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Abstract—There is an increasing importance for floating measurements
with high bandwidth in the field of power electronics, driven by the
need to characterize power converters utilizing latest wide bandgap
devices which offer very fast voltage transitions. In this paper, the
required Common-Mode Rejection Ratio (CMRR) as the most important
performance metric of a floating or isolated measurement system is
analyzed and quantified for different converter realizations with the aim
to limit the resulting time-domain error voltage. Afterwards, state of
the art isolated single-ended probes are investigated and analyzed in
terms of practical applicability and sensitivity regarding variations of the
measurement setup, specifically looking at non-ideal connections between
probe and converter, often inevitable in power electronic applications. It
is found that the performance of isolated single-ended probes quickly
degrades when additional connecting wires are used between the circuit
under test and probe input. To overcome this inherent limitation of
any single-ended approach, an isolated differential structure is presented
that combines the advantages of conventional high-voltage differential
probes and isolated single-ended probes. Finally, challenges involved when
designing a matched differential system are discussed, in particular the
influence of amplitude and phase imbalance on the maximum achievable
CMRR. Especially the required phase accuracy which needs to be around
six times higher than the amplitude accuracy is very hard to realize over
the whole frequency range of interest. It turns out, however, that thanks
to the passive common-mode filtering already present in state of the
art single-ended approaches, CMRR values of around 30 — 40dB in
the difference-stage enable significant performance improvement for the
differential structure.

Index Terms—Advanced Measurement Systems, Common-Mode Re-
jection, Common-Mode Robustness, Power Electronic Measurements,
Floating Measurements, High-Side Gate-Source Voltage Measurement,
Single-Ended Probe, Differential Probe

I. INTRODUCTION

Today’s research in power electronics is driven more and more
towards maximum power density accompanied with the demand for
highest efficiencies, where possible applications are for example
ultra-compact photovoltaic inverters [1], high-efficient automotive
solutions [2] and highly integrated medium-voltage systems [3].
Apart from the very limited space making it almost impossible
to access all signals of interest, the high packaging density and
switching frequencies in the multi-megahertz range impose several
challenges regarding the measurements required for characterization
and performance verification. A very common situation often faced
during the commissioning process is the measurement of floating
voltages, e.g. the gate-source voltage vy, of the high-side switch
in a half-bridge, being a part of a complex converter system. Fig. 1
shows the measurement of v, using a state of the art isolated single-
ended probe. The floating nature arises from the absence of a steady
measurement reference potential. The high-side gate-source voltage
vgs,1 18 referred to the switch-node potential vy, fluctuating between
ground and the full dc link voltage V. with the switching frequency
fsw. The respective transitions can be very fast, depending on Vg
and the corresponding dv/d¢. Acting equally on both inputs, vew is
therefore denoted as a common-mode (CM) disturbance, whereas the
gate-source voltage v, to be measured is hereinafter denoted as
differential-mode (DM) voltage.

In general, measurement systems suited for floating measurements
in power electronics should provide superior CM robustness, i.e.

978-1-5386-5541-2/18/$31.00 ©2018 IEEE

Isolated Single-Ended Probe

Shielded
Enclosure

—o

(Y
meas

=C_ ~9pF

: carth

/%PE

Fig. 1. Half-bridge comprising an upper side switch 77 and a lower
side switch 7> where the floating high-side gate-source voltage vg1
is measured using an isolated single-ended probe.

to attenuate or reject the CM disturbance by a high factor (high
common-mode rejection ratio as defined in Section II) while keeping
the DM signal unaffected. Since the probe is connected directly
between gate and source of the high-side switch and thanks to
the galvanic isolation, it is implicitly immune against such CM
disturbances in the ideal case. Another advantage is certainly the
comparably small required DM voltage rating, i.e. low input divider
attenuation, and the thereby resulting high measurement accuracy.
In Section II, key performance parameters for such measurement
systems are defined and quantified, while in Section III state of the
art measurement techniques with their advantages and disadvantages
are presented. Finally, a concept based on a differential measurement
for improved performance is proposed and analyzed in Section IV.

II. PERFORMANCE REQUIREMENTS

As shown in Fig. 1, between an isolated measurement system
and the surrounding environment on steady potential (usually PE),
a parasitic capacitance Ceun is formed, which has to be charged
and discharged through the connecting lines during each voltage
transition of wvsy. In a half-bridge configuration as given in Fig. 1,
the measurement system is typically excited with a quasi trapezoidal
CM voltage (cf. Fig. 2 (a)). Due to the finite rise and fall times
Tiope during the voltage transitions, a certain dv/dt is present, which
charges Cearn With a current e, given as

: dv
fearth = Cearth ar (N

The earth capacitance solely depends on the geometry of the
measurement system and the corresponding test setup. Typical values
range between 5 — 20 pF.

The charging current has to flow through the connecting lines of the
floating measurement and since they always have a certain impedance
Z,. ., a voltage builds up across them, eventually acting as disturbance
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Fig. 2. (a) Trapezoidal signal waveform of a typical switch-node
voltage vy acting as CM input voltage on floating measurement
systems used for measuring the high-side gate-source voltage in
power electronic converters and (b) schematic waveform of the error
signal v appearing at the output as a result of the CM distortion.
(c) Spectral envelopes of two trapezoidal signals wvsi (Case i) and
vswii (Case ii) with equal amplitudes V. and equal rise and fall times
Tiiope but different switching frequencies fsw; and fowii.

for the measurement system, which then outputs an erroneous output
voltage Verr = Umeas at the terminals of the measurement system even
for pure common-mode excitation, as schematically shown in Fig. 2
(b). It can be seen that the error signal ve is decreasing quite rapidly
after the transitions of the CM input voltage vsw, i.€. after Tiope When
the capacitor Cean is fully charged or discharged, which means that
mainly the high frequency content of the CM input voltage vy is
responsible for the disturbances.

The ability of a measurement system, hereinafter synonymously
called probe, to attenuate or reject common-mode disturbances is
described with the Common-Mode Rejection Ratio (CMRR), defined
as the ratio between differential-mode gain (or attenuation) Agm and
common-mode gain Acn

Adm
Aem

The concept of the CMRR is widely known as a performance metric
of operational amplifiers but can also be used in other systems such
as probes. Agm as well as Aqm are frequency-dependent, hence the
CMRR is not a constant number over a given frequency range.

The amplitude of v is therefore directly dependent on the CMRR
of the probe and the question arises how large the CMRR of the
measurement system over frequency needs to be in order to limit ver
below a certain maximum error voltage Ue for a known input CM
voltage vsw. To answer this question, the spectrum of the trapezoidal
CM voltage vy is analyzed. In Fig. 2 (c¢) two spectral envelopes
for two input CM voltages vz and vsw; are plotted, both with the
same transition time Tyope but with different switching cycles Tiw;
and Tiwii, separated by a factor of 10 (fwi = 1/Twi = 10kHz
and faii = 1/Twi = 100kHz). It can be seen that each envelope
features two cut-off frequencies f.; and f.», each contributing a

CMRR =

: (@3]

—20 dB/dec amplitude roll-off. For a given duty-cycle D = Tpuse/Tsw
the cut-off frequencies are found as

1 1 D=05 2 2
= = = — 2.5, G
f,l 7T',Tpulse DTy 7 Tow ™ f )
and 1 1 |dv/dt|
v
2 — - : 4
f . - T‘slope ™ Ve ( )

as shown in [4] and [5].
Consequently, the spectrum of a trapezoidal waveform can roughly
be divided into three sections:

o f < fe1: The value is constant at 20 - log;, (Vic)-

o fe1 < f < fep: The amplitude rolls off with —20 dB/dec as it
is the case in the spectrum of a perfect square-wave signal.

e f > fcr: Additional roll-off by —20dB/dec due to the finite
rise and fall times, resulting in a total decay of —40 dB/dec.

The dc amplitude 20 - log;, (Vac) is chosen such that the envelope
matches the exact amplitude % - Y of the fundamental component
of vy at fyw (Which is not equal to f.;), assuming a linear decay of
—20dB/dec after f.;.

For an ideal square-wave signal the rise and fall times are zero
and therefore f.» moves to infinity. Hence, there will solely be an
amplitude roll-off with —20 dB/dec after f.;, which is also depicted
in Fig. 2 (¢).

As can be noted, the spectrum of the signal with lower switching
frequency fiw; starts to decay already at f. ;i, whereas the one with the
higher switching frequency decays at f. ;i = 10 - fc i, thus resulting
in stronger attenuation of the high-frequency content (20dB more
attenuation for the separation of fi; and fswi by a factor of 10). As
already mentioned, mainly the high-frequency content is responsible
for the output error ver and therefore one could assume that ver is also
decreased by a factor of 10 when the system is excited with v, i.e.
the CM input voltage with the lower switching frequency fow;. It is
true that in the spectrum of v,y each spectral component is ten times
stronger attenuated (i.e. 20 dB lower) for higher frequencies, however,
due to the lower switching frequency the spectral components are also
appearing with a ten times higher density, meaning that in a given
frequency interval, there will be ten times more spectral components
compared to the spectrum of vgyii (cf. Fig. 2 (¢)). In other words,
the spectral density, which is related to the signal energy, is the same
in both cases and therefore, for a given probe CMRR characteristic,
in a first step approximation the resulting time-domain error ver will
be the same even for different switching frequencies. An alternative
way of looking at this, is to consider the time-domain waveform
in Fig. 2 (a) and (b) and notice that v, quickly decays back to zero
and consequently is independent of the switching frequency, as long
as Terr < Tpuise- Therefore, verr can be considered as the step response
of the measurement system after a CM step and it does not matter
how often the step is being applied, provided that the response has
decayed back to zero prior to applying the next step.

Typically, the user defines a desired time-domain accuracy Emeas
relative to the DM full-scale range wv4mrs, meaning that the peak
value of the error voltage ver must not exceed Verr = Emeas * Vdm,Fs- The
accuracy may be related to the oscilloscope resolution, e.g lower than
one least significant bit (LSB) which for a 8 bit system corresponds
t0 emeas &~ 0.4 %. Note that today’s 12 bit oscilloscopes also feature
only around 8bits of effective resolution but offer much higher
bandwidths than older 8bit oscilloscopes. For vamps = 25V this
gives a maximum allowed time-domain error voltage of 100 mV (or
—20dBV in a logarithmic scale).

Given the voltage Ve, the worst-case shape fulfilling the require-
ment |ver(t)] < e is a rectangular signal, because at each time
instant it has either its maximum or minimum signal value +0ey.
Assuming a rectangular signal ve, with amplitude 0e as the worst-
case output, the spectral components decay with —20 dB/dec and
therefore the signal spectrum of the maximum allowed output error
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Fig. 3. Magnitude of the spectral envelopes of the trapezoidal CM
input voltage vy (blue), the resulting output error ver (red), which
depending on the phase-shift has a purely rectangular shape or
some additional over- and undershoot caused by the equivalent line
inductance Liin.. Additionally depicted is the maximum allowed Acm
(green) derived from the difference of the two other envelopes, in
order to achieve a certain maximum time-domain error ¥, for the
cases without and with phase-shift. Furthermore, an example of a
real probe characteristic with a 40 dB/dec increase of Acmrea (gray)
is shown, where the DC value and f.ra are adjusted to achieve the
same Ve as With Acp.

voltage is known (cf. red curve in Fig. 3). Together with the given
spectrum of the CM input voltage vsy (cf. blue curve in Fig. 3), the
minimum required CMRR characteristic is immediately derived (cf.
green curve in Fig. 3). The required value (green) can be determined
graphically by taking the difference between the input (blue) and
the error spectra (red). Please note that in contrast to the CMRR
definition in (2) the plotted values are negative on a logarithmic scale,
i.e. smaller than one. The reason is, that actually only the CM gain
Acm is plotted but since the probe’s DM gain Agm is known, the
CMRR is directly derived. Within this paper, A4m is always assumed
to be unity, hence the inverse value of Ay (i.e. the negated value in
a logarithmic scale) directly corresponds to the CMRR.

Concerning the CMRR requirements of the measurement system,
it is found that up to the cut-off frequency f.», determined by the
transition time Tyope (cf. (4)), the Acm (or CMRR) characteristic must
be flat and only for f > f., an increase of 20 dB/dec (—20 dB/dec
decrease of the CMRR) is allowed, since the CM input voltage
rolls off with —40 dB/dec, whereas the spectrum of the worst-case
error signal only has to roll-off with —20dB/dec. In this case, the
resulting error signal ver is a square-wave voltage with the same
switching period T as the trapezoidal CM input voltage vsy. This
simplification, however, assumes that solely the amplitude but not the
phase response is affected by the measurement system.

In real measurement systems, the impedance Z; . of the connecting
wires between the circuit under test (CUT) and the probe can be
modeled as a series connection of a resistance Rjine and an inductance
Liine. Hence, the relation between the current ¢e.rn flowing through the
probe connections to charge the parasitic earth capacitance Ceurn and
the resulting voltage vine across the impedance Z,;,., which actually
results in the error voltage ver measured by the probe, can be written

TABLE I. Operation parameters for converters using different types
of semiconductor devices.

Device Jsw Ve dv/dt Ts1ope fen
GaN 200V 400kHz | 150V | 100kV/us 1.5ns | 213MHz
GaN 650V 200kHz | 400V | 200kV/us 2ns | 160 MHz
SiC 1200V 200kHz | 800V 50kV/us 16 ns 20 MHz
SiC 10kV 50kHz 7kV 80kV/us | 87.5ns | 3.6 MHz
IGBT 1200V 1kHz | 800V 2kV/us 400 ns 0.8 MHz

as
Vyine = (R“"C + ]w : Lline) ! Zearth‘ (5)

As can be noticed, when choosing the elements Rjine and Liine ac-
cordingly, the same amplitude response as obtained for the maximum
allowed Acm (or the minimum required CMRR) characteristic shown
in Fig. 3 (green curve) can be achieved, where apart from the
amplitude response the inductance also adds a phase-shift from 0° to
90° for frequencies around fc», which even if the amplitude response
is the same, also affects the signal in time-domain as

diine
dt -

If for the minimum required CMRR the same relation between vsy
and ver as in (5) is used, whereas now according to real systems also
a phase-shift for higher frequencies is considered, Rjine and Liipe can
be substituted and written as

o Acm *Vsw

Vline = Rline * Tearth + Lline . (6)

= (Gac+7j-w-Ga) - v, 7

The time-domain output error response can be analytically expressed
in terms of the CM input vsy as
dusw ()

Uerr(t) = da (®)

where G4 is defined by the maximum CM input voltage Vi
(usually Vi) and the maximum allowed output error Uemmax as
Gpc = Verrmax/ Vae- Gac follows from the given transition time Tiiope
and Gac as Gae = Gl - TSI"‘” = Gac * 5 f

For a trapezoidal 51gnal Vsw, (8) can be further simplified by using

G - Usw(t) + Gac -

d”%t(t) = %‘i‘pe such that the resulting error voltage becomes
\%
Uerr( ) Gd(. vsw( ) + Gac . %
slope
ﬂlo e ‘/dc
= Gy - t —sope | ¢ 9
de (USW( ) + B nlope> )
with a resulting peak value of
. Vae 3
Verr = Gae * Vae + G - 2d :§'Gdc"/dc' (10)

It is found that the peak value 7e is increased by just a factor of
1.5 compared to the case where the phase-shift was not considered.
Hence, to account this, the maximum allowed A found by only con-
sidering the amplitude response must be decreased by approximately
3.5dB or equivalent, the minimum required CMRR must be increased
by 3.5dB (cf. the two green curves in Fig. 3). Accordingly, having
defined the maximum allowed Uer, the shape of Acmmax can be found
for different circuit realizations with different operating voltages Vic
and voltage slopes dv/dt as shown in Fig. 4, whereas a maximum
allowed error voltage ey = 100 mV and a probe bandwidth of 1 GHz
are assumed. Furthermore, different maximum A., characteristics
for some practice-relevant implementations found in literature [6]-[9]
with the respective parameters summarized in Table I are highlighted.

It turns out that for realizations with lower operating voltages,
typically employing GaN switches, the DC CMRR must not be
extremely high (i.e. G4 must not be extremely low) but due to the
fast voltage slope and the thereby achievable fast transition times, the
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Fig. 4. Maximum allowed A.n to measure converter realizations
with different operating voltages Vi and different voltage slopes
dv/dt. The green curves show the cases for a constant dv/dt of
100kV/us and operating voltages 100V, 1kV and 10kV. Notable
is that the curves coincide for frequencies above f.,. The gray
curve shows a possible realization with 40 dB/dec and a DC value of
—120dB giving the same e for the case of a dv/dt = 100 kV/ps.
Additionally depicted are the realizations from Table I. In all cases,
a probe bandwidth limit of 1 GHz was assumed.

DC value must be maintained up to high frequencies, which is quite
demanding for any measurement system.

Furthermore, CMRR measurements with state of the art isolated
measurement systems showed that with increasing frequency the
CMRR is typically not only decreasing with —20 dB/dec but even
with —40dB/dec. The reason for this is that the CM input voltage
Usw is not only directly applied to the line impedance Z,; . but to the
series connection of Z,, . and the parasitic earth capacitance Ceartn,
which together with the parasitic line inductance Lj,. forms a second
order system and therefore the error voltage increases with 40 dB/dec.
Consequently, in order to achieve the same small error voltage as
with the derived minimum CMRR characteristic which only decreases
with —20 dB/dec, for a real system where the CMRR decreases with
—40 dB/dec (or equivalent, Ay, increases with 40 dB/dec), the cut-off
frequency fcrea and/or the DC CMRR must be increased to higher
values (i.e. G4 must be decreased) as it is shown with the gray curve
in Fig. 4 for a dv/d¢t = 100 kV/us. Assuming G4. = —120 dB, which
is a typical value achieved by state of the art isolated measurement
systems, all low-frequency components of the CM input signal (where
Acmreal < Acm) are attenuated much stronger than defined by the
minimum required CMRR, which would then result in a smaller peak
error voltage der < 100 mV. Consequently, in order to obtain the
same U for the real transfer function Acmrea, the higher frequency
components (where Acmreal > Acm) are allowed to be less attenuated.
It turned out, when assuming a constant voltage slope dv/d¢, the cut-
off frequency fcrea is always the same, even for different operating
voltages V. Specifically for the case with dv/d¢t = 100kV/us and
the 120 dB DC CMRR, the —40 dB/dec decrease must start no earlier
than at 7MHz. Hence, in order to keep the cut-off frequency fcreal
at this high frequency, the line inductance L, must be kept at a
minimum, since in combination with Cean it mainly defines fc rear.

III. STATE OF THE ART MEASUREMENT TECHNIQUES
A. Isolated Single-Ended Probes

As seen in the previous section, the challenge for a good measure-
ment system is to provide a low-impedance path for Zca such that
the desired DM measurement is not distorted.

Fig. 5 shows a simplified circuit of an input stage found in
an isolated single-ended probe. It consists of a single, frequency
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Fig. 5. Simplified circuit of an isolated single-ended probe excited
with a differential-mode voltage vam (gray) and a common-mode volt-
age vem, together with the impedances coming from the connections
of the probe with a circuit under test. Additional damping by means
of a common-mode choke Ly is illustrated as well.

compensated voltage divider and a wideband buffer amplifier (also
referred to as input buffer) enclosed within a shielded box to provide
the necessary immunity against EMI. The enclosure is connected
to the probe circuit’s reference potential G which itself is equal to
the measurement reference and therefore connected e.g. directly to
the switch-node. The voltage divider and buffer amplifier are only
exposed to the DM voltage vam and thus for the targeted application
do not need to be designed to withstand high voltages. Ideally, for
pure CM excitation (i.e. vam = 0), Zecarn flows entirely over the
ground line and no voltage appears across the voltage divider and
input buffer, resulting in an undistorted measurement. As already
mentioned, in reality the ground line features a certain impedance,
thus during the CM voltage transitions when the earth capacitance has
to be charged, a voltage vine = vBG appears across the line impedance
Zine- Even though Z, . is also present in the signal connecting
line, due to the probe’s input impedance, the two impedances seen
from the CM input B to the enclosure potential G are not the
same, thus the voltages vas and vpg are unbalanced and yield a
voltage vsg, which is measured by the probe and appears at the
output terminals as error voltage ¥Umeas = Verr indistinguishable from
a desired DM measurement. The decreasing impedance of Ceun at
elevated frequencies and the simultaneously increasing Z; . lead to a
decreasing CMRR (as already mentioned typically with —40 dB/dec)
at higher frequencies.

B. Verification of Practical Applicability

To reach the specified performance of commercial probes it is
usually required to have a nearly ideal setup where the influence of
parasitic effects such as the previously mentioned earth capacitance
Cearn or the CUT-probe connection impedance Z,;,. is reduced as
much as possible. Therefore, some probe manufacturers recommend
to already consider during the design phase of power electronic
converters to include connectors in the layout, such that during the
commissioning phase the floating probe can be optimally connected
to the measurement point in order to achieve the highest measurement
quality. However, especially in power electronic converters employing
latest wide bandgap devices, the commutation or gate loop induc-
tances are very critical, hence the used space of the power stage in
the layout should be as small as possible and is in many cases even
smaller than the footprint of the connectors proposed by the probe
manufacturers. Consequently, these connectors cannot be included
in the design in order to not degrade the electrical performance
of the converter systems. Furthermore, the connectors might not be



suitable in many applications, especially when there are strict space
constraints in order to achieve maximum power density or when
creepage distance requirements between the measurement points have
to be met. The usage of additional wires attached to the connecting
lines of the probe, which on the other side are soldered to the PCB
or measurement point are often unavoidable.

Typically, measurement systems are internally compensated for the
parasitics up to their connecting lines and any additional wires lead
to a decrease of the CMRR. In order to be applicable in practice,
an isolated measurement system needs to achieve a performance in
accordance with the minimum required CMRR vs. frequency also
with real measurement setups. Hence, a test setup was built to capture
the frequency response of the probe’s CMRR where twisted-pair
connecting wires of different lengths (Ocm, 1.5cm, 3cm and 6 cm)
were inserted between common-mode excitation and probe. The
probe was elevated by 12 cm and placed on a metal plate connected to
PE, resulting in a measured earth capacitance of roughly 9 pF, as also
indicated in Fig. 5. The PE-referred CM input signal was supplied by
a standard arbitrary function generator with an amplitude of 10V,
into a 502 terminated transmission line. The influence of twisted-
pair connecting wires of different lengths was investigated and also
compared to simulation results where Z; . was approximated using a
lumped RL-circuit consisting of Rjine and Lijine. The two parameters
were obtained by measuring the impedance of the twisted-pair cables
that were used for the probe measurements. The two current loops
(signal and ground line with corresponding return paths over Cearn
and PE back to the CM input) forming the inductance Line are
indicated in Fig. 5. Assuming symmetric connections due to the
twisted-pair wires with equal length, L. is identical for both the
ground and the signal line.

Fig. 6 shows the measurement results of Acy (i.e. I/CMRR, since
Adqm = 1) for the connection wires with the lengths as specified
above. It can be clearly seen that there is a drastic performance
degradation, even for very short connection wires. When doubling
the wire length, the inductance roughly increases by a factor of two
and the CMRR is expected to drop by 6dB which is verified by
the measurements and visible in the frequency range up to 100 MHz
before secondary effects such as resonances start to dominate. Apart
from the cases with additional connection wires, Fig. 6 also shows the
case where the CM source is directly connected to the probe without
additional leads (blue curve). Nevertheless, a small inductance of
200pH due to the interconnection is assumed. The dotted lines
in Fig. 6 show the simulated CMRR with the RL-approximation
for Z,,.. Adding an additional impedance in series with the probe
inputs, which is only appearing for CM signals, i.e. a CM choke
(CMC), the CMRR can be improved, since the CM impedance limits
the charging current ic.n and consequently the voltage viine causing
the error voltage verr is lowered. The simulation was carried out for
the cases without (dotted lines) and with CMC (solid lines) and for
the latter case, the measurements fit the calculations and simulations
very well.

At lower frequencies, the mismatch between simulated and mea-
sured values is due to the finite resolution of the measurement.
The measured values were obtained using the oscilloscope’s FFT
function where the captured spectra were averaged to achieve a
better signal-to-noise ratio. For a CMRR of 120dB, a common-
mode excitation of 10V, yields an error output voltage Ve, of
only 10 uVp,, which is hardly measurable in the noise floor despite
the averaging. Consequently, values are likely to be even better for
frequencies around 1 MHz and below.

From the additionally depicted maximum allowed Acm as obtained
from the gray curve in Fig. 4, it becomes clear that even for the
case with a CMC, already very short wires of 1 — 2cm length lead
to a performance degradation of almost 40 dB at higher frequencies.
Increasing the wire length up to 6 cm reduces the rejection by a factor
of 1000 (i.e. 60 dB) such that at 100 MHz only 20dB are achieved,
hence the usability of single-ended isolated probes under non-ideal
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Fig. 6. CMRR measurements with an isolated single-ended probe
together with the comparison to simulation outputs with an approx-
imated connection line impedance using a lumped RL-circuit for
the cases with and without an input CM choke. Furthermore, the
minimum required CMRR for a voltage slope dv/dt = 100kV/us as
defined in Fig. 3 is shown (values below CMRRyin indicate sufficient
performance).

conditions is highly limited. Furthermore, it needs to be noted that
the performance degradation is not due to unequal lengths of the
twisted-pair connecting wires because the reduction is also visible
in the simulation where perfectly symmetric impedances Z,; . were
assumed for both, the signal and the ground line. To conclude, it can
be said that the usage of a CMC to attenuate distortions before they
are applied to the probe does help to improve the performance but
isolated single-ended probes are inherently very sensitive regarding
parasitics from the actual measurement setup.

C. High-Voltage Differential Probe

An alternative method to carry out floating measurements is the
usage of standard non-isolated high-voltage differential probes. The
principal structure of such a system is shown in Fig. 7 and contains
basically two frequency-compensated voltage dividers referred to PE
forming a Wheatstone bridge [10], followed by a difference amplifier
subtracting the two divided input signals. To have a high input
impedance, two matched signal buffers, responsible to transform the
high input divider impedance to a low output impedance suitable
for the difference amplifier, are included between the divider and
the subtraction stage. As opposed to an isolated solution, the two
input dividers need to be designed not only to withstand the full
DM voltage but also the full CM voltage. Since the latter can be as
high as several kilovolts, a division ratio in the range of 1:100 to
1:1000 or even higher is required. However, as an advantage, due
to the high input voltage capability, those probes are insensitive to
erroneous connection because the DM input voltage rating is equal to
the CM voltage rating. The disadvantage is that the large division ratio
also attenuates the typically already small vam. Eventually, taking the
difference of two heavily attenuated signals is much more prone to
errors such as circuit noise or matching inaccuracies compared to
measuring directly the difference signal, thus resulting in a reduced
measurement resolution.
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Fig. 7. Standard non-isolated high-voltage differential probe with all
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IV. IMPROVED APPROACH
A. Circuit Structures

With the aim to combine the advantages of both, the isolated
single-ended and the non-isolated differential approach, in this paper
a floating differential measurement is introduced with the basic
structure given in Fig. 8 (a) and (b). Due to the isolation, the
complete circuit is referred to the floating potential G and the input
stage is exposed solely to wvam, allowing a smaller division ratio
and therefore higher measurement resolution as it is the case for
isolated single-ended probes. Special care needs to be taken of the
low capacitive impedance of Cean at higher frequencies (e.g. less
than 1802 at 100MHz for Ceyn = 9 pF) because in contrast to a
single-ended probe, there is no low impedance ground line present
to carry the majority of the CM charging current éeum. Without
additional measures, a capacitive voltage divider is formed with
the compensation capacitors of the input dividers and Ceumn. Since
their values are in a similar range as or slightly smaller than Cleyn,
inadmissibly high voltages appear at the buffer inputs potentially
destroying the measurement-device.

The introduction of a third connection between CUT and probe, a
so-called charging line, which can be directly connected between one
of the differential inputs and the enclosure prevents the occurrence
of high voltages at the buffer inputs as it has the same purpose as the
ground line for single-ended probes (cf. Fig. 5). A certain parasitic
impedance Z,;,., actually the same as for single-ended probes, is
again present as soon as a physical connection is made, leading to a
splitting of %carn into the main part ieung flowing over the charging
line and two symmetric parts Zcartha and iearng flowing through the
input dividers. The exact ratio between the three currents depends on
Zine as well as the input impedance of the two voltage dividers.

Apart from the charging line it is again advisable to use a CMC
Lcm at the probe inputs to additionally damp the disturbance. By
doing so, there exist two possible configurations:

i) The charging line is fed through the CMC together with the
two signal lines, hence a large part of vem appears over Lem
and only a very small remainder is present at the probe inputs
(cf. Configuration A in Fig. 8 (a))

ii) The charging line bypasses the CMC, i.e. a low-impedance
path for ieam is provided. A part of the voltage vcg across the
charging line is appearing across the CMC in the signal lines
such that again only a very small remainder results at the probe
inputs A and B with respect to G (cf. Configuration B in Fig. 8
(b))

Fig. 8 (c¢) shows the simulated common-mode rejection Acy from the
input vem to one of the probe inputs A or B with respect to G, i.e.
the transfer function vaG/vem OF VBG/vem respectively, assuming the

worst-case connection with Lijine = 36 nH. The rejection for the two
previously described configurations A and B as well as for the case
without charging line is plotted, each with (solid lines) and without
CMC (dotted lines) at the inputs. Obviously, configurations A and B
behave identical in case of a missing CMC. As a comparison, also
the rejection obtained with the single-ended probe with the same line
inductance is shown (purple line).

The big advantage of the differential structure is that the remaining
error voltage can be further reduced by taking the difference between
the input voltages vag and vpg. Compared to the single-ended
approach, the proposed structure therefore allows further reduction of
the CM error voltage verr. Provided perfectly symmetric connection
wires, i.e. equal Z,, . at inputs A and B, the voltage difference vas
between the inputs is zero and together with well matched input
dividers, no voltage appears between the two divider bridge legs and
the CM voltage is not leading to an error voltage ver.

For the cases with charging line it becomes evident that an input
CMC helps to improve the rejection. Configuration A performs
almost identical to the single-ended case, while Configuration B
performs even better at high frequencies, improving the rejection
up to 20dB compared to the single-ended case without even taking
the difference, making it the favorite solution. A further advantage
of Configuration B is the small voltage drop across the CMC (not
larger than vcg, which is already small due to the low charging line
impedance), which prevents accidental saturation of the CMC core.

Comparing the plots with the maximum allowed Acm, none of the
approaches seem to be suited for the target ¥er = 100 mV with the
given Lin. = 36 nH and dv/dt = 100kV/us. In addition, looking at
the dependence of the rejection of Configuration B on the value of
Liine (cf. Fig. 8 (d)), the same performance drawback as in the single-
ended case is visible. However, the subsequent difference amplifier
rejects the error being common to vac and vpg and since the two
voltages are identical when assuming a symmetric connection and
pure CM excitation, the performance is improved further and the
exact amount is only dependent on the matching of the two channels
and only a relative mismatch of Z . between the connections to
terminals A and B develops an additional error voltage. In contrast,
for the single-ended case, any presence of Z,, ., regardless whether
matched or unmatched lead to an increased error voltage.

B. Limitations

The previously presented structure improves the performance com-
pared to an isolated single-ended one, thanks to the subtraction of
the two voltages vag and vgg, which are equivalent for pure CM
excitation, in a subsequent stage, as it is the case in a conventional
differential probe. There are two key limitations inherent to any form
of a differential probe (non-isolated and isolated), that need to be
taken into account:

i) Asymmetries in the input divider stage and between the two
input buffers.
ii) Limited CMRR of the difference amplifier.

Referring back to Fig. 8 (a) and (b), one could also think of this as
an arrangement of two matched isolated single-ended probes, each
of them represented by one voltage divider and one buffer amplifier.
One of them is measuring the actual DM signal referred to the
fluctuating CM voltage and the other one solely the CM excitation.
To cancel the effect of the limited CMRR of the two probes, the
respective output voltages are subtracted by the difference amplifier.
This analogy, however, is only valid when the charging line is present
and connected to one of the inputs. For conventional differential
probes this is usually not the case.

Assuming the two single-ended probes are connected to the same
source, i.e. for pure CM excitation, any asymmetry or mismatch
between them leads to outputs being not perfectly equal in magnitude
and/or phase. When taking the difference afterwards, an error voltage
verr results. Fig. 9 (a) shows the influence of a relative amplitude and
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Fig. 8. Two isolated differential probe structures where the charging line between C and G is (a) also fed through the CMC (Configuration
A) and (b) bypassing the CMC (Configuration B). (¢) Simulation of the CMRR for the two configurations with and without the input CMC
Len assuming Lijpe = 36 nH. Included is also the measurement from the single-ended structure with the same Ly, as well as the minimum
required CMRR as found in Fig. 4. In addition, the case for a missing charging line is plotted. (d) Sensitivity of Configuration B with respect
to various line inductances, including again the minimum required CMRR.

phase error between two nominally identical signals on the maximum
achievable CMRR, assuming an ideal difference amplifier. Please
note that when looking at Fig. 8 (a) and (b), the term CMRR now
relates only to the ratio between the input vag or vsg and the output
error voltage verr at the vmeas terminal. Therefore, this stage further
improves the performance already obtained from the passive filtering
(cf. Fig. 8 (¢) and (d)).

Assuming solely an amplitude mismatch, the maximum allowed
relative amplitude error €ampimax for a desired CMRR in dB can be

calculated as

—CMRR/20
Eampl,max = 10 / .

1)
In a similar way, assuming perfect amplitude matching but mis-
matched phases, the maximum allowed relative phase error €phase,max
is found as

1 1 _

Ephasemax = — - Arcsin (7 .10 CMRR/ 20) ) (12)

us 2

Evaluating (11) and (12) for different CMRR values, it can be seen

that the phase accuracy must be more than six times higher than the
amplitude accuracy, in order to get the same CMRR.

While the amplitude can be matched very precisely using po-
tentiometers, the phase must be adjusted with tunable capacitors.
Matching of the phase response over the whole frequency range is
particularly difficult because there are always parasitic impedances
present e.g. from the circuit layout and component placement. In
addition, second-order effects such as non-linearities from the buffer
amplifiers e.g. due to slightly unequal bandwidths, slew rates etc. are
influencing the behavior as well. These issues could be addressed by
integrating the complete analog front-end on an integrated circuit.

When also considering the second limiting factor, namely the
finite CMRR of the difference amplifier CMRRopa, the maximum
achievable CMRR is limited to this value as shown in Fig. 9 (b) where
CMRRopa = 60dB was assumed throughout the desired frequency
range [11] (worst-case approximation). When using linear terms (i.e.
not the values in dB), the total CMRR can be calculated analytically
as described in [12] as

1 1 1

= . (13)
CMRRtol CMRRMatching CN[RROPA
The upper limit
CMRRtot,maX = min {CMRRMatching7 CMRROPA} 14)
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Fig. 9. Maximum achievable CMRR with a differential probe versus
relative amplitude and phase error between the two nominally iden-
tical input signals (a) assuming an ideal difference amplifier and (b)
assuming a finitte CMRR of 60dB from the difference amplifier itself.

is then immediately visible. To achieve values below CMRRopa,
according to Fig. 9, the required matching accuracy is almost identical
for both, ideal and non-ideal OPA CMRR.

C. Applicability for Isolated Differential Probes

Despite the aforementioned limitations, even an imperfect differ-
ence stage helps to improve the performance given in Fig. 8 (c¢) and
(d) because any CMRR larger than one (i.e. Acm smaller than one) in
the difference stage further attenuates the remaining error visible at
the probe input terminals. Comparing the results in Fig. 8 (d) with the
maximum allowed Acm, an additional rejection by around 30 — 40 dB
is needed to achieve sufficient performance, given a line inductance
Liine of 36 nH, voltage slopes dv/dt = 100kV/us and derr = 100 mV.
Referring to Fig. 9 (b), this corresponds to a phase accuracy of around
0.15 %, i.e. an absolute error of 0.54 deg, which is still achievable
with tunable capacitors, adequate operational amplifiers and careful
trimming.

V. CONCLUSION

This paper shows the importance of isolated measurement systems
in today’s and next generation power electronic applications. The
presented method to estimate the required performance of a measure-
ment system based on the operating parameters of a given converter
realization helps to select an appropriate solution. It is shown that the
single-ended structure, on which state of the art solutions rely, is very
sensitive with respect to imperfections faced in real measurement
setups. Any connection wires between the probe and the circuit
under test lead to a significant performance degradation, making
it very hard to reach a sufficient Common-Mode Rejection Ratio
(CMRR) over the whole frequency range of interest. To improve
the performance and reduce the sensitivity, a differential structure
is proposed. It uses two isolated measurement channels, each of
them already featuring good common-mode rejection, which are then
subtracted from each other to reduce the residual error signal even
more. However, two perfectly matched symmetric signal chains are
very difficult to realize, especially at high frequencies. Based on the
corresponding amplitude and phase mismatch, an upper value for
the CMRR of the difference stage alone is found. It is shown that
compared to a conventional differential probe, the performance does
not solely rely on the matching accuracy but is rather determined
by the combination of isolation and passive CM filtering already
present on single-ended structures as well as the additional CMRR
of the subsequent difference stage, thus offering improved overall
rejection. Thanks to the differential configuration, any error caused
by symmetric connection wires is canceled and does therefore not
degrade the measurement performance.

REFERENCES
[1] “Detailed inverter specifications, testing procedure, and tech-
nical approach and testing application requirements for the
little box challenge,” GOOGLE, 2015. [Online]. Available:

https://www.littleboxchallenge.com/

V. Choudhary and M. Jacob, “Smart diode and 4-switch buck-boost

provide ultra high efficiency, compact solution for 12-v automotive

battery rail,” in Proc. of the PCIM Europe, May 2016, pp. 1-8.

[3] B. Chen and J. Qiu, “Compact and reliable medium voltage inverter
power cell without cabling,” in Proc. of the PCIM Asia, June 2016, pp.
1-8.

[4] Y. Lobsiger, “Closed-Loop IGBT Gate Drive and Current Balancing
Concepts,” Ph.D. dissertation, ETH Zurich, 2014.

[51 S. Maniktala, Switching Power Supplies A — Z. Newnes, 2012.

[6] D. Bortis, O. Knecht, D. Neumayr, and J. W. Kolar, “Comprehensive
evaluation of GaN GIT in low- and high-frequency bridge leg applica-
tions,” in Proc. of the 2016 IEEE 8th International Power Electronics
and Motion Control Conference (IPEMC-ECCE Asia), May 2016, pp.
21-30.

[7] J. Azurza Anderson, L. Schrittwieser, C. Gammeter, G. Deboy, and J. W.
Kolar, “Relating the figure of merit of power mosfets to the maximally
achievable efficiency of converters,” to be published, 2018.

[8] D. Rothmund, D. Bortis, J. Huber, D. Biadene, and J. W. Kolar, “10kV
SiC-based bidirectional soft-switching single-phase AC/DC converter
concept for medium-voltage Solid-State Transformers,” in Proc. of the
2017 IEEE 8th International Symposium on Power Electronics for
Distributed Generation Systems (PEDG), April 2017, pp. 1-8.

[9] Y. Lobsiger and J. W. Kolar, “Closed-Loop di/dt & dv/dt control and
dead time minimization of IGBTs in bridge leg configuration,” in Proc.
of the 2013 IEEE 14th Workshop on Control and Modeling for Power
Electronics (COMPEL), June 2013, pp. 1-7.

[10] S. Ekelof, “The genesis of the wheatstone bridge,” Engineering Science
and Education Journal, vol. 10, no. 1, pp. 37-40, Feb 2001.

[11] “Datasheet ADA4927 (Rev. B),” Analog Devices Inc., 2016. [Online].
Available:  http://www.analog.com/media/en/technical-documentation/
data-sheets/ADA4927-1_4927-2.pdf

[12] R. Pallas-Areny and J. G. Webster, “Common mode rejection ratio
in differential amplifiers,” IEEE Transactions on Instrumentation and
Measurement, vol. 40, no. 4, pp. 669-676, Aug 1991.

2

—



