
PCB Coil Based Multifunctional High Bandwidth

Current Sensor for SiC MOSFETs

INTRODUCTION

Wide Bandgap (WBG) power devices like Silicon Carbide MOSFETs are ushering a new rev-

olution in power electronics due to their high blocking voltage, high switching speed and high

operating temperatures [1, 2]. Their excellent material properties make them especially suitable

for automotive applications which operate in harsh environments. With the fast pace of pene-

tration of SiC MOSFETs in the power electronic industry, advances in the protection, control

and condition monitoring methods for these devices is imperative.

There are several challenges which limit the potential of these devices. Firstly, the low short-

circuit withstand time (SCWT) of SiC MOSFETs makes the conventional IGBT protection

schemes inadequate for SiC MOSFETs [3, 4]. Secondly, for controlling the power device in a

power converter topology, the state-of the art current sensors pose layout challenges when used

for SiC MOSFETs. The PCB layout for SiC MOSFETs needs to be compact, owing to the

fast switching speed of the power devices. Therefore, sensing current through the devices by

placing bulky current sensors in the power-loop is not feasible with SiC MOSFETs. Thirdly, SiC

MOSFET technology is still evolving, and therefore, the reliability data on SiC MOSFETs is

scarce. Consequently, along with ultrafast protection schemes, real-time junction temperature

estimation can be helpful for real-time condition monitoring of the power device.

Therefore, a current sensor is identified as a crucial pivot in overcoming the aforementioned

challenges. A compact and low cost current sensor possessing high bandwidth can be used to

realize the following objectives:

1. By sensing the device current signal with high bandwidth, it is possible to compare the

device current with a fault current reference and turn-off the device safely before damage

to the device occurs.

2. The device current signal can be used to implement various current control methods for

power converters e.g. peak current mode control (PCMC).

3. Temperature sensitive electrical parameters (TSEPs) like on-state voltage drop (VDS,ON ),

threshold voltage (VT ), turn-on delay time (td, on), and di/dt of the device current can
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be monitored for junction temperature (Tj) estimation of the SiC MOSFET if the device

current signal can be sensed.

From the aforementioned points, it can be observed that the device current can be an

excellent indicator for both fault events as well as condition monitoring of the power device.

However, designing a low cost current sensor with high bandwidth is challenging. A brief

literature review on the state of the art current sensors is given below.

STATE OF ART ON CURRENT SENSORS

HBW current sensing in power converters has been a challenge, and over the years many different

types of sensing methods based on several technologies have been reported [5, 6]. Resistive shunt

based current sensing has been popular due to its simple implementation and HBW [7]. Low cost

surface-mount shunt based current sensing technique using field cancellation has been reported

in [8]. However, the shunt resistor incurs losses and doesn’t provide galvanic isolation. The

resistive shunt also exhibits stray inductance that can be mitigated through co-axial shunts [9],

though at a high cost [10].

Current transformer (CT) based sensing techniques offer isolation and HBW, but saturation

of magnetic core limits the current rating of these sensors. Moreover, sensing device current

requires routing of current through the core center which, therefore, requires longer power-loop

traces. This inevitably introduces large stray inductance in the power-loop. To mitigate these

issues compact CT based sensors based on co-axial CT and planar CT have been reported

[11, 12], but complexity of design and core saturation remain a challenge.

Hall effect based current sensing Integrated Circuits (ICs) have been popular due to their ease

of implementation and low cost, but they lack HBW. Recently, Giant Magnetoresistance (GMR)

based ICs have been utilized to develop current sensors for power devices with a bandwidth upto

10 MHz [13, 14].

Rogowski coil based current sensors have been utilized in applications where the required

sensing bandwidth is higher than that offered by Hall effect and GMR based sensors. Rogowski

coil is an air core coil which senses the magnetic field generated by the current under measure-

ment and produces a terminal voltage which is proportional to the derivative of the current

[15]. The voltage induced across the coil is then integrated to produce a voltage signal, which

is proportional to the current to be measured. A PCB-Rogowski coil design based on Partial

Element Equivalent Circuit (PEEC) method is proposed in [16] for press-pack IGBTs. A silicon
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carbide (SiC) MOSFET module based converter with a PCB-Rogowski coil integrated in the

gate driver circuit is demonstrated in [17, 18].

In case of the coil designed for the press-pack IGBT in [16] or the MOSFET module in [17],

the large size of the device package ensures that the coil can be placed without any change

in the power-loop layout. However, a smaller package like TO-247 does not present such an

opportunity of coil placement due to the limited space between device terminals. Alternatively,

a field sensing PCB coil can be placed near a trace which routes the device current on the

printed circuit board (PCB) layout. The coil placement may, however, require an extension

of power-loop traces, and therefore, increase stray inductance in the power-loop. One such

approach for placing the coil, for a TO-247 package based SiC MOSFET, is presented in [19].

A current sensing technique for a GaN device, using a PCB coil and an offline integration

method, is presented in [20]. A PCB coil, like a Rogowski coil, produces an output voltage

which is proportional to the derivative of current to be measured. Even though the PCB coils

can be designed to be extremely small, they are asymmetrical unlike Rogowski coils. The PCB

coil voltage is then sampled and integrated offline using a computer program to reproduce the

current signal. A similar approach using offline integration is presented in [21] for a laminated

bus-bar based PCB coil.

OBJECTIVES AND SCOPE OF WORK

Due to their small footprint, PCB pickup coils are, therefore, appropriate current sensing ele-

ments for placement inside compact power-loop circuits. However, to design an online current

sensor with PCB coils it is important to understand the influence of coil placement on the

power-loop stray inductance. The influence of the power-loop design and the PCB pickup coil

geometry on the sensitivity of the PCB coil needs to be investigated as well. Since the PCB

coils are asymmetrical, the influence of the coil shape and its dimensions on the noise immunity

of the current sensor is investigated. After addressing these issues, this work further develops a

single interconnect based PCB coil design with an online current sensor signal fed to the gate

driver card. The current signal is thereafter utilized for protection and junction temperature

estimation of the power device.

The main objectives and scope of this work, are broadly presented as follows.

1. Development of a methodology for designing compact PCB coils based on the process of
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electromagnetic field computation.

2. Development of the sensor model which incorporates non-ideal op-amp characteristics for

estimating the bandwidth of the PCB coil based current sensor.

3. Development of a single interconnect based PCB coil design on a four-layered PCB based

on the developed coil design methodology.

4. Development of an ultrafast protection scheme for SiC MOSFETs based on the PCB coil

based current sensor.

5. Development of peak current-mode control scheme for a Buck converter with the PCB

coil based current sensor.

6. Development of junction temperature estimation method for SiC MOSFETs with PCB

coil based currents sensor using the turn-on delay time as a temperature sensitive electrical

parameter (TSEP).

A diagrammatic overview of the work done in the thesis is shown in Fig.1.

Fig. 1. Diagrammatic overview of work

OUTLINE OF CHAPTERS

A brief outline of chapters in the thesis is given here.

Chapter-I: Introduction The opening chapter of this thesis introduces the concept of PCB

coil as a multifunctional solution for protection, control and junction temperature estimation of

SiC MOSFETs. This chapter establishes the main objectives of this work and briefly presents

the thesis outline.
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Chapter-II: Current Sensing Techniques in Power Electronics: State-of-the-art In

this chapter, a comprehensive review of the state of the art current sensing technology is doc-

umented in detail. Based on the detailed analysis of previously reported work, the chapter

concludes with identification of possible research areas.

Chapter-III: Field Computation Aided PCB Coil Design This chapter gives the field

computation aided design of PCB coils. The development of models for 3D-FEM electromag-

netic simulations of PCBs is discussed. The simulation methodology developed in COMSOL

is elaborately discussed. A single interconnect trace based PCB coil design is thereafter pre-

sented. The influence of the trace length on the mutual inductance between the PCB coil and

the power-loop stray inductance is investigated. Furthermore, design of the PCB coil on a

four-layered PCB is discussed for sensing the current through the top and bottom device in a

half-bridge circuit. Lastly, noise immunity of the PCB coil developed for the single interconnect

trace is discussed.

Chapter-IV: Ultrafast Protection of SiC MOSFETs This chapter presents the ultrafast

protection of SiC MOSFETs with a single trace interconnect based PCB coil design. The design

of the integrator circuit and the protection circuit, integrated with the gate-driver, is discussed.

A sensor model is developed which includes the influence of op-amp non-idealities. The efficacy

of the protection scheme for both the fault types , viz. the hard-switched fault (HSF) and

the fault under-load (FUL), is demonstrated. The factors influencing the response time of the

circuit are explored and the design guidelines for selecting the components of the protection

circuit are established.

Chapter-V: Peak Current-Mode Control This chapter deals with the peak current-mode

control of a buck converter with a PCB coil based current sensor. The developed PCB coil based

current sensor is used to implement the control strategy. Design of the slope compensation

network is also discussed. The control to output transfer function of the converter is developed

while incorporating the sensor gain.

Chapter-VI: Junction Temperature Estimation of SiC MOSFETs This chapter deals

with the junction temperature estimation of SiC MOSFETs with PCB coil based current sensor.

The developed PCB coil based current sensor is used to estimate the turn-on delay time of the

SiC MOSFET. The turn-on delay time changes as a function of device junction temperature
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due to variation of the threshold voltage with the junction temperature. This relationship is

utilized to sense the junction temperature of the MOSFET by measuring the change in the

turn-on delay time.

Chapter-VII: Conclusion The concluding chapter of this thesis briefly highlights key contri-

butions of this work and identifies further scope of work.
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