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Abstract—The on-state resistance Rds,on is a key characteristic
of unipolar power semiconductors and its value depends on the
operating conditions, e.g. junction temperature, conducted current and applied gate voltage. Hence, the exact determination of
the Rds,on value cannot rely on datasheet information and requires
the measurement of current and on-state voltage during operation. Besides the determination of the conduction losses, the onstate voltage measurement enables dynamic Rds,on 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 accuracy (mV-range) during on-state, high blocking voltage capability (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 investigations 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 semiconductors are measured as function of their operating conditions
to validate the performance and highlight the potential of the proposed OVMC.
Index Terms—Conduction loss measurement, on-state resistance,
on-state voltage measurement circuit.
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I. Introduction

ODAY, the detailed experimental analysis of a power converter 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 increasing 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 temperature, conducted current, applied gate voltage, switching
frequency, manufacturing variability and aging take, in fact, a
combined impact on the instantaneous value of the semiconductors on-state resistance Rds,on. Despite this premise and contrary
to switching loss analysis, no on-state behavior analysis and/
or no experimental verification of the calculated Rds;on value is
typically carried. Hence, worst-case approximations, based on
datasheet information, are inferred to estimate the conduction
losses. Performing online Rds,on 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 indirectly derived from the load current and the gate signals, both
available for control purposes. In contrast, the usage of conventional 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 considering 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. Rds,on= 25 mΩ), the least significant bit,
i.e. the measurement resolution, corresponds to 1000 V/212 ≈
250 mV. This voltage is already half the OV of the mentioned
MOSFET conducting 20 A (25 mΩ·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 significant bit should correspond to 5 mV (0.01·500 mV); in other words, an 18-bit oscilloscope (1000 V/218 ≈ 4 mV) would be
required [5]. Alternatively, the conventional oscilloscope fullscale voltage would have to be limited to 20 V (20 V/212 ≈ 5
mV). The full-scale voltage reduces to 1 V if the same accuracy
is desired while measuring only 1 A (25 mΩ·1 A = 25 mV,
0.01·25 mV = 0.25 mV and 0.25 mV·212 = 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 measurements 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/212 ≈ 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 Rds,on effects
[6], [7], i.e. a high initial (i.e. immediately after a turn-on
switching transition) Rds,on value which slowly (i.e. with
time constants varying in the μs-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 Rds,on 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 experimental on-state behavior analysis is remarked.
In addition to dynamic and stationary OV analysis, other
application areas are envisaged in literature, resulting in requirements of an ideal OVMC. The OV is a promising temperature 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 potential 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 Rds,on 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-tofailure predictions, advantageous e.g. in reliability critical
or remote applications. Accordingly, a trend towards intelligent 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 OVMCs can significantly improve the measurement 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 desirable 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 Rds,on
values with increased switching speeds, motivated the interest to derive solutions offering better accuracy and higher
bandwidth, e.g. [19] and [20], where also a comprehensive

Fig. 1. Power converter setup considered as reference for the overall analysis. The two power semiconductors in half-bridge configuration T1 and
T2 are operated with complementary 50% duty cycles. The output inductor
Lload tapped to the split DC link capacitors CDC1 and CDC2 ensures symmetric
triangular current mode (TCM) operation (blue waveforms). The parasitic
inductance LP and parasitic output capacitance of T1 (i.e. Coss1) are as well
shown. An OVMC (gray) is connected in parallel to the low-side semiconductor T2, enabling online Rds,on measurements.

overview of the state-of-the-art is discussed. However, these
concepts still reveal limited performance: [20] suffers significantly 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 μs and also the
settling time of the designed analog circuitry itself is already
in the range of 1 μs, i.e. comparable to a conduction period 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 Rds,on values in the mΩ
-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. Nevertheless, 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 available [23], [24], aiming to replace OVM integrated circuits
[25]. A commercial solution is tested, but poor dynamic
performance is experienced, as commented in Section III-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. T2,
the DUT) of an half-bridge configuration. The same circuit
could be connected to the high-side T1, however, for simplicity, only the depicted solution is analyzed in the following.
Different power semiconductors are then selected for T2,
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 performance of this OVMC. The main challenges faced during the
online measurement of conduction losses are commented
in Section IV-A, anticipating the measurement results discussed in Section IV-B (conduction losses) and Section IV-C
(switching losses). Conclusions are presented in Section V.

II. Conventonal On-State Voltage Measurement
Circuits
The schematics depicted in Fig. 2 show the two most
common implementations of OVMCs. They ideally perform
as a shortcircuit (i.e. vds ≈ v1,a and v1,b) when the power transistor T2 (i.e. DUT, see Fig. 1) is conducting (on-state) and
as an open-circuit when it is blocking the DC-link voltage
VDC (offstate). As explained in the introduction, the accuracy
of v1 during on-state and the dynamic performance of the
transition between the two states are the most important figures-of-merit of an OVMC. These two approaches are compared 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 Tp. The gate of Tp is connected to a voltage source
Vp and when Tp is in on-state, i.e. Vp > v1,a + Vth,Tp, the measured voltage
(1)
Vth,Tp and RTp are the threshold voltage and the on-state resistance of Tp, respectively. Typically RTp R1, therefore v1,a
≈ vds. Regarding the transition between the two states, two
control strategies are possible:
● active: Vp is switched to 0V before T2 is turned off and
back to Vp after T2 is completely turned on;
● passive: Vp is kept constant and Tp operates in its linear
region during the off-state of T2.
The active solution is intuitively effective but increases
the complexity of this OVMC, e.g. logic and delay circuitry
between the gate drivers of T2 and Tp results necessary and
introduces a blanking time. Therefore, the less intuitive passive 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
D1 instead of the MOSFET Tp. When vds < Vp-Vfv,D1, D1 con-

165

(a)

(b)

Fig. 2. Schematic representation of the two most common implementations
of OVMCs. The input voltage vds is sensed at the DUT leads (see Fig. 1);
by means of the MOSFET Tp (a) or of the diode D1 (b), the output is decoupled during the DUT off-state and connected during its on-state. While
the dynamic performance of (a) are affected from CT , the accuracy of (b) is
compromised by vD1.
p

ducts and
(2)
Vfv,D1, TD1 and iD1 are the forward voltage, the junction temperature and the current of D1 respectively. During off-state,
v1,b is fixed from Vp and D1 naturally blocks VDC. Differently
from (1), a significant error term (i.e. vD1 in the range of
hundreds of mV) appears in (2), causing an offset on v1,b.
As specified in (2), vD1 is function of TD1 and iD1 , however,
an approximate value is commonly subtracted from v1,b to
obtain vds [18], [19]. This only partially compensates it and
compromises the accuracy of the measurement. Nevertheless, this OVMC is often preferred (e.g. in desaturation
circuits) to the one previously described, giving lower importance to the achievable accuracy than to hardware complexity and dynamic performance. The latter aspect is the
focus of the following paragraph.
The transition between the two DUT states, i.e. the commutation of the half-bridge (Fig. 1), implies charge and discharge of the parasitic output capacitances of T1 and T2 (i.e.
Coss1 and Coss2 in Fig. 1) as well as of the input capacitance
of the OVMCs. In fact, CTp (orange in Fig. 2(a)) and CD1
(blue in Fig. 2(b)) are charged to VDC when T2 is in off-state
while are discharged when T2 is conducting. The charging/
discharging network includes the resistor R1 or R6, whose
range of suitable values is limited from the operation of the
OVMCs (e.g. R1 defines the off-state current in the MOSFET-based solution). Consequently, CTp and CD1 should be
minimized:
● compared to Coss in order not to affect the switching
transition of the half-bridge, i.e. slowing down the voltage slope of the switching node dvds/dt in soft-switching
transitions or significantly increasing the capacitive energy dissipated in hard-switching transitions;
● accordingly minimizing the magnitude of the charging/
discharging current spikes, potentially damaging measurement and/or supply circuitry;
● minimizing the time constant of the RC-network formed
with R1 or R6, improving the dynamic performance of
the OVMCs (cf. Section III-D).
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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 parasitic capacitance.

1n
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III. Proposed On-State Voltage Measurement Circuit
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Fig. 3. (a) Comparison of the parasitic capacitances of the devices selected
to realize the OVMCs of Fig. 2. For vds < 100 V, CD1 is considerably smaller
than CTp and, more important, negligible compared to Coss2. This reflects on
the switching behavior of the half-bridge (b): the presence of Tp, i.e. CTp
(orange), significantly reduces dvds/dt during a soft-switching turn-off transition of T2, whereas CD1 (blue) does not have any influence.

These considerations clearly address the selection of Tp
and D1 towards devices featuring a small parasitic capacitance. 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 v1 inevitably excited from the
switching transitions. According to these criteria, in the considered setups, a 800 V N-channel Si MOSFET [26] is selected for
Tp as in [10] and a 600 V SiC Schottky diode [27] for D1.
In order to prove the first statement, the parasitic capacitances of the selected devices are compared with the parasitic output capacitance Coss2 of a commercial 650 V E-mode
GaN HEMT (Specimen C in TABLE II) as function of vds in
Fig. 3(a). At vds = 25 V, CD1 is a negligible fraction (i.e. 5%)
of Coss2, while CTp contributes to the overall capacitance (i.e.
Coss2+CTp) for more than 30%. As mentioned, this influences
the switching behavior of the half-bridge where Specimen C
is selected for T2, e.g. in soft-switching operation. In Fig. 3
(b), measured waveforms of vds and dvds/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 T2. While the presence of D1
does not affect dvds/dt ≈ 20 , Tp slows it down especially in
the first phase where CTp is comparable with Coss2. This effect
is clearly undesired and can be attributed to the selected Tp.
However, depending on T2, the range of suitable Tp (in terms
of CTp) narrows, reaching a bottleneck in the case of interest
of fast switching power semiconductors. Differently, par-

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 Ω 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 reduced 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. D1 and D2) are
connected in series at the input. During the on-state of T2 (see
Fig. 2(c)), the same current iD is assumed to flow through D1
and D2 (iD1 = iD2 ), therefore, given the same operating point for
the two diodes, the respective voltage drops vD are assumed
to be identical (vD1 = vD2 ). Since thanks to the zener diode
Z1, only D1 blocks VDC, vD2 can be measured and subtracted
(with the operational amplifier Op2) from v1. Consequently,
the offset vD1 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 vds < Vp-vD2-vD1 and with Op1 and
Op2 operating linearly (always assumed from here on),

(3)
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(6)
under the assumption that vD2 = vD1 , can be used in (5) to obtain
(7)
Hence, the proposed OVMC corrects the offset on v1, i.e.
vD1, producing an output voltage vm referred to the source potential of the DUT, exactly proportional to vds during its on-state.
In case the scaling of vds obtained by means of the voltage dividers formed by R1a-R2a and R1b-R2b is not needed, they can be
bypassed (i.e. R2,a= 0 Ω, R1,b and R2,b removed). Consequently
Op1 results unnecessary as well (Fig. 4(c)) and the system of
equations given in (3) reduces to

(a)

(8)
The degree of freedom given by β is lost, i.e. the input
voltage range of the circuit is reduced, but the number of required 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 Vp and R6 fix the current in D1 and D2 during
on-state. Vp = 10 V (Section III-B) and R6 = 750 Ω (Section
II) are selected. If the currents flowing in the voltage dividers
formed by R1a-R2a and R1b-R2b are negligible (see Fig. 4(a)),
the operating point of the OVMC when T2 is in on-state is
defined by

(b)

(9)

(c)
Fig. 4. Schematic representation of the realized (a) and simplified (c) versions of the proposed OVMC. (b) depicts the hardware realization of (a). D1
and D2 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 vm if v+ = v－ is assumed, obtaining
(4)
Defining R1,b = R2,b

Rβ and R1,a = R2,a

βRβ so that

and selecting R3 = R4, (4) can be simplified to
(5)
Finally, it must be noticed that the term

If vds = 0 V and vD1 = vD2 = 1 V are assumed, ip ≈ 10 mA
Ip,nom. Consequently, Pp,nom = Vp Ip,nom ≈ 100 mW defines
the power consumption of the OVMC from the main power
source. It is important to limit ip to a negligible fraction, e.g.
1%, of the current flowing through T2 to avoid an increase
and/or distortion of the OV (and to limit Pp,nom). This limit
is strictly application dependent and, if exceeded, the additional OV should at least be considered in the calculation of
Rds,on. Moreover, a lower boundary of ip is also set from the
parasitic currents circulating in the OVMC, e.g. in the voltage divider formed by R1a-R2a and in the input of Op2. If ip is
reduced below a certain threshold, it would result impossible
to neglect them and the fundamental assumption iD1 = iD2
would be violated, compromising the accuracy of the measurement. Vp defines as well, together with Z1, the value of
vds at which the circuit snaps. The blocking voltage of Z1 is
selected to be bigger than Vp to avoid its conduction during
on-state of T2, but on the other hand low enough to limit v1
during off-state. Consequently the sole D1 blocks the offstate voltage VDC, 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. Vp, VO+ and
VO- can be generated from one of the supply voltages available in the power
converter, e.g. VDC and VGD, facilitating the integration of the OVMC. Galvanic isolation is guaranteed and a small value of parasitic capacitance Cit
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,
Vp and the supply voltages of the operational amplifiers VO+
and VO— =-VO+ are galvanic isolated and generated from the
gate driver supply voltage VGD. A small value of parasitic
capacitance Cit 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 T1 (Fig. 1). Hence, the OV
of T1 can be measured with respect to its source potential, i.e.
vds. To avoid a differential measurement and common mode
disturbances, it can be convenient to refer the OVM to a
constant voltage, e.g. VDC. To do so, the schematic of the proposed OVMC should be mirrored and referred to the drain
potential of T1. 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 calibration measurements support the analysis.
The first requirement for a correct operation of this
OVMC is based on the identity vD2 = vD1. First, in order to
guarantee iD1 = iD2, the current flowing in the voltage divider
formed by R1,a-R1,b (if present) must be negligible. If this
cannot be achieved by increasing the value of R1,a+R1,b, an
operational amplifier Op3 can be added between v1 and R1a.
However, even if iD1 = iD2 , the eventually different junction temperatures of the diodes (i.e. TD1 and TD2 respectively)
and their manufacturing variability can cause a mismatch of vD.
TD1 can generally be higher than TD2 because D1 is exposed
to a wide input voltage excitation and is also physically
closer to T2, 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-independent point of the V-I 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 D2 with D1 on the OVMC PCB (and if
necessary provide separation between the OVMC and T2
without excessively increasing the parasitic inductance of the
connection). Hence, a ΔTD = TD1-TD2 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 T2 at the highest switching
frequency of 1 MHz and off-state voltage of 400 V). In
particular, depending on the operating conditions of T2, TD1
varies between TD1,min = 30 °C and TD1,max = 40 °C.
Concerning the device variability, before assembling the
circuit, two diodes featuring the same vD 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 ip from ip,min < Ip,nom < ip,max, caused by
a variation of vds (according to (9)). For this reason, in [12],
the voltage source Vp-R6 is replaced with a current source
Ip. However, considering the experiment presented in the introduction (i.e. a specimen power MOSFET with Rds,on = 25
mΩ conducting ±20 A), the excursion of vds is in the range of
±500 mV and the current variation results
(10)
Even a worst-case ±15% variation, i.e. ±1.5 mA, is assumed not to have any influence on the OVMC accuracy. To
quantitative support this statement, vD1 and vD2 are reported in
TABLE I as a function of ip and TD1 . A worst-case mismatch
in the diode voltage drops vΔD = vD1-vD2 = 2 mV and a temare observed. vΔD must be negliperature coefficient of 1
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 vds < 40 mV, and if desired an
even more sophisticated diode matching and/or calibration
procedure can be adopted. However, other problems arise
when vds, i.e. the DUT current, approaches 0 V and are discussed in Section IV-A. Finally, it can be noticed that, due
to the small value of ip, 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 section. 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 εr (right y-axis) from a DC input vds (xaxis) to a DC output vm (left y-axis) in a range from -2 V to
2 V. εr is confined between ±2% with an absolute maximum
error εmax = 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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Fig. 6. Results of the DC calibration of the proposed OVMC. When a DC
voltage -2 V < vds < 2 V is applied at the input (x-axis), the output vm (left
y-axis) deviates less than 5 mV, corresponding to εr < 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 applicability in the conditions of interest. Measurements are preceded
from a brief discussion pointing out the most significant aspects enabling its performance.
Accurately sensing a high-frequency signal with a conventional oscilloscope probe (as in Fig. 2(a)-(b)) results in a
challenge. In fact, when the high-impedance input (i.e. 1 MΩ)
of the oscilloscope is used, precise tuning of the probe internal capacitance is required to have a flat gain for all the frequency range of interest. Hence, the 50 Ω input of the oscilloscope is preferred. R5 ≈ 50 Ω is added at the output of the
proposed OVMC (cf. Fig. 4(a)-(c)) to match the output impedance of Op2 with the characteristic impedance of the used
cable (i.e. 50 Ω). This is possible only given the presence of
Op2, driving the necessary output current in the oscilloscope
without affecting the circuit performance. Therefore, the selection 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 amplifier [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
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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 vds, the
output waveforms vm are practically indistinguishable from them: εabs is limited by the oscilloscope resolution.

with peak-to-peak voltage amplitudes Vpk,pk increasing from
1 V to 7 V are generated at the input vds and plotted (blue,
red and dark green) on top of the measured output vm (sky
blue, orange and light green) in Fig. 7(a). When vds < 2 V the
input and output waveforms are indistinguishable. At vds =
vm,max = 2 V, Op1 saturates and vm (light green) is distorted. In
Fig. 7(b), the relative εr and absolute εabs errors are reported.
εabs is limited between εabs;max = ±10 mV in the worst-case of
3Vpk;pk and has a zero mean. It must be mentioned that with a
10 bits oscilloscope on a 8 V vertical window, εabs;max is in the
range of the oscilloscope resolution (8 V/210 ≈ 8 mV). εr is,
for the same reason, mainly in a ±5% range; however, when
vds approaches zero (gray shaded area), the division between
two small numbers causes a numerical issue and εr diverges.
Finally, with a vector network analyzer, the bandwidth of
the proposed OVMC is measured exciting it at the input vds
with sinusoidal waveforms up to 2Vpk,pk. The -3 dB bandwidth is outside the measurable frequency range of the instrument (i.e. 50 MHz) while the more intuitive normalized
linear gain glin 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 Proposed OVMC
Type

Vdc,max (V)

Ids,max (A)

Rds,on (mΩ)

Package

A
B
C

SiC Power MOSFET
Si Super-Junction MOSFET
E-mode GaN HEMT

1200
700
650

98
46
30

25
40
50

TO-247-3
TO-247
GaNPXTM

0
-4
10k

1.0

100k

1M

10M

Figures
14 (a), 13, 11 and 9
14 (b) and 10 (b)
14 (c), 10 (a) and 3

40

1.1

0.9

Frequency - f (Hz)
Fig. 8. Measured bandwidth of the proposed OVMC. The -3 dB bandwidth
is above 50 MHz (magenta) while glin = 1.0 until 1 MHz and 0.97 at 10
MHz (blue).

independently of the input signal amplitude (Fig. 8). In order
to guarantee the linearity in these measurements, the input
signal never exceeds vm,max. The real bandwidth of the circuit
is, instead, strongly influenced from its dynamic response after 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 Rds,on effects, the diode
conduction phase during dead-times and enables high-frequency measurements necessary in all the mentioned application 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 rds,on(t) (time
dependency is omitted from now on) of a commercial 1200 V
SiC Power MOSFET (Specimen A in TABLE II) for two different case temperatures. The value of rds,on is obtained dividing the output of the OVMCs vm by the DUT current isw (see
Fig. 1) and must be limited to the time window where the
DUT is in on-state (i.e. after t0). 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 design (especially concerning the commutation loop of D1). In
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Gain - gLog (dB)
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35
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20
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10

Time - t (μs)
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 t0, the output of the proposed OVMC immediately measures the correct OV, i.e. the nominal rds,on value, whereas the commercial device features a time constant in the μs-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 negligible 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 transition of different DUTs, are performed (Fig. 10). In Fig.
10(a), a commercial 650V E-mode GaN HEMT (Specimen
C in TABLE II) is tested. The three voltage measurements
are vds (yellow), vgs (green) and vm (blue). When the highside transistor T1 is turned off, vds drops from VDC to 0 V
because of a positive load current iload (not shown, see Fig.
1). The anti-parallel body diode of T2 (i.e. DT2 ) immediately
conducts and vm = -Vfv,BD = -7 V is clamped to the bottom of
the oscilloscope screen. When vgs reaches Vth,T2 (green dot),
T2 turns on and isw commutates from DT2 to the channel of T2.
Consequently vm changes from the forward voltage of DT2
(i.e. -Vfv,BD) to rds,onisw. As the white cursors highlight, the response 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, Vfv,BD ≈ 0.8 V can be accurately
measured during all the conduction time of DT2. In transparency a second measurement with a shorter dead-time is
overlapped.

IV. Online Conduction Loss Measurement
In this section, the integration of the proposed OVMC in a
power converter (Fig. 1) is commented and the OV, i.e. Rds,on,
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Fig. 10. Analysis of the dynamic response of the proposed OVMC. (a)
less than 50 ns after vgs has reached Vth,T2 (green dot), vm (blue) is settled to
the correct value, even in the case of significant Vfv,BD, e.g. > 2 V. (b) when
Vfv,BD is in the measurable range, the proposed OVMC allows to monitor the
conduction time of DT2 , 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 presented 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) operation of the half-bridge (i.e. T1 and T2 are operated with
complementary 50% duty cycles and no load is connected),
the analysis can be limited to the conduction time of T2. All
the relevant measured waveforms are shown in Fig. 11 (a)Fig. 11(b). In particular, the switch node voltage vds (blue in
Fig. 11 (a)), the load current iload (orange), the gate voltage
vgs (green, Vgs,ON = 18 V and Vgs,OFF = -5 V) and the output
of the proposed OVMC vm (blue in Fig. 11(b)). Inside the
time window t1-t2, the on-state resistance rds,on of T2 can be
determined dividing vm by -iload = isw (Fig. 11(c)). The instantaneous conduction losses pcond can be calculated as rds,oni2sw

0

0

5

10
Time - t (μs)
(d)

Fig. 11. Typical waveforms (a)-(b) measured on the half-bridge (Fig. 1) operating in triangular current mode (TCM). When vgs = Vgs,ON (green), T2 conducts and vm (blue) is proportional to isw (orange). In (c) rds,on is calculated
between t1 and t2 dividing vm by isw, while in (d) pcond is obtained multiplying
vm and isw .

or equivalently vmisw (blue in Fig. 11(d)). Finally, the average
conduction losses can be obtained as average of pcond during
on-state of T2 (gray shaded area).
Similarly, an average Rds,on value can be obtained as average of rds,on. In this case, Rds,on = 26.9 mΩ (Fig. 11(c)) results
for Specimen A in TABLE II. Consequently, the approximated conduction losses Pcond can be directly calculated as
Rds,oni2sw (magenta in Fig. 11(d)). Given the almost perfect
overlap between the blue and magenta curves in Fig. 11(d),
when pcond and Pcond are averaged, 3.6 W results in both cases.
However, in general, the first approach is preferred, since
it takes into account dynamic Rds,on effects and the eventual
current dependency of Rds,on.
In order to perform accurate measurements in this setup
and operating conditions, two challenges, associated in particular 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 LP (Fig. 1) in series
with T2. Fig. 12(a) highlights the load current slope diload/dt
= -disw/dt (up to tens of A/μs) that in combination with LP
causes a voltage offset (red in Fig. 12(b)) on vm according to
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(11)
(blue in Fig. 12(b)). Hence, calculating rds,on as

20
iload (A)
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(12)

(13)

vm (V)

in contrast to a constant Rds,on (dashed in Fig. 12(c)), the
waveform of rds,on, solid in Fig. 12(c), is obtained. E.g. if LP
= 8 nH and Rds,on = 50 mΩ then τRL ≈ 150 ns. Hence, after t =
5τRL = 800 ns, rds,on = 1.2 Rds,on = 60 mΩ. From (12) it can be
concluded that LP 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 T2, excluding any
additional path where isw flows. Unfortunately, part of LP 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 vm,o can be isolated from the resistive one taking advantage of the zero crossing of isw.
I.e., measuring vm and disw/dt when isw = 0 A, (11) can be
solved for LP. Formally

1
0
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150
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100
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100
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0

Repeating this measurement for different disw /dt, LP can be
calculated as average of several

-1

0
Time - t (μs)

1

(d)

(14)
and its value can be used to adjust vmi. From the practical
point of view, this results in subtracting vm,oi from vmi in each
measurement, ensuring vmi = 0 V when iswi = 0 A. Whereas
this assumption sounds legit and sufficient by itself, calculating LP as in (14) provides a physical motivation to this
adjustment. Moreover, obtaining constant LPi across different
measurements guarantees their correctness. This becomes
more and more important when the zero crossing of isw is not
present and/or measurable and the knowledge of LP is the
only option to correct the measurement result. Alternatively,
rds,on can be calculated as the ratio between dvm/dt and disw/dt.
Even if not affected from vm,o, 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 rds,on = vm/isw:

(15)

Fig. 12. Comparison of real and ideal waveforms simulated on the halfbridge (Fig. 1) operating in TCM. The combination of LP and disw/dt causes
a distortion on vm (b) and consequently on rds,on (c). Moreover, a measurement error on vm translates into an error on rds,on (d) according to (16), particularly amplified for small isw as in (15).

and
(16)
σx and σ%x indicate the absolute and relative error on
the measured quantity x, respectively. (15) proves why σrds,on
and therefore rds,on diverges when isw approaches zero (see Fig.
11(c) and Fig. 12(c)-(d)). (16), instead, expresses how σ%rds,on
coincides with σ%vm when σisw = 0. In other words, any error
on vm reflects one-to-one (relatively) on rds,on (i.e. on pcond).
An example of rds,on, corrected from vm,o, but resulting from
vm with σvm = 5 mV to highlight the effect, is shown in Fig.
12(d). Since the only expedient to minimize both phenomena described from (15) and (16) is to reduce σvm, 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 rds,on and/or high
diload=dt (e.g. wide bandgap semiconductors) introduce new
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challenges in the OVMs.
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Fig. 13. Average value of rds,on (i.e. RDPT) measured with the proposed
OVMC in double pulse test (DPT) operation for Specimen A in TABLE II
compared with the nominal Rds,on values reported in its datasheet (i.e. Rdata).
The measured points match the nominal values within ±3%.
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Several measurements are performed with the proposed
OVMC analyzing different DUTs in different operating conditions. The results are commented in this section.
Fig. 13 compares the nominal value of Rds,on reported in
the datasheet of Specimen A in TABLE II with the values
of Rds,on measured with the proposed OVMC during double
pulse test (DPT) operation (in the same conditions described
in the datasheet). The black dashed line Rdata is plotted as
function of the junction temperature Tj,data (i.e. bottom x-axis)
while the blue measurement points RDPT are plotted as function of the measured case temperature Tc,DPT (i.e. top x-axis).
Since the DPT has electric dynamics which are assumed
to be faster than the thermal dynamics of the DUT, Tc,DPT ≈
Tj,DPT is considered and the two x-axis coincide (i.e. Tj,DPT ≈
Tj,data). RDPT, measured with the proposed OVMC as described
in Fig. 9, match Rdata 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
Rds,on measured in two different continuous operating conditions for all the Specimens of TABLE II. In particular, the
orange points RTCM are measured (with the proposed OVMC)
in the conditions described in Section IV-A (i.e. TCM operation with VDC = 400 V, Ipk = 20 A and fsw = 30 kHz) while the
green points RDC are measured (with the proposed OVMC
and a multimeter to monitor its accuracy) in DC operation.
The DC current IDC =
= 8 A is selected to ensure that approximately the same losses occur in the DUT
in DC operation as in TCM operation (legitimately neglecting the soft-switching losses [15]), such that Tj,DC ≈ Tj,TCM
when Tc,DC = Tc,TCM is measured. All the circuit parameters
are maintained the same in both the experiments, in particular matching the value recommended in the datasheet. For
Specimen A, RTCM (cf. also Fig. 11(c)) and RDC (Fig. 14(a))
are slightly higher than Rdata and RDPT (cf. Fig. 13). The reason behind it is the difference in Tj between the two sets of
measurements (Tj,DC ≈ Tj,TCM > Tj,data ≈ Tj,DPT) due to the losses
continuously occurring in the DUT. As a consequence, the
positive temperature coefficient of Rds,on affects the result.
More interesting to notice is that RDC is very close, i.e. within
±4% (orange confidence bar is ±5%), to RTCM as expected,
since Tj,DC ≈ Tj,TCM and the current dependency of Rds,on 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 RTCM and
RDC for Specimen C in TABLE II. In this case a significant
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Fig. 14. Average value of rds,on measured with the proposed OVMC for different operating conditions of the half-bridge, for different DUTs (TABLE
II) and as a function of Tc. RTCM (orange) and RDC (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.
Tj,DC ≈ Tj,TCM is 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 Rds,on effects, which are confirmed
in [7].
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1 MHz
300 VDC @

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 switching 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. thermal 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 simultaneously in the DUT, hence only their sum can be thermally
measured. However, initially operating the DUT in the testbench at a switching frequency at which the switching losses
(Psw) can be neglected compared to the total losses (Pth),
the conduction losses (Pcond) 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 attribute 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 (Pth). Afterwards, Pcond
are estimated and subtracted to isolate
(17)
It results immediately clear that the accuracy of the measured Psw (σPsw ) is influenced both from the accuracy of the
calorimetric measurement itself (σPth ) and of the Pcond estimation (σPcond ). If σPth = 0 is assumed for the purpose of this
analysis, σPsw can be expressed, applying the propagation of
uncertainty rule, as
(18)
The integration of the proposed OVMC in this measurement setup aims to improve σPcond.
In [15], Rds,on is measured in DC operation as a function of
Pth, similarly to RDC in Fig. 14(a)-(c). Afterwards an opportune (i.e. for the same Pth conditions) value of Rds,on is considered to calculate and subtract Pcond from Pth in TCM operation. The proposed OVMC, enabling online measurement of
RTCM, has the potential to minimize σPcond , but confirmed as
well the validity of the approach developed in [15] against,
for example, the usage of Rdata. At least for Specimen A and B,
in fact, RTCM and RDC (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. Differently, the discrepancy observed for Specimen C (cf. Fig.
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Fig. 15. Comparison between RTCM (orange) and RDC (green) as function of
Pth (a). The online measurement of conduction losses enabled by the proposed OVMC, more representative of the real operating conditions, results
in higher (i.e. ≈ 50%) Pcond. The mismatch results in lower estimated Psw (i.e.
≈ -28%) according to the calculation reported in TABLE III (b).
TABLE III
Derivation of the Error on the Switching Losses Caused by the Inaccuracy on the Conduction Loss Estimation
Parameter
Ipk (A)
Pth (W)

proposed
OVMC

[15]

6.90

6.90

Fig. 15(b)
Fig. 15(a)

65

95

Fig. 15(a)

Pcond (W)

2.40

3.60

Psw (W)

4.50

3.30

Rds,on (mΩ)

15

Note

σ%Pcond

50%

σ%Psw

-28%

(17) and Fig. 15(b)

and Fig. 15(a)
(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. RTCM
and RDC) for one of the DUTs analyzed in [15], similar to
Specimen C. In this case, the two approaches give significantly different results and the importance of OVMCs for
fast switching power semiconductors is again remarked. The
accurate measurement of RTCM at 1 MHz is the final achievement of this work, only enabled from the sophisticated design and calibration procedures described along this paper.
RTCM is up to 50% higher than RDC, i.e. Pcond is 50% higher
than previously estimated. According to (18), Psw 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 Ipk= 15 A are reported in TABLE III as an example.
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cautions, a good accuracy can be reached. An offset on vm
can results also from resistive mismatches. First, if

V. Conclusion
An on-state voltage measurement circuit (OVMC) for fast
switching power semiconductors is presented and fully characterized in this paper. The correction of the offset voltage
present in typical OVMCs, the small input parasitic capacitance, the usage of a 50 Ω 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 performed. Several challenges, e.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, implementing 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 Rds,on
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 Rds,on are presented, underlying the advantageous practical applicability
of the circuit.
In summary, the proposed OVMC generally enables onstate behavior analysis of power semiconductors (e.g. dynamic Rds,on effect investigation) and improves the accuracy
of power converters loss breakdown models and of calorimetric 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. D1 and D2) voltage
drops vΔD can be accurately characterized. In particular, if

then
(19)
As in the diode-based approach of Fig. 2 (b), a mismatch
in the correction of vD1 translates in an offset of vΔD on vm.
However, Section III-B proved how, with the necessary pre-

then

(20)

Second, if

then

(21)

These information are relevant for the calibration of the
proposed OVMC, e.g. understanding the causes of inaccuracy from the error trends. In particular, while vΔD in (19) and
in (20) are practically constant error terms,
in (21)
is proportional to the variable measured voltage. Moreover,
it results clear that precise resistors should be used for R1-R4.
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