrid scheme
with two different sensing elements that operate at different frequency ranges. The
MR sensor will be used for DC up to kHz, while the Rogowski coil will pick up
higher frequency transients. The selected MR is a TMR, and the PCB-embedded
differential Rogowski coil will be used. As the frequency increases, the MR sensor
response begins to fall; however, the Rogowski coil response increases. The responses
of the two sensors are conditioned and filtered to obtain a final sensor output with a

unity gain across DC to MHz.

A
\
\ 7
*
Py \/ @ !deal MR Sensor
= 5 \ © 'deal RC
T / Y Proposed Current
- \ Sensing Scheme
7 h
* \
*
\
= >

fe

Figure 3.14: Proposed Bandwidth.

When looking at the transfer function of the TMR with its gain (figure 3.11), it

can be approximated by a low-pass term with a series resistor and parallel resistor:
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1
Hrar(s) = N iE (3.17)
(sCit () - (B ("))

R3

While the TMR can measure up to MHz, selecting appropriate R; and C; will
provide its cutoff frequency. If the TMR were considered purely as an R-C low pass,
then from a transfer function perspective, it would have zero gain. Considering R»
and R3 as the dB gain, selecting appropriate values for the gain is possible when the
TMR has an approximately 40 mV /A gain. The TMR has a changing resistance due
to the detection of magnetic fields. Having a differential output requires a differential

amplifier stage to translate its valuable information into single-ended information.

RS “Ies g
:-n.uu.l ...-..-..____:-*D—ut TMR
1=
v
R4 —
v - _F_. ._.-. _.v._.— - -
C5
. e ~ .
Co

Figure 3.15: LTspice Differential Amplifier Stage.

When designing the differential amplifier, it is important to consider the values Ry,
Rs5, and C5 to be the same so that the frequency response is balanced on the positive
and negative legs of the amplifier. It is also essential to consider that the R-C low

pass cutoff frequency provided by R4Cs should be approximately the same as RyCY.

From this, we can simplify the transfer function:
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H.. (S) . (2R5Cﬁ + 2R5C5 + 2R5C5)8 + 2R5
dif famp n <2R52R4C5CG)82 + (R5C5 + R5Cﬁ)8 + 2R4

(3.18)

When combining TMR and differential amplifier stages, the resulting frequency

response is seen in Figure 3.16.

TMR + Differential Amp Frequency Response

Magnitude (dB)

Phase (deqg)

104 10%
Frequency (Hz)

Figure 3.16: Proposed TMR + Differential Amplifier Stage Frequency Response.

For the Rogowski coil with termination, the transfer function is given:

—(QMRt)S
(LcoilccoilRt>32 + (Lcoil + RcoilRthoil>S + (Rcoil + Rt)

Hiyog(s) = (3.19)

A small resistance, Ry, is used to terminate the coil (as seen in Figure 3.13), damp-
ening the coil’s response so that when connected to an integrator stage, the integrator
only needs to integrate the coil output up to a few MHz. At the same time, high-
frequency noise is removed to produce a clean and accurate output. The proposed
integrator is seen in Figure 3.17 where R; is the input resistance, Ry; is the feedback

resistance, and CY; is the feedback capacitance.
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Figure 3.17: Proposed Integrator Stage.

With the proposed integrator stage, the transfer function is defined as:

—Ry;

2
Ri(l + SRfini) (3 0)

Hintegrator (3) -

When the terminated Rogowski coil and the integrator stage are connected, the

resulting frequency response is shown in Figure 3.18.
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ROG + Termination + Integrator Frequency Response
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Figure 3.18: Proposed Terminated Rogowski Coil + Inverting Integrator Stage Fre-

quency Response.

When both stages are designed for unity gain, the frequency response is:

Combined Bode Plot: TMR+Diff, ROG+Int+Diff, and Summation
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Figure 3.19: Proposed Sensor Output Frequency Response.

3.5 Automation

This section will describe the process of automating the design using methods dis-

cussed in previous sections, in response to each step’s design. These include the

Rogowski coil design, the MR sensor selection, and the selection of all resistors and

capacitors to achieve a proper output while maintaining unity gain across all frequen-

cles.
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The first step to automating the design is to develop a Rogowski coil model. From
this, sensitivity at a specific frequency is asked, as well as the maximum footprint
that the coil can inhabit, a current range, and the distance between the current trace
and the Rogowski coil. This is done by setting distinct inner layers, turns, and initial

inner and outer lengths. The MATLAB code follows this process:

Is N
User Inputs
Sensitivity, Frequency, & Size

y

For Layers
For Turns
For Quter Length
For Inner Length
A 4

Calculate
| Calculated Sensitivity— Target Sensitivity| = error
N )

|

[ Within Tolerance? I—

YES \‘ Calculate
Mutual, Inductance, Resistance,
"y

Capacitance

( NO

Build
Design Coil Shape

p.

Figure 3.20: Coil Design Process.

For example, if the user wanted a coil that had a 5"‘7}/ sensitivity at 500kHz, with
six interlayers between the Rogowski coil and current trace, and could fit only a 5
mm Rogowski coil. The calculator would give a design within the limits provided by
the user. The design of the Rogowski coil would appear as in Figure 3.21, where the

octagonal Rogowski coil appears above the current-carrying trace.
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Final Rogowski Coil Geometry
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Figure 3.21: Displayed Coil Geometry.

The MR selection will be the next step when designing the Rogowski coil, as it
determines the DC detector. Creating a database that includes the minimum and
maximum supply voltage, sensitivity, internal resistance, linear range, and hysteresis.
Using the information given, it’s possible to determine the maximum and minimum
B field using the current (I,,,,) and distance (d) between the current-carrying trace

and the detector.

,UOImaa:
B = - 1000 3.21
G 2rd ( )

Given the information and requirements, the output is a list of MR sensors describ-
ing whether the sensor is usable for the application. If the MR sensor is unusable,
a quick mention is made in the section explaining why it is not usable. If the user
accidentally selects an MR sensor that is unusable, an error occurs, notifying the user

that the selected MR is not usable and aborting the process.
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User Inputs | Change Requirements
Voltage Supply, Layers, & Current J

YES

NO
—L Required Voltage Supply Ji
-

—I Required Linear Region } NO

YES

NO

Required Sensitivity |

YES

[ Available MR Sensors ]

Figure 3.22: MR Selection Process.

Based on the selected MR sensor, approximating the frequency cutoff is given by
a simplified ferromagnetic-resonance from the Landau-Lifshitz-Gilbert model where

HE, is the positive linear range:

218
MR Y sat
= — 3.22
Je 27T< 2 ) ( )

Now that the proper MR sensor has been selected and the Rogowski coil has been
designed, the next step in automating the design is to select resistors and capacitors
for each conditioning circuit stage. A cost function sets constraints, so the final output
is a unity gain sensor. The first constraint would set the maximum and minimum
limits of the resistors and capacitors. This is done using realistic values for each
stage, which limits the solver so that the ending result doesn’t involve only a single
resistor or capacitor being absurdly large. This is shown in Table 3.3, which shows

the maximum and minimum values for each resistor or capacitor.
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Table 3.3: Soft Constraints on Resistors and Capacitors

Ry, | ¢ | Cnl| Ro | Ry

cy,

k3

Ry R;

Maximum | 60 k2 | InF | InF | 20 k2 1Q InF | 1k | 100

Minimum | 1kQ | IfF | 1fF | 5k | 1.5kQ | IfF | 5Q 19

The second constraint sets the MR to have a DC gain equal to the target unity
gain given by the user. This determined the DC detector’s gain by setting a baseline
to where the AC detector should meet. This is found by solving the current DC gain

and setting the penalty.

Gain® . =20log,, |Gainpc| (3.23)
Gamz(imd = 201log, |Gainieget (3.24)

2
penalty]\D/[g = (Gainggﬂrent - Gaingiired) (325>

The third constraint evaluates the Rogowski coil’s magnitude over a frequency
range and then attempts to match the magnitude to the target unity gain, as in
the previous constraint. The fourth constraint helps constrain the crossover point
of the MR and Rogowski coil at the desired unity gain. The fourth constraint sets
the R-C, connected to the differential amplifier, the frequency cutoff of the MR.
The sixth constraint requires the feedback R-C on the differential amplifier to match
the cutoff frequency specified in the fifth constraint. Doing so sets a -6dB/dec at
the frequency cutoff. This is done because the MR has a slow response at higher
frequencies, and doing so allows the phase of the Rogowski coil to be more prominent
at these frequencies. The total cost is calculated, and after many iterations, the

price decreases, converging on a solution. Once converged, the automated values are
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added to an Excel bill of materials (BOM), which allows the user to place an order

immediately.



CHAPTER 4: RESULTS

4.1  Simulation and Lab Results

Currently, there are two ways to demonstrate the results of the automated calcula-
tor. It is possible to confirm that the calculator works before creating the Rogowski
coil and selecting resistors and capacitors. I will first demonstrate that the results
work in the model, based on the lab testing results. The Rogowski coil design has
two turns with four inter layers between the current-carrying trace and the Rogowski

coil. For this, the values for the Rogowski coil can be seen in Table 4.1.

Table 4.1: Parasitic Capture Comparison

Mutual Coil Self- Coil Coil
Inductance | Inductance | Inductance | Resistance | Capacitance
Rogowski
Coil 1.5218 nH 10.8136 nH 3.885nH 168.1696 m$2 0.1309 pF

The MR selected for the application requires 50A detection with a 62.50G linear
range. From this, the MR selected is the TMR2104, which can achieve 50A within its
linear range. Setting the TMR2104 to have a frequency cutoff at 50 kHz. The values
for each amplifier stage are shown in Table 4.2 and Table 4.3. The final Bode plot

for the combined stage can be seen in Figure 4.1.

Table 4.2: Differential Amplifier Stage Values

R4 R5 C5 CG

Differential Amplifier | 4958 ) | 29782 Q) | 64.11pF | 61.2pF
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Table 4.3: Inverting Integrator Stage Values

R R; Rs Cs

Inverting Integrator | 3 | 9.9 Q | 1064 2 | 6.33nF

Combined Bode Plot: TMR+Diff, ROG+Int+Diff, and Summation
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Figure 4.1: Automated Final Bode Plot with Unity Gain.

From LTspice, with the values placed into the simulation, the result of the sensor
output is shown in Figure 4.2. The top portion of the graph displays the sensor
output (Blue) and the inductor current (Green). The bottom portion of the graph

displays each portion of the sensor, the TMR (Cyan), and the Rogowski coil (Red).
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Figure 4.2: LTspice Sensor Output.

From the lab, all resistors and capacitors are chosen to closely resemble the values
from the automated calculator, ensuring they are within 5 percent. The results are

shown in Figure 4.3 with the same test conditions as seen in the LTspice model.
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Figure 4.3: Sensor Output From Lab: (a) 250kHz, (b) 500kHz, (¢) 1IMHz
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As a result, the DC detector stage has a set frequency cutoff at 500 kHz. As shown
in Figure 4.3 part (a), the sensor output is closely tied to the inductor current that
is being used as a reference. In part (b), it is noticeable that during the falling edge
of the transient portion seen from the buck converter, the sensor falls more quickly
because the Rogowski coil takes a larger share of the response. In part (c) of the
same figure, this is more prominent at higher frequencies; however, the use case for
this sensor is for high frequencies with unity gain across the entire bandwidth.
Regarding the gain of the sensor, during visual inspection of the sensor output at
250 kHz, 500 kHz, and 1 MHz, the mTY gain is approximately 63 mTY throughout the
frequency sweep of the test. This test proves that it follows the pattern seen in the

Bode plot, containing unity gain across.



CHAPTER 5: CONCLUSION

This master’s thesis presents the design and implementation of an automated,
high-bandwidth current sensor tool for a hybrid sensor technology. Addressing the
limitations of conventional current sensing solutions, the proposed tool enables users
to co-design electromagnetic, circuit-level, and frequency-domain components from a
small set of user-specific inputs.

The core of the methodology lies in modeling a planar differential Rogowski coil for
high-frequency transient detection and pairing it with an MR sensor for low-frequency
detection. The tool integrates analytic equations, simplified electromagnetic parasitic
extraction, sensor selection from an MR database, and a constrained nonlinear opti-
mization routine to automate the selection of passive components for signal condition-
ing circuits. Together, this allows the system to maintain a flat frequency response,
achieving near-unity gain across DC to MHz.

Results validated by LTspice simulation and laboratory measurements confirmed
the effectiveness of the tool. The fabricated sensor, comprising an octagonal Rogowski
coil and TMR2104, showed a slight deviation from the reference current across a wide
frequency range and maintained a measured gain of approximately 63 mV /A. This
is consistent with the expected behavior derived from both Bode analysis and the
designed filter network.

By collapsing a multi-domain sensor development workflow into an automated
script, the proposed tool reduces development time from weeks to minutes and ensures
repeatability across different applications. Future work will extend this framework to
include an in-depth model of the MR, integration into a user-friendly program such

as Python, and a variety of Rogowski coil shapes.
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HYBRID SENSOR FLOW DIAGRAM

APPENDIX A
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