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Abstract—Accurate measurement of power loss in a half-bridge
circuit is essential for evaluating the performance of power
converters. However, due to the fast-changing nature of voltages
and currents in wide bandgap devices like SiC MOSFETs,
measuring high-frequency bridge loss using traditional methods
is challenging. The initial analysis of a buck converter presented
in this article gives an insight of the important parameters
to be considered for measurement. This article presents an
experimental method to measure high-frequency bridge loss
accurately. It requires a precision ammeter in addition to
standard laboratory equipment like an oscilloscope and voltage
probes with sufficiently high bandwidths. The accuracy of the
presented method is validated experimentally using a buck-
converter laboratory prototype upto 1.8kW with 1200V SiC
MOSFETs. An accuracy of 98.5% is achieved in measuring high-
frequency bridge loss using the proposed method.

Index Terms—High frequency, Bridge loss, Measurement,
Switching loss, SiC MOSFET

I. INTRODUCTION

Wide bandgap (WBG) devices, such as silicon carbide (SiC)
MOSFETs, possess superior material properties, including a
large critical electric field, higher thermal conductivity, and
higher breakdown voltage. These attributes result in lower
switching and conduction losses, as well as the ability to
operate at higher temperatures. As a result, SiC MOSFETs
are becoming increasingly favored in power converters for
their ability to achieve high efficiency and high power density,
thereby supplanting advanced silicon (Si) IGBTs [1]. Power
conversion efficiencies exceeding 98% can be attained using
these SiC MOSFETs [2], [3].

Accurate power loss measurement is crucial for designing
and evaluating the performance of power converters. Loss
bucketing, which involves segregating power loss into various
components such as bridge loss (comprising switching and
conduction losses of devices) and magnetic loss, is also
crucial for assessing individual component performance. In
the existing literature, total loss in a power converter is
typically determined by measuring the difference between
input and output power [4]. This measurement is relatively
straightforward due to the slow-varying nature (either DC or
50Hz AC) of the electrical quantities at the input and output
ports. However, because loss constitutes a small fraction of the
total transferred power in highly efficient converters, precision
in these measurements is vital. This necessitates high accuracy
but low bandwidth, commonly achieved using power analyzers

[5]. The total power loss obtained from this method predom-
inantly includes loss in the bridge (semiconductor switches)
and magnetic components (inductors and transformers). While
the copper loss in the magnetic components is estimated by
measuring the AC resistance and RMS value of the current,
the core loss is estimated using the improved generalized
Steinmetz’s equation (IGSE) with the measured voltage wave-
forms. This approach to estimate magnetic loss is inaccurate
[6]. Consequently, the bridge loss derived by subtracting the
estimated magnetic loss from the measured total loss which
is theoretical and may deviate from the actual loss [7]. Other
techniques, such as the calorimetric measurement method [4],
can provide excellent efficiency but are limited to water-cooled
systems.

Losses in the high-frequency bridge can be estimated di-
rectly by measuring the current and voltage across the power
devices [8]. This straightforward method employs standard
laboratory equipment such as an oscilloscope, along with
voltage and current probes. Despite its simplicity, practical
measurement of current in a converter can be challenging,
as it necessitates current sensing. This sensing can introduce
parasitic inductance into the power loop, leading to issues such
as overshoot and potential device failure [9].

In this article, an accurate method for measuring the power
loss of a high-frequency bridge is presented. It requires a pre-
cision ammeter in addition to standard laboratory equipment
like an oscilloscope and voltage probes with sufficiently high
bandwidths. The accuracy of the presented method is validated
experimentally using a buck-converter laboratory prototype
upto 1.8kW with 1200V SiC MOSFETs.

II. THEORETICAL ANALYSIS OF HIGH FREQUENCY
BRIDGE LOSS

This section provides a theoretical framework for estimating
losses in a high-frequency bridge. It emphasizes the key
parameters that influence the accurate measurement of bridge
losses under high-frequency operation. To analyze the power
loss in the high-frequency bridge, a buck converter circuit
is considered, as shown in Fig. 1(a). The corresponding key
waveforms of the buck converter are depicted in Fig. 1(b).
Vin = Vpe and I, represent constant input voltage and
current of the buck converter.

The input power to the bridge (F;;,,) can be expressed using
Eq. (1). In this context, I;,, determined by Eq. (2), represents
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Fig. 1. (a) Buck Converter, (b) Ideal Input and Output Waveforms Fig. 2. Behavioral Model of SiC MOSFET

the average of the switch current, 5,. The average value of
isw(t) can be derived from the waveform shown in Fig. 1(b).
By substituting i, (t) into the Eq. (1), P;,, can be reformulated
as shown in Eq. (3). Here, (¢4,%f;) and (¢,,,%t,) denote the
rise and fall times of the switch current 4, and the pole
voltage vy, respectively. Furthermore, Ti.,,q and T}, refer
to the on-time and off-time of the switch, while 7" represents
the total switching period.
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As seen in Eq. (3), the input current of the buck con-
verter (I;,,) primarily consists of two components: the average
switch current during the conduction period (T¢onq), When
power is actively delivered to the load, and contributions
from the switching transient periods (t,4,% v, tro,tfi). Teond
(order of few pus), constitutes a significant portion of the
total switching period, T'. Hence, the first term in Eq. (3) is
relatively straightforward to measure. However, the switching
transient intervals—t,;, ¢;, t,,, and ¢ y,,—are much shorter in
duration, typically on the order of nanoseconds. Consequently,
the input current contributed by these intervals is minimal

compared to the current during the conduction period. Despite
this, accurately capturing these small contributions is crucial
for precise measurement of input power. Therefore, a high-
precision ammeter (7.5 digit) is essential to measure the input
current.

The power output from the high-frequency bridge (Ppore)
is expressed in Eq. (4), where V), and iy, represent the pole
voltage and inductor current, respectively. The inductor current
is assumed to have an average value of Iy with an average-peak
current ripple of Alj. Due to the presence of Ay and the on-
resistance (7,,,) of the SiC MOSFETS, the pole voltage (vporc)
fluctuates between V, = (Vg — (Ip — Aly)ron) and V,, =
(Vae — (Io + ALp)Ton). As indicated in Eq. (4), Py, consists
of the output power delivered to the load along with losses
attributed to the magnetic components. To accurately evaluate
Ppo1e, precise measurements of the switching transition times,
tr, and tf,, are crucial. Once Pp,q. is determined, the total
bridge loss can be calculated by subtracting P, from the
input power (F;,).

In addition, the following key points can be derived from
the analysis presented in this section:

e The switch current, i4,, cannot be directly measured
in a practical converter due to the inaccessibility of
the node following the capacitor (as illustrated in Fig.
1(a)). Therefore, only the input current, [;,, can be
measured. To ensure accurate capture of the average cur-
rent, including contributions from the switching transients
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(trirtfo,tro, tr;), @ high-precision ammeter is required.
In contrast, the inductor current is relatively slow-varying
and can be measured effectively using current probes with
adequate bandwidth.

o The pole voltage must be measured using high-bandwidth
probes to accurately capture its rise and fall times (%,
and ty,). This precision is essential for the accurate
computation of the pole power.

III. SIMULATION AND EXPERIMENTAL SETUP

This section presents a detailed description of the simulation
model and experimental setup used in this work.

A. Simulation Setup

The losses in the high-frequency bridge comprise switching
and conduction losses in the SiC MOSFET and the free-
wheeling diode. Although conduction loss is relatively simpler
to estimate, the switching losses are significantly impacted
by the nonlinear characteristics of SiC MOSFET and the
circuit parasitics contributed by the package and the printed
circuit board (PCB). This work uses the detailed nonlinear
model (including channel current, and gate-drain and drain-
source capacitance expressions) of SiC MOSFET given in [8].
The detailed model is also shown in Figure 2. Here, Rg(i)
represents the internal gate resistance of SiC MOSFET.

The nonlinear models for the gate-drain C,yq(v4y) and the
drain-source Cys(v4s) capacitances are shown in Egs. 5 and
6. Parameters k; to k7 are extracted by fitting the equations to
datasheet plots. Eq. 5, 6 have been implemented in MATLAB
Simulink blocks, with all coefficients (k; to kg) extracted by
curve fitting from the datasheet.

Co:vd = kl/k& Vdg S <_OO70)
k
! 1/2 5 Vdg S [07 V;Ed)
Vdg
Cyalvag) = (1 + k22 ks 5)
1 1/4° vdg S [‘/;d,OO)
R Via
ks
k
Cas(vas) = : 6)

The channel current i.;, is modeled as a function of gate-
source (vg,) and drain-source (vqs) voltages, as shown in Eq.
7. The model is based on [10]. For simplicity, single channel
approximation has been considered in this work. Eq. 7 have

been implemented in MATLAB Simulink blocks, with all
coefficients (K, K etc) extracted by curve fitting from the
datasheet.

The circuit parasitic inductances and capacitances con-
tributed by package and the PCB are also considered in the
work. They are briefly described below.

1) Parasitic Inductance: The parasitic inductances consid-
ered in this work are lead inductance of the drain (L4) and
source (L) terminals of SiC MOSFET (see Fig. 2), as well as
the parasitic inductance of the DC bus (Lg4.). The methodology
outlined in Section III-A of [8] was employed to estimate the
values of these inductances. Based on [8], the estimated values
are Ly = 2nH, L, = 5.97,nH, and L;. = 30nH. Note: the
gate inductances are not considered in this work, as they have
a negligible impact on switching losses due to the typically
overdamped nature of the gate circuit.

2) Parasitic Capacitance: The parasitic capacitances con-
sidered in this work are CL., CL,, CG., Ch., Ch,,
and C’f,s,. These represent the parasitic capacitances between
the gate-source, gate-drain, and drain-source nodes for both
the top (I') and bottom (B) MOSFETs in the circuit, as
contributed by the PCB layout. Specifically, C7, ., C/,,, and
C’:{/s, correspond to the top MOSFET, while Cﬁs,, Cf,’ 4> and
C 5 + correspond to the bottom device. These capacitances are
constant and primarily arise from the PCB design, independent
of the applied voltage.

The values of these capacitances are on the order of a
few pico-Farads, making them challenging to measure directly
using conventional LCR meters. Therefore, tests 5.1-5.7 de-
scribed in [8] were used to estimate equivalent capacitances
(Ceq(1) t0 Ceq(ry). The resulting equivalent capacitances were
then inverted to calculate the individual capacitance values, as
shown in Eq. (8). The extracted parasitic capacitance values
are: C’;S, = 11.72 pF, ng, = 2.7468 pF, C1,, = 32.61 pF,
Cl. =12252 pF, C5, =2.7529 pF, and C}/,, = 38.591 pF.
Among these capacitances, C;‘F,d,, Clo. C;B,d, and CE, are
considered important, as they have a significant impact rate of
change of drain-source voltages.

T
C s Ceq

000110 0
1 1.0 0 0 O C‘d Ceq(g)
01 1 1 0 1 Ci, | _ Ceq(g)
1 01 10 1|[CE] ™ |Ceu ©
101 0 1 1 Cou Ceq(5)
000101 cs Ceq(6)

The detailed model of the SiC MOSFET and measured
circuit parasitics are then used to develop and implement a
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Fig. 3. Comparison of Switching Transient Waveforms at 400V (a) 2.1A, (b) 2.4A, (c) 3A, (d) 5A, (e) 7A, (f) 9.75A

buck converter model in MATLAB/Simulink.

B. Experimental Setup

A half-bridge circuit (see Fig. 4) using SiC MOSFET
(LSICIMOI120E0080, Littelfuse) is shown in Fig. 4. double
pulse tests (DPT) are performed using this setup at a DC bus
voltage of 400V and a current up to 9.75A to characterize the
switching transients experimentally. A high-voltage differen-
tial probe (THDP0200, 200 MHz) is used for measuring the
drain-source voltage. The device current is measured using
a coaxial current shunt resistor (SSDN-414-10) from T&M
Research.

The half-bridge circuit (see Fig. 4) has been operated as
a buck converter by connecting an external inductor (L),
filter capacitor (Cy), and load resistance and operated at
a switching frequency (fs,) of 100 kHz. Gate pulses are
generated using TI's TMS320F28379D Digital Signal Pro-
cessor (DSP). As delineated in section II, a high-precision
(7.5 digits) digital multimeter (34470A, Keysight) is used for
accurately measuring the input current. Inductor current has
been captured using Tektronix (TCPO030A, 120 MHz) current
probe. Both DPT and buck converter steady-state results have
been captured using a Tektronix MDQO3104 oscilloscope with
a 1 GHz bandwidth.

Osc1ll(>scopc q

7.5 Digit
Digital Multimeter

Load (R)

© TMS320F28379D

Load Czl])zl('il‘()l"'(éf)
Load Inductor (Ly)

Fig. 4. Experimental Setup for Bridge Loss Estimation

IV. RESULTS AND DISCUSSION

The simulation model presented in Section III-A is verified
first using experimental results. Fig. 3 compares turn-on and
turn-off switching transients waveforms obtained from simu-
lation and experiment (DPT) at 400V and different values of
load currents (2.1A, 2.4A, 3A, 5A, 7A and 9.75A). The total
switching loss obtained from the simulation and experiment
is compared in Fig. 5 for multiple current values. As evident,
the simulation model can predict the switching performance
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and estimate switching loss with sufficient accuracy.
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Fig. 5. Comparison of Switching Energy Loss obtained from experiment and
model (simulation)

To verify the correctness of the proposed loss measurement
method, the high-frequency bridge (see Fig. 4) is operated
as a buck converter. The steady state inductor current and
pole voltage waveforms of the buck converter obtained from
the experiment and the simulation are shown in Fig. 6. The
zoomed view of the pole voltage during turn-on and turn-off
transitions is also shown in Fig. 6. It can be observed that
the simulation model of the buck converter can predict the
steady-state and transient waveforms with sufficient accuracy.
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Fig. 6. Comparison of Steady State Waveforms of Buck Converter

Given that the input current, pole voltage and inductor cur-
rent are precisely measured with high precision ammeter, high-
bandwidth voltage probe, and current probe with sufficient
bandwidth respectively, the power loss in the high-frequency
bridge can be obtained by subtracting P;, (see Eq. 1) and
Pyoie (see Eq. 4). Three different case studies have been
performed to measure the bridge loss to validate our proposed
method. Given the constraints of the precision DMM, the
setup supports peak current up to 10A. For scenarios involving
higher current ripple, some adjustments to the formulation may
be required.

1) Case - I: The half-bridge circuit (see Fig. 4) in this
case has been operated as a buck converter by connecting
an external inductor (Ly), filter capacitor (Ct), and load
resistance values as shown in Table I and operated at a
switching frequency (fs,,) of 100 kHz.

TABLE I
SPECIFICATIONS FOR CASE-I
Vbc Vout fsw Lf Cf R
400 V | 300 V | 100 kHz | 800 uH | 45 uF | 212.6 €2

While a total energy loss (power loss/ fq,) of 284.63 pJ
is obtained from the simulation, the loss obtained from the
experiment ((Pi, — Ppote)/ fsw) is 282.28 pJ. This results in
an accuracy of 99.17%. This loss comprises both switching
and conduction losses. The conduction loss is separated from
the total bridge loss by considering the rms (root mean square)
value of the inductor current and on-state resistance (7gson)
of the SiC MOSFET (at thermal equilibrium T, = 90°C).
The comparison of total bridge loss and the separation into
switching and conduction losses is shown in Fig. 7. As evident,
the proposed method of bridge loss measurement is sufficiently
accurate.
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Fig. 7. Bridge Loss Comparison for Case-I

2) Case - II: The half-bridge circuit (see Fig. 4) in this
case has been operated as a buck converter by connecting
an external inductor (Ly), filter capacitor (Cy), and load
resistance values as shown in Table II and operated at a
switching frequency (fs,,) of 100 kHz.

TABLE 11
SPECIFICATIONS FOR CASE-II
Vbc Vout fsw Lf Cf R
400 V | 300 V | 100 kHz | 400 uH | 45 uF | 103.2 )

While a total energy loss (power loss/ fq) of 629.25 pJ
is obtained from the simulation, the loss obtained from the
experiment (P, — Ppote)/ fsw) 1s 623.397 pJ. This results in
an accuracy of 99.05%. This loss comprises both switching
and conduction losses. The conduction loss is separated from
the total bridge loss by considering the rms (root mean square)
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value of the inductor current and on-state resistance (7gson)
of the SiC MOSFET (at thermal equilibrium 7,5, = 90°C).
The comparison of total bridge loss and the separation into
switching and conduction losses is shown in Fig. 8. As evident,
the proposed method of bridge loss measurement is sufficiently
accurate.
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Fig. 8. Bridge Loss Comparison for Case-II

3) Case - III: The half-bridge circuit (see Fig. 4) in this
case has been operated as a buck converter by connecting
an external inductor (Ly), filter capacitor (Cy), and load
resistance values as hown in Table III and operated at a
switching frequency (fs,,) of 100 kHz.

TABLE IIT
SPECIFICATIONS FOR CASE-III
Vbe Vout fsw Lf Cf R
400 V | 300V | 100 kHz | 400 uH | 45 uF | 50.2

While a total energy loss (power loss/ fs,,) of 792.372 uJ
is obtained from the simulation, the loss obtained from the
experiment (P, — Ppote)/ fsw) is 783.248 pJ. This results in
an accuracy of 98.84%. This loss comprises both switching
and conduction losses. The conduction loss is separated from
the total bridge loss by considering the rms (root mean square)
value of the inductor current and on-state resistance (7gson)
of the SiC MOSFET (at thermal equilibrium T, = 90°C).
The comparison of total bridge loss and the separation into
switching and conduction losses is shown in Fig. 9. As evident,
the proposed method of bridge loss measurement is sufficiently
accurate.

V. CONCLUSION

Measurement of loss in high-frequency bridges poses a
challenge due to fast-changing voltages and currents. A de-
tailed analysis of the bridge loss problem presented in this
paper reveals the precise measurement of input current and
pole voltage is essential for accurate bridge loss measurement.
Using the insight, an experimental method is proposed in
this paper where a precision ammeter and high-bandwidth
high-voltage differential probe are used for measuring input
current and pole voltage respectively. The proposed method

| I Simulation [ Experiment
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Loss Loss Loss

Energy (uJ)

Fig. 9. Bridge Loss Comparison for Case-III

is verified using a buck converter laboratory prototype using
SiC MOSFET upto 1.8kW. An accuracy of more than 98.5%
is achieved using the proposed method.
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