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Abstract

GaN power devices allow building more compact power converters. In order to study these new devices,
it is important to measure and estimate switching losses. Therefore, an instrumented PCB is developed
including the measurement points needed for this purpose. The parasitic elements of the PCB layout
extracted by ANSYS Q3D and the models of the measurement instruments are also included in the
simulation model. In this way, by means of a validated model, it will be possible to evaluate the losses
in an optimized circuit. Simulation and experimental results are presented to validate the simulation
approach.

Introduction

The high power density capability of Wide Band Gap (WBG) power devices with the potentially fast
switching and low losses make them suitable for automotive applications where performance and low
weight are keys for the development of more compact power converters. GaN power devices exhibit a
better performance when compared with Si power devices thanks to their superior critical electric field
and their high electron mobility in the 2DEG. This allows having lower parasitic capacitance values
and therefore, high-speed commutation, in addition to having a lower on-resistance. However, these
improvements bring new challenges when it comes to the loss measurements of the converters based on
GaN material. A half bridge topology is thus developed including the measurement probes needed to
evaluate the switching losses in a double pulse test. Furthermore, an evaluation of the parasitic elements
of the PCB is considered.

The experimental results are used to validate the SPICE model and also for the loss estimation. Moreover,
with the validated model, it will be possible to evaluate by simulation the losses in an optimized circuit
without measurement probes [1, 2].

The development of a method that allows the estimation of switching losses is important for the design
of converters. Also due to the fast switching, the effect of circuit parasitic elements is strongly important.
For this reason, a good method used by converter designers is to analyse, by using simulations, the device
switching behaviour under the influence of circuit parasitic elements before performing the physical
circuit. This is especially helpful because it allows adjusting circuit layouts or comparing different
layouts based on the simulation results [3-5].



GaN HEMTs 650 V Static Characteristics

The GaN device presents some particularities due to the fast switching capability. The transistor char-
acteristics were measured with a Curve Tracer Keysight B1506a. In regard to the loss estimation and
efficiency calculation, the I-V characteristics of the device need to be accurately measured. The linear
mode for I-V graph is represented by the region when drain-source voltage is below the limit Vg — V.
We have to regard this region for a good estimation of the on-losses. At the moment that drain-source
voltage is above Vs — Vyy, the curve represents the saturation region, being important for a good estima-
tion of the switching losses [6-9].
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Fig. 1: Output characteristics for the GS66516B (a) and (b) input, output and reverse transfer capaci-
tances.
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Fig. 2: (a) Static On-resistance and (b) its variation versus drain-source current.

Fig. 1(a) shows a comparison between measurements, datasheet values and the simulations obtained
using the manufacturer model (LTspice). Some difference between experimental and simulation results
can be noticed, which can be explained by components with different threshold voltages. These results
show that some improvements in the default model are needed. The modelling of the input capacitance
must be also precisely performed, since it determines the switching speed, influencing consequently
the switching losses. The miller capacitance (Cj,) is the main component for cross conduction effect,
as demonstrated in dynamic characterisation tests [1]. Fig. 1(b) shows a good correlation between



simulation and measurement results. This implies that for switching loss estimation the SPICE model
presents a behaviour close to the real component. The on-state resistance can be read directly from the
output characteristic curves and are presented in Fig. 2. Dispersion of V;; values could mainly explain
the waveform variations found for the on-resistance.

Protocol Test

During measurements, it is noticed that the output characteristic for the GaN component was modified
if a drain leakage current characteristic was measured just before the output characteristics. The leakage
current test consists of a gate-source voltage applied to hold the switch turned-off (0 V, in this study). At
the same time, a drain-source voltage is applied to slowly increase its value (up to 400 V). For example,
Fig. 3 shows that the curve for the gate voltage equal to 2 V was significantly modified. This effect is
due to the current collapse associated with the GaN components [10-13].
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Fig. 3: Output Characteristics for GS66516B GaN Systems.

This is an important point that will be considered for the measurements. To avoid this phenomenon, our
protocol includes a measurement of the transfer characteristics from —8 V to 4 V (gate-source voltage)
just before performing the output characteristic test. The drain-source on-resistance is measured from the
Fig. 3. Hence, at ambient temperature and before the drain leakage test it is found 22.3 mQ. Thereafter,
the on-resistance increases up to 23.5 mqQ.

GaN HEMT 650 V Dynamic Characteristic
Instrumented PCB Analyses

The developed PCB is instrumented to measure voltages (drain-source and gate-source) and currents
(gate and drain-source) on the low side switch, as seen in Fig. 4. The command circuit is connected from
another PCB, positioned ninety degrees in order to obtain the lowest coupling effect between the power
and drive circuits. Furthermore, it is used a ground plane connected to the earth, in order to minimize the
mutual inductance values. In the Table I, the measurement instruments are described.

The estimation of switching losses is performed considering three main elements on the spice simulation:
the GaN component spice model, measurement instruments modelling and the parasitic elements from
3D wiring model. In Fig. 5(a) the circuit for the double-pulse test (DPT) and its measurement points. The
3D model seen in Fig. 5(b) is also developed in SpaceClaim and simulated on ANSYS Q3D to extract
the RLC parasitic matrix.
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Fig. 4: PCB developed to the double pulse test with the GaN components behind the voltage probes.

Table I: List of measurement instruments used on this study.

Probe Reference Manufacturer Usage Symbol
PP024 Lecroy Gate-source voltage Vis
HVPI120 Lecroy Drain-source voltage Vbs
W-1-01C-1FC TandM Reasearch | Drain-source Current Ips
CT1 Tektronix Gate current I
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Fig. 5: (a) Schematic showing all measurement points used to the tests. (b) 3D Model simulated on
ANSYS Q3D.

The modelling steps consist of characterizing the PCB without components, thus being able to analyse
the parasitic elements associated to the switch, and then perform switching tests for different charge
levels. In Fig. 6, the voltage waveforms of gate-source and drain-source on low side switch for different
operation points can be seen. In Fig. 7, the current waveforms are shown. The correlation between the
spike current and the drain-source voltage applied is clearly verified. The maximum steady drain current
reached is about 19 A rated at 400 V. By means of the Fig. 7(a), it is possible to observe that the drain-
source current shapes under different operation points are about the same, therefore it indicates that the



influencing of parasitic capacitors is not dependent on the operating point [3].
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Fig. 6: Experimental results: (a) Vs low side switch and (b) Vpg low side switch.
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Fig. 7: Experimental results: (a) Ips low side switch and (b) I low side switch.

In Fig. 8(a) the effect of measuring the gate current can be seen. Some disturbances are detected, but
the waveform remains nearly the same. The main oscillation frequencies obtained by FFT (Fast Fourier
Transform) applied on measured Vs indicates a resonance effect between the input capacitance of the
switches and the gate loop inductance. In Fig. 8(b), the analytical calculus is performed to confirm this
proposition. Therefore, by adding a probe current for /; measurement the impact on signals is limited.
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Fig. 8: Experimental result: (a) Comparison of measured gate voltage Vg considering the impact of
using a current probe for Iz measurement. (b) Main oscillation frequency from Vg for both cases:
without / probe and with I probe. Test condition: 300 V and 12.6 A.

Analyses of Switching Losses on GaN HEMTs 650 V

In order to evaluate the switching losses in hard switching mode, the high side GaN is driven by a
negative voltage (—3 V), thus behaving like a diode. The turning-on period starts with the charging time
of the input capacitance (Cj;). When the Vg reaches the threshold voltage, the low side switch can
begin to conduct current. This phase is terminated when the drain current reaches the steady value for
the inductor current. Right after, the drain-source voltage starts decreasing (period of voltage plateau),
as long as the Miller capacitance (Cys;) is discharged. In addition, it is important to point out that there
are parasitic effects which directly influence the oscillations detected during the switching [1, 14].

During the turning-on of a hard-switching, the effective current through the low side switch is a result
of the sum of parasitic currents and the charge inductor current, as seen in Fig. 9(a), causing a spike
current effect. The energy associated with the output capacitance of both switches (Cygs) and (Cyoss)
is discharged towards the 2DEG channel of the low side switch. Furthermore, we should regard the
PCB parasitic capacitance (Cp¢p) and the intrinsic capacitance associated with the inductor (Cp). Both
elements generate high-frequency currents towards the low side switch and are not voltage-dependent.
For the turning-off, the drain current is equal to the load current minus the currents related to the parasite
capacitance values, as seen in Fig. 9(b) [3].

The loss estimation is performed by using four different simulations. The first one is a simple simulation
which is considered the switch spice model (GS66516B), driver circuit, power loop inductance (Lpioop),
and the equivalent circuit (RLC) for the load inductor. For a second simulation, the measurement instru-
ment models (voltage probe, shunt and current transformer) are considered in order to add the delay effect
coming from the cable length and the disturbances associated to the impedance insertion. Afterwards,
the gate loop parasitic inductance (Lgo0p, €xtracted by ANSYS Q3D) is added to the simulation. Finally,
a simulation is performed by adding the full matrix Q3D (RLC) coupled with the electrical circuit of the
instrumented PCB, including also the probe models.

In Fig. 10 and Fig. 11, the comparison between the performed simulations and the experimental data can
be seen. Based on the results, it is reasonable considering the simulation which includes the power and
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Fig. 9: (a) Current distribution at the moment of turning-on (low side switch). (b) Current on low side

switch at turning-off.

gate loop inductances extracted by Q3D to calculate the switching losses. The modelling of parasitic
elements and measurement instruments allows us to achieve a good correlation between simulation and
experimental results, as seen in Fig. 11 by means of the curves overlay. In fact, the width of the power
loss triangle increases with the power loop inductance. Moreover, the width and height of the power
loss triangle also increase with the gate loop inductance of the high side switch. The delay added by the
cable length of the measurement instruments and the disturbances found on the shape of the drain-source
voltage are also strong elements that contribute to a good estimation of switching losses.
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Fig. 10: (a) Drain-source voltage comparison for simulation and experimental results. (b) Drain-source
current comparison for simulation and experimental results.

The loss calculation is estimated using the signals from the switch terminal and the scope circuit, in
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Fig. 11: Power switching loss for GS66516B GaN Systems on PCB instrumented.

order to compare the effect caused by the measurement instruments. For the experimental results, a
new column (Delay Comp.) is calculated shifting the voltage signal at 4 ns towards the left of the time
axis, implementing an advance on the signal. This value corresponds to the delay added by the cable
models from the shunt and voltage probe. Some values of losses are shown in Table II and Table 111
for different operation points. It is possible to verify that by adding parasitic elements on the simple
simulation, the difference between simulation and experimental values becomes smaller. By performing
several measurements an uncertainty of 10% was detected on the values of switching losses. This is
related to different integration points chosen for loss calculation, different voltages probes used, and the
effect of measuring the gate current.

Table II: Switching loss energy of GS66516B for turning-on.

Operation Points : - Turn-on (uJ) - -
V| A) Simple Probe Models Adding Lgjoop With Full Q3D Experimental
Simulation | Switch | Scope | Switch | Scope | Switch | Scope | Delay Comp. | Scope
100 | 4.3 7.2 6.5 10.3 7.8 13.2 9.4 14.4 10.1 15.2
200 8.5 29.1 26.4 39.5 42.2 62.4 49.9 68.7 51.6 71.6
300 | 12.6 65.8 65.1 89.5 113.2 | 158.6 | 128.2 | 160.2 136.5 171.8
400 | 18.3 126.3 127.5 | 170.5 | 228.2 | 2852 | 232.7 | 284.2 261.8 314.7

Table I1I: Switching loss energy of GS66516B for turning-off.

Operation Points - - Turn-off (u]) - -
V| A) Simple Probe Models Adding Lgj0p With Full Q3D Experimental
Simulation | Switch | Scope | Switch | Scope | Switch | Scope | Delay Comp. | Scope
100 | 4.3 2.5 3.6 1.8 1.9 1.2 2.7 1.5 7.47 4.5
200 | 8.5 6.7 6.5 2.5 6.9 2.8 6.2 3.2 13.3 9.5
300 | 12.6 10.8 11.0 2.9 12.3 4.4 11.5 3.7 20.2 11.8
400 | 18.3 14.9 15.7 4.1 20.1 6.3 16.5 52 36.8 19.9

Itis important to highlight that the oscillations on current waveforms are due to the parasitic elements and



does not affect the integral loss calculation, once the average value of the high frequency of oscillation
is almost zero after integration. It can be also noticed that only with the power and gate loop induc-
tances (Lproop and Lgroop) extracted by ANSYS Q3D and with the instrument measurement models, the
divergence between the theoretical values and measured values are relatively small.

Conclusion

The comprehensive analysis of the impact of the wiring parasitic elements can improve the accuracy of
switching loss estimation. Furthermore, by means of experimental results the need of a good modelling of
instrument measurements and a 3D Model for parasitic extraction is verified. A simulation considering
the power and gate loop inductances can yield a good match with experimental data. This approach
allows us to validate all models used in spice simulations, and thus to be able to evaluate more accurately
the overall efficiency of converters based on GaN components, even those that will be not instrumented.
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