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Abstract:

This report discusses different measurement methods to evaluate the efficiency of WBG-based power
supply solutions, including electrical and calorimetric methods, and compares the performance of Si-
based and GaN-based chargers. The efficiency of chargers was measured at different load conditions,
and it was observed that the maximum efficiency occurred generally at higher powers. GaN-based so-
lutions outperformed Si-based chargers at higher power levels, leading to significant energy savings.
The report suggests that regulations for efficiency can be tightened and different voltage modes shall
be included to ensure further energy savings. The benefits of using WBG devices are more evident in
terms of power density, which could lead to their wider adoption in other power electronic applications
and to savings of resources.
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About the 4E Power Electronic Conversion Technology Annex (PECTA):

Power electronic devices incorporating Wide Band Gap (WBG) technologies are maturing rapidly and
offer enormous opportunities for improved energy efficiency. 4E’s PECTA assesses the efficiency benefit
of utilizing the emerging WBG technology, keeps participating countries informed as markets for Wide
Band Gap technologies devices develop, and engages with research, government and industry stake-
holders worldwide to lay the base for suitable policies in this area.

Further information on PECTA is available at:
https://www.iea-4e.org/pecta/.

About the Technology Collaboration Programme on Energy Efficient End-Use Equipment (4E):

The Technology Collaboration Programme on Energy Efficient End-Use Equipment (4E TCP), has been
supporting governments to co-ordinate effective energy efficiency policies since 2008. Fourteen coun-
tries and one region have joined together under the 4E TCP platform to exchange technical and policy
information focused on increasing the production and trade in efficient end-use equipment. However,
the 4E TCP is more than a forum for sharing information: it pools resources and expertise on a wide
range of projects designed to meet the policy needs of participating governments. Members of 4E find
this an efficient use of scarce funds which results in outcomes that are far more comprehensive and
authoritative than can be achieved by individual jurisdictions. The 4E TCP is established under the aus-
pices of the International Energy Agency (IEA) as a functionally and legally autonomous body.

Current members of 4E TCP are: Australia, Austria, Canada, China, Denmark, European Commission,
France, Japan, Korea, Netherlands, New Zealand, Switzerland, Sweden, UK and USA.

The main collaborative research and development activities under 4E include the

e Electric Motor Systems Annex (EMSA)

e Monitoring, Verification and Enforcement (MV&E)

e Solid State Lighting (SSL) Annex

e Electronic Devices and Networks Annex (EDNA)

e Power Electronic Conversion Technology Annex (PECTA)

Further information on the 4E TCP is available from: www.iea-4e.org

Disclaimer: The Technology Collaboration Programme on Energy Efficient End-Use Equipment (4E) —
Power Electronic Conversion Technology Annex (PECTA) has made its best endeavors to ensure the ac-
curacy and reliability of the data used herein, however makes no warranties as to the accuracy of data
herein nor accepts any liability for any action taken or decision made based on the contents of this
report.

Views, findings and publications of the 4E TCP do not necessarily represent the views or policies of the
I[EA Secretariat or its individual member countries.

¢ 4E Power Electronic Conversion Technology Annex (PECTA)| PAGE ii


https://www.iea-4e.org/pecta/
http://www.iea-4e.org/

Executive Summary

Measurement of small losses and high efficiencies are prone to large errors, especially in the case of
high-frequency power electronics components and converters. This report discusses different measure-
ment setup to evaluate the efficiency performance of WBG-based power supply solutions, including
electrical measurement methods and their verification with calorimetric methods. A selection of Si-
based and GaN-based chargers in the market was investigated to showcase the measurement process,
and to compare and better understand their performance. The report summarizes the measurement
results of PECTA’s Task F within the first phase 2019 — 2024 and made corresponding conclusions.

The consistency and accuracy of the different measurement methods were determined by comparing
different samples of identical charger models. This also showed the error range at different output pow-
ers. Additionally, the efficiency and THDi levels of all the investigated chargers were measured at differ-
ent load conditions, with a communication board to access different output voltage modes. The maxi-
mum efficiency occurred generally at higher powers, while it was observed that the chargers were de-
signed to optimize efficiency at lower voltage mode, if several voltage modes are able to attain the
nominal maximum power.

The comparison of the efficiency between Si-based and GaN-based chargers of the same power level
shows that the investigated chargers present a similar performance at rated power levels up to 30 W.
For example, for two chargers with a nominal maximum power of 30 W (Si-based 30 W and GaN-based
30 W), the efficiency at the rated power of four load conditions (25%, 50%, 75% and 100%) was similar,
of around 90%.

In the higher power range, GaN-based solutions outperform their Si counterparts for which the average
efficiency was 92% for GaN-based 60 W and 90% for Si-based 60 W. Although these numbers are very
close, the difference becomes much more considerable in terms of saved energy losses, especially at
higher output powers. Calculation showed that considering the daily loading of all worldwide
smartphones (6,26 Billion smartphonesin 2021), the charging of those devices with GaN-based chargers
instead of Si-based chargers would lead to savings of 2.2 TWh.

According to the actual EU commission regulation 2019/1782 for external power supplies, the average
efficiency for output powers higher than 49 W must be at least 88%, which was met by mostly all
chargers that have been tested. The GaN-based charges showed in general substantial better perfor-
mance. Therefore, the electrical efficiency regulation requirements could be increased to promote the
adoption of GaN-based technologies, aiming for higher efficiencies.

However, it should be noted, that todays 20 V/65 W chargers come with several different features (e.g.,
single output PD charging: 5 V (15 W) — 20 V (65 W); Dual output: first output: PD charging e.g.,
(5V(15W)—-20V (65W)) and second output: either PD charging (5V (15W)—-20V (65W)) or
QC (quick charging: 5V, 15 W); more than 2 outputs: combination of the defined above). So one output
addresses several different voltage and dedicated maximum power ratings per voltage level (limited by
the output current of in this specific case 3 A). The EU commission regulation 2019/1782 for external
power supplies is however, not precisely addressing how to handle a single charger that provides differ-
ent voltage and power levels and multiple outputs.

The benefits of using WBG devices are more evident in terms of power density, with a reduction of
about two-fold, both in volume and weight. Power density is currently a strong motivation for using GaN
devices among manufacturers. As the power charger market was the first to experience the penetration
of WBG devices, and the associated advantages have emerged, it can be foreseen that other power
electronic applications will also benefit from their wider adoption, not only in terms of more material
saved from high power density, but also from higher efficiencies.
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1. Measurement Setup

1.1. Scope

This report describes a generic measurement setup to assess voltage and current waveforms of an
AC/DC power stage, to determine the electrical efficiency of wide bandgap (WBG) based power elec-
tronic solutions. It summarizes the results of PECTA’s Task F of the first phase 2019 — 2024, but can be
updated according to new insights or relevant inputs from PECTA experts during the foreseen 2" phase
of PECTA (2024 —2029).

The current document is primarily based on the following standards and European regulation docu-
ments:

e EN 50530 (Overall efficiency of grid connected photovoltaic inverters) and IEC 62891 (Maxi-
mum power point tracking efficiency of grid connected photovoltaic inverters)

e |EC 61683 (Photovoltaic systems — Power conditioners — Procedure for measuring efficiency)
e |EC 62301 - Household electrical appliances - Measurement of standby power
e |EA 4E EDNA Guidance Note on Measurement and Data Collection

e Code of Conduct on Energy Efficiency of External Power Supplies v5, European commission,
Ispra, 29 October 2013

e EU Commission Regulation 2019/1782 of October 2019 laying down Ecodesign requirements
for external power supplies pursuant to Directive 2009/125/EC and repealing Commission
Regulation EC No 278/2009

1.2.  Definitions
AC: Alternating current.

DC: Direct current.

Device under test (DUT): The device under test is a circuit supplied by an AC or DC source, operating
under specific load (full, partial or no load) conditions.

Apparent power: The apparent power is the total power (active and reactive power) drawn by the DUT.
Unit: VA

Active power: The active power is the resistive amount of power drawn by the load, which has to be
transferred by the DUT including losses of the DUT. Unit: W.

Reactive power: The reactive power is the power which flows back and forth between Source and DUT.
Unit: Var.

Source: The source is required to power the DUT and provides the amount of energy drawn by the DUT
and the equipped load (if available). The source can be either the power grid itself, an AC or a DC simu-
lator or any other kind of conventional power supply. The type of source depends on the DUT and its
specifications (AC/DC, DC/DC, DC/AC circuit, input voltage, input frequency, power rating).

Load: The load is an additional device or component which consumes electric power and is directly
attached or including additional cables or wiring to connect it to the DUT's electrical output terminals.

Rated input voltage: Supply voltage specified by the manufacturer of the DUT.

Rated input frequency: Supply frequency specified by the manufacturer of the DUT, can be zero in the
case of DC.

Rated output voltage: Nominal output voltage specified by the manufacturer of the DUT.
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Rated output frequency: Nominal output frequency specified by the manufacturer of the DUT, can be
zero in the case of DC.

Rated power: Nominal power specified by the manufacturer of the DUT.

Electrical efficiency: The electrical efficiency is the ratio between the total active output power and the
total active input power, measured at the input and output terminals of a DUT.

Condition/Mode: Condition or mode is a state or function that specifies the performance of the load
connected to the DUT. In principle there are several types of conditions or modes that can be relevant
for the DUT. This includes for example off mode, standby mode (or no-load condition), nominal condi-
tion, etc.

Rated efficiency: The rated efficiency is the electrical efficiency of the DUT under rated (nominal) con-
ditions.

Partial efficiency: The partial efficiency is the electrical efficiency of the DUT under partial load condi-
tions.

Power factor: The power factor is the ratio between the active input power and the apparent power
related to the DUT.

Silicon (Si): Material which is currently used in most available power semiconductors.

Wide Bandgap (WBG): Material, which is similar to silicon, but coming with a larger bandgap and further
beneficial material characteristics supporting improved intrinsic physical characteristics, such as gallium
nitride (GaN) and silicon carbide (SiC).

1.3. General Measurement Conditions

The following chapter describes a general setup, and relevant aspects to consider prior to establishing
a test setup for measuring the energy efficiency of AC/DC chargers.

Temperature: All tests are carried out in a room or test cabinet with an air conditioner controlling the
local room temperature. The ambient temperature shall be maintained at 23 °C (+3 °C) during both
summer and winter season.

Test cabinet: The DUT is placed in a test cabinet for safety and security purposes.

Measurement equipment: All input and output voltage and current waveforms are monitored via digital
multimeters, current and differential voltage probes including an oscilloscope, and a power analyzer to
monitor input and output current and voltage waveforms.

Input voltage and frequency: If the test voltage and frequency are not determined by a standard or
guideline, both input voltage and frequency shall be equal to the rated input voltage and frequency of
the country or a set of countries for which the measurements are conducted. The deviation between
the rated characteristics and real voltage and frequency values should be within a maximum limit of
+1 %. For European grids the following specification can be considered:

e |nput voltage single phase: 230 Vims
e Mains frequency: 50 Hz

In other regions or countries such as United States or Japan different regulations may apply. The United
States and Canada for example utilize 120 V (+6 %) and 60 Hz nominal frequency. Japan’s low voltage
grid operates at 100 Vims and 50 Hz in eastern regions, and at 60 Hz in western parts. It has to be noted,
that a lower input mains voltage results in higher nominal currents for the same nameplate power.

Example: 100 W (Nameplate output power) external Laptop charger for 230 Vims and 120 Vims 50/60 Hz
operation. Nominal current for European low voltage grids results in approximately 0.43 A, and for US
requirements in 0.83 A. Unity power factor is assumed for this specific example.

Input voltage waveform: The input voltage supplied by the source is in general not of purely 50 Hz si-
nusoidal nature but contains additional harmonic content. The harmonic content of the input voltage
should not exceed a total of 2 % up to the 13" harmonic under nominal load operation of the DUT. Thus,
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this includes harmonic content up to and including 650 Hz for 50 Hz and 780 Hz for 60 Hz mains, respec-
tively. The harmonic content is defined by:

/V%+V§+Vﬁ+~-
THD (%) = 100]/—1

where Vi is the fundamental signal of the respective waveform and V;, Vs, V4 etc. are the harmonics of
higher orders. The harmonic content of the voltage supply shall be recorded during all conducted test
scenarios.

]

Ideally, the ratio between Sinusoidal peak voltage and rms voltage is defined by:

v
Pk — V2 = 1414

Vrms
According to IEC62301 for the supplied non-ideal source voltage this ratio shall be between the desig-
nated limits of

1.34< 22X (149,

rms

1.4. General Measurement Setup
In order to measure the electrical efficiency, both the input and the output power of the DUT shall be
determined. Therefore, input voltage, input current, output voltage and output current must be meas-
ured as accurately as possible. The respective DC power then calculates to

P=VI.
For the active AC power, fundamental and harmonics with resistive content must be considered. The
nature of measuring voltage and current simultaneously requires positioning one of both measure-
ments closer to the DUT compared to the residual one. For both, input and output power evaluation,
two different options are feasible — either voltage or current probe directly attached to the input/output
terminals. Thus, four different solutions exist. The two most common versions will be discussed in the
following, and are illustrated in Figure 1 (a) and (b).

. — —
- i i i Resistive
IN Iin Device '
V, V.
e ) ) Under Electronic
/ T
est
Source ‘A\
(a)
Device ?0 iload Resistive
or
Under Vv, )
het Test Electronic
Source

(b)
Figure 1(a) Measurement setup 1: voltage and current probe arrangement for a DUT (AC/DC converter)
supplied from an AC-source for high power loads. (b) Measurement setup 2: Voltage and current probe
arrangement for a DUT (AC/DC converter) supplied from an AC-source for low power loads.

The setup for the DUT electrical efficiency measurement should be chosen according to the respective
power rating and internal resistive values of the current and voltage sensor.

e For high power measurements setup 1 (as shown in Figure 1 (a)) is recommended.
e For low power measurements setup 2 (as shown in Figure 1 (b)) is recommended.

The different setups are required to maintain sufficient accuracy (should be less than 1 % per calculated
power value) of the power measurement and thus the electrical efficiency of the DUT. Usually, voltage
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probes are modelled as ideal open circuit, whereas current sensors are in general considered as short
circuit. However, depending on the chosen current sensor technology, in most power analyzers a simple
shunt measurement with dedicated electrical components (e.g. voltage amplifier) to shape the meas-
ured output voltage across the shunt resistor, is considered. This resistor however, results in an addi-
tional voltage drop and extra losses which are not associated with the DUT. Assuming an external 200 W
AC/DC converter for 230 Vims/50 Hz input, 12 Vpc output and a shunt resistor of 0.5 Q to measure the
input current, the voltage drop of the shunt resistor calculates to:

Vshunt,rms = RshuntIN,rms =048V
and the dedicate losses result in:
Popynt = Rshuntll%l,rms =047 W.

Also, the input resistance of the voltage probe is not infinite and can be expected to be typically around
1 MQ or higher (exact value depends on probe type and is specified in voltage probe datasheet). There-
fore, the additional current drawn from the source can be estimated to

N,rms

4
Iy yms = Ry =230p4

and dedicated losses are:

2
P, = Viirms _ 0 053 w.
Ry
A smaller value for the DC-side shunt resistor is required to reduce resistive losses due to a distinctly
higher output current under nominal load operation. As can be seen from the previous equations, and
also illustrated in Figure 2, it is obvious that the measurement accuracy is higher in this specific case
with the chosen parameters at hand, if the current sensor is connected to the supply side and the volt-

age meter directly to the DUT.

AC - 7
Source\ Vm
230 Vi
50 Hz
/l ) / () ]
~097 Amms! ~230 Vims | 230 Vims !~ 12 Vpe ! ~16.6 Apc
050Q ! IMQ | 12Vpe | IMQ | 003Q
~048 Vims 1 ~023mMAms 1 90%  1~12pA | ~0.5 Vpc
047W | 53mW | 200W | 14pW | 83W

Figure 2 Measurement setup 1 considering real values for internal resistance of voltage and current
sensors. DUT nameplate output power is 200 W with an electrical efficiency of 90%. The DUT is an AC
to DC converter with a nominal input voltage 230V and a DC output voltage of 12 V. Parasitics of internal
components are neglected.
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S ~ IN Device
ource e Under
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] / 1 / 1 ]
~230 Vims ' ~3.6 MApms ! 230 Vi '~ 12 Vpe | ~62.5 mApc
IMQ ! 10Q@ ! 9% ! 1MQ! 1Q
~023MAms | ~36mVims | 12Vpe ~12pA | ~62.5mVpe
S3mW 01mW | 750mW | 14pW i 39mW

Figure 3 Measurement setup 2 considering real values for internal resistance of voltage and current
sensors. DUT nameplate output power is 750 mW with an electrical efficiency of 90%. The DUT is an AC
to DC converter with a nominal input voltage 230 V and a DC output voltage of 12 V. Parasitics of internal
components are neglected.

A second example for low power measurements is demonstrated in Figure 3. Here the internal high
ohmic resistance and its dedicated power consumption will highly inflict the power measurement.
Therefore, the voltmeter shall be connected to the supply side for this type of DUT instead of connecting
it to the DUT input terminal. Both examples for Figure 2 and Figure 3 assume that the DUT comes with
an efficiency of 90 %. Furthermore, it can be seen that for setup 1 it is of major importance to connect
the ampere meter to the load, whereas the voltage probe should be connected to the DUT side, due to
the high losses of the shunt, considered for high resolution. For setup two both output probes come
with rather low losses compared to the nameplate power. However, as the voltage sensor still has sig-
nificant lower losses due to the low voltage, it should be preferred to be connected directly to the DUT
output terminals.

The difference in accuracy of both test setups related to the input power measurement shall be high-
lighted for a low power measurement in the following. DUT specifications and both, current and voltage
probe is specified in the following:

P, = 750 mW, Vi, = 230 V, npur = 90 %, Rgpunt = 10 O, Ry = 1 MQ
For setup 1, the input power can be calculated to

Pin,meas = Vin,rms,measlshunt,rms = Vin,rms(lin,rms + IV,rms) =

Po Vin rms)
=V +— = 886.2 mW/
fnrms <7)DUTVin,rms RV

For setup 1, Vinrmsmeas €quals Vinrms. The current measured by the shunt connected to the source adds
up due to the current drawn by the voltage probe and the DUT.
For setup 2, the input power results in

P, = 8333 mW, I, = 3.62 mA

Pin,meas = Vin,rms,meas[shunt,rms = (Rshuntlin,rms + Vin,rms)lin,rms =
Fo P s
B (Rshunt r/DUTVin,rms * Vin,rms) r/DUTVin,rms - 833. mw
As can be seen, the measurement error related to setup 1 is approximately 6.35 %, whereas for setup
2 an error due to loading of voltage and current probes of around 0.02 % exists. Therefore, for the
chosen parameters at hand, regarding input voltage, current sensor, voltage probe and DUT output
power, test setup 2 should be preferred over measurement setup 1.

According to IEC 62301, the break-even current for supply side voltage measurement is given by:

1
Iin,rms,boundary = Vin,rms R R =73 mA
shuntf'v

or the break-even power computes to:
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1.5. Load Conditions

The load conditions for electrical efficiency measurements for power electronic converters as specified
in commission regulation (EU) 2019/1782 for external power supplies are defined as follows:

e |oad condition 1: 100 % - P, + 2 % (referred to as full-load or nominal load mode)
e |oad condition 2: 75 % - P, + 2 % (referred to as partial load mode)

e | oad condition 3: 50% - P, + 2 % (referred to as partial load mode)

e |oad condition 4: 25% - P, + 2 % (referred to as partial load mode)

e |oad condition 5: 10% - P, + 1 % (referred to as partial load mode)

e Load condition 6: 0% - P, - (referred to as no-load mode)

The average efficiency nag can then be calculated via: Navg = (N2s% + Nso% + N75% + N100%)/4, which is differ-
ent compared e.g. to the European efficiency of PV inverters which include additional weighting factors
(Ksy% = 0.03, Ksos = 0.48, etc.).

1.6. Uncertainty

In general, every measurement comes with uncertainties, as voltage and current probes as well as con-
nectors, cable, and wiring are not ideal components. Thus, uncertainties characterize the dispersion of
a measurement. However, also inconsistent behavior of the product can lead to uncertainties of meas-
ured results as they are dedicated to a specific state of the DUT.

IEC 62301 determines the following relevant parameters contributing to the uncertainty of a measure-
ment:

e Power measuring instrument (voltage probe, current sensor, temperature sensor etc.);
e Wiring (additional parasitic resistors, capacitors occur etc.);
e Voltage and THD of the converter;

e Ambient temperature of the DUT (example: junction temperature of the semiconductor is rel-
evant in terms of switching and conduction losses. The higher the ambient temperature, the
higher the junction temperature for a given power loss performance. Thus, the ambient tem-
perature can influence the performance of the converter.).

IEC 62301 identifies several types of uncertainties that can but do not need to be considered (depending
on their significance):

1. Uncertainty of the measuring instrument (Py1):
a. Measured value (the reading);
b. The power range;
c. The power factor;
d. The temperature of the power meter and shunt.

2. Uncertainty due to measurement method (Pyz2) and wiring (mostly measurement method can
bring in significant uncertainty);

3. Uncertainty due to source (Py3) e.g. grid, converter etc. —voltage tolerance (1 % change of input
voltage results in 2 % change of power for resistive load):

2 2 2 2 2
1% (VN+1% VN) Vi Vi Vi
a. Pp=—t-="N 2N - N (101)2=1.022=—_1p,,
Rioad Rioad Rjoad Rioad Rjoad
Vi
b. P,;=0.02
! Rload

Uncertainty due to temperature (P, 4) of the DUT (as aforementioned);

Other not defined uncertainties (Pygs).
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All uncertainties are defined in watt. The total uncertainty (Py+tt) eventually can be calculated including
uncertainty factors of all aforementioned uncertainties (1-5) by:

Pu,tot(W) = \/Puz,l + Pu2,2 4+t PuZ,S-

Uncertainties should be included as far as defined in datasheets or relevant/significant in terms of meas-
urement failure or error.

1.7. Electrical Measurement Test Setup

Modern low-wattage cell phone or laptop power supplies can change their output voltage from 5 V to
20V, which is depending on the target device to be charged. A laptop for example normally requires a
charging voltage of 20 V, whereas a cell-phone is demanding a charging voltage in the 5 V range. Product
specifications of a 60 W DC-charger, which allows 5 different voltage configurations at the output (5 V,
9V, 12V, 15V, 20 V) are given in Table 1. By inspecting Table 1 it is obvious that the output current of
the device is limited to 3 A. Therefore, the full output power of 60 W can only be delivered duringa 20 V
loading scenario. Hence, the charger requires a communication interface between the charger itself and
the device to be charged, in order to set the correct output voltage before the charging process is going
to be initiated. In order to verify the electrical efficiency for all different operating points (5 V—20V;
0 W —60 W), the test setup requires an additional communication board which allows to set the differ-
ent voltage and loading scenarios manually. Examples of such communication boards are the In-
fineon/Cypress CY4533 EZ-PD or the TI TIDA-050012.

Table 1 Proposed table to record WBG converter measurements.

60 W Output
DC output voltage Max. DC output current Maximum output power
5V 3A 15W
9V 3A 27 W
12V 3A 36 W
15V 3A 45 W
20V 3A 60 W

An example of a test setup including current and voltage sensors, a power analyzer, a communication
board, and an electrical load is shown in Figure 4.

Tektronix Breakout Device under Test Infineon/Cypress
Box EU 1000 (DUT) CY4533
e USB
AC- ~ ] cable
Source -t
230 Vims ‘ ‘
50 Hz L Yol ;

Tektronix PA3000 Keithley 2380-500-30

Figure 4:Test setup including measurement devices, source, load and power analyzer.
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The test equipment consists of the following products and devices:

e Power analyzer: Tektronix PA3000
o Integrated 1 A shunt: for input current measurements
o Integrated 30 A shunt: for output current measurements
e Tektronix break-out box: BB1000-EU (240 V)
e PD Communication Kit (Eval board): Infineon/Cypress CY4533 EZ-PD
e Current Sink: Keithley 2380-500-30

1.8.  Measurement Procedure
The following parameters should be recorded during the measurement:

e [ih...input current RMS
e Vi, ..input voltage RMS
o P
e V,..DC-andRMS output voltage. For multistage systems — DC-link voltage of DC-bus
e /,..DC-and RMS output current

n ... active input power

e P, .. active output power as average over instantaneous active power
e 1 ..system efficiency

e THD, ... harmonic distortion of input voltage

e THD; ... harmonic distortion of input current

e T.mp.. ambient temperature

e S, ..apparentinput power (can be computed afterward)

e A .. power factor (can be computed afterward)

The initial heat up time of the system for each load condition (from 0% - 100%) should be at least 10
minutes. This is also proposed in IEC 62891. It is important that measuring times are not too short, as
also additional temperature effects on the system efficiency dedicated to wide bandgap and Si (e.g.,
change of internal on-resistance due to higher junction temperature, etc.) and other materials such as
copper or aluminum, must be reflected in the measurement.

Only measurements after the initial 10 minutes of heat up time are accepted. Initial measurements from
0 to the 10 minutes mark are only relevant for general monitoring and shall not be recorded. If a stabi-
lization cannot be observed a stabilization time of at least 5 minutes must be considered. If the power
level is changed from one condition to the next one (e.g. 25% to 50%), a general stabilization period of
at least 3 minutes should be considered. Again, data recorded or calculated efficiency values during the
stabilization period must not be recorded but can be used to determine whether thermal equilibrium is
reached.

A table such as Table 2 that can be used as a template is shown on the following page.

It should be noted that for power supplies < 75 W a low power factor is expected, as according to 61000-
3-2 no active power factor correction is required for these types of devices.
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Table 2 Proposed table to record WBG converter measurements.

Converter Name and Type:

Nameplate Power Rating and Voltage class:

Load Con- Vin,rms
ditions (V)

Iin,rms

(A)

Pin
(W)

Sin
(VA)

(1)

Vo
(V)

lo
(A)

Po
(W)

(%)

THDv
(%)

THDi
(%)

Tamb
(°C)

Comment

0%

25%

50 %

75 %

100 %
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1.9.  Further Information for Validation of the Efficiency of Converters
In order to get an indication on effects of WBG devices on the system efficiency it is in general not
sufficient to just identify the system efficiency of the DUT. There are several additional parameters that
can impact the performance of WBG devices.

It might be assumed that the manufacturers of AC/DC converters in general do not replace silicon with
WBG components for the sole purpose of improving their energy efficiency. Other drivers might be the
demand of customers for more compact and smaller AC/DC converters, allowing easier handling. Thus,
efficiency would play a secondary role. Manufacturers tend to stay on the limit of compliance for effi-
ciency regulations as a way to optimize cost of the products. Therefore, the interest of manufacturers
leans towards reduced volume, weight, input/output filter volumes, etc.

4E PECTA is mainly focused on efficiency improvement due to the integration of WBG semiconductors
in products. Thus, if Silicon and WBG products are compared, ideally additional information (data)
should be recorded, to quantify the energy efficiency improvements due to WBG, but also the power
density, and additional relevant parameters.

Additional information about the product is:

e Switching frequency absolutely relevant
e Topology absolutely relevant
e Total volume/weight absolutely relevant

e Internal voltages (if applicable, e.g. device drain-source voltage)  absolutely relevant

e Packages (thermal impedance) beneficial if available
e Commutation loop related to par. Inductance (Power loop) beneficial if available
e Transformer core size and type beneficial if available
e Volume of the EMI-Filter part beneficial if available

If one of these parameters cannot be addressed, it must be stated in the measurement report, that one
or more of these parameters were not accessible. It should be noted, that there is no standardized
process to identify these additional parameters as this may require destructive opening and dedicated
measurements, nor is it intended by product manufacturers to share this data with any externals.

Eventually, two examples should highlight the relevance of reporting the aforementioned additional
information that should be provided for a fair comparison of Si and WBG. The figures in these examples
are fictitious, and not based on real measurements of available products.

Example 1:

First product:
e 10 kW Si MOSFET-based charger
e 30 kHz switching frequency
e 95 % measured efficiency
e 5 kW/dm? power density

Second product:
e 10 kW WBG-based charger
e 70 kHz switching frequency
e 95 % measured efficiency
e 7.5kW/dm? power density
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The goal of using WBG in this example is to achieve a higher power density while maintaining the (over-
all) system efficiency.

If only the system efficiency of both products would have been used as reference to compare each
other, without considering other parameters such as switching frequency and volume, it would be mis-
leadingly concluded that the integration of WBG instead of silicon would have no effect on the energy
efficiency of the DUT. This statement would be incorrect, as due to the integration of WBG and its lower
switching losses, the switching frequency of the semiconductors could be increased, leading to the same
energy efficiency and higher power density.

Example 2:
First product:
e 1kW Sibased on-board charger
e 30 kHz switching frequency
e 5 kwW/dm?3 power density
e 93% measured efficiency
Second product:
e 1kW WBG based on-board charger
e 30 kHz switching frequency
e 5 kwW/dm?3 power density
e 95.5% efficiency

WBG has been chosen in this example to merely optimize the system efficiency. Measurement results
clearly show that there is an increased system efficiency due to the integration of WBG devices. How-
ever, the power loop in this example was assumed to be unfavorable and also suboptimal packages such
as TO220 packages have been utilized. The efficiency potential for WBG in this example is expected to
be even more significant than the observed results from the field test, as high parasitic inductance val-
ues due to package dominate. Leads and bad wiring can limit WBG performance. Such information and
analysis would be beneficial and facilitate a more comprehensive comparison.

Additionally, it must be mentioned that validating different products will be even more complex espe-
cially if one or more technologies are hybridized.

1.10. Considerations of Electrical Measurements without a Power Analyzer

The simplest way to measure input and output power is by using an existing power analyzer, for example
those power analyzers from Tektronix, Dewesoft or Rohde & Schwarz. If a power analyzer is not availa-
ble, the active input and output power must be derived by using current sensors and voltage probes.
Results should be double checked via an oscilloscope. To obtain the correct active input and output
power the following rules must be followed.

Only current and voltage waveforms with same frequency and phase angle contribute to the active
power of a system. For AC/DC products it is hence not sufficient to use digital multimeters, as at least a
Fast Fourier Transform (FFT) feature is required to separate harmonics, and to obtain the phase angle
between voltage and current waveforms of the same frequency.

Generic formulas are given to obtain fundamental apparent, active and reactive power of a system:

1 ty+T tx+T
Stund = ? f vfzund(t) dt f lfzund_(t) dt = Vfund,rms ' Ifund,rms
ty t

X

PECTA TAsk F - ENERGY EFFICIENCY MEASUREMENT CONCEPT & RESULTS 11| Page



&

1 tx+T
Pfuna = T f Veund (0)ifund (8) dt * = Viundrms * Ifund,rms * €0S(@fund)
t

X

— 2 2 — . . Qj
qund - ’Sfund - Pfund - Vfund,rms Ifund,rms Sln(gofund)

Pfund = Pv,fund — PLfund

where Veind rms @and Ifund rms are the RMS value of the fundamental component of the voltage and
current waveform, @ nq is the phase difference between them, Q the reactive power and T the respec-
tive time of the periodic signal.

Thus, the following formula should be considered for deriving the active power of a generic waveform
with several harmonics involved and based on results of an FFT:

P = Z Vk,rms ’ Ik,rms - cos(gy)
k

An example highlights the correct approach and address inaccuracy, if limited (insufficient) information
is recorded:

The following voltage and current waveforms (green: grid voltage, orange: grid current) are obtained
from an on-board charger at 1 kW charging power.

Two things can be initially observed:

e Whereas the grid voltage seems to show mostly sinusoidal behavior, the grid current comes
with additional distortions and higher harmonics.

e Gridvoltage appears to be lagging slightly (approx. 6°). This effect originates according to X- and
Y-capacitors (differential mode and common mode mitigation) of the grid connected filter of
the charger.

Auto,  Analyze
1MQ 1M 1 MO Sample: 12 bits.
20 MHz " ] 200 MHz ™ ] 200 MHz ™ ] 1 GHz .25 Mpts ¥ 26% 276 Acgs
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The following parameters were recorded at 1kW loading:

Vin,pk Vin,l,pk Iin,pk Iin,l,pk (P1 Pin
(V) (V) (A) (A) (°) (W)
322.26 321.14 | 6.56843 | 6.43227 5.6 1027.9

Assuming that there is no active power in the harmonics, the correct input power results in:
Pin=1027.9 W

If phase angles of V and | would not be considered, the recorded input power would result in:
Pin = Vinlllpk * /inll’pk / 2 = 103283 W

And when results from a general multimeter would be taken into account, the derived input power
would lead to:

Pin = Vin,pk * /in,pk / 2=1058.37W

An input power derivation (even without considering any measurement errors due to range etc.) would
thus result in deviations of:

Reference value Derived input power Error
10279 W 1027.9W 0%
10279 W 1032.83 W 0.5%
10279 W 1058.37 W 297 %

So, even if the differences in results of the input power seemed to be minor in terms of absolute values,
the efficiency can be still heavily affected due to an incorrect measurement process when measuring
efficiency values in the 96 % to 99 % efficiency range. It has to be noted that active power transported
via harmonics will further increase these errors, if not considered.

13| Page
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2. Measurements with Power Analyzer Setup

2.1.  Measurement Setup
The following test equipment has been used for input and output power measurements:

e Power analyzer: Tektronix PA3000
o Integrated 1 A shunt: for input current measurements
o Integrated 30 A shunt: for output current measurements
e Tektronix breakout box: BB1000-EU (240 V)
e PD Communication Kit (Eval board): Infineon/Cypress CY4533 EZ-PD
e Current Sink: Keithley 2380-500-30

Figure 5: Power supply test stand including Tektronix breakout box, power supply, voltage and current
measurements and a Keysight U1272A for ambient temperature measurement. This figure does not
include, power analyzer, current source and communication board.

2.2.  Accuracy of PA3000 Power Analyzer

2.2.1. Current Sensor Characteristics

Table 3 Tektronix PA3000 1 A and 30 A shunt resistor AC characteristics (45 Hz — 850 Hz).

PA3000 current sensors (45 Hz — 850 Hz)

reading (%) range (%)
1 A shunt 0.04 0.04
30 A shunt 0.04 0.04
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Table 4 Tektronix PA3000 1 A and 30 A shunt resistor DC characteristics.

PA3000 current sensors (DC)

reading (%) | Range (%) | Offset (A)
1 A shunt 0.05 0.1 0.0001
30 A shunt 0.05 0.1 0.01

Table 5 Tektronix PA3000 1 A and 30 A shunt resistor range.

&

PA 3000 current sensor range (Ageak)

1 A shunt

0.0125

0.025

0.05

0.125

0.25

0.5

1.25

2.5 5

30 A shunt

0.5

5 10

20

50

100 | 200

2.2.2. Voltage Sensor Characteristics

Table 6 Tektronix PA3000 voltage sensing AC characteristics (45 Hz — 850 Hz).

PA 3000 voltage sensor (45 Hz - 850 Hz)

reading (%)

range (%)

Vrms

0.04

0.04

Table 7 Tektronix PA3000 voltage sensor DC characteristics.

PA 3000 voltage sensor (DC)

reading (%)

Range (%)

Offset (V)

Vdc

0.05

0.1

0.05

Table 8 Tektronix PA3000 voltage sensor range.

PA 3000 voltage sensor range (Vpeak)

Vpeak

10 20

50

100 200

500

1000

2000
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2.2.3. Accuracy of Documented Input and Output Power

Table 9 Tektronix PA3000 input power accuracy for different load and range settings for 20 V charging

Table 10 Tektronix PA3000 output power accuracy for different load and range settings for 20 V charg-

operation.
Accuracy of Input power (V, = 20 V) for different load conditions
60W 30W 15w
Vims,ace (V) 0.233 0.233 0.233
lrms,acc (A) 0.000458 0.000194 0.000097
Wacc (W) 0.166 0.075 0.0375

ing operation.

Accuracy of output power (V, = 20 V) for different load conditions
60W 30W 15w
Voc,ace (V) 0.08 0.08 0.08
Ioc,acc (A) 0.0066 0.00335 0.001725
Wac (W) 0.372 0.187 0.0945

2.3.  Measurement Results
2.3.1. GaN A power supply

2.3.1.1. Device Overview

Figure 6: The GaN A power supply.
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The GaN A is a power supply that comes with 2 different charging outputs:

PD (power delivery) 3.0 —USB type - C: 60 W, 5 V/3 A, 9 V/3 A, 12 V/3 A, 15V/3 A, 20V/3 A

QC (quick charging) — USB type - A: standard 5 V/2.4 A

The maximum charging power for the different available output voltage modes are depicted in Table

11.

Table 11 Output power ratings for different output voltage modes.

GaN A PD Output
DC output voltage Max. DC output current Maximum output power
5V 3A 15w
9V 3A 27 W
12V 3A 36 W
15V 3A 45 W
20V 3A 60 W
GaN A QC Output
DC output voltage Max. DC output current Maximum output power
5V 24 A 12w

Input specifications are defined as follows:

e ACinputvoltage: 100 Vims - 240 Vims

e ACinput frequency: 50/60 Hz

Note: All tests have been performed for 230 Vims/50 Hz

2.3.1.2.  Power Density

According to datasheet specifications and illustrated in Figure 7, as well as verified in the laboratory the

overall dimensions (excluding AC socket) of the power supply are given by:

e Llength:64mm/2.5in
e Width: 67 mm/2.6in
e Height:29mm/1.1in
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Figure 7: Basic dimensions of GaN A 60 W power supply.

2.5in/ 64mm

(AL
-

2.6in/ 67mm

The total weight of the device (including socket) results in 150 g.

This leads to a maximum power density of:

0.483 kW/dm?3 or 8.39 W/in® — excluding socket
0.4 kW/kg — including socket

2.3.1.3.  Topology

n/29mm
-

The GaN based power supply is based on a standard rectifier bridge, followed by a QR flyback converter
operating in discontinuous mode. The flyback primary side semiconductor is based on GaN technology,
whereas both the paralleled rectifier input stages and the synchronous rectifying MOSFET on the sec-
ondary side is based on silicon MOSFET and diodes. Furthermore, an additional Si-based DC/DC Buck
converter with CC/CV control, directly connected after the PD output capacitors to generate the 5V QC
port. Therefore, it can be concluded that the GaN A power supply is not solely based on GaN power
semiconductor devices but incorporating both Si and GaN transistor technology.

AC - /
Source

r—

Filter,
Fuse,
etc.

W
Si Bridge Rectifier,
1000V, 3A

Si Bridge Rectifier, A
1000V, 3A

2x 470 uF, 25V
LY

('in
5x

22 uF
400V

DC

\ Si-MOSFET
GaN

, | V(}._QC
Cooc SVI24A,
' | USBH- A
DC

Si-Buck,
60 kH7 - 800 kH7. =
45V -30V, 4 Amax

o 1,
Vo.PD

|| sv.ov,
12V, 15V,

o 20V/3Amax,

Figure 8: Basic schematic of the GaN A power supply with PD and QC port.
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2.3.1.4.  Switching Frequency

The switching frequency of the flyback converter is changing for different out power values. While op-
erating in 20 V charging mode the switching frequency shows its maximum at around 55 kHz, it is non-
linearly decreasing for smaller loads and even reaches values of approximately 0.6 kHz during 5V PD
no-load operation.

File  Edit Uty  Help Tektronix

Waveform View — Add New...

Cursor

At:17.404 ps
1At: 57.46 kHz

10 psidiv 100 ps Auto, Analyze
SR:3.125 GSk 320 ps/pt High Res: 12 bits
RL: 3125 kpts ¥ 48% 0 Acas

Figure 9: Switching frequency measurement for the GaN A power supply for output voltage 20 V and
output current 3 A.

GaN A
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—
=
-
-
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E Power Electronic Conversion
Technology Annex PECTA

Figure 10: DC/DC flyback converter GaN transistor switching frequency for different load conditions
(0 W—60 W) and charging voltage levels (5 V—20 V).

100
GaN A
S —»—PD 20V
=
2 —a—PD 15V
e,
——PD12v
PO OV
1
10 20 30 40 50 60 —e-pbav
0.1
P, (W)

Figure 11: DC/DC flyback converter GaN transistor switching frequency for different load conditions
(0 W—60 W) and charging voltage levels (5 V—-20 V).

60 1
GaM A
32.5 0.98
a5 0.96
_ 315 094 5
z Z
= 30 ne2 g
z T —e—FD 20V - eff.
- =
2.5 09 T  —s—pD20V-fsw
15 0.88
7.5 0.86
i 0.84
0 10 20 30 40 50 60 70

Py (W)

Figure 12: GaN A port electrical efficiency and DC/DC flyback converter switching frequency of dedi-

cated primary-side GaN transistor for different load conditions (0 W — 60 W) and a charging voltage of
20V.

2.3.1.5. Blocking Voltage

As the flyback topology consists of an input rectifier stage with 5 x 22 uF, the DC-link voltage of the
primary side (Gi) results in 300 V. The flyback converter operates in discontinuous mode. Thus, the
blocking voltage of the GaN transistor is constituted by
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Ups,gan = Vin + Fp (Vo + Ve)~430V (@20V,, i, > 0)
N

as long as enough energy is stored in the flyback transformer (i, > 0) and
Ups,can = Vin = 300V (@201,,i, = 0)

if the flyback transformer currentis O A.

File Edit Utility Help Tektronix
Waveform View E 3 Add New..

Cursors  Note
Measure  Search

Results

Table | Pt

Meas 1 o
Maximum
2483V

Meas 2 o

Peak-to-Peak
1117V

2433V

C Horizontal Trigger Acquisition
500 maddiv | 100 vidiv | 100 vrdiv | 5 Vrdiv 10 psidiv 100 s Auto, Analyze
1M0 MO 1MQ 1M0 ¥ SR: 3.125 GS4s 320 psipt High Res: 12 bits
20 MHz_* | 200 MHz %] 20 MHz & ] 200 MHz % _ RL 3125 kpts U 48% 0Acas

Figure 13: Relevant voltage and current waveforms of the GaN A power supply. Green: input voltage,
yellow: output current, cyan: output voltage, red: GaN-transistor drain source voltage.

2.3.1.6.  Efficiency - Overview

GaN A
0.98
0.96
— @ ——PD 200
= 094 S <
- PD 15
E 092
z D12V
= 09 PD OV
0.28 D 5\
0.86 Qc sv
Nalw]
0.8 -
0 10 20 30 40 50 60
P, (W)

Figure 14: Efficiency over output power curves of GaN A charger output, for charging voltages5V, 9V,
12V,15V, 20V.
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a5 GaN A charging DELL Latitude 5501 1
40 0.98
35 0.96
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10 —a—Po 20V 0.86
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Figure 15: Output power and efficiency over time of a GaN A charging an inactive DELL Latitude 5501
laptop. GaN A output voltage during charging mode: 20 V.

2.3.2. GaN B power supply

2.3.2.1. Device Overview

Figure 16: The GaN B power supply.
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The GaN B is a power supply that comes with different output voltage modes of 5V, 9V, 15V, and 20 V.
The maximum charging power for the different available output voltage modes are depicted in Table
12.

Table 12 Output power ratings for different output voltage modes.

GaN B PD Output
DC output voltage Max. DC output current Maximum output power
5V 3A 15W
9V 3A 27 W
15V 3A 45 W
20V 3.25A 65 W

Input specifications are defined as follows:

e ACinput voltage: 100 Vims - 240 Vims
e ACinput frequency: 50/60 Hz

Note: All tests have been performed for 230 V,ms/50 Hz

2.3.2.2. Test Setup

/ in,shunt

Figure 17: Power supply test stand including Tektronix breakout box, power supply, voltage and current
measurements. This figure does not include power analyzer, current source and communication board.
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2.3.2.3. Power Density

As verified in the laboratory and illustrated in Figure 18 the overall dimensions (excluding AC socket) of
the GaN B are given by:

e length:44mm/1.7in
e Width:42mm/1.6in
e Height:36 mm/1.4in

14in /36 mm

\
W ks ®

Figure 18: Basic dimensions of the GaN B power supply.

The total weight of the device (including socket) results in 119 g.
This leads to a maximum power density of:

e 0.977 kW/dm2 or 17.07 W/in® — excluding socket
e 0.556 kW/kg — including socket

2.3.2.4. Topology

The GaN B power supply is based on a standard B4 rectifier bridge with DC-link capacitor. The DC-DC
converter (a Flyback converter) consists of an active clamp IC and CV/CC ZVS flyback IC (primary side),
an air gapped transformer and a MOSFET including output capacitors at the secondary side. Both pri-
mary-side ICs are based on GaN technology.

Furthermore, an USB PD IC is directly connected to the PD output. The GaN charger is not solely based
on GaN power semiconductors but incorporating both Si and GaN technology, i.e., the diode bridge
rectifier and the secondary-side MOSFET are based on Si semiconductors.
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Figure 19: Basic schematic of the GaN B power supply.

2.3.2.5.  Efficiency - Overview
In this section, results of several different electrical efficiency measurements are illustrated. This in-
cludes also a different power supply samples of the same product type to identify possible deviations
between different samples. Eventually, one full charging cycle of a fully discharged shut-down power
laptop battery (20 V charging mode) is recorded.
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f / 15V |
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Figure 20: Efficiency over output power curves of GaN B 1, for charging voltages 5V, 9V, 15V, 20 V.
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Figure 21: Efficiency over output power curves of GaN B 2, for charging voltages 5V, 9V, 15V, 20 V.
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Figure 22: Efficiency over output power curves of GaN B 3, for charging voltages 5V, 9V, 15V, 20 V.
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Figure 23: Efficiency over output power curves of GaN B 1, 2 and 3, for charging voltages5V, 9V, 15V,
20 V.
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Figure 24: Output power and efficiency over time of the GaN B #2 charging an inactive DELL Latitude
5501 laptop. GaN B output voltage during charging mode: 20 V.

2.3.2.6.  Switching Frequency
Due to the compact design of the GaN B, it was not possible to measure the switching frequency with
the charger open.
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2.3.3. Si A power supply

2.3.3.1. Device Overview

\

Figure 25: Si A 65 W power supply.

The Si A is a power supply that comes with different output voltage modes of 5V, 9V, 12V, 15V, and
20 V. The maximum charging power for the different available output voltage modes are depicted in
Table 13.

Table 13 Output power ratings for different output voltage modes.

Si A PD Output
DC output voltage Max. DC output current | Maximum output power
5V 3A 15W
9V 3A 27 W
12V 3A 36 W
15V 3A 45w
20V 3.25A 65 W

Input specifications are defined as follows:

e ACinputvoltage: 100 Vims - 240 Vims
e ACinput frequency: 50/60 Hz

Note: All tests have been performed for 230 Vims/50 Hz
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2.3.3.2. Test Setup
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Source
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Figure 26: Power supply test stand including Tektronix breakout box, power supply, voltage and current
measurements. This figure does not include power analyzer, current source and communication board.

2.3.3.3.  Power Density

According to datasheet specifications and illustrated in Figure 27, as well as verified in the laboratory
the overall dimensions (excluding AC socket) of the Si A are given by:

e length:7.5cm/2.95in
e Width:7.5cm/2.95in
e Height:2.8cm/ 1.10in

7.5cm

2.8cm 7.5cm

Figure 27: Basic dimensions of Si A power supply.

The total weight of the device (including socket) results in 181 g.
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This leads to a maximum power density of:

e 0.385 kW/dm3 or 6.33 W/in® — excluding socket
e 0.359 kW/kg — including socket and cable

2.3.3.4. Topology

Similar to the already discussed low wattage chargers, the Si A power supply is based on a standard
rectifier bridge, followed by a flyback converter as well. To ensure PD output, a USB Type-C and PD
Source Controller is used to provide the PD output. All semiconductors utilized in this power supply are
based in silicon technology.

AC - Si Bridge Rectifier, Resistor Cap. Resistor Cap. Si-MOSFET (P-Ch.)
Source 1000V, 4 A 200k 22nF, LkV 5.1k 6RO PF, 25V 30V, -40 A, 9m
. \ .
0.PD
X-Cap., 5V, 9V,
CM-Ind. 12V 15V,
Fuse, 20V /3 Amax,
USB-C
ete. \ o
v ) Si-MOSFET uss ol
_, \ 100V, 15 me) Controller | gpypt-

Ff]s;r,- Resistor WM / Resistor
T2A/250V SLQ | Controller | S-MOSFET Cap. 5 mO
'D-: 650V, 10 A, 810 mQ2 2.2 uF, 25V

MPX ---|_O
0lpfF = *=—
30V --l—o
o]
NTC
(not populated)

Figure 28: Basic schematic of the Si A.

2.3.3.5.  Switching Frequency

The switching frequency of the flyback converter is changing for different output power values. While
operating in 20 V charging mode the switching frequency shows its maximum at around 65 kHz, it is
non-linearly decreasing for smaller loads and even reaches values of approximately 22 kHz during 5V
PD no-load operation. It can also be seen from Figure 29 that no valley switching is incorporated in the
control here, which directly deteriorates the efficiency.
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Figure 29: Switching frequency measurement for Si A for an output voltage 20 V and output current
3.25A

60 .
T 50| :
4

£ i :
<o 40 —— 20V | |
i ) % 15V |/
12V |

—— 9V
5V |

I | I | I | | |

20 30 40 50 60
Pout in W

Figure 30: DC/DC flyback converter transistor switching frequency for different load conditions
(0 W—-60 W) and charging voltage levels (5 V —20 V).

PECTA TAsk F - ENERGY EFFICIENCY MEASUREMENT CONCEPT & RESULTS 31|Page



TTT T T T TTTT] T T T TTTT] T T T T T T
| | ——20V
—x— 15V
60_+12V
Fl—— OV
= 50/ 5V
e
i= -
3
" 40 -
30 - —
i x\xﬂ"\/_,/ |
20 11l |x_|m Lol Lol L1
102 101 109 10t
Pout an

Figure 31: DC/DC flyback converter transistor switching frequency for different load conditions
(0 W—-60 W) and charging voltage levels (5 V—-20 V).

2.3.3.6.  Efficiency - Overview
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Figure 32: Efficiency over output power curves of Si A 2 charger output, for charging voltages5V, 9V,
12V,15V,20V.

PECTA TAsk F - ENERGY EFFICIENCY MEASUREMENT CONCEPT & RESULTS 32| Page



n in %

Figure 33: Efficiency over output power curves of Si A 4 charger output, for charging voltages5V, 9V,

12Vv,15V, 20 V.
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Figure 34: Efficiency over output power curves of Si A 5 charger output, for charging voltages 5V, 9V,

12v,15V, 20 V.

90 |- s
80 | : A P |
0| et .
—— 20V
i —— 15V ||
601 —— 12V | ]
SiA4 5V
50 | | ] | I | I | ] |
0 10 20 30 40 50 60
Pout in W

90 -

80

TUfB/E/E'“E'—E

—=— 20V
i —= 15V | |
60 |- —— 12V | |
—=— 9V
SiA5 5V
50 | | 1 | I | 1 | I |
0 10 20 30 40 50 60
Pout in W

PECTA TAsk F - ENERGY EFFICIENCY MEASUREMENT CONCEPT & RESULTS

33| Page



7 in %

o SiA2
~a- SiA4
8-8iA5

Pout in W

Si A #2 charging DELL Latitude 5501

Efficenoy (1)

104
112
120
128
135
144
152
160

o ETICIENCY  m—POUt

PECTA TAsk F - ENERGY EFFICIENCY MEASUREMENT CONCEPT & RESULTS

Figure 35: Efficiency over output power curves of Si A 2, 4 and 5 charger output, for charging voltages
5V,9Vv,12V,15V,20V.
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Figure 36: Output power and efficiency over time of a SI A 2 charging an inactive DELL Latitude 5501
laptop. Si A output voltage during charging mode: 20 V.
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2.3.4. SiB power supply

2.3.4.1. Device Overview

Figure 37: Si B power supply.

The Si B 65W is a power supply which comes with different different output voltage modes of 5V, 9V,
12V, 15V and 20 V. The maximum charging power for the different available output voltage modes are
depicted in Table 14.

Table 14 Output power ratings for different output voltage modes.

Si B PD Output
DC output voltage Max. DC output current Maximum output power
5V 3A 15w
9V 3A 27 W
12V 3A 36 W
15V 3A 45 W
20V 3.25A 65 W

Input specifications are defined as follows:
e ACinputvoltage: 100 Vims - 240 Vims
e ACinput frequency: 50/60 Hz

Note: All tests have been performed for 230 Vims/50 Hz

PECTA TAsK F - ENERGY EFFICIENCY MEASUREMENT CONCEPT & RESULTS 35|Page



s

2.3.4.2. Power Density

According to datasheet specifications and illustrated in Figure 27, as well as verified in the laboratory
the overall dimensions (excluding AC socket) of the Si B are given by:

e length:7.5cm/2.95in
e Width: 7.5cm/2.95in
e Height:3cm/1.18in

7.5cm

3cm 7.5¢cm
Figure 38: Basic dimensions of Si B power supply.

The total weight of the device (including socket) results in 174 g.

This leads to a maximum power density of:

e 0.385 kW/dm3 or 6.33 W/in® — excluding socket
e 0.374 kW/kg — including socket

2.3.4.3. Topology

The Si B power supply is based on a standard rectifier bridge, followed by a flyback converter. To gen-
erate the PD output a USB PCB is utilized. All semiconductors utilized in this power supply are based on
silicon technology.
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Figure 39: Basic schematic of the Si B power supply.

2.3.4.4.  Switching Frequency
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The switching frequency of the flyback converter is changing for different outpower values. While op-
erating in 20 V charging mode the switching frequency shows its maximum at around 65 kHz, it is non-
linearly decreasing for smaller loads and even reaches values of approximately 22 kHz during 5 V PD no-

load operation.
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Figure 40: Switching frequency measurement for Si B for an output voltage 20 V and output current

3.25A
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Figure 41: DC/DC flyback converter transistor switching frequency for different load conditions
(0 W—-60 W) and charging voltage levels (5 V—-20 V).
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Figure 42: DC/DC flyback converter transistor switching frequency for different load conditions
(0 W—-60 W) and charging voltage levels (5 V—-20 V).

2.3.4.5.  Efficiency - Overview
The efficiency measurement was done on two Si B power supplies: SiB 2 and Si B 3.
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Figure 43: Efficiency over output power curves of Si B 2 charger output, for charging voltages 5V, 9V,
12V,15V, 20 V.
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Figure 44: Efficiency over output power curves of Si B 3 charger output, for charging voltages 5V, 9V,
12V,15V,20V.
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Figure 45: Efficiency over output power curves of Si B 2, and 3 charger output, for charging voltages 5
V,9V,12V,15V, 20 V.
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Figure 46: Output power and efficiency over time of a Si B 2 charging an inactive DELL Latitude 5501
laptop.
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3. Measurements with Oscilloscope Setup

3.1. Measurement Setup

3.1.1. Calorimetric Verification Methodology
Measurement of small losses and high efficiencies are prone to large errors, especially in the case of
high-frequency power electronics components and converters. Particularly when there is a need to elec-
trically measure current waveforms [1]. For this reason, a reference calorimeter is extremely useful to
verify the accuracy and sensitivity of any electrical system.

The sources for the inaccuracies can be summarized as [2]:
e Limited probe bandwidth
e Limited accuracy and measurement range
e Phase mismatch between voltage and current measurements
e Probe loading effects (burden)
e Electromagnetic interference (EMI)

Calorimetric systems directly measure the losses thermally and provide a measurement that is inde-
pendent of the operation frequency of the device under test (DUT). A novel dual-chamber calorimeter
is presented in [2], as shown in Figure 47 and Figure 48, for measurement of losses down to 500 mW
with an unprecedentedly high accuracy, which is enabled by the following characteristics:

e Reducing the flow rate drastically for achieving a higher sensitivity. The same coolant flows in
both chambers; hence, there is no need to measure extremely low flow rates. As a result, the
sensitivity is high enough to measure losses as low as 500 mW with significantly lower costs.

e Replacing the time-consuming calibrations, balance tests, and data processing by a real-time
calibration for faster loss evaluations.

e Avoiding the need for perfect thermal insulation since low levels of heat leakage, if equal for
both chambers (which holds in identical chambers with symmetrical designs), do not introduce
measurement inaccuracies.

e ——————————=—-—-—-—-————— = -}~ Inner
———————1 ——————— | Heat

I Exchanger

Cold

|
|
'i/ Plate

Al (174
- ¥ eCa
e ———————= ] b | I
== - = Water
Outer Heat ___,,___.1-?:@ T3 outer Chamber Pump

Exchangers

Figure 47: Schematic view of the calorimeter. Water flows in the identical chambers containing DUT and
CAL. The water temperature rise is measured across both chambers and compared for the loss evalua-
tion. The blue lines indicate the cold water and red lines represent the hot water after absorbing the
energy dissipated in the chambers. The arrows show the flow direction.

The proposed calorimeter enables geometry-independent loss measurements by transferring the heat
to the water through heat exchangers (convection) and cold plates (conduction). Two identical heat-
insulated chambers are placed inside an outer chamber that isolates the calorimeter from the ambient
(see Figure 48b). The water at the ambient temperature flows through the DUT chamber and after

PECTA TAsk F - ENERGY EFFICIENCY MEASUREMENT CONCEPT & RESULTS 41 |Page



absorbing the heat generated by the DUT, gets cooled down to the ambient temperature using an ex-
ternal heat exchanger. The liquid then flows through the calibration (CAL) chamber and heats up with
its dissipated power (Pcal). After the calibration chamber, another external heat exchanger cools down
the liquid to the ambient temperature. The entire heat-transfer cycle is repeated until the temperatures
reach a steady state. Such a closed loop for the coolant ensures a constant flow in both chambers and
eliminates the need for precise flow measurements. Temperature gradients T4 - Tz and T, - T1 are meas-
ured and compared constantly, and a proportional-integral (Pl) regulator adjusts Pca. such that both
chambers have equal steady-state temperature gradients. Thus, the DUT losses, Ppur, can be derived at
steady state as

T, = T1=Ts— T3 < Ppur = PcaL.

Such a system can be used to evaluate any electrical measurement system for its accuracy and correct-
ness. After an electrical setup is verified with the calorimeter, one can utilize it for other measurements,
with the reduced measurement time as calorimeters are typically slow.

(b) \
o
N~
*~ Water ! Quter
. Shield

o
Quter Outer Chamber 1R 4 B
Heat Exchanger . ; i = Shield

Figure 48: Calorimeter design. (a) Outer chamber and heat exchangers, together with the water circuit.
(b) Inner chambers with the aluminum fixtures inside and shielding foils all over the inner and outer
walls.

3.1.2. Verification with Electrical Measurements

The calorimeter is employed to verify the electrical loss/efficiency measurements using the MSO68B
oscilloscope system, whose description comes in section 3.1.3.

Based on the experiments presented in [3], the oscilloscope system which is going to be employed for
this report could measure the losses as low as 1 W accurately.

4 4
" Calorimetric Calorimetric
ine calorimetri It ]
using _ca orime’ F-IC results o o] ) N
to calibrate Oscilloscope § & 1 g Electrical %
el Electrical i % 2 |(correct) 1
Calorimetric Oscilloscope § 1 4 (erroneous) Lo 3 e S G |
Measurements Measurements i ° =3 g |
0 \o 1 S
confirm oscilloscope results 1 !
via calorimetric - T : y 0 v - -
measurements 2 25 3 35 4 2 25 3 3.5 4
Iax (A) haax (A)
(a) Calibration approach. (b) Erroneous electrical measurements.  (c) Correct electrical measurements

using the MSO68B oscilloscope system

Figure 49: Verification of electrical measurement setups with the reference calorimeter. The fundamen-
tal harmonic for this measurement was 277 kHz, and MSO68B could provide acceptable accuracy for
the measurement of low levels of losses.
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To highlight the importance of the verification with the calorimeter, Figure 49b and Figure 49c present
the comparison between two electrical setups with the reference calorimeter. In this experiment, the
losses of a high-frequency inductor are measured when excited by a 277-kHz source (fundamental). The
results from the first electrical setup in Figure 49b fail to match the calorimeter results, especially for
low losses. Whereas, the MSO68B setup (Figure 49c¢) provides accurate results for all the measurements,
which are in perfect agreement with the results from the reference calorimeter.

For the continuation of this report, the verified electrical setup are used for the investigation of power
supplies.

3.1.3. Equipment Examples
The specifications of the measurement equiment used are listed in the following tables.

Table 15 Specification of the oscilloscope MSO68B.

Part number MSO68B

Bandwidth 1 GHz—-10GHz

Input resistance selection 1MQor50Q

DC gain accuracy +2.0% at >2 mV/div
ADC resolution 12 bits

Sample rate 12.5 GS/s on > channels

Table 16 Specification of the current probe TCPOO30A.

Part number TCPOO30A
Bandwidth DCto > 120 MHz
Current range 5-30A

DCto 60 Hz accuracy, <5A | £1%

Sensitivity 1 mA

Table 17 Specification of the voltage probe THDP0200.

Part number THDP0200
Bandwidth 200 MHz
Differential voltage +1500 V

Input impedance at the | 10 MQ || <2 pF
probe tip

3.1.4. Oscilloscope Setup

Figure 50 shows how the oscilloscope was set up for our measurements. Channel 1 is the input current,
Channel 2 is the output current, Channel 3 is the input voltage, and Channel 4 is the output voltage. All
four channels were configured with an input impedance of I MQ. The current channels were configured
with a bandwidth of 120 MHz, while the voltage channels were configured with a bandwidth of 200
MH:z. Plot 1 which is on the left displays the current with the first 40 harmonics. The bars are the har-
monics (in dBuA) and the white lines are the maximum acceptable values for the harmonics according
to the IEC class A standard.

Remarks:

e The advantage of using the Tektronix MSO68B oscilloscope (or other models with similar func-
tions) was that by means of user pre-defined Math functions, the required operating efficiency,
the THD values, and much more were visible directly while doing the measurements.
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e The High-Res feature of the oscilloscope used for the measurements ensures high-precision
measurements of up to 12-bits resolution.

e The efficiency and THD curves plotted in the next section were obtained by calculating the av-
erage value of an 8-cycle single acquisition.

e The Tektronix High-Voltage Differential Probes were used at 1500 V,,; range and at full 200 MHz
bandwidth.

200 MHz ™

Figure 50: A screenshot of the Oscilloscope for the Baseus GaN Laptop Charger - 65W at full Output
Power

3.2. Resistive Load Test Specifications

3.2.1. Measurement Procedure

1. Pluginthe charger to a power strip that is switched off and connect the output of the charger
to the variable power resistor set to maximum resistance (initially).

2. Connect the two differential probes to measure the voltage at the input of the charger and at
the output of the charger. Make sure to AutoZero both probes. It should be noted that output
voltage measurement should be made before the communication board to exclude its influ-
ence on the measured efficiency.

3. Degauss and AutoZero the current probes, and after switching the power strip on, connect
one to measure the input current and the other to measure the output current.

4. Adjust the variable resistor to obtain the wanted power (100%, 75%, 50%, and 25% output
power) and measure the Efficiency and THD values of the input current. Decreasing the value
of the variable power resistor even more when obtaining 100% output capacity would cause
a controller lockdown of the charger's internal AC/DC converter, thus it will not be functional
anymore.

5. Switch off the input power and adjust the communication board to access different voltage
modes. Repeat the last step for measurements at different load conditions.

6. Degauss the current probes after changing the charger to maintain accurate results. Make
sure that the probe jaw is closed when doing so.
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Figure 51: Measurement setup with oscilloscope.

3.2.2. Specifications for the Investigated Chargers

Here the specifications of the investigated Si-based and GaN-based chargers are listed in the following
tables.

Table 18 Specification of Si-1 charger (5 W).

Charger index Si-1
Rated max. power 5W
Dimension (L x W x H) 4.8 x3.5x1.4cm
Weight 25g

Power density

0.2 W/g, or 0.21 W/cm?

USB ports

1 x USB-A

Table 19 Specification of Si-2 charger (30 W).

Charger index Si-2

Rated max. power 30 W

Dimension (L x W x H) 5.2x2.6x54cm
Weight 111¢g

Power density

0.27 W/g, or 0.41 W/cm?3

USB ports

1 x USB-C

Table 20 Specification of Si-3 charger (60 W).

Charger index Si-3

Rated max. power 60 W

Dimension (L x W x H) 6.5x2.8x6.5cm
Weight 144 g

Power density

0.42 W/g, or 0.51 W/cm?3

USB ports

1 x USB-C
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Table 21 Specification of GaN-1 charger (30 W).

Charger index GaN-1

Rated max. power 30 W
Dimension (L x W x H) 3.4%x3.8x4cm
Weight 63g

Power density

0.48 W/g, or 0.58 W/cm?3

USB ports

1 x USB-C

Table 22 Specification of GaN-2 charger (45 W).

Charger index GaN-2

Rated max. power 45 W

Dimension (L x W x H) 3.1x2.9x6.2cm
Weight 91g

Power density

0.49 W/g, or 0.81 W/cm?3

USB ports

1 x USB-A, 1 x USB-C

Table 23 Specification of GaN-3 charger (60 W).

Charger index GaN-3

Rated max. power 60 W

Dimension (L x W x H) 6.7x2.9x6.4cm
Weight 153 g

Power density

0.39 W/g, or 0.48 W/cm?

USB ports

1 x USB-A, 1 x USB-C

Table 24 Specification of GaN-4 charger (65 W).

Charger index GaN-4

Rated max. power 65 W
Dimension (L x W x H) 2.8x5x5cm
Weight 113 g

Power density

0.58 W/g, or 0.93 W/cm?

USB ports

2 x USB-C

3.3.  Measurement Results

3.3.1. Test Results of Different Samples from an Identical Model
In order to benchmark the accuracy and consistency of the measurement method, we performed tests
and measured the efficiency curves of different samples for an identical charger model (60W GaN-3
charger). A communication board (CY4533 EZ-PD) was used to access different output voltage modes
and the results are shown as below.
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Figure 52: 5V mode.
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Figure 56: 20V mode.
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Figure 53: 9V mode.
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Figure 55: 15V mode.
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Figure 57: QC 5V mode.

The nominal maximum power can only be obtained at high voltage mode, i.e., 20 V. It can be observed
that among the 6 samples under test, the difference in efficiency is less than 2% at the high power range
(> 20 W), and between 2% to 4% at lower powers (< 10 W) with lower efficiencies. This demonstrates
the consistency and accuracy of the electrical measurement method at the high power range and shows
the error range of samples at low powers.

3.3.2. Efficiency and THD Curves with Static Load
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The seven chargers (3 Si-based and 4 GaN-based) listed in Section Fehler! Verweisquelle konnte nicht
gefunden werden. were tested. Output powers are adjusted by varying the load resistance value and
different voltage modes are chosen by using a communication board. The efficiency curves and THDi

&

curves of the input current at different output voltage modes are presented as follows.

It should be noted that since there is no THD requirement for <75W consumer products, the measured
THDi levels are high for either Si chargers or GaN chargers because a simple diode rectifier bridge is
used at the front. However, such measurements for THD and power factor are required for power sup-

plies with higher power levels, which are not investigated in this report.
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Figure 58: Efficiency versus power of Si-1.
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Figure 60: Efficiency versus power of Si-2.
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Figure 59: THDi versus power of Si-1.
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Figure 61: THDi versus power of Si-2.
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3.3.2.3.  Results of Si-3 charger

Efficiency of the 60W Si-3 Charger THDi of the the 60W Si-3 Charger
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Figure 62: Efficiency versus power of Si-3. Figure 63: THDi versus power of Si-3.
3.3.2.4.  Results of GaN-1 charger
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Figure 64: Efficiency versus power of GaN-1. Figure 65: THDi versus power GaN-1.
3.3.2.5.  Results of GaN-2 charger
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Figure 66: Efficiency versus power of GaN-2. Figure 67: THDi versus power of GaN-2.
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3.3.2.6.  Results of GaN-3 charger

Efficiency of the 60W GaN-3 Charger THDi of the 60W GaN-3 Charger
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Figure 68: Efficiency versus power of GaN-3. Figure 69: THDi versus power of GaN-3.

3.3.2.7. Results of GaN-4 charger

Efficiency of the 65W GaN-4 charger THDi of the 65W GaN-4 charger
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Figure 70: Efficiency versus power of GaN-4. Figure 71: THDi versus power of GaN-4.

Among these chargers, it can be observed that in general, the efficiency increases with the output
power, ranging from 80% to 95% across the power range, except for Si-1 charger. The rated maximum
power can only be achieved at higher output voltage modes, e.g., 15V and 20 V. However, it is observed
that the lower voltage mode exhibits higher efficiency than the higher voltage mode if both of them are
able to achieve the declared maximum power. For example, the efficiency curves at 15 V mode are
slightly higher than that at 20 V mode for Si-2 charger and GaN-1 charger.

The THDi level for these chargers, no matter Si-based or GaN-based, is generally high, especially at low
output powers, which is expected as there is no requirement at this power level.

4. Electrical Efficiency and Power Density Measurement Results -
Summary

4.1.1. Efficiency Comparisons of Si-Based and GaN-Based Chargers
In order to make a fair comparison of the efficiencies of Si-based and GaN-based power solutions, only
the chargers with the same power rating and the same output voltage mode are compared. Figure 72
compares the efficiency of two 30 W Si-based and GaN-based chargers at 15 V mode and 20 V mode
(the selected chargers are listed in Table 19 and Table 21), both of which are able to reach the rated
maximum power.
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Efqi&i)ency Comparison between two 30W Si-based and GaN-based charger
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Figure 72: Efficiency Comparison between two 30W Si-based and GaN-based chargers.

These two chargers show similar performance and the difference in efficiency is around 1% at 30 W,
which falls into the error range at such power, as analyzed in Section 3.3.1. Therefore, no conclusions
can be drawn about whether GaN-based chargers outperform Si-based ones at these powers.

Figure 73 shows the efficiency curve of the 60 W GaN-based charger (GaN-3), which is always higher
than the 60 W Si-based one (Si-3) across the whole power range with a difference of more than 2%. This
will translate into a difference in losses of about 1.4 W at an output power of 60 W. It is clear that at
higher power, the GaN-based solution shows better performance in terms of efficiency and losses saved.
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Figure 73: Efficiency Comparison between two 60W Si-based and GaN-based chargers.

To obtain an overall picture of the performance of all the chargers investigated, the efficiency results at
the maximum power allowed at different voltage modes are set out in Figure 74, as these chargers are
usually used at full power at a certain output voltage. In general, GaN-based chargers outperform Si-
based ones in the power range above 30 W, by an increase of about 2-3% in efficiency. In terms of
reduced losses, this will become more significant especially when the output power is higher.
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Figure 74: Full power efficiency comparison of all chargers investigated.

Additionally, electrical efficiency measurement results from the power analyzer setup are shown for
GaN and Si power supplies for different voltage modes to access different maximum output power (see
Figure 75). It can be obtained that the GaN Power supplies have a higher efficiency than the Si power
supplies. It should be noted that this may partly result from the fact that the GaN-based systems are
developed and designed more recently than the Si-based ones (e.g. utilizing integrated and specialized
PWM controllers, taking advantage of valley switching in order to reduce switching losses, etc.).
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Figure 75: Different charger's efficiencies over output power for different output voltage modes. 12V
measurement was not possible with Anker super supply as it does not support 12 V output.
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Regarding switching frequency, the GaN Power supply (GaN A) comes with slightly lower switching fre-
guency than the Si power supplies (see Figure 76). Due to the compact design of the GaN B component,
it is not possible to measure the switching frequency. It should be noted, that these low wattage power

supplies are adapting the switching frequency based on the requested charging power to optimize the
electrical efficiency over the full-power range.

fsw in kHz

20V
15V
12V
; 9V
Og/'l | | | | | | 5V
0 10 20 30 40 50 60

Figure 76: Measured switching frequency of the different chargers.

4.1.1. Power Density Comparisons of Si-Based and GaN-Based Chargers

Another important metric to evaluate the performance of Si-based and GaN-based chargers is the
power density since a well-known benefit of using WBG devices is the higher switching frequency to
shrink the passive component volumes. The gain is straightforward as shown in Figure 77 and Figure 78.
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Figure 77: Comparison of gravimetric power densities.
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Figure 78: Comparison of volumetric power densities.

Although different chargers may have different available numbers of output voltage modes and there-
fore different design concerns, the following graphs are based on the total output power capability at
full load as indicated for each charger. It is clear that the GaN-based chargers offer higher power densi-
ties both in volume and in weight up to two times on average. Such an increase in power density could
come from the improvements in efficiencies, which benefits in the reduction or removal of heat sinks.
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This can be also confirmed for a comparison of the other four GaN and Si power supplies investigated.
The GaN-based devices come with at least the same or higher power density compared to their Si coun-
ter parts. For the GaN B a value of around 0.977% and for GaN A 0.483 % could be achieved. The Si
kw
dm3’

power supplies have both a power density of approximately 0.385

Although power density of the GaN B power supply is nearly twice as high compared to the remaining
3 chargers, the difference in terms of power-to-weight ratio is only roughly 40 % higher, but still signif-

icantly elevated. The GaN B power supply comes with 0.556 Ili—l;/, followed by GaN A with 0.4 I;—Z, Si B
with 0.374 % and si A with 0.359 £,

kg kg
It should be noted that GaN A charger consists of two output voltage ports, and thus includes an addi-

tional dc-dc converter, which results in a relatively lower power density but still exceeding that of the Si
chargers.
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Figure 79: (a) Power density and (b) power-to-weight ratio of the different chargers.

5. Discussion and Conclusions

The consistency and accuracy of the different measurement methods were determined by comparing
different samples of identical charger models. This also showed the error range at different output pow-
ers. Then, the efficiency and THDi levels of all the investigated chargers were measured at different load
conditions, with a communication board to access different output voltage modes. The maximum effi-
ciency occurred generally at higher powers, while it was observed that the chargers were designed to
optimize efficiency at lower voltage mode, if several voltage modes are able to attain the nominal max-
imum power.

The comparison of the efficiency between Si-based and GaN-based chargers of the same power level
shows that the investigated chargers present a similar performance at power levels up to 30 W. For
example, for two chargers with a nominal maximum power of 30 W (Si-based 30 W and GaN-based
30 W), the efficiency at the rated power of four load conditions (25%, 50%, 75% and 100%) was similar,
of around 90%. In the higher power range, GaN-based solutions outperform their Si counterparts for
which the average efficiency was 92% for GaN-based 60 W and 90% for Si-based 60 W. Although these
numbers are very close, the difference becomes much more considerable in terms of saved energy
losses, especially at higher output powers. It should be noted that the difference in efficiency may partly
result from the fact that the GaN-based systems are developed and designed more recently than the Si-
based ones. More investigations with a broader power range of Si-based and GaN-based chargers are
needed to conclude in more detail on the efficiency gain.
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Furthermore, the chargers are not optimized in every voltage mode, and in general, the efficiency at
lower voltage modes (for lower output power) is lower compared to higher voltage modes (for higher
output power). This could result in significant power losses. For example, consider charging a Galaxy
S20 battery of 4000 mAh and a battery voltage of 3.86 V with the Si-based 60 W charger and the GaN-
based 60 W charger. The efficiency of 5V mode in the 15 W level could be taken to calculate the energy
loss of two different chargers (86.5% for Si solution and 91.5% for GaN power supply). According to
Statista, the number of smartphone users reached 6.26 billion in 2021 globally [4]. The total energy lost
during the charging process every year can be calculated as 6.26*1029*(4Ah*3.86V)*(1/0.865-1)*365
= 5.5 TWh. This is equivalent to the total energy consumption of 1.56 million average EU households
per year. An increase in efficiency to 91.5% (between Si- and GaN device) would lead to savings of 40%
of the energy lost, or 2.2 TWh per year.

According to the EU commission regulation 2019/1782 for external power supplies [5] (see in the ap-
pendix), the minimum requirement for the average active efficiency is 88% for output powers higher
than 49 W (86% for multiple voltage output), which was met by mostly all chargers that have been
tested. The GaN-based solutions in general showed better performance. Although all products come
with different switching frequency and control strategy which also impacts efficiency, the electrical ef-
ficiency regulation requirements could be increased to promote the adoption of WBG technologies and
their implementation strategies aiming for higher efficiencies.

However, it should be noted, that todays 20 V/65 W chargers come with several different features as
for example:

e Single output PD charging: 5V (15 W) —-20V (65 W)
e Dual output:
o First output: PD charging as defined above

o Second output: either PD charging (5 V (15 W) — 20 V (65 W)) or
QC (quick charging: 5V, 15 W)

e More than 2 outputs: combination of the defined above

So one output addresses several different voltage and dedicated maximum power ratings per voltage
level (limited by the output current of in this specific case 3 A). The EU commission regulation 2019/1782
for external power supplies is however, not precisely addressing how to handle a single charger that
provides different voltage and power levels and multiple outputs.

For example, in the regulation the following is statement is included: “From 1 April 2020, the average
active efficiency shall be not less than the following values: Multiple voltage output external power sup-
plies: P, > 49,0 W: Average Active Efficiency > 0.86.” However, it is NOT mentioned if the average effi-
ciency, then applies for all voltage levels or only the voltage level which can provide nominal power >
49 W. The recommendation of IEA 4E PECTA is to give more precise examples that reflect charger con-
figurations as defined above.

In addition, the EU commission regulation 2019/1782 for external power supplies contains the following
paragraph: “From 1 April 2020, instruction manuals for end-users (where applicable), and free access
websites of manufacturers, importers or authorized representatives shall include the following infor-
mation, in the order as set out below: Average active efficiency: Declared by the manufacturer based on
the value calculated as arithmetical mean of efficiency at load conditions 1-4. In cases where multiple
average active efficiencies are declared for multiple output voltages available at load condition 1, the
value published shall be the average active efficiency declared for the lowest output voltage.”

Here the regulation is addressing the output voltage (“the value published shall be the average active
efficiency declared for the lowest output voltage”). However, it is only related to specific “information”
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that should be included by the manufacturer. It is not addressing the efficiency requirements that must
be fulfilled according to the regulation for different voltage levels.

Thus, it is recommended to clarify, in the document which minimum efficiency (or multiple minimum

efficiency) applies to a single output PD charger with several voltage and power levels.

Another recommendation is to clarify if different average efficiency levels apply for two different out-
puts with different ratings (e.g., output 1: PD-charging (5 V - 20V, 15 W - 65 W), output 2: quick charg-
ing (5V, 15 W)), as the minimum efficiency for 15W power supplies is lower compared to a 60 or 65 W
power supply.

The benefits of using WBG devices are more evident in terms of power density, with a reduction of
about two-fold, both in volume and weight, which also has a huge environmental impact in reducing
waste. Power density is currently a strong motivation for using GaN devices among manufacturers. As
the power charger market was the first to experience the penetration of WBG devices, and the associ-
ated advantages have emerged, it can be foreseen that other power electronic applications will also
benefit from their wider adoption, not only in terms of more material saved from high power density,
but also from higher efficiencies.

To summarize the above-mentioned conclusion, this measurement report of different Silicon and GaN-
based power supplies shows that:

e Power density and efficiency are the two main drivers using GaN;

¢ Industry works primarily towards higher power density, with less focus on exceeding the regulations
in terms of efficiency;

e Efficiency does vary substantially among products, GaN-based solutions outperform Si ones for the
power range of 60W;

e Below 30W, the efficiency difference between GaN and Si is small.

The industry and policymakers should work closely on standardizations and regulations for both power
density and efficiency to fully exploit the advantages of WBG devices and bring forward next-generation
efficient power electronic solutions.
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Appendices

Appendix 1: Further Definitions

Additional relevant definitions from the legal text of commission regulation EU 2019/1782 of 1 October
2019 related to external power supplies (EU 2019/1782, L 272/97-98, 25.10.2019):

“External power supply means a device which meets all of the following criteria

e |t js designed to convert AC power input from the mains power source input into one or more
lower voltage DC or AC outputs.

e |t is used with one or more separate devices that constitute the primary load.

e [t is contained in a physical enclosure separate from the device or devices that constitute the
primary load.

e |tisconnected to the device or devices that constitute the primary load with removable or hard-
wired male/female electrical connections, cables, cords or other wirings.

e |t has nameplate output power not exceeding 250 Watts.
e |t is used with electrical and electronic household and office equipment included in Annex |.

Low voltage external power supply means an external power supply with a nameplate output voltage of
less than 6 volts and a nameplate output current greater than or equal to 550 milliamperes (mA).

Multiple voltage output external power supply means an external power supply able to convert AC power
input from the mains power source into more than one simultaneous output at lower DC or AC voltage.

Voltage converter means a device converting the 230 volts mains power source input to 110 volts power
output with characteristics similar to mains power source input characteristics.

Uninterruptible power supply means a device that automatically provides backup power when the elec-
trical power from the mains power source drops to an unacceptable voltage level.

Battery charger means a device that connects directly to a removable battery at its output interface.
Lighting converter means an external power supply used with extra low voltage light sources.

Active power over Ethernet injector means a device that converts the mains power source input to a
lower DC voltage output, has one or more Ethernet input and/or one or more Ethernet output ports,
delivers power to one or several devices connected to the Ethernet output port(s), and provides the rated
voltage at the output ports(s) only when compatible devices are detected following a standardised pro-
cess.

Docking station for autonomous appliances means a device in which a battery-operated appliance that
executes tasks requiring the appliance to move without any user intervention is placed for charging, and
that can guide the independent movements of the appliance.

Mains means the electricity supply from the grid of 230 (+ 10 %) volts of alternating current at 50 Hertz
(Hz).

Information technology equipment means any equipment which has a primary function of either entry,
storage, display, retrieval, transmission, processing, switching, or control, of data or of telecommunica-
tion messages or a combination of these functions and may be equipped with one or more terminal ports
typically operated for information transfer.

Domestic environment means an environment where the use of broadcast radio and television receivers
may be expected within a distance of 10 m of the equipment concerned.
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Nameplate output power (Po) means the maximum output power as specified by the manufacturer; EN
Official Journal of the European Union 25.10.2019 L 272/97.

No-load condition means the condition in which the input of an external power supply is connected to
the mains power source, but the output is not connected to any primary load.

Active mode means a condition in which the input of an external power supply is connected to the mains
power source and the output is connected to a primary load.

Active mode efficiency means the ratio of the power produced by an external power supply in active
mode to the input power required to produce it.

Average active efficiency means the average of the active mode efficiencies at 25 %, 50 %, 75 % and 100
% of the nameplate output power.

Equivalent model means a model which has the same technical characteristics relevant for the technical
information to be provided, but which is placed on the market or put into service by the same manufac-
turer, importer or authorised representative as another model with a different model identifier.

Model identifier means the code, usually alphanumeric, which distinguishes a specific product model
from other models with the same trademark or the same manufacturer’s, importer’s or authorised rep-
resentative’s name.

Furthermore, in EU 2019/1782, L 272/97-98, 25.10.2019 Annex |, external power supplies meeting the
aforementioned specifications are sub divided into different classes:

e Household appliances
e Information technology equipment
e Consumer equipment

e Electrical and electronic toys, leisure and sports equipment

According to EU 2019/1782, L 272/100, 25.10.2019 Annex |, the following equipment are considered
within these 4 pre-defined subgroups regarding electrical and electronic household and office equip-
ment or home appliances (see Table 25).

»n u

Table 25 Equipment considered within the 4 pre-defined subgroups “household appliances”, “infor-
mation technology equipment”, “Consumer equipment”, Electrical and electronic toys, leisure and
sports equipment”.

Household appliances

Appliances for cooking and other processing of food, preparing beverages, opening or sealing con-
tainers or packages, cleaning, and maintenance of clothes.

Appliances for hair cutting, hair drying, hair treatment, tooth brushing, shaving, massage and other
body care appliances

Electric knives

Scales

Clocks, watches and equipment for the purpose of measuring, indicating or registering time
Information technology equipment

Including copying and printing equipment and

Set-Top boxes, intended primarily for use in the domestic environment.

Consumer Equipment
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Radio sets

Video cameras

Video recorders

Hi-fi recorders

Audio amplifiers

Home theatre systems

Televisions

Musical instruments

Other equipment for the purpose of recording or reproducing sound or images, including signals or
other technologies for the distribution of sound and image other than by telecommunications

Electrical and electronic toys, leisure and sports equipment

Electric trains or car racing sets

Game consoles, including hand-held game consoles

Sports equipment with electric or electronic components

Other toys, leisure and sports equipment

Appendix 2: Energy Efficiency Requirements

The energy efficiency requirements are defined according to EU 2019/1782, L 272/101, 25.10.2019.
Regulations according to the EU commission are denoted in the following.

Since April 1*%, 2020, according to the EU Commission, the power consumption of external power sup-
plies shall not exceed the determined values under no-load condition:

for a nameplate output power OW <P, <49 W

1. AC-AC external power supplies (except 3. and 4.): 0.21W
2. AC-DC external power supplies (except 3. and 4.): 0.10wW
3. Low voltage external power supplies: 0.10 W
4. Multiple voltage output external power supplies: 0.30W

for a nameplate output power P, >49 W and P, < 250 W

1. AC-AC external power supplies (except 3. and 4.): 0.21W
2. AC-DC external power supplies (except 3. and 4.): 0.21W
3. Low voltage external power supplies: 0.21W
4. Multiple voltage output external power supplies: 0.30W
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Figure 80: Maximum allowable no-load power consumption for external power supplies for a nameplate
output power of 0 W < Po <250 W. AC-AC external power supplies (AA), AC-DC external power supplies
(AD), Low voltage external power supplies (LV), Multiple voltage output external power supplies (MO).

The average active efficiency of external power supplies MUST EXCEED the determined values:

For a nameplate output power OW <P, <1 W

1.

AC-AC external power supplies (except 3. and 4.): Navg = 0.5° 1P_I:7V +0.16
AC-DC external power supplies (except 3. and 4.): Navg = 0.5° 1P_I:7V +0.16
Low voltage external power supplies: Navg = 0.517 f—;’v + 0.087
Multiple voltage output external power supplies: Navg = 0.497 - f—;’v + 0.067
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Figure 81: Average active efficiency for external power supplies for a nameplate output power 0 < Po <
1 W. AC-AC external power supplies (AA), AC-DC external power supplies (AD), Low voltage external
power supplies (LV), Multiple voltage output external power supplies (MO).

For a nameplate output power P,>1 W and P, <49 W

1.

2.

AC-AC external PS (except 3. and 4.): Navg = 0.071-1In f—;/ —0.0014 - f—;’/ +0.67
AC-DC external PS (except 3. and 4.): Navg = 0.071-1In f—;/ —0.0014 - f—;/ +0.67
Low voltage external PS: Navg = 0.0834 - In | 22| = 0.0014 - 7= + 0.609
Multiple voltage output external PS: Navg = 0.075-In f—;/ +0.561
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Figure 82: Average active efficiency for external power supplies for a nameplate output power ranging
from 1 W < Po £ 49 W. AC-AC external power supplies (AA), AC-DC external power supplies (AD), Low
voltage external power supplies (LV), Multiple voltage output external power supplies (MO).

For a nameplate output power P, >49 W and P, < 250 W

1.
2.
3.

AC-AC external power supplies (except 3. and 4.):

AC-DC external power supplies (except 3. and 4.):

Low voltage external power supplies:

Multiple voltage output external power supplies:
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Figure 83: Average active efficiency for external power supplies for a nameplate output power for values
49 W < Po £ 250 W. AC-AC external power supplies (AA), AC-DC external power supplies (AD), Low
voltage external power supplies (LV), Multiple voltage output external power supplies (MO).

A summary of dedicated average efficiency values for AC-DC external power supplies (AD) ranging from
0 W to 250 W is illustrated in Figure 84.
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Figure 84: Average active efficiency for external power supplies for a nameplate output power in the
range of 0 W < Po £ 250 W. AC-DC external power supplies (AD).
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