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On-State Voltage Measurement of Fast Switching
Power Semiconductors
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Abstract—The on-state resistance R, is a key characteristic
of unipolar power semiconductors and its value depends on the
operating conditions, e.g. junction temperature, conducted cur-
rent and applied gate voltage. Hence, the exact determination of
the R,,,, value cannot rely on datasheet information and requires
the measurement of current and on-state voltage during opera-
tion. Besides the determination of the conduction losses, the on-
state voltage measurement enables dynamic R,,, analysis, device
temperature estimation, condition monitoring and consequently
time-to-failure prediction. However, in contrast to a switch current
measurement, several challenges arise in the design of an on-state
voltage measurement circuit (OVMC), i.e. high measurement ac-
curacy (mV-range) during on-state, high blocking voltage capabili-
ty (kV-range) during off-state and fast dynamic response (ns-range)
during switching transitions are demanded. Different OVMC
concepts are known from IGBT applications, however, the more
severe requirements introduced from the high switching frequency
and low OV characterizing the operation of fast switching power
semiconductors, prevent their usage. Off-the-shelf products hardly
satisfy the mentioned specifications, whereas the performance
of state-of-the-art OVM research prototypes require further in-
vestigations and/or improvements. With this aim, an innovative
OVMC concept is designed, analyzed, calibrated and tested in this
paper. Furthermore, the conduction losses of different power semi-
conductors are measured as function of their operating conditions
to validate the performance and highlight the potential of the pro-
posed OVMC.

Index Terms—Conduction loss measurement, on-state resistance,
on-state voltage measurement circuit.

1. INTRODUCTION

ODAY, the detailed experimental analysis of a power con-

verter circuit is typically focused on the switching behavior
of the power semiconductors, e.g. switching overvoltages and
voltage oscillations occurring in hard-switching [1] and/or
switching voltage and current time displacement relative
to zero-voltage switching (ZVS) [2]. However, with the in-
creasing switching speed enabled by wide bandgap devices
and/or with employing ZVS concepts, the loss contribution
of the semiconductors is more and more dominated by the
conduction losses.
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The power converter operating conditions are significantly
influencing the occurring conduction losses. Junction tem-
perature, conducted current, applied gate voltage, switching
frequency, manufacturing variability and aging take, in fact, a
combined impact on the instantaneous value of the semiconduc-
tors on-state resistance R, ,,. Despite this premise and contrary
to switching loss analysis, no on-state behavior analysis and/
or no experimental verification of the calculated Ry, value is
typically carried. Hence, worst-case approximations, based on
datasheet information, are inferred to estimate the conduction
losses. Performing online Ry, measurements would allow
to accurately verify conduction loss calculations and hence
to improve optimization procedures for the design of power
converters [3], [4]. In order to achieve this, the voltage across
and the current through the device-under-test (DUT) have to
be measured accurately and simultaneously. Several solutions
are suitable to obtain the DUT current, i.e. it can be directly
measured (e.g. with a series connected current shunt) or indi-
rectly derived from the load current and the gate signals, both
available for control purposes. In contrast, the usage of conven-
tional voltage probes to accurately measure the DUT on-state
voltage (OV) is prevented from the resulting dynamic range, i.e.
the ratio between the maximum voltage (during off-state) and
the minimum voltage (during on-state) applied at the input of
the measurement circuit. The extreme required dynamic range
limits the measurement resolution. This can be understood con-
sidering an example. If a conventional 12-bit oscilloscope is set
to capture the voltage blocked (e.g. 1000 V) from a specimen
power MOSFET (e.g. Ry .,= 25 mQ), the least significant bit,
i.e. the measurement resolution, corresponds to 1000 V/2"* =~
250 mV. This voltage is already half the OV of the mentioned
MOSFET conducting 20 A (25 mQ - 20 A =500 mV) and the
resulting accuracy is definitely insufficient. Ideally, in order to
perform this measurement with an accuracy of 1%, the least sig-
nificant bit should correspond to 5 mV (0.01 - 500 mV); in oth-
er words, an 18-bit oscilloscope (1000 V/2"* ~4 mV) would be
required [5]. Alternatively, the conventional oscilloscope full-
scale voltage would have to be limited to 20 V (20 V/2"* = 5
mV). The full-scale voltage reduces to 1 V if the same accuracy
is desired while measuring only 1 A (25 mQ + 1 A=25mV,
0.01 - 25 mV =025 mV and 0.25 mV - 2" =1 V). However,
if the oscilloscope range is limited to measure the sole OV (e.g.
1 V), the overdrive of the oscilloscope amplifiers caused by the
voltage blocked in off-state significantly distorts the measure-
ments and could damage the instrument.

It results clear that the achievable accuracy is insufficient
because of the trade-off with the excessive dynamic range.
Therefore, only dedicated on-state voltage measurement cir-
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cuits (OVMCs), limiting the voltage during off-state to values
within the oscilloscope input voltage range, allow accurate
measurements during on-state. For example, a full-scale voltage
of 10 V guarantees a measurement resolution of 10 V/2'> = 2.5
mV, sufficient in most cases.

Beside accuracy and resolution, also the bandwidth of
OVMCs is of importance, since modern Gallium-Nitride
(GaN) semiconductors often present dynamic R, effects
[6], [7], i.e. a high initial (i.e. immediately after a turn-on
switching transition) Ry, value which slowly (i.e. with
time constants varying in the ps-range) settles to a constant
value. In order to characterize this phenomenon, OVMCs
should measure the correct OV immediately after the turn-on
transition of the DUT. The dynamic Ry, is a fundamental
figure-of-merit in the evaluation of GaN semiconductors and
it depends on the voltage blocked during off-state, as well as
on the switching frequency [7]-[9]. Being this information
not specified in the datasheet, the importance of the experi-
mental on-state behavior analysis is remarked.

In addition to dynamic and stationary OV analysis, other
application areas are envisaged in literature, resulting in re-
quirements of an ideal OVMC. The OV is a promising tem-
perature sensitive electrical parameter, i.e. a circuit parameter
ensuring high sensitivity and good linearity with respect to
temperature variations [10]. Measuring the OV offers the po-
tential for replacing conventional temperature measurements
in application with severe volume constraints. Furthermore,
the OV is identified as a favorable aging indicator. E.g. in
power modules, a crack in the metallization layer and/or the
lift-off of a bond-wire cause an increase of the Ry, value,
i.e. of the OV [11], [12]. This establishes a positive feedback
mechanism accelerating the aging process. Monitoring the
OV allows a detection of the failure and potentially time-to-
failure predictions, advantageous e.g. in reliability critical
or remote applications. Accordingly, a trend towards intelli-
gent gate drivers integrating OVMCs is traced [13] and, to
facilitate this, compactness is generally demanded. As well
the mentioned bandwidth requirement, associated to a fast
dynamic response of the OVMC after a switching transition,
is of importance in all the foreseen application areas, if fast
switching semiconductors are considered.

Finally, the online measurement of conduction losses
enabled by OVMC:s can significantly improve the measure-
ment accuracy of calorimetric switching loss measurement
methods [14]-[16]. This application is commented in detail
in Section IV-C, since it constitutes a main reason for this
research work. Summarizing, high accuracy, fast dynamic
response, low complexity, and high compactness are the de-
sirable characteristics of OVMCs.

The nowadays most common OVM approaches can be
traced back more than thirty years [17], [18]. Recently, the
increased interest of the power electronic community in
wide bandgap semiconductors, combining reduced Ry,
values with increased switching speeds, motivated the inter-
est to derive solutions offering better accuracy and higher
bandwidth, e.g. [19] and [20], where also a comprehensive
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Fig. 1. Power converter setup considered as reference for the overall anal-
ysis. The two power semiconductors in half-bridge configuration T, and
T, are operated with complementary 50% duty cycles. The output inductor
L, tapped to the split DC link capacitors Cy,, and Cp,, ensures symmetric
triangular current mode (TCM) operation (blue waveforms). The parasitic
inductance L, and parasitic output capacitance of T, (i.e. C,,) are as well
shown. An OVMC (gray) is connected in parallel to the low-side semicon-
ductor T,, enabling online R, measurements.

overview of the state-of-the-art is discussed. However, these
concepts still reveal limited performance: [20] suffers sig-
nificantly from noise and common-mode disturbances, and
is tested only at high OV values, while [18] and [19] have an
intrinsic accuracy limitation, i.e. an unknown diode forward
voltage drop in the OVM path, as discussed in Section II. A
solution to the latter issue is proposed in [12], where a novel
OVMC is presented to monitor the wear-out of high power
IGBT in power modules. Unfortunately, the performance of
this OVMC highlighted in [12], [21], [22] and the provided
guidelines are insufficient and inadequate for fast switching
power semiconductors, especially in terms of bandwidth
and dynamic response. Significant distortions are introduced
from this OVMC at its output for tens of ps and also the
settling time of the designed analog circuitry itself is already
in the range of 1 s, i.e. comparable to a conduction peri-
od of a device operating with a switching frequency in the
hundreds of kHz-range. Moreover, with respect to IGBTs,
where the OV is rarely below 500 mV, when considering
fast switching semiconductors with Ry, values in the mQ
-range, it results significantly more challenging to guarantee
the same OVM accuracy. Only limited information on the
accuracy are provided in [12] and the performed OVMs are
not completely validated with an alternative setup. Never-
theless, this OVMC is considered as a promising solution for
the foreseen achievable accuracy enabled by the correction
of the unknown diode forward voltage drop in the OVM
path. Lately, also OVM probes became commercially avail-
able [23], [24], aiming to replace OVM integrated circuits
[25]. A commercial solution is tested, but poor dynamic
performance is experienced, as commented in Section I1I-D.
Consequently, it results necessary to develop an OVMC able
to satisfy all above-mentioned requirements in order to cover
all applications.

The reference setup, supporting the analysis presented in
this paper, is shown in Fig. 1. It highlights an OVMC (gray)
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connected to the low-side power semiconductor (i.e. T,,
the DUT) of an half-bridge configuration. The same circuit
could be connected to the high-side T,, however, for simplic-
ity, only the depicted solution is analyzed in the following.
Different power semiconductors are then selected for T,,
enabling their comparison.

The proposed OVMC is presented in Section III, where
the achieved accuracy and bandwidth are verified through
measurements on a calibrated test-bench. Afterwards, the
turnon behavior of different Silicon (Si), Silicon-Carbide
(SiC) and Gallium-Nitride (GaN) power semiconductors
is experimentally analyzed, validating the dynamic perfor-
mance of this OVMC. The main challenges faced during the
online measurement of conduction losses are commented
in Section IV-A, anticipating the measurement results dis-
cussed in Section IV-B (conduction losses) and Section IV-C
(switching losses). Conclusions are presented in Section V.

II. CONVENTONAL ON-STATE VOLTAGE MEASUREMENT
CIrRCUITS

The schematics depicted in Fig. 2 show the two most
common implementations of OVMCs. They ideally perform
as a shortcircuit (i.e. v = v, and v,,) when the power tran-
sistor T, (i.e. DUT, see Fig. 1) is conducting (on-state) and
as an open-circuit when it is blocking the DC-link voltage
Ve (offstate). As explained in the introduction, the accuracy
of v, during on-state and the dynamic performance of the
transition between the two states are the most important fig-
ures-of-merit of an OVMC. These two approaches are com-
pared according to these criteria in the rest of this section.
The final aim is to highlight their respective advantages in
order to facilitate the design of a better performing solution.

The OVMC illustrated in Fig. 2(a) [18] is based on the
MOSFET T,. The gate of T, is connected to a voltage source
V, and when T, is in on-state, i.e. V, > v,, + V},,, the mea-
sured voltage

Vl,a = Rl +RTP Vds- (1)

Vit and Ry, are the threshold voltage and the on-state re-
sistance of T, respectively. Typically Ry, < R,, therefore v,
~ v,. Regarding the transition between the two states, two
control strategies are possible:

e active: V, is switched to OV before T, is turned off and

back to ¥, after T, is completely turned on;

e passive: V, is kept constant and T, operates in its linear

region during the off-state of T,.

The active solution is intuitively effective but increases
the complexity of this OVMC, e.g. logic and delay circuitry
between the gate drivers of T, and T, results necessary and
introduces a blanking time. Therefore, the less intuitive pas-
sive solution is preferred and herein considered, however
additional challenges need to be faced [20].

The OVMC of Fig. 2 (b) [17] is realized with the diode
D, instead of the MOSFET T,. When vy < V,=V},p;, D, con-
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Fig. 2. Schematic representation of the two most common implementations
of OVMCs. The input voltage v, is sensed at the DUT leads (see Fig. 1);
by means of the MOSFET T, (a) or of the diode D, (b), the output is de-
coupled during the DUT off-state and connected during its on-state. While
the dynamic performance of (a) are affected from C;, the accuracy of (b) is
compromised by vp,.

ducts and
V1,b = Vds + UD, (TD17iD1)' (2)

Vi Tpi and i, are the forward voltage, the junction tem-
perature and the current of D, respectively. During off-state,
v, is fixed from V, and D, naturally blocks V. Differently
from (1), a significant error term (i.e. vy, in the range of
hundreds of mV) appears in (2), causing an offset on v,
As specified in (2), vy, is function of 7}, and i, , however,
an approximate value is commonly subtracted from v,, to
obtain vy [18], [19]. This only partially compensates it and
compromises the accuracy of the measurement. Never-
theless, this OVMC is often preferred (e.g. in desaturation
circuits) to the one previously described, giving lower im-
portance to the achievable accuracy than to hardware com-
plexity and dynamic performance. The latter aspect is the
focus of the following paragraph.

The transition between the two DUT states, i.e. the com-
mutation of the half-bridge (Fig. 1), implies charge and dis-
charge of the parasitic output capacitances of T, and T, (i.e.
C, and C,, in Fig. 1) as well as of the input capacitance
of the OVMCs. In fact, Cy, (orange in Fig. 2(a)) and Cy,
(blue in Fig. 2(b)) are charged to V', when T, is in off-state
while are discharged when T, is conducting. The charging/
discharging network includes the resistor R, or R;, whose
range of suitable values is limited from the operation of the
OVMCs (e.g. R, defines the off-state current in the MOS-
FET-based solution). Consequently, C; and Cp, should be
minimized:

e compared to C, in order not to affect the switching
transition of the half-bridge, i.e. slowing down the volt-
age slope of the switching node dv,/d¢ in soft-switching
transitions or significantly increasing the capacitive en-
ergy dissipated in hard-switching transitions;

e accordingly minimizing the magnitude of the charging/
discharging current spikes, potentially damaging mea-
surement and/or supply circuitry;

e minimizing the time constant of the RC-network formed
with R, or Ry, improving the dynamic performance of
the OVMCs (cf. Section I1I-D).
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Fig. 3. (a) Comparison of the parasitic capacitances of the devices selected
to realize the OVMCs of Fig. 2. For v, <100 V, Gy, is considerably smaller
than C;, and, more important, negligible compared to C,,. This reflects on
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the switching behavior of the half-bridge (b): the presence of T,, i.e. Cy,
(orange), significantly reduces dv,/d¢ during a soft-switching turn-off tran-
sition of T,, whereas Cp, (blue) does not have any influence.

These considerations clearly address the selection of T,
and D, towards devices featuring a small parasitic capac-
itance. Additionally, a low-inductance package and a short
connection from the OVMC to the DUT are preferred in order
to limit the voltage oscillations of v, inevitably excited from the
switching transitions. According to these criteria, in the consid-
ered setups, a 800 V N-channel Si MOSFET [26] is selected for
T, asin[10] and a 600 V SiC Schottky diode [27] for D,.

In order to prove the first statement, the parasitic capac-
itances of the selected devices are compared with the para-
sitic output capacitance C,, of a commercial 650 V E-mode
GaN HEMT (Specimen C in TABLE II) as function of v, in
Fig. 3(a). At vy, = 25V, Gy, is a negligible fraction (i.e. 5%)
of Coy, While Gy, contributes to the overall capacitance (i.e.
CosatCr,) for more than 30%. As mentioned, this influences
the switching behavior of the half-bridge where Specimen C
is selected for T,, e.g. in soft-switching operation. In Fig. 3
(b), measured waveforms of v,, and dv,/dt for three different
conditions are shown: without any OVMC (green), with the
MOSFET-based approach (orange) and with the diode-based
approach (blue) connected to T,. While the presence of D,
does not affect dv,/dt = 20 %, T, slows it down especially in
the first phase where C; is comparable with C,. This effect
is clearly undesired and can be attributed to the selected T,,.
However, depending on T,, the range of suitable T, (in terms
of Cr ) narrows, reaching a bottleneck in the case of interest
of fast switching power semiconductors. Differently, par-

asitic capacitance of 600 V commercially available diodes
can be in the range of few pF, enabling a more general OVM
solution. Consequently, the approach presented in the next
section is derived from the diode-based circuit. It aims to
improve its accuracy, while benefiting from the reduced par-
asitic capacitance.

III. PrROPOSED ON-STATE VOLTAGE MEASUREMENT CIRCUIT

In Section II, strengths and weaknesses of the two most
common OVM approaches are highlighted. In this section,
a promising solution derived from the diode-based circuit
and originally presented in [12], is analyzed in detail. As
discussed in the introduction, it results significantly more
challenging to perform OVMs in the case of fast-switching
semiconductors compared to IGBTs, e.g. due to the higher
switching frequency and lower OV. Considering the design
guidelines proposed herein, relative in particular to the small
input parasitic capacitance, the usage of a 50 Q output stage,
the high-bandwidth conditioning circuitry, the integrated
generation of the supply voltages and the thoughtful design
and calibration process, this OVMC is improved to combine
high accuracy, outstanding dynamic performance and re-
duced circuit complexity. This ultimately enables its usage in
the mentioned application areas of interest, as verified with the
described measurement results. Initially, the operating principle
of this OVMC is presented to better comprehend its possible
limitations, providing the basis for its improvement.

A. Operating Principle

The schematic of the proposed OVMC for fast switching
power semiconductors is depicted in Fig. 4(a) (a simplified
version is in Fig. 4(c)) together with its hardware realization
(Fig. 4(b)). The concept is derived from the approach shown
in Fig. 2(b), but now two identical diodes (i.e. D, and D,) are
connected in series at the input. During the on-state of T, (see
Fig. 2(c)), the same current i, is assumed to flow through D,
and D, (ip, = ip, ), therefore, given the same operating point for
the two diodes, the respective voltage drops vy, are assumed
to be identical (vy,, = vp, ). Since thanks to the zener diode
Z,, only D, blocks V., v, can be measured and subtracted
(with the operational amplifier Op,) from v,. Consequently,
the offset v;, present in (2) can be, with this OVMC, exactly
corrected rather than roughly compensated. During off-state,
the operation is similar to the one of the OVMC in Fig. 2(b).

The transfer function of the complete OVMC (Fig. 4(a)) is
herein derived. In the case of v, < V,—vp,—Vp, and with Op, and
Op, operating linearly (always assumed from here on),

vy = _ B v
T Ria+ Ry, |
Ry,
M 3)
v R2a + R2b 2
R
Um = U_ — R—i(vg —v_)
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40°C

Fig. 4. Schematic representation of the realized (a) and simplified (c) ver-
sions of the proposed OVMC. (b) depicts the hardware realization of (a). D,
and D, are thermally well coupled (dashed box) and electrically connected
in series at the input of the OVMC in order to improve the measurement
accuracy.

holds. The system of equations given in (3) can be solved for
the output voltage v,, if v, = v_ is assumed, obtaining

R
vy @ 1b (1

Ry Ry, Ry
& el 4
Rla + Rlb ) " 2 ( )

_l’_ - =
Rs Roa + Rap R
Defining R, = R, = Ryand R, , = R, , = R, so that

Ry, _ Ry, _ 1
Ria+ Ry, Roa+Roy 1+

and selecting R, = R, (4) can be simplified to

@ 1

= m(Q’Ul — U2). (5)

Um

Finally, it must be noticed that the term

21}1—’()2:1}1—(’[}2_1}1):7}1_UD27 (6)

under the assumption that vy, = v, , can be used in (5) to ob-
tain

v 2 ! (v —w )—Lv
m 1+ﬂ 1 D1 14>ﬁds~

0

Hence, the proposed OVMC corrects the offset on v, i.c.
V1, producing an output voltage v,, referred to the source poten-
tial of the DUT, exactly proportional to v, during its on-state.

In case the scaling of v, obtained by means of the voltage di-
viders formed by R,,—R,, and R,,—R,, is not needed, they can be
bypassed (i.e. R,,= 0 Q, R, and R,, removed). Consequently
Op, results unnecessary as well (Fig. 4(c)) and the system of
equations given in (3) reduces to

R 6
U = V1 — R—;(vz — 1) D e ®)

The degree of freedom given by f is lost, i.e. the input
voltage range of the circuit is reduced, but the number of re-
quired components is halved.

To provide a better understanding of the proposed OVMC,
additional considerations are herein reported to conclude the
section. As in the diode-based circuit presented in Fig. 2(b),
the values of ¥, and R fix the current in D, and D, during
on-state. ¥, = 10 V (Section III-B) and R; = 750 Q (Section
1) are selected. If the currents flowing in the voltage dividers
formed by R,,—R,, and R ,—R,, are negligible (see Fig. 4(a)),
the operating point of the OVMC when T, is in on-state is
defined by

. Vo — vp, — VD, — Vas
ip = - 2R6 L ) )

If vi, =0V and vp, = vp, = 1 V are assumed, 7, = 10 mA
= I, yom- Consequently, P, .., = V, 1, .on = 100 mW defines

p.nom pLpnom
the power consumption of the OVMC from the main power
source. It is important to limit i, to a negligible fraction, e.g.
1%, of the current flowing through T, to avoid an increase
and/or distortion of the OV (and to limit P, ). This limit
is strictly application dependent and, if exceeded, the addi-
tional OV should at least be considered in the calculation of
Ry on- Moreover, a lower boundary of i, is also set from the
parasitic currents circulating in the OVMC, e.g. in the volt-
age divider formed by R,,—R,, and in the input of Op,. If 7, is
reduced below a certain threshold, it would result impossible
to neglect them and the fundamental assumption i, = ip,
would be violated, compromising the accuracy of the mea-
surement. V, defines as well, together with Z,, the value of
v at which the circuit snaps. The blocking voltage of Z, is
selected to be bigger than ¥, to avoid its conduction during
on-state of T,, but on the other hand low enough to limit v,
during off-state. Consequently the sole D, blocks the off-
state voltage V¢, protecting the measurement circuitry.
Finally, in order to facilitate the modular integration of the
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Fig. 5. Schematic representation of the OVMC supply circuitry. V,, V. and
V- can be generated from one of the supply voltages available in the power
converter, e.g. V. and V), facilitating the integration of the OVMC. Gal-
vanic isolation is guaranteed and a small value of parasitic capacitance C;
ensures high common-mode rejection ratio.

OVMC in a power converter (e.g. towards intelligent gate
drivers), Fig. 5 illustrates different options for the generation
of the required supply voltages. In the proposed solution,
V, and the supply voltages of the operational amplifiers V.
and V,_ =—V,, are galvanic isolated and generated from the
gate driver supply voltage V. A small value of parasitic
capacitance C, ensures high common-mode rejection ratio.
Thanks to the isolated supplies, the proposed OVMC can be
connected, without any additional precaution, as well to the
high-side power semiconductor T, (Fig. 1). Hence, the OV
of T, can be measured with respect to its source potential, i.e.
v4 To avoid a differential measurement and common mode
disturbances, it can be convenient to refer the OVM to a
constant voltage, e.g. V. To do so, the schematic of the pro-
posed OVMC should be mirrored and referred to the drain
potential of T,. Afterwards, all the calculations performed for
the low-side case remain valid.

B. Accuracy Measurement and DC Calibration

The accuracy of the proposed OVMC with respect to the
assumptions made in Section III-A is herein verified and cal-
ibration measurements support the analysis.

The first requirement for a correct operation of this
OVMC is based on the identity vy, = vp,. First, in order to
guarantee i, = iy, the current flowing in the voltage divider
formed by R, ,—R,, (if present) must be negligible. If this
cannot be achieved by increasing the value of R, +R,,, an
operational amplifier Op; can be added between v, and R,,.

However, even if i, = iy, , the eventually different junc-
tion temperatures of the diodes (i.e. T}, and T}, respectively)
and their manufacturing variability can cause a mismatch of v;,.

Ty, can generally be higher than T;,, because D, is exposed
to a wide input voltage excitation and is also physically
closer to T,, where the major losses, i.e. heat, are dissipated.
In order to minimize the problem, the nominal operating
point of the circuit can be tuned at a temperature-indepen-
dent point of the -/ characteristic of the diodes (if existing
and coinciding between them). Alternatively, two diodes in
the same package can be chosen in order to maximize their
thermal coupling. Unfortunately, as explained in Section II,
several constraints already drive the selection of the diodes
(e.g. small parasitic output capacitances) if good dynamic

performance are required and it results difficult to find devices
combining all these characteristics. More realistically, as shown
in Fig. 4(b) (dashed box), a sufficient and good practice is to
thermally well couple D, with D, on the OVMC PCB (and if
necessary provide separation between the OVMC and T,
without excessively increasing the parasitic inductance of the
connection). Hence, a AT}, = T;, =T}, of only 3 °C (Fig. 2(b)) is
measured in the worst-case operating conditions of interest
(i.e. maximum losses of 8 W in T, at the highest switching
frequency of 1 MHz and off-state voltage of 400 V). In
particular, depending on the operating conditions of T,, 7p,
varies between Tp, =30 °Cand 7y, =40 °C.

Concerning the device variability, before assembling the
circuit, two diodes featuring the same v, in the operating
conditions of interest must be selected (a variability in the
range of 10 mV is experienced in worst case among the
available ones). To minimize this issue, it is convenient to
reduce the variation of 7, from i, ;, < 1, jom < I, max Caused by
a variation of v (according to (9)). For this reason, in [12],
the voltage source V,—R; is replaced with a current source
1. However, considering the experiment presented in the in-
troduction (i.e. a specimen power MOSFET with Ry, = 25
mQQ conducting £20 A), the excursion of v, is in the range of
+500 mV and the current variation results

AZ o Zp,max L) Vp - UDQ -
p= = =
’p,min Vb — up,

UD; — Uds,min ~1.1 (10)
— UD; — VUds,max

Even a worst-case £15% variation, i.e. £1.5 mA, is as-
sumed not to have any influence on the OVMC accuracy. To
quantitative support this statement, v, and vy, are reported in
TABLE I as a function of i, and T}, . A worst-case mismatch
in the diode voltage drops v,, = vp,—Vvp, =2 mV and a tem-
perature coefficient of 1 mY are observed. v,, must be negli-
gible compared to the measured vds not to affect the OVM
accuracy. This becomes more and more difficult to achieve
at low OV levels, e.g. with v, <40 mV, and if desired an
even more sophisticated diode matching and/or calibration
procedure can be adopted. However, other problems arise
when vy, i.e. the DUT current, approaches 0 V and are dis-
cussed in Section IV-A. Finally, it can be noticed that, due
to the small value of 7,, the diode model provided in [27] is
not valid. The proposed calibration procedure is required to
enable the performance of the OVMC described in this sec-
tion. Other interesting considerations regarding the precise
tuning of the proposed OVMC are reported in Appendix A
as guideline for its design.

To conclude, once the crucial aspects related to the design
of the proposed OVM hardware are clarified and taken into
account, the achieved accuracy is measured. Fig. 6 illustrates
the relative error ¢, (right y-axis) from a DC input v, (x-
axis) to a DC output v,, (left y-axis) in a range from —2 V to
2 V. g, is confined between +2% with an absolute maximum
error ¢,,, = 5 mV. Here, and in the rest of the analysis, the
gain of the proposed OVMC is normalized to 1 for the sake
of clarity.
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TABLE I
MismatcH IN THE DIODE VoLTAGE DROPS As FUNCTION OF THEIR TEMPERATURE
AND CURRENT

ip Tp, vp, mV) vy, (mV) vap (mV)
i by min 831 832 -1
P Tp ) max 820 818 2
imae D1min 838 839 -1
' TDl,max 828 826 2
21— - 42
S =
< 11 g
g 0r 10 @
S g
st {1 =
£ 3
=1 B
IS S
2k 4-2

Input Voltage - v,, (V)

Fig. 6. Results of the DC calibration of the proposed OVMC. When a DC
voltage =2 V <y, <2 V is applied at the input (x-axis), the output v,, (left
y-axis) deviates less than 5 mV, corresponding to & < 2% (right y-axis) in
worst-case.

C. Bandwidth Measurement and AC Calibration

A severe bandwidth requirement is mandatory in all the
application areas of OVMCs mentioned in the introduction
when fast switching semiconductors are considered. The
bandwidth and the accuracy in AC operation of the proposed
OVMC are verified in this section to evaluate its applicabil-
ity in the conditions of interest. Measurements are preceded
from a brief discussion pointing out the most significant as-
pects enabling its performance.

Accurately sensing a high-frequency signal with a con-
ventional oscilloscope probe (as in Fig. 2(a)-(b)) results in a
challenge. In fact, when the high-impedance input (i.e. 1 MQ)
of the oscilloscope is used, precise tuning of the probe inter-
nal capacitance is required to have a flat gain for all the fre-
quency range of interest. Hence, the 50 Q input of the oscil-
loscope is preferred. Ry =~ 50 Q is added at the output of the
proposed OVMC (cf. Fig. 4(a)-(c)) to match the output im-
pedance of Op, with the characteristic impedance of the used
cable (i.e. 50 Q). This is possible only given the presence of
Op,, driving the necessary output current in the oscilloscope
without affecting the circuit performance. Therefore, the se-
lection range of operational amplifiers is limited from their
output current and voltage capabilities. Among the available
devices, a low-noise 1 GHz 10 V 40 mA operational amplifi-
er [28] is selected to maximize the achievable bandwidth of
the OVMC.

The results of the high-frequency calibration are described
in Fig. 7. Three different triangular waveforms at 700 kHz

Input, Output Voltage - vy, v,, (V)

4 . )
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43]
40 1 1 1
0 0.5 1.0 1.5 2.0
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Fig. 7. Results of the AC calibration of the proposed OVMC. When AC
voltage waveforms of different amplitudes are applied at the input vy, the
output waveforms v,, are practically indistinguishable from them: ¢, is lim-
ited by the oscilloscope resolution.

with peak-to-peak voltage amplitudes V,, , increasing from
1 V to 7 V are generated at the input v,, and plotted (blue,
red and dark green) on top of the measured output v,, (sky
blue, orange and light green) in Fig. 7(a). When v, <2 V the
input and output waveforms are indistinguishable. At v, =
Voumax = 2V, Op, saturates and v, (light green) is distorted. In
Fig. 7(b), the relative ¢, and absolute ¢,,, errors are reported.
€., 1S limited between &, = £10 mV in the worst-case of
3V i and has a zero mean. It must be mentioned that with a
10 bits oscilloscope on a 8 V vertical Window, €, 15 in the
range of the oscilloscope resolution (8 V/2'~ 8 mV). ¢, is,
for the same reason, mainly in a £5% range; however, when
vy approaches zero (gray shaded area), the division between
two small numbers causes a numerical issue and ¢, diverges.
Finally, with a vector network analyzer, the bandwidth of
the proposed OVMC is measured exciting it at the input v,
with sinusoidal waveforms up to 2V, ;. The —3 dB band-
width is outside the measurable frequency range of the in-
strument (i.e. 50 MHz) while the more intuitive normalized
linear gain gy, is 1.0 until 1 MHz and still 0.97 at 10 MHz,
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TABLE II
SPECIFICATIONS OF THE POWER SEMICONDUCTORS CONSIDERED AS DUT FoR THE PrROPOSED OVMC

Specimen Type Vi V) Ty (A) Ryw(mQ)  Package Figures
A SiC Power MOSFET 1200 98 25 TO-247-3 14 (a), 13,11 and 9
B Si Super-Junction MOSFET 700 46 40 TO-247 14 (b) and 10 (b)
C E-mode GaN HEMT 650 30 50 GaNPX™ 14 (c), 10 (a) and 3
WG 40 - T T T
_ 4 . / WI‘J . . 1.1 i
8iin — c !
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Fig. 8. Measured bandwidth of the proposed OVMC. The -3 dB bandwidth &
is above 50 MHz (magenta) while g;, = 1.0 until 1 MHz and 0.97 at 10 ©
MHz (blue) 20 ' '
’ 0 5.0 75 10
Time - # (us)

independently of the input signal amplitude (Fig. 8). In order
to guarantee the linearity in these measurements, the input
signal never exceeds Vv, ... The real bandwidth of the circuit
is, instead, strongly influenced from its dynamic response af-
ter the DUT turn-on switching transition, which is the topic
of the next section.

D. Dynamic Response

To conclude the characterization of the proposed OVMC,
its outstanding dynamic response is analyzed in this section,
accompanied by a discussion on the main features enabling
this achievement.

As mentioned, it is important to perform accurate OVMs
immediately after the turn-on transition of the DUT. This
allows to capture eventual dynamic R, effects, the diode
conduction phase during dead-times and enables high-fre-
quency measurements necessary in all the mentioned ap-
plication areas. In fact, the time constant of the dynamic
response must be negligible compared to the duration of the
DUT on-state to obtain meaningful OVMs.

In Fig. 9, the dynamic response of the proposed OVMC
is compared with the one of a state-of-the-market (SoM)
commercial OVM probe. The two measured waveforms
highlight the faster response of the proposed approach (blue).
The measured signal is the on-state resistance ry,(t) (time
dependency is omitted from now on) of a commercial 1200 V
SiC Power MOSFET (Specimen A in TABLE 1) for two dif-
ferent case temperatures. The value of 7, is obtained divid-
ing the output of the OVMCs v,, by the DUT current i, (see
Fig. 1) and must be limited to the time window where the
DUT is in on-state (i.e. after #,). The key design guidelines at
the basis of the achieved performance rely on the selection
of high bandwidth operational amplifiers and diodes with
small parasitic capacitance, and on a low inductive PCB de-
sign (especially concerning the commutation loop of D;). In

Fig. 9. Comparison in terms of dynamic response between the proposed
OVMC (PES) and a state-of-the-market (SoM) commercial OVM probe.
When the DUT turns on at #,, the output of the proposed OVMC immedi-
ately measures the correct OV, i.e. the nominal 7, value, whereas the com-
mercial device features a time constant in the ps-range. E.g. a fast dynamic
response increases the maximum switching frequency at which an OVMC
can perform useful measurements, since the dynamic transient must be neg-
ligible compared to the duration of the DUT on-state.

order to quantify the dynamic response time of the proposed
OVMC, two more measurements, showing the turn-on tran-
sition of different DUTs, are performed (Fig. 10). In Fig.
10(a), a commercial 650V E-mode GaN HEMT (Specimen
C in TABLE 1I) is tested. The three voltage measurements
are vy, (yellow), v, (green) and v,, (blue). When the high-
side transistor T, is turned off, v, drops from V. to 0 V
because of a positive load current i, (not shown, see Fig.
1). The anti-parallel body diode of T, (i.e. Dy, ) immediately
conducts and v,, = -V zp = =7 V is clamped to the bottom of
the oscilloscope screen. When v, reaches V1, (green dot),
T, turns on and i, commutates from Dy, to the channel of T,.
Consequently v, changes from the forward voltage of D,
(i.e. =Vipp) 1O T4 onlsw- As the white cursors highlight, the re-
sponse time of the proposed OVMC is less than 50 ns if the
real transition is assumed instantaneous.

The same situation is reproduced in Fig. 10(b) with a
commercial Si Super-Junction MOSFET (Specimen B in
TABLE II). In this condition, Vg, = 0.8 V can be accurately
measured during all the conduction time of Dy,. In trans-
parency a second measurement with a shorter dead-time is
overlapped.

IV. ONLINE CoNDUCTION L0OSS MEASUREMENT

In this section, the integration of the proposed OVMC in a
power converter (Fig. 1) is commented and the OV, i.e. Ry,
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Fig. 10. Analysis of the dynamic response of the proposed OVMC. (a)
less than 50 ns after v,, has reached V;,, (green dot), v, (blue) is settled to
the correct value, even in the case of significant Vg, €.g. > 2 V. (b) when
Vipp 1s in the measurable range, the proposed OVMC allows to monitor the
conduction time of Dy, , evaluating the dead-time conduction losses and its
effective duration.

of different power semiconductors is measured as function of
their operating conditions. The measurement setup is initially
described. The associated challenges are then addressed and
the proposed solutions are ultimately commented. Finally,
since the original reason motivating the development of this
OVMC is the improvement of the measurement accuracy of
calorimetric switching loss measurement methods, the pre-
sented results are discussed accordingly.

A. Conduction Loss Measurement Setup

The setup is equivalent to the schematic shown in Fig. 1.
Assuming symmetrical triangular current mode (TCM) op-
eration of the half-bridge (i.e. T, and T, are operated with
complementary 50% duty cycles and no load is connected),
the analysis can be limited to the conduction time of T,. All
the relevant measured waveforms are shown in Fig. 11 (a)-
Fig. 11(b). In particular, the switch node voltage v, (blue in
Fig. 11 (a)), the load current i, (orange), the gate voltage
Ve (green, Vi ox = 18 V and Vo = -5 V) and the output
of the proposed OVMC v, (blue in Fig. 11(b)). Inside the
time window ¢#,—t,, the on-state resistance 7y, of T, can be
determined dividing v,, by —i\ .4 = i, (Fig. 11(c)). The instan-
taneous conduction losses pcond can be calculated as rds,mizsw

400 F— 20
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—~ - load de - =
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~ L | 2z
0r 7 . . 4-20
(@)
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Fig. 11. Typical waveforms (a)-(b) measured on the half-bridge (Fig. 1) op-
erating in triangular current mode (TCM). When v, = ¥, o\ (green), T, con-
ducts and v, (blue) is proportional to i, (orange). In (c) 7y, is calculated
between t, and t, dividing v,, by i, while in (d) p..,q is obtained multiplying
vy, and i, .

or equivalently v, i, (blue in Fig. 11(d)). Finally, the average
conduction losses can be obtained as average of p,,, during
on-state of T, (gray shaded area).

Similarly, an average Ry, value can be obtained as aver-
age of ry,,. In this case, Ry, = 26.9 mQ (Fig. 11(c)) results
for Specimen A in TABLE II. Consequently, the approxi-
mated conduction losses P, can be directly calculated as
RdmizSW (magenta in Fig. 11(d)). Given the almost perfect
overlap between the blue and magenta curves in Fig. 11(d),
when p,,q and P, are averaged, 3.6 W results in both cases.
However, in general, the first approach is preferred, since
it takes into account dynamic Ry, effects and the eventual
current dependency of R .

In order to perform accurate measurements in this setup
and operating conditions, two challenges, associated in par-
ticular with the reduced OV and high current slopes that needs
to be measured, are faced. The first challenge to overcome is
represented by the parasitic inductance L, (Fig. 1) in series
with T,. Fig. 12(a) highlights the load current slope di,,,/d¢
= —di/dt (up to tens of A/us) that in combination with L,
causes a voltage offset (red in Fig. 12(b)) on v,, according to
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) digw
Um = Ras,onlsw + LPd—StL )

(blue in Fig. 12(b)). Hence, calculating 7, as

Um (11) LP
Tds,on = 7 = Rds,on + —
Tsw t

= Rds,on (1 + TRTL> 3 (12)

TRL . .
the term —— (T RL = )dlStOI’tS the result. Therefore,

t

in contrast to a constant Ry, (dashed in Fig. 12(c)), the
waveform of 7, solid in Fig. 12(c), is obtained. E.g. if L,
=8 nH and Ry, = 50 mQ then z;; = 150 ns. Hence, after =
57p. = 800 18, Fgop = 1.2 Ry, = 60 mQ. From (12) it can be
concluded that L, should be minimized, i.e. the connection
from the DUT to the OVMC should start as close as possible
from the drain and source terminals of T,, excluding any
additional path where i, flows. Unfortunately, part of L, is
located internally in the package of the DUT and no design
expedient results helpful. A compensation network could be
inserted and tuned, however it would negatively affect the
dynamic performance of the proposed OVMC. Alternatively,
the inductive voltage drop v,,, can be isolated from the resis-
tive one taking advantage of the zero crossing of i

Le., measuring v,, and di/d¢ when i, = 0 A, (11) can be
solved for L,. Formally

(1) . digy
=L ) (13)
Prar

Um,0 = Um

tsw=0 —
Repeating this measurement for different di,, /d¢, L, can be
calculated as average of several

_ Ym,o;
LPi - dj’SWi/dt (14)

and its value can be used to adjust v,,. From the practical
point of view, this results in subtracting v,,, from v, in each
measurement, ensuring v,, = 0 V when i;,, = 0 A. Whereas
this assumption sounds legit and sufficient by itself, calcu-
lating L, as in (14) provides a physical motivation to this
adjustment. Moreover, obtaining constant Ly, across different
measurements guarantees their correctness. This becomes
more and more important when the zero crossing of 7, is not
present and/or measurable and the knowledge of L, is the
only option to correct the measurement result. Alternatively,
T4on Can be calculated as the ratio between dv,/dr and di,/dz.
Even if not affected from v,,,, this approach loses accuracy
when the voltage and current slopes become flatter.

The second challenge is easily highlighted applying the
propagation of uncertainty rule on r, = v,/i,:

_ a"dds,on 2 6Tds,on 2
OTds,on - 8 Ovm + 8 . Oigy
Um lsw (15)

— 2 . 2
== Opm T (TdS,onUzsw)
ZSW

20F ol —

g (A)

5\ m,0
S N | 7 — Vu B
£ |
S | — VnVip | A
t : — V|1
(b)
150
__ 100
G
g
0T 5T 1
Time - 7 (us)
(©)
150
_ 100 g
G
£
=~ 50
0
-1 0 1
Time - # (us)
(d)

Fig. 12. Comparison of real and ideal waveforms simulated on the half-
bridge (Fig. 1) operating in TCM. The combination of L, and di,/d¢ causes
a distortion on v,, (b) and consequently on r,,, (c). Moreover, a measure-
ment error on v,, translates into an error on ry,,, (d) according to (16), partic-
ularly amplified for small i, as in (15).

and

O%ras,on —

Ordas,on (15)  Ouy

=0 .
Tds,on Yovm (16)

rds,onisw

ox and ¢%x indicate the absolute and relative error on
the measured quantity x, respectively. (15) proves why o,
and therefore 7, diverges when i, approaches zero (see Fig.
11(c) and Fig. 12(c)-(d)). (16), instead, expresses how 6%,
coincides with 6%, when o, , = 0. In other words, any error
on v, reflects one-to-one (relatively) on 7y, (i.e. on p.,g).
An example of r,,,, corrected from v,,,, but resulting from
v, With g, =5 mV to highlight the effect, is shown in Fig.
12(d). Since the only expedient to minimize both phenome-
na described from (15) and (16) is to reduce o, , this section
clearly justifies the effort placed on the accuracy analysis
of the proposed OVMC addressed in Section III. Moreover,
it highlights how measurements of low r,, and/or high

di,,,~=dt (e.g. wide bandgap semiconductors) introduce new
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challenges in the OVMs.

B. Conduction Loss Measurement Results

Several measurements are performed with the proposed
OVMC analyzing different DUTs in different operating con-
ditions. The results are commented in this section.

Fig. 13 compares the nominal value of Ry, reported in
the datasheet of Specimen A in TABLE II with the values
of Ry, measured with the proposed OVMC during double
pulse test (DPT) operation (in the same conditions described
in the datasheet). The black dashed line R, is plotted as
function of the junction temperature 7, ,,, (i.e. bottom x-axis)
while the blue measurement points R, are plotted as func-
tion of the measured case temperature 7, ppr (i.€. top x-axis).
Since the DPT has electric dynamics which are assumed
to be faster than the thermal dynamics of the DUT, T, p; =
T ppr is considered and the two x-axis coincide (i.e. Tjppr =
T 4u)- Rppr, measured with the proposed OVMC as described
in Fig. 9, match R, with an approximation of 3% (blue
confidence bar is +5%). The discrepancy can be attributed
mainly to the device manufacturing variability. However, the
results are satisfactory and confirm the performance of the
proposed OVMC.

Fig. 14(a), (b) and (c), instead, summarize the values of
Ry measured in two different continuous operating condi-
tions for all the Specimens of TABLE II. In particular, the
orange points Ryq, are measured (with the proposed OVMC)
in the conditions described in Section I'V-A (i.e. TCM opera-
tion with V. =400V, I, = 20 A and f;, = 30 kHz) while the
green points R are measured (with the proposed OVMC
and a multimeter to monitor its accuracy) in DC operation.
The DC current I, = ka/(\/§\/§) =8 A is selected to en-
sure that approximately the same losses occur in the DUT
in DC operation as in TCM operation (legitimately neglect-
ing the soft-switching losses [15]), such that T;pc = T 1oy
when T, = T, 1oy 1s measured. All the circuit parameters
are maintained the same in both the experiments, in partic-
ular matching the value recommended in the datasheet. For
Specimen A, Rqqy (cf. also Fig. 11(c)) and Ry (Fig. 14(a))
are slightly higher than R, and Ry (cf. Fig. 13). The rea-
son behind it is the difference in 7} between the two sets of
measurements (7 pc = Tirem > Tigua = Tiper) due to the losses
continuously occurring in the DUT. As a consequence, the
positive temperature coefficient of Ry, affects the result.
More interesting to notice is that Ry is very close, i.e. within
+4% (orange confidence bar is £5%), to Ry as expected,
since Tjpc = T,ycv and the current dependency of Ry, is
practically negligible in this range. The discrepancy can be
attributed to the accuracy of the current measurement and of
the OVMC, and to slightly different operating conditions. An
equivalent set of measurements is performed on Specimen B
in Fig. 14(b) and identical conclusions can be drawn. Hence,
the accuracy and the performance of the proposed OVMC
are once more validated. Fig. 14(c) summarizes R, and
Ry for Specimen C in TABLE II. In this case a significant
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Fig. 13. Average value of ry,, (i.e. Rppr) measured with the proposed
OVMC in double pulse test (DPT) operation for Specimen A in TABLE 11
compared with the nominal Ry, values reported in its datasheet (i.e. Ry,,).
The measured points match the nominal values within +3%.
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Fig. 14. Average value of 7, measured with the proposed OVMC for dif-
ferent operating conditions of the half-bridge, for different DUTs (TABLE
1I) and as a function of 7,. Ry, (orange) and R, (green) are similar (within
+5%) for Specimen A (a) and B (b) when the power loss conditions are
matched. In the case of Specimen C, a significant discrepancy (i.e. = 50%)

between the two measurement sets is observed (c).

discrepancy (i.e. = 50%) between the two series is observed.
Tipc = Tiqem 1s not a true assumption anymore, since more
losses are now unexpectedly occurring in the DUT in TCM
operation. The discrepancy is attributed in this case to
the DUT, i.e. to dynamic Ry, effects, which are confirmed

in [7].
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C. Influence on Calorimetric Switching Loss Measurement

The results illustrated in the last section can be applied
to improve the accuracy of the calorimetric switching loss
measurements presented in [15]. Calorimetric switching loss
measurement methods, in contrast to electric switching loss
measurement methods, e.g. the DPT, determine the switch-
ing losses from the measurement of thermal quantities [14],
[16]. The power semiconductor under test is installed in a
calorimetric test-bench, whose thermal parameters (e.g. ther-
mal resistance and thermal capacitance) are known. While
the device operates, the occurring losses generate heat and
cause a variation of temperature in the test-bench. The exact
amount of losses can be derived from the temperature increase.

Both conduction losses and switching losses occur simul-
taneously in the DUT, hence only their sum can be thermally
measured. However, initially operating the DUT in the test-
bench at a switching frequency at which the switching losses
(P,,) can be neglected compared to the total losses (P,),
the conduction losses (P,,) can be accurately measured.
A set of measurements performed on Specimen C show an
agreement between the two methods (i.e. calorimetric and
OVMC) with an uncertainty in the range of 5%, mostly attri-
bute to the calorimetric test-bench itself [15].

The measurement method proposed in [15] to perform
calorimetric switching loss measurement consists of two
phases. First, accurate calorimetric measurement of the total
semiconductor losses are performed (P,). Afterwards, P, 4
are estimated and subtracted to isolate

Psw :Pth_Pcond~ (17)

It results immediately clear that the accuracy of the mea-
sured Py, (oP,, ) is influenced both from the accuracy of the
calorimetric measurement itself (¢P,, ) and of the P, esti-
mation (6P, ). If 6P, = 0 is assumed for the purpose of this
analysis, oP,, can be expressed, applying the propagation of
uncertainty rule, as

Pcond
T%Pow = = O%Peona’ (13)
sW

The integration of the proposed OVMC in this measure-
ment setup aims to improve P, .

In [15], Ry, is measured in DC operation as a function of
Py, similarly to Ry in Fig. 14(a)-(c). Afterwards an oppor-
tune (i.e. for the same P, conditions) value of Ry, is consid-
ered to calculate and subtract P, from P, in TCM opera-
tion. The proposed OVMC, enabling online measurement of
Ry, has the potential to minimize oP,,, , but confirmed as
well the validity of the approach developed in [15] against,
for example, the usage of Ry,,. At least for Specimen A and B,
in fact, Ry and Ry (orange and green points in Fig. 14(a)-
(b)) coincide with good approximation (within £5%). Hence,
the results shown in [15] are correct under this aspect. Dif-

ferently, the discrepancy observed for Specimen C (cf. Fig.
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Fig. 15. Comparison between R, (orange) and Ry (green) as function of
P, (a). The online measurement of conduction losses enabled by the pro-
posed OVMC, more representative of the real operating conditions, results
in higher (i.e. = 50%) P,,,.. The mismatch results in lower estimated P (i.e.
~ -28%) according to the calculation reported in TABLE III (b).

TABLE 111
DERIVATION OF THE ERROR ON THE SWITCHING L0SSES CAUSED BY THE INACCURA-
cy oN THE CoNDUCTION Loss ESTIMATION

proposed
Parameter [15] OVMC Note
I, (A) 15 Fig. 15(b)
P, (W) 6.90 6.90 Fig. 15(a)
Ryon (MQ) 65 95 Fig. 15(a)
Prna (W) 240 3.60 Paw = Ras,onlims:
o Irms :ka/(\/g\/i)
Psw = fswEsw’
P, (W 4.50 3.30
w (W) (17) and Fig. 15(b)
Peond,[7] = Peond,0VMC
0%P 4 50% Proma. ]
and Fig. 15(a)
%Py, -28% (18) and Fig. 15(b)

14(c)) would introduce a significant error if the [15]-approach
would be blindly adopted. Fig. 15(a) compares the results
of the two conduction loss measurement methods (i.e. Ry
and Rc) for one of the DUTs analyzed in [15], similar to
Specimen C. In this case, the two approaches give signifi-
cantly different results and the importance of OVMCs for
fast switching power semiconductors is again remarked. The
accurate measurement of Ry at 1 MHz is the final achieve-
ment of this work, only enabled from the sophisticated de-
sign and calibration procedures described along this paper.
Rycy 18 up to 50% higher than Ry, i.e. P,y is 50% higher
than previously estimated. According to (18), P, results up
to 28% lower (see Fig. 15(b)). The physical cause behind the
underlying loss mechanism is still under investigation [29].
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The calculations for the case of 1= 15 A are reported in TA-
BLE III as an example.

V. CONCLUSION

An on-state voltage measurement circuit (OVMC) for fast
switching power semiconductors is presented and fully char-
acterized in this paper. The correction of the offset voltage
present in typical OVMCs, the small input parasitic capaci-
tance, the usage of a 50 Q output stage, the high-bandwidth
conditioning circuitry, the integrated generation of the supply
voltages and the thoughtful design and calibration process
are key features and/or main improvements of the proposed
approach when compared with state-of-the-art solutions.

The operating principle of this OVMC is described and
detailed design guidelines are given. Furthermore, accurate
DC and high-frequency calibration measurements are per-
formed. Several challenges, ¢.g. measurement distortion due
to the DUT parasitic inductance and noise amplification at
low DUT current values, arise when the proposed OVMC is
integrated in the measurement setup of interest considering
fast switching power semiconductors. However, implement-
ing the addressed precautions, the achieved accuracy (<
+2%), bandwidth (> 50 MHz) and dynamic response (< 50
ns) finally enable precise OVMs in the case of both low R,
values and at high switching frequencies, e.g. in applications
featuring wide bandgap semiconductors. Ultimately, OVMs
are performed on several power semiconductors for different
operating conditions, and the results in terms of R, are pre-
sented, underlying the advantageous practical applicability
of the circuit.

In summary, the proposed OVMC generally enables on-
state behavior analysis of power semiconductors (e.g. dy-
namic Ry, effect investigation) and improves the accuracy
of power converters loss breakdown models and of calori-
metric switching loss measurement methods. Moreover, the
OVM is envisaged as fundamental feature of next generation
intelligent gate drivers, including temperature and condition
monitoring, as well as time-to-failure prediction circuits.

APPENDIX

Considerations for the Accurate Tuning of the Proposed
On-State Voltage Measurement Circuit

The influence of a mismatch in the diode (i.e. D, and D,) voltage
drops v, can be accurately characterized. In particular, if

UD, 7# VD, = UD, £ VAD,
then

M 1

= m(vds¥vAD)' (19)

Um

As in the diode-based approach of Fig. 2 (b), a mismatch
in the correction of vy, translates in an offset of v,, on v,.
However, Section III-B proved how, with the necessary pre-

cautions, a good accuracy can be reached. An offset on v,
can results also from resistive mismatches. First, if

Rs 7é Ry — & =1+4r
Ry
then
4 1
Um = m ((2 Zl: (SR)'Ul — (1 ZIZ 5R)'02)
(20)
6 1
= T 5(’()(15 F 6R'UD2)-
Second, if
Rlb sz Rlb
=(1=x _
Ria+ Rip 7 Roa + Rop ( pR)Rla + Ry
then
(@ 1
v 1+5( v — ( PR)V2)
) (21
(6)
- 1 +5(vds :FPRU2)~

These information are relevant for the calibration of the
proposed OVMC, e.g. understanding the causes of inaccura-
cy from the error trends. In particular, while v, in (19) and
ORUD, in (20) are practically constant error terms, prv2 in (21)
is proportional to the variable measured voltage. Moreover,
it results clear that precise resistors should be used for R,—R,.
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