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Abstract: Power electronic converters are now able to opeaatgery high frequencies due to the
development in GaN and SiC power semi-conductomtglolgies. Measuring such high frequencies
with rise and fall times of a few nanoseconds nexugpecialised instruments and a good knowledge
of measurement techniques. This paper introducesrant shunt designed to be integrated into these
high frequency power electronic converters. Thenslairequired to have a high bandwidth in order
to reduce the measurement error.
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1. INTRODUCTION 2. CURRENT MEASUREMENT IN POWER
ELECTRONIC CONVERTERS

The drive towards smaller power electronic converte
has forced the operating frequencies of converters Measuring current in power electronic circuits is
increase, such that the normally large energy géora important for several reasons, such as protectioh a
elements of these converters can be reduced ingalhys control. Measuring current in RF devices in thet pess
size. Although size limitations still exist due the nota concern, since the devices were either lomepoor
magnetic elements, the overall reduction is stilloperated under sinusoidal conditions. Measuring the
considerable. Previously, the limitation of the mmaxm  pulsed current waveforms in power electronic ciui
switching frequency of these converters was theequires current sensors with high bandwidth cdipabi
transistors.

The bandwidth of any device corresponds to the 3dB
Developments in power semi-conductor technologyknee frequency which also correlates to a 45 deginase
introduced Silicon carbide (SiC) power switchingshift at that 3dB point. This large phase shift canse
transistors which are able to switch in the RF earapd  inaccurate measurement and possibly failure in the
even newer semi-conductors have been introduced faircuit. For instance, if a phase arm is switchg of
power switching, the GaN transistors, which arel $ai phase, a phase shift (which correlates to a tinif§) sih
be able to achieve even better characteristicstti@a®iC  either of the drive signals can cause a short iticcurent
devices as discussed in [1] and [2]. These recerhrough the switches which would be detrimentathe
developments in semi-conductor switches have ndtw lecircuit and/or the power switches. This is why & i
other technologies to trail. One such technologylieen important to realise that measurement specificatifam
identified as accurate current measurement. Althoughard switching power electronic circuits must becst
actual measurement probes are well developed, iafipec and that the 3dB rated frequency is not a trueufiicgent
for voltage measurement, the high frequency switghi figure of merit.
operation of the circuit can cause stray flux tame
onto the measurement leads causing consideraburrent sensors, specifically in power electronicuts,
measurement error. aim to achieve the following characteristics aselisin

[4]:
Current probes also often require that a loop lileddo « Compact size with a very low profile
accommodate a current probe. This loop adds indoeta « Ease of manufacture and low cost
to the circuit which will Change the Operating . H|gh bandwidth for h|gh frequency Operation
characteristics of the circuit. Ideally HF and Riitshing . Fast response with low parasitic elements introduce
power electronic circuits should have as littlegs#tic , Regliable with good noise immunity

inductance and capacitance as possible. This imfiat Hi i ; ;
. . igh stability with varying temperature
current and voltage sensors should be carefulligded g y ying P

and characterised to ensure that the parasitic danpee
they add is negligible, or at least will not draatiy affect
the circuit operation. This is especially importémt new
switching devices such as eGaN FETSs [3].

The criteria listed above are used as guidelinegewh
designing the integratable shunt discussed inghjger.
The accuracy of a current sensor relies heavilythen
impedance matching of the input and outputs of the
device under test [5]. Several different shunt tedbgies
are discussed next.



3. INTEGRATED CURRENT MEASUREMENT 3.6 Co-axial shunt resistor
TECHNIQUES
A typical co-axial shunt resistor is shown in Figdr. The
3.1 Integrated current transformer idea behind the co-axial shunt resistor is to er@ashunt
with low inherent parasitic elements, high bandtvidhd
Current transformers still require a magneticallyalso to be able to measure with low measuremersenoi
permeable core, even at high frequencies. This cane This is achieved by physically placing the measasm
do no less but add to the layout inductance ofpilwer  lead wire within the field free region of the shuesistor.
circuit as well as the inherent inductance of therant The region is field free because it is inside therent
sensor which limits its rise time response [6]. thes  carrying tube conductor as indicated in Figurerid ean
problem with current transformer sensing methodbas be explained with Amperes circuital law. This latates

only AC waveforms can be measured. that the magnetic field enclosed by any enclosdt [z
equal to the current enclosed by that path [9].ddethe
3.2 Current sensing on chip enclosed area inside the shunt will have no magneti

field. The common type of co-axial shunt resistass
Some designers have even tested the idea of ititegra indicated in Figure 1 is bulky and is physicallyga so
the sensing technology on the chip for applicatiassn that it can thermally dissipate the losses. The
[5] and [7]. The advantage of current sensing op ¢h disadvantage of shunt resistors is they do notroffe
that the inherent inductance of the sensor is srRakkn isolation and they are temperature dependent.
so, physically measuring this current can stilraduce
measurement error. This is costly and is not abkléor  Simply miniaturising the shunt will reduce the afe@m
all power switches since it is part of the chipwhich it can dissipate the thermal energy lossescé
manufacturing. lowering the power capability of the shunt. The rghu
needs to be miniaturised so that it can be intedraito
The on state resistance can also be used to meidsure the PCB of the power electronic converter and &l
current. As more current passes through the poweble to dissipate the thermal energy.
switch, the on state resistance varies as a funaifo
temperature, thus varying the measured quantifiese. The shunts that are discussed in this paper arewioor
true limitation of current sensing on chip is thehigh voltage, but low current applications, namiegjow

temperature distribution in the chip. 20 amperes. This low current will correspond to the
voltage drop across the shunt resistor being coaiybear
3.3 Integrated Rogowski coil with the leakage flux that could induce measurement

noise. Thus the shunt needs to be designed sutlththa
Rogowski coils can be integrated into a circuit.eTh desired signal can be differentiated from the measant
limitation of the Rogowski current sensor is theerror.
integrator, since the coil itself can be designedhdve a
high bandwidth [6]. In order to achieve a high baiuth

OUTPUT

device, the cost of the integrator exponentiallgréases TERMINAL FIELD FREE REGION
making this an unfeasible option. /
INPUT NON-CONDUCTIVE
i TERMINAL INSULATION
3.4 GMI and GMR current sensing MATERIAL

STAINLESS STEEL
Giant Magneto Impedance (GMI) sensors and Giant RESISTIVEMATERIAL

Magneto Resistive (GMR) sensors [6] are sensor| .
50Q RESISTOR FOR

technologies which can also be integrated intopiheer TERMINATION
electronic circuit. This is because their method of
. . . . BNC MEASUREMENT
operation allows for these devices to reduce ire siz TERMINAL
significantly as discussed in [8]. Although thedgliGnd
GMR devices can be made relatively small, they are Figure 1: Co-axial shunt resistor

costly and complex to be designed into a commonepow

electronic circuit, as well as susceptible to thBIIE 4. MINIATURE INTEGRATED CO-AXIAL SHUNT
generated by the power electronics.
Shunt resistors are known to be one of the mosirate
3.5 Integrated planar shunt and simplest methods of sensing current as disdusse
[10]. They are also cost effective. The currensiiaply
This shunt resistor is constructed using thick filmdetermined by the voltage drop across the resistiorg
metallisation technology [6]. The advantage of 8hisnt  Ohm’s Law. Therefore it is imperative that the sisuare
design is its ultra-low profile and low cost. Thesistance designed to reduce the effects of parasitic elesnent
may vary due to the contact resistance [4]. These reasons thus lead to the proposed shuntndesig



which resembles a co-axial shunt resistor. To redhe constructed integrated co-axial shunt resistoh@as in

parasitic elements, an integrated design is impiteae Figure 5.

BNC MEASUREMENT
Inspired by the more common co-axial shunt, thignsh POUBLE SIDED TERMINAL
resistor mimics the operation to achieve simila NON.CONDUCTIVE COPPER PIPE
characteristics but physically at a much smallatescThe INSULATION MATERIAL

. . 50Q RESISTOR FOR

resistance of the shunt should be small (normallyhe TERMINATION
order of a few milli-ohm) so that the losses duethe WIRE LEAD INPUT CURRENT
shunt are negligible (1.286 W at 10A). The shurttuth INPUT CURRENT BRASSPCB  PCB PLANE

PCB PLA{IE GROMMITS

also be designed so that the stray flux that cpokkibly
couple onto the measurement is negligible compé&ved
the actual current measurement, hence low measuatemg
error.

SURFACE MOUNT _—

RESISTOR SOLDER JOINTS

The performance of the shunt is dependent on7ts &

well as placing the measurement leads in a lowd fiel Figure 2: Cross section of miniature integratechxizd

region as discussed earlier as well as in [4]. &loee by shunt resistor
miniaturising the design, the shunt resistor shchdde
better high frequency performance. The next issube N TRAL

thermal dissipation of the shunt. BOTTOM SIDE OF

PCB

In order to keep the cost low, the design shoulditmple
and easy to implement, no exotic metals are usetisn
miniature shunt design. Instead surface mount (SMD
resistors are used as the resistive material. scsection SURFACE MOUNT
of the miniature or even micro shunt design is ghav RESISTOR
Figure 2 and Figure 4. The current paths through th
shunt are indicated in Figure 4. The current flaw i
adjacent current carrying paths is in oppositeativas,
the field around the paths will be weak fields heseaof
the field cancellation. This electromagnetic effedtl
also cause a high current concentration on thesedfe
the conductors facing each other on the adjacehspa

BRASS PCB
GROMMITS

Figure 3: Bottom view of miniature shunt indicating
concentric arrangement of SMD resistors

Skin depth and proximity effects are critical phemema

which can affect the resistance and inductancehef t
shunt. The current distribution of the shunt must b
balanced to ensure even current flow throughout th
shunt. The arrangement of the SMD resistors icatdd

in Figure 3. This concentric arrangement of the SMD
resistors of equal resistance will ensure a redftieven
current distribution at high frequencies. This addlows
for even heat dissipation of the SMD resistorsFigure | yu 2SI TOM VIEW
3, eight resistors (the shunt design can includeemo|
resistors to design as discussed later) are showr &
connected in parallel. Connecting the resistorgarallel &
will increase the electrical power capability oétkhunt.
Although from a thermal perspective, this implieattthe
heat dissipating surfaces are closer together.,Alse
resistors power dissipation specifications areetksn

Figure 4: Current path of shunt resistor indicating
currents in adjacent paths flowing in opposite aions

free air and not when packed closely together. : porh

This shunt design is cost effective and easy tdémpnt Figure 5: Photo of actual shunt resistor

and integrate into any high frequency circuit dasighis

type of shunt can be used for feedback controlhim t 5- MINIATURE INTEGRATED CO-AXIAL SHUNT
converter, but it is suggested measurement termiaa DESIGN PROCEDURE
reconsidered. The components used for this sherdlao ) o
chosen as common components which are often used i€ general approach to design such a shunt isieepl

high frequency power electronic converters. TheP€low. Thisis the procedure that was followed wigithe
design of the shunt discussed in this paper.



1. Choose maximum current to flow through the
shunt, | [A].

2.
shunt, P [W].

3. Determine the resistance of the shunt zﬁz

4. Determine if the voltage drop measured across th
shunt will be sufficienV = IR. If not, then revisit
steps 1 to 3.

5. Using both the resistance of the shunt as wekhas t

power rating, choose the number of resistors to b
placed in parallel. Note that all resistors shaodd
the same value to ensure even current and pow:

distribution. Also, the size of the shunt should be

realised. Using too many resistors in parallel
becomes impractical. In this step one should als
consider the size of the grommet/via that will be
used. ldeally the resistors should all be space
equally around the shunt.

Specifically for the shunt discussed in this papée
maximum current to be measured is I=12A. Th
maximum power dissipation is chosen as 2W. Thus t
resistance is initially chosen as R=0.0025 herefore at
12A, the voltage drop across the shunt will be 180m
which is sufficient. Next the resistors were choserbe

0.25W per 1206 SMD package. This means that the

number of required resistors would be

2

Total power

(1)

No.resistors = ——— = =
Power per package 0.25

The most readily available resistance value i0fér
which a parallel combination of 8 resistors resnlta
resistance of 0.01%Z» as required. SMD resistors are
chosen because of their size advantage but alsubec
they are flat and can be placed relatively closehi
PCB, which will result in a lower inherent inducten
Obviously the more resistors, the better, sincestiréace
covered would be larger with closer resemblance to
solid disc. A solid disc will have better current
distribution than the discrete resistors. A soksistive
disc can be made using embedded resistor printeditci
board as found in [11]. Such PCB is not readilyilatde
and the resistive material used may vary in rasi&ta

6. CHARACTERISATION

Characterising the shunt resistor so that the tesué in
fact meaningful is possibly the most important aspe

of the miniature co-axial shunt resistor. The tesise
was measured to be 12.8@mThe theoretical resistance

Choose the maximum power dissipation of thes effectively eight 0. resistors in parallel which is

equal to 12.5M2. Thus the measured resistance is slightly
higher which is acceptable and highly likely duethe
g)lerance ratings of the resistors, solder as askontact
resistance which is added.

Each resistor used is characterised to have a #herm
power dissipation of 0.25W in free air. The registare
placed in close proximity to each other. This yseld
rroblem since the thermal dissipating areas are aiose

0 each other. This will de-rate power specificatiof
ach resistor package. Although it is assumed tthat
aximum possible rating is the listed rating faefrair.
ince eight 0.25 watt resistors were used, thel tota
ermal dissipation is 2 watts. The DC resistange i
2.86n12, thus the theoretical power loss at 12A is

@)

e

P =1%R = (12)2(12.86 x 1073) = 1.85 W

eoretically, the shunt should be able to dissiphe

h
r?t%'uermal losses. A continuous supply of 12A DC was

passed through the miniature shunt to test itsntakr
capability. The shunt was tested for one hour wittamy
ign of failure of the shunt, but a slight increase
resistance because of the rise in temperature hwbias
expected.

6.2 Frequency characterisation

The shunts’ frequency characteristics were measured
using two different methods.

Impedance analyser results:

An Agilent 4294A impedance analyser was first used
characterise the shunt resistor. The miniature tstuas
measured against a regular large size co-axialtshaoth

with the same measurement procedure and setup. The
leads of the shunts were initially calibrated odittloe
measurement, so that only the shunt impedance dmuld
measured.

At low impedances, the Agilent 4294A loses muclit®f
accuracy. Therefore these results are not muchnof a
indication of the characteristics of the shunt. Séheesults
are shown in Figure 6 and Figure 7. Figure 6 indiga
that the miniature shunt resistor has a 45 deghese

The impedance measurement guidelines can be falowsshift at 1.2MHz, which is questionable. To obtain a

in [12], [13] and [14].

6.1 DC characterization

reference to this result, a regular large sizexdalahunt

resistor was also measured using the same devitthan
results are indicated in Figure 7. The regular xiata
shunt resistor measures a 45 degree phase shifstat

Two tests were performed under DC conditions. @sé t over 300 kHz. This is highly unlikely which leadseoto

is to determine the DC resistance, and the other toelieve that these results are questionable. Tdutdde
determine the rated thermal capacity versus thdue to the fact that the impedance analyser used is
experimental thermal capacity at the specifiedentrof incapable of measuring accurately at such low
12A. A four point wire measurement using a FLUKEimpedances. Another experimental characterisatomps
5520A Calibrator was used to measure the DC resista is required to justify these results.
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Vector network analyser results:

An Agilent 8712B Vector network analyser was used t
obtain a through-transfer function of the mini shurhe

same procedure was used for the common shunt. Atgain

should be noted that this instrument also losesracy at
such low impedances. These results indicate a dorhin
resonant point at 807MHz, which can be seen inreigu
This plot indicates that the miniature shunt isfact
inductive before 807MHz. This needs to be verifrgth
an alternative measurement technique.
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Figure 8: Impedance bode plot for miniature anddazo-
axial shunt resistor

6.3 Sep- response results

An EPC 9001 development board was used whic
implements eGaN FETs as the power

switchingg .-
semiconductors. These eGaN FETs are able to swit%

within a few nanoseconds. The shunt resistor was th
placed in series with a constructed low inductan
resistive load. This load was constructed suchttieat is
uniform current distribution through the load whasll
maintaining a low inductance. The experimental getu
including the low inductance load is indicated iigufe

9. The experiment was performed at 10 watts, (10V @
1A).

The power circuit was then setup to induce a 1Aenir
step of a few nanoseconds rise time. The curreath

the resistor load and shunt was then measured tiseng
shunt resistor and a Tektronix TCP0030 120MHz curre
probe. The voltage across the resistor load wasuned
using a Tektronix P5050 voltage probe and a DPO7254
Tektronix oscilloscope was used. These results are
indicated in Figure 10.

MINIATURE
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LOW INDUCTANCE

VOLTAGE LOAD

PROBE
Figure 9: Experimental setup

Figure 10 indicates that there are oscillationsthe
voltage waveform. This could be due to the complex
nature of the load (inherent inductance and capaod)

as well as the inductive loop of the ground retoath of

the voltage probe, even though the ground loop wire
the voltage probe was removed and short connection
loops were soldered in an effort to reduce theagst
probe return loop.

There is also a noticeable delay in the respomse 6f
the current probe to the voltage. This could be tduine
delay of the hall sensor, long co-axial cable langhd
amplifier setup of the current probe. The oscitlasi in
the response waveform of the shunt resistor inelicat
Figure 10 could be due to reflections and unbaldnce
source impedance matching and inherent inductande a
capacitance resonance of the shunt. This can dhese
shunt response to rise faster than the actual merasat.

It was also observed that there was no noticeable
difference in the shunt measurement with the carrren
probe in the circuit or not.
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Figure 10: Step response of miniature shunt rersa?nd
current probe



Using the rise time response of the miniature shilve the University of Witwatersrand for their assistanio
bandwidth of the shunt can be estimated using thmeasurement with the network and impedance analyser
following equation from [15].
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