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Abstract: Switched power electronic converters are now ablegperate at very high frequencies due
to the development in wide band gap high electrobitity transistors (HEMT) such as GaN and SiC
power semi-conductor technologies. Measuring ctiraérsuch high switching frequencies with rise
and fall times of a few nanoseconds, requires gfiged instruments and a good knowledge of
measurement techniques. Current measurement tegemlthat are readily available are relatively
expensive and can add unwanted parasitic impedanctg circuit. This paper investigates some
aspects for a few current shunt options that caintegrated into a converter.
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1 INTRODUCTION accurately. For sufficient power measurements, ecirr
The drive for smaller power electronic converteithva  also needs to be measured accurately.
higher power density and high efficiency has fortdeel Current measurement in power converters is well
operating frequencies of converters to increase.Wéll-  established, but these are bandwidth limited, have
known advantage of the increase in switching freqye response time delay and can become complex for high
is that the energy storage elements reduce in magni frequency accuracy and hence sensitive to intaréere
and in essence physical size. Although size limitst Current probes and a few other methods require ahat
still exist due to the magnetic energy storage elgs) loop be added to accommodate the current measutemen
the overall reduction is still considerable. In fhest, the device. This loop adds inductance to the circuitictvh
limitation of the maximum switching frequency ofeie  will change the operating characteristics of thecuat.
converters was the transistor losses associatédsiatv ~ For this reason current probes and electromagfietit
switching transients. With recent developments idew based current measurement methods as in [4], [Rind
band gap power semi-conductor technology, thisds n(e.g. hall-effect or Rogowski coils) are not dissed in
longer the case. this paper. The interest of this paper is mainlsistéve

shunts and in-circuit current measurement.
Two of the most recent power semi-conductor
technologies are Silicon Carbide (SiC) and Galliumideally high frequency switching power electronic
Nitride (GaN) [1]. These wide band gap semi-condrgct circuits should have as little parasitic inductarared
are power switching transistors which are theoadltic capacitance as possible. This implies that cureerd
able to switch at frequencies previously not achlide by  voltage sensors should be carefully designed and
Silicon (Si) devices [2]. They also have a highewpr characterised to ensure that the parasitic impedéney
density compared to conventional silicon based semadd is negligible whilst still maintaining accuraicythe
conductors [2]. The GaN transistors are said talidle to measurement. This is especially important for new
achieve even better characteristics than the Si€eleas switching devices such as eGaN FETs [4].
discussed in [2] and [1]. These types of semi-catatu
switches can now make the high frequency hard 2 CURRENT MEASUREMENT IN POWER
switching power electronic converters possible. sThi ELECTRONIC CONVERTERS
leaves power measurement of these high frequendyeasuring current in power electronic circuits is
converters as a potential problem. Although actuaimportant for several reasons, such as protectioth a
measurement probes are well developed, especialy fcontrol. Measuring current in RF devices in thet pess
voltage measurement, the high frequency switchingot a concern, since the devices were either lomepoor
operation of the circuit can cause stray flux taugle operated under sinusoidal conditions. Measuring the
onto the measurement leads, causing considerahbeised current waveforms in power electronic cigui
measurement error [3]. Voltage measurement termsiinalequires current sensors with high bandwidth cdipabi
can be integrated into the main power circuit PCidciv
reduce the inductance of the measurement probe afdhe bandwidth of any device corresponds to the 3dB
hence the error for voltage measurements. Theréiére knee frequency which also correlates to a 45 degjnase
switching voltage measurement can be performedhift at that 3dB point. This large phase shift camise
inaccurate measurement and possibly failure in the



circuit. This is why it is important to realise tha measure high frequency switching current will nalg
measurement specifications for non-sinusoidal $wigg  an accurate representation of the actual current.
power electronic circuits must be strict and theg 8dB

rated frequ_ency is not a true or sufficient figofemerit - Ty

for comparison. / Connectc

Current sensors, specifically in power electroriicuits,

aim to achieve the following characteristics agetisin

[5]:

e Compact size with a very low profile

+ Ease of manufacture and low cost

< High bandwidth for high frequency operation

« Fast response with small/few or no parasitic elémen
introduced

* Reliable with good noise immunity

« High stability with varying temperature

Fiure 1 SiI SMD resistor current shunt

The environment associated with the single resitont
falsifies the measurement. This is because thetoesian
be physically small thus allowing one to neglece th
electric energy stored, but the magnetic energyedto
cannot be neglected because it can also not baedefi
The magnetic energy is highly dependent on the
associated surroundings of the resistor, how higls i

m the PCB and components in close proximityhe t
resistor. These will all affect the magnetic eneaggund
the resistor. Therefore the reliability of this ¢éypf shunt
is expected to be low.

The criteria listed above are used as guidelinegewh
investigating the integrated current shunts disedisis
this paper. The accuracy of a current sensor rbbasily
on the impedance matching of the input and outpfits
the device under test [6].

The possible voltage response which can be measur
across the shunt will reveal characteristics ofdhent as
well as the circuit in which the shunt is placedrde
main effects are:

1. Slowrise time W|_II b_e due to inductance addedt_tej t 32 Lateral Shunt
shunt (or circuit inductance). Any stray circuit ) ]
capacitance will then cause ringing and resultrin aA récent paper introduced an integrated laterahsiiea
overshoot [10]. The lateral shunt is claimed to be capable of

2. Skin effect will cause the initial voltage measuredMeasuring high frequency switching but is very groo
across the shunt to be higher, and once the curref¥ershoot in the measurement [10]. This shunt tesis
density is uniform, the voltage across the shurit wi Constructed using thick film metallisation techrgyd8].
decrease reach a true steady state value The advantage of this shunt design is its ultra-foafile

3. Coupling effects in the measurement if theand low cost. The actual resistance and the resista
measurement probe is not placed in a “field free’Measured may vary due to the contact resistance [5]

region.

SMA Female

Three different current shunt technologies are udised Connector
next. These are single resistor current shunt,latexal

current shunt as well as the co-axial current shunt

3 INTEGRATED CURRENT SHUNT
MEASUREMENT DEVICES

It is again noted that the focus of this papepictically
on current shunt measurement. Thus only shunts a
considered. The shunts that are discussed in dpisrpre
for low current applications (below 20 amperes)isTh
low current will correspond to the voltage dropassrthe
shunt resistor being comparable with the leakagetfiat
could induce measurement noise. Thus the shunsneed
be designed such that the desired signal can
differentiated from the measurement error.

Radially arranged SMD Resistors

Figure 2: Lateral current shunt resistor

t;I'he advantage of this shunt over the single resistthat
It is electromagnetically defined due to its phgsic
construction. The measurement lead is situatediénai
3.1  Single surface mount (SVID) resistor measurement field free environment [10].
The DC output current of power electronic convestisr  The disadvantage of this shunt is that althougtis it

often measured by using a single SMD resistor as @ectromagnetically defined, the presence of the
current shunt. Using a single resistor as a shont t



electromagnetic stored energy of the shunt stificabes

the measurement. The shunt physically resembles a
capacitor and will therefore store a large amouht o
electric energy.

SMA Female
Connectc

This shunt will also experience time dependent
conduction effects. This will greatly affect the wea
shape of the measured voltage across the shuntwaye

in which the current flows and stabilises itselffarmly
through the shunt will affect the measured voltabee Figure 4: Miniature integrated co-axial currentrshu
current flows from the centre and uniformly spreads integrated into double layered PCB
laterally through the resistor layer because ai sifect.

) ) ) Since co-axial shunts generally have high bandwidth
This current spreading takes time and the V°|t39€apability, a miniaturised co-axial shunt was desil
measured across these resistors will decrease aszgq constructed. The problem with miniaturizing rsiac
function of this skin effect. This was observed @s technology is the resistive material. Inspired by lateral
overshoot in [10]. This time dependent effect vt ghynt, it was decided to use SMD resistors witbkifiim
proven and shown later in this paper. metallisation technology in a concentric fashiorcteate

the tubular resistive part of the shunt.
3.3  Co-axial current shunt
The co-axial shunt structure allows no external 4  EXPERIMENTAL WORK
interference because of its co-axial structure ftwhicIn order to compare the different shunts, each tsheads
completely shields the measurement. The bandwidth a to be characterised in the same manner. The same DC
rise time of co-axial shunts are given by how fdst response test was repeated on each shunt.
signal can propagate from one end of the shunteo t
other and whether the shunt is physically short dma The frequency response of the shunts cannot be
so as to eliminate skin effects and time dependHatts determined with a bode plot since bode plots only
associated with the stabilization of current densit represent the system response to single sinusoidal
frequencies. The intended application for this shsifior
In this paper two co-axial shunts will be addressed non-sinusoidal converter current waveforms. Heraoe,
commercial large co-axial shunt; and a miniaturised effective and informative test is to apply a stejprent to
axial shunt that can easily be constructed andyiated the shunts, and observe their response. The mebssee
into a power electronic converter. It will be shotirat  time across the shunt gives an indication of thedipadth
the miniaturised shunt performs better than theof the shunt by using the following formula frond]1
commercially available shunt and this is becaus¢hef _ 035
length and physical dimensions of the shunt. fow = g
The problem with using this type of equation ist ttree
The commercial co-axial shunt used is a model 1Ms2 shunt response might be limited by the circuit. For
T&M Research Products. This co-axial shunt hasraba instance, if the circuit inductance is larger thhe shunt
pass of 200MHz and can measure a 2ns rise tim@aductance, the measured current rise time willdefine
according to [9]. the bandwidth of the shunt, rather that of theugirc

Thus, the wave shape will be analysed to reveal
additional information about the shunt performaneleat

is being measured and any time dependant effects or
delays. This step-response test was performed amn afa

the shunts with the same experimental setup. An EPC
9001 development board, using eGaN FETs, was used.

Input
. . power and
Figure 3: T&M Research Products co-axial curreningh load
resistor
eGaN FET

Simply miniaturising the shunt will reduce the afeam
which it can dissipate the thermal energy lossescé
lowering the power capability of the shunt. The rghu
needs to be miniaturised so that it can be intedratto a
PCB of a power electronic converter.

Figure 5: EPC9001 eGaN FET Development board



These eGaN FETs are able to switch within a fev
nanoseconds. It was assumed that the possibldimse
achievable by the development board would be faste
than the response of the shunts. The experimeetap s
layout inductance will affect the current step fessuro
minimise this effect all connections were madehastsas
possible and any loop formation is prevented. Tureenit
shunt under test was then placed in series with
constructed low inductance resistive load.

U1

I JeGaN FET
Driver and . o
step
generator #
.

1\

Low
Inductance
Load

*—[+ve_measurement
RU2
SHUNT

J . eGaNFET | -ve_measurement
.

Figure 6: Equivalent circuit schematic of experitaén
setup and low inductance co-axial load

This load was constructed such that there is umifor
current distribution through the load while still
maintaining a low inductance. The voltage across th
shunt under test was then measured and the wavefo

analysed. Another quick check is to also measuee th

voltage applied to the shunt and load. The curcannot
rise faster than the voltage because of the unalted
setup inductance. The measured voltage wavefor
however contains ringing. The origin of this ringiis a
combination of stray flux coupling onto the voltgg®be
as well as ringing due to circuit inductance an
capacitance.

41 DCresponse

200mV/div

200ns/div 1.5A

& N AS— w

Figure 7: Voltage measured across the single SMD
resistor shunt

The measured rise time across the single resistor i
3.65ns. The voltage measured across the singlstaesi
shunt in Figure 1, clearly contains an overshoovels as
ringing. This ringing can only occur because of a
resonating electric and magnetic energy. This gnean
cause the measurement to appear to rise fastertiiean
actual current through the shunt (measurement hoise
Although this setup should contain very little sibr
electric energy, the stored magnetic energy ardined
single resistor and the measurement terminal islyig

H.Hdefined.

Another disadvantage of the single resistor shanits
limited power and thermal capability. The chosesister
eeds to be small to avoid time dependant effeats as

skin effect through the shunt. In order to meashigher
currents, the actual resistor needs to be physgitaibe

0and this will mean that the electromagnetic energy

capacity of the measurement will be larger, whish i
undesired. A larger size resistor also implies thidh
effect will occur. Therefore, the single resistdrust
cannot be used to accurately and reliably measore n

Under DC conditions, the response each shunt is a$yusoidal high frequency current.

expected. Ohms law holds and the current can ehbsily
measured. The DC test was performed by passing
known DC current of 1A through the shunts respedtyiv
and then measuring the voltage across them. Shee t
application for these shunts is not for DC condisiothis
simple DC test is sufficient. These shunts arenihéel to
measure high frequency pulsed DC and switched Al
Therefore a more fitting experiment would be a step
response test.

42  Sepresponse

The power circuit was then set up to induce a cdrseep
of a few nanoseconds rise time. The current thrahgh

resistive load and shunt was then measured usiag t

shunt resistors. A Tektronix DPO7254 oscilloscopses w
used.

421 Sngleresistor

The resistance of the single resistor shunt i§20aith a
power dissipation rating of 0.125W. The step-resgon
waveform of the voltage measured across the sing
resistor shunt is shown in Figure 7.

£22  Lateral Shunt

The resistance of the lateral shunt is 1Z25mwith a
power rating of 2W. The same step response test was
applied to the lateral shunt. The voltage measaczdss

dhe lateral shunt is shown in Figure 8.

\l/l.SA
Figure 8: Voltage measured across the lateral shunt
resistor

100mv/div
200ns/div

The highly noticeable overshoot in both the switahand
Switch off transients already questions the abitifythis
shunt to measure current. Although there is overstibe

ringing amplitude is low and therefore negligibléhis is



very important because it indicates that the ovmslis  measurement. This ringing is due to the complegudtir
due to a time dependant effect. layout impedance and the load impedance.

The way the current flows through the lateral shint The rise time was measured as 20ns. The datasteet f
accordance with the position from where the voltegye the 1M-2 co-axial model device states that thia i8ns
measured creates this overshoot. As current edtaw®  shunt [12]. So this must mean that the curreniniitdd
the co-axial via it then spreads laterally. Therenrtakes by the circuit and experimental setup.

time to spread through the lateral resistor coméigan.

The potential across the resistor arrangementitiglip ~ Miniaturising the co-axial shunt should vyield bette
high, since the current has not yet passed thrdbgh results. This is because the current distributfoough a
resistors, and as the current begins to flow thinotige  physically smaller co-axial shunt will reach a wnif
resistors, the potential decreases until the cturilewwvs  value much quicker. To prove this, a miniaturiskdrg is
uniformly throughout the structure. The inversegaps discussed next.

for the switch off transient. This effect is sees an

overshoot in the measurement. 4.2.4  Miniature co-axial shunt

o ) A miniature co-axial shunt, in Figure 4, was couosted
This is enough reason to suggest that the latetaitss  ;5ing SMD resistors. The resistors were used w@terhe
not suitable for high frequency switching currentqq ayial resistive part of a co-axial shunt. Theniature
measurement. The rise time of the waveform is ¥26.3 ~,_axial shunt has a power rating of 1.5W and has a

This value is not reliable since the waveform ibaieing  registance of 166. The same step-response experiment
measured is not the true representation of theeotirA |\ o< done with this particular shunt and the regsilt

better characterisation of this type of shunt candbne  ghown in Figure 10.
using the methods described in [10].

423 Co-axial shunt 30mV/div
200ns/div

Neither the single resistor nor the lateral shuate A W et e ot it o
suitable for high frequency switching current

measurement. A common shunt which is used to meast

large currents is a coaxial shunt. This type ofnstnas a 1.5A

high bandwidth and is also electromagnetically rokedi

The effects of the time domain characteristicshef ¢o-

axial shunt are dependant only on its dimensiongnE
then, the response time can be determined. Thetaase
of the T&M shunt is 102 with a power rating of 20W.
The same step- response measurement was takenausing

conventional co-axial shunt from T&M ResearChSimilar to the co-axial shunt, the miniaturized sien
Products. The step response measurement is shown dR

Figure 10: Voltage measured across the miniatugsed
axial shunt

0 measures no overshoot in the measuremenhdor t

Figure 9. same reason. Initially, because of the discretistoes, it
, was suspected that stray fields could penetrategaps

30mv/div between the discrete resistors and induce a votiaghe
200ns/div measurement lead in the field free region, but it the

case. This is evidence that this shunt introductsver
series inductance to the circuit. The rise timéhaf shunt
was measured to be 14.45ns as in Figure 10.
1.5A
The miniature coaxial shunt seems to have the best
Pl — —— —— e performance. The ringing noise in the measurement i
reduced in the miniature shunt. This is simply luseathe
Figure 9: Voltage measured across the T&M co-axial current measurement lead is measured in a field fre
shunt region.
5 FUTURE WORK
This shunt is phys|ca||y much |arger than the magi The results are not yet SatiSfaCtory due to th@uamty
shunts discussed. Yet, unlike both the lateral et as and therefore require more work. Alternative methoél
the single resistor shunt, the co-axial shunt dmeéshow characterising the various current shunts are being
overshoot in the measurement. This is because ttavestigated to verify the results presented is ffaper.
measurement is taken in the field free region. Tisans
that the measurement is effectively shielded fromy a Simulating the different shunts in a FEM packagdl wi
stray electromagnetic fields which can interfer¢hvihe  also reveal any time dependant effects. The thermal

measurement. Some ringing is observed in th@SPects can also be simulated and will be investiga
an experimental setup as well. The equivalent itiemd



theoretical inherent parasitic elements of the o 7 REFERENCES

current shunts are also being considered. The agmt  [1] Nando Kaminski and Oliver Hilt, "SiC and GaN
circuit impedance can also be used to verify thasueed devices- competetion or coexistence?," in
characteristics. Implementing the miniature intégpa International Conference on Integrated Power
shunt into a HF and possibly RF switching power  Electronics Systems (CIPS), Nuremburg, 2012.
electronic converter circuit using GaN power tratwis [2] Alex Lidow, "Is it the end of the road for silicam

is also being looked into. power conversion?," i€IPS, Nuremburg, 2010.

6 CONCLUSION [3] Howard Johnson and Martin Grahatigh-speed
It is important to make current shunts that are  digital designahandbook of black magic. New
electromagnetically small for integration in futunégh Jersey, United states of america: Prentice Ha8319
frequency switching power electronic convertersisTh [4] E R Olson and R D Lorenz, "Integrating giant
means that the stored energy of the shunt shoutiriadi magentoresistive current and thermal sensors in
in both electric and magnetic energy. Simply making power elctronic modules," IHEEE-Applied power
shunt physically small does not mean that it is electroinics conference and exposition (APEC),
electromagnetically small. This is clearly showrthathe 2003, pp. 773-777.
lateral shunt design as well as with the single SMD [5] Kuo-Hsing Cheng, Chia-Wei Su, and Hsin-Hsin Ko,
resistor measurements presented in this paper. "A high-accuracy and high-efficiency on-chip

) ] current sensing for current mode control CMOS DC-
The GaN based transistors are very small devichs. T DC buck converter," ilEEE-Electronics circuits

sizes of the integrated measurement instrumentsiacté and systems (ICECS), 2008, pp. 458-461.

larger in comparison to the transistors as is shdawn

Figure 11. This means the measurements will alviseys

prone to measurement noise as well as influence the

circuit unless precautions are taken. Circuit layand the instrumentation and rement. vol. IM-26. no. 4

insertion impedance of an integrated measuremesitale 367-372 December 1977 S T

can and will alter the circuit drastically espelgiadince Pp- . ' o

the switching devices are so small and their fagiching ~ [7] Alex Lidow. (2011) EPC Efficient Power

ability. Conversion. [Online]http://www.epc-co.com

[8] J A Ferreira, W A Cronje, and W A Relihan,
"Integration of high frequency current shunts in
power electronic circuits," iFEEE Power
electronics specialists conference (PESC), Toledo,
Spain, 1992, pp. 1284-1290.

[9] Yen-Chih Huang, Hsieh-Hung Hsieh, and Liang-
Hung Lu, "A low noise amplifier with integrated

current and power sensors for RF and BIST
applications," inEEE-VLS Test Symposium, 2007,

[6] Wolfgang Pfeiffer, "Ultra-high speed methods of
measurement for the investigation of breakdown
development in gassed[FEE transactions on

pp. 401-408.
- [10] A LJ Joannou and D C Pentz, "Miniature integrated
Figure 11: Image indicating relative size of compats co-axial current shunt for high frequency switching
used power electronics," igouth African Universities

This paper shows that current measurement is a real Power Engineering Conference (SAUPEC),
challenge in future power electronic converters.e Th Potchefstroom, 2013, pp. 140-145.
various current sensor methods discussed in tipisrpre  [11] Chucheng Xiao, Lingyin Zhao, Tadashi Asada, W G

low cost and can integrate easily into high freaqyelrCB Odendaal, and J D van Wyk, "An overview of
designs. Current shunt measurement methods have bee integratable current sensor technologi¢EEE-1AS,
neglected in recent years mainly due to the devedop 2003.

of alternative current measurement techniques €h [12] T&M Research Products. T&M RESEARCH
hall sensor based technologies. As discovered i th PRODUCTS. [Online].

Ipaper, a_Ithr(?_ughf most s_huntsh have a ?Oﬁd response at hitp://www.tandmresearch.com/
ower switching frequencies, the co-axial shuntgehténe . -

g [13] H Johnson and M Grahaijgh-Speed Digital
best and most accurate performance. The co-axiedrdu Design A Handbook of Black Magic. New Jersey,

shunt design is low cost and easy to integrate Hio ; . .
power electronic circuits. The co-axial currentrsisualso United States of America: Prentice Hall, 1993.

indicate that this type of integrated shunt is tdgaf
measuring rise and fall times of a few nanoseconds.




