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Next Generation Power Electronics (NGPE)

= Transition to a Net Zero Emissions Society relies on highly efficient power conversion/processing
technologies

= Lower functional volume and faster dynamics required

¥ High-Speed Drive ¥ PV/Wind Inverter V¥V SST V¥ EV Drivetrain ¥ EV Charger
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- Realized with increased switching frequencies
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Outline

= (Challenges resulting from increased switching frequencies up to the multi-MHz range

» Converter Design
and Testing

» Measurement
Technology

» |-Measurement
» |solated V-Measurement

1 = Laboratory
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UHBW Power Amplifier System Under Test
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100kHz Large-Signal Bandwidth

GaN-Based 10kVA Class-D Power Amplifier

Very High Power Density Converter Systems with Multi-MHz Switching Frequencies
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UHBWPA: Applications + Specifications

= P-HIL - Three-phase Ultra-High Bandwidth Power Amplifier (UHBWPA)
= Focus on single-phase module of DC/AC stage

¥ UHBWPA Specifications

3-®@ Grid Ultra-High Bandwidth Power Amplifier

R (e e e e - Parameter Value

_ s r
: - : AC —C|>—1_»_— DC : A System Peak Output Voltage per Phase Vout,pk 0...350V
| b V. E . B | Under Output Frequency fout dc...100 kHz
' ‘ + ' Test Output Power per Phase Sout 0...10kVA
) T ) S sun DC Link Voltage Vic 800V
23{)\?_! [_ — V— _!‘1-1"' Effective Switching Frequency e 4.8 MHz
- Sout System Efficiency (Nom. Op. Pt.) 1 95 %

- Fast dynamics (100kHz) and high efficiency (95%) at nominal power of 10kW per phase
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UHBWWPA: Linear vs. Switch-Mode
V¥ Linear UHBWPA
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- Switch-mode for higher efficiency - 100kHz BW needs =5MHz sw. frequency (1-stage filter)
- Advanced topology to increase f, with minimal losses and to reduce ripple with minimal volume
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Advanced Circuit Topology

= Series & Parallel interleaving
= Multi-level switch-node voltage + very high effective switching frequency
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> Find best combination of series (M) and parallel (N) interleaving
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Output Filter Design

= Nominal operating point

200 — L
= 230V,,s, 10kW, 100kHz ke =15%
= Fixed fg, .= 4.8MHz = 50l fe 99 nF
= Filter design space E £\ 1.26 uH
= Max. BW = min. f, o
. S 100 RN YA IR —
= 1% max. output volt. ripple = N SR
= 15% max. ind. volt. drop '§ Ny : el
= 30% max. cap. current & 50t i ) :\
T w D q
- < 0 ey
L
Tﬁf I—ﬁlt =1.26 |J.H, CfiIt =99nF 00 1 . 1'_5 2 2'_5 3

\Y,

—> Find best combination of series (M) and parallel (N) interleaving with given output filter and f

Power Electronic Systems
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Filter Design Space
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Optimal Design Selection

Filter Design Space :
200 : — i n t N s
\ fe—15% ke ‘7

= Filter design space
Le = 1.26 uH, C., = 99nF
= Nominal operating point
= 230V,.., 10kW, 100kHz
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—> Selection of M=3 / N=3 considering efficiency / filter volume / design complexity trade-off
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Hardware Demonstrator — CAD

= M=3/N=3 hardware single-phase 10kW demonstrator
fswerr = 4.-8MHz (800kHz per device)
= Modular layout of N=3 branches

Power PCB

- Three vertically stacked PCBs to maximize power density and signal integrity
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Power PCB — Power Commutation Loop

Top-side cooled power semiconductors placed on bottom-side

Minimum power commutation loop - Coplanar arrangement on two adjacent layers
- Exemplary shown for Tg,; and Tg 4

FC-Cell 2 F(/Z-Cell 1

'0 Flm-umum OTE M -uumlh

: Olll"l" 1 ) g 0% min 0‘
eﬂ %

0 , - : VD
0 N . - |
q U LN 'Ilumum o :

%@ @@0 i Ll

- Top Layer
Jlllllllil T J||l it e 0 0" '}" e | . I.nﬂef Layer 1
g m‘ S0 e ‘ B 1nner Layer 6
s S o c 0 =) - m’ ] . Bottom Layer
123 mm

uml .mmuh 00 u " -mmnl\r

150pm  2.4mm

—> Power loop inductance <2.2nH (outer sw. cell) / <1.5nH (inner sw. cell) (device: Lyg i,;=3.5nH)

“1C I, Power Electronic Systems
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Power PCB — Gate Commutation Loop

= (Gate-Drivers placed on top-side (adjacent to each switch)

=  Minimum turn-on/off commutation loop - Coplanar arrangement on two adjacent layers
- Exemplary shown for T, 4

_______
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0.71 "

':gﬂlmuu ‘ lmﬂ”“O 0“"""“' *"""*0 'D."mnn o 0
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QQ 0o TS

—~ Gate loop inductance =3nH (on-path) / =4nH (off-path) (device: Lgg;x=7nH (!) )
- No parasitic turn-on
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Hardware Demonstrator — CAD

= M=3/N=3 hardware single-phase 10kW demonstrator
fswerr = 4.-8MHz (800kHz per device)
= Modular layout of N=3 branches

Measurement PCB

- Three vertically stacked PCBs to maximize power density and signal integrity
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Measurement PCB — Isolated GD Supplies

= Individual isolated GD supply for each switch

3V3 GD BG4290P0037X049
Primary: Teflon wire
Secondary: 0.2mm enamelled wire D Rectl
"I"B DGND MAX "[ VGD+

BLMISKNIOZEHID

47k == 400kHz| |, . RN SIE]
R damp oL = C_ser TR1 3 — = :D pa
. . — rot —

[]mu 1 ckrs sm1 (S — = = i | ; A 100n 10 VGD+ = Ca. +8 V
- 3 \-‘C,IC GND | 4700F R * 4 2 5 IGD 150GND
CMC pn V3 MAX T vec GND |— N_P=5 T . 5 V —_— Ca _4V
. — MODE  ST2 - .

L_g s> sl 1 —] GD-
= 3 CMC sec

— r— A1 A1 MAX256 - -
the | ACM2520-102-2P-T002 | | T GTR6 1 go=3 T T xD Prot2
) e - 10u 470n 100n 10u -
DGND MAX D_Rect?

[VGD-

' I Series resonance
ChLdGD
f .=ca. 400kHz

res

Ultra-low coupling-C
Cps=ca. 1pF

7.5mm

28 mm

v

A

- No overlap between primary and secondary + Low-C transformer - High dv/dt immunity
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Hardware Demonstrator — CAD

= M=3/N=3 hardware single-phase 10kW demonstrator
fswerr = 4.-8MHz (800kHz per device)
= Modular layout of N=3 branches

Control PCB

- Three vertically stacked PCBs to maximize power density and signal integrity
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Hardware Demonstrator

= M=3/N=3 hardware single-phase 10kW demonstrator

Arrangement 1 | Arrangement 2
I
Fo=12.6 mm

>

16.2mm

Trenz Electronic
SoC Module (Zynq)

he

Control | T

DC Input ™ 3 / Power Stage
Measurements
H,O Cooling Baseplate
Auxiliary + Gate Drivers

AC Output

> 25kW/dm?3 (410W/in3) power density

. | : [T Power Electronic Systems Infineon
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Hardware Demonstrator — Volume Breakdown

= M=3/N=3 hardware single-phase 10kW demonstrator

Other Capacitors )
55cm?/14% 46cm3/11% Trenz Electronic

SoC Module (Zynq)

Measurements Inductors
+ Control 56cm?/14%
41em?/10% \
Semiconductors s o, 154 cm®/39 % 26.5mm
+ Gate DI’iVEI'S_/' \ Hgo Fitti]]gS
3 /
48 cm’/ 12 % & 23 cm3/6 %
e
\ Coldplate ;\23 ﬁ\m * Vboxed =400cm3
PCBs 68cm’/17 %

63cm’/16%

- Almost 40% of volume occupied by mechanical parts

i —
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Hardware Demonstrator — Inductor

= M=3/N=3 hardware single-phase 10kW demonstrator
Arrangement 1 : ArrangjmentZ HF || tZ ere 6 2 5X 7 0 l_lm

Fo=12.6 mm

Al — Arr. 1 — Cale.
£ : 0 — Arr. 2 — Cale.
£ E
Ferroxcube 3F46 3 = 10 _
Il G -
L 2 S 100KHz Weighted Losses:
Y sa2dmm = 010! ; Arr. 1: ca. 31.3W
al JmC: ' ] .
Control 1 f 10 e TR : Arr. 2: ca. 7.7W
. ] J W 3 [ 4.5 lngi + E
:@: 10 — iy e
M 1 :
¥ 100 T— Arr. 2 — Cale. =——Lg; — Meas. ;
N Sl 0 Skin Eff. = Lp;» — Meas. / Ric  Raciook  RacieM
\' 10 Int. Prox. Eff. Ly — Meas. Eri iy mQ mQ Q
Ext. Prox. Eff. Arr.1 3.40 9.14 1.47
~ 107 i A 3.20 4.53 0.33
) i ] 10 E ! Ir. 2
\ =i o : Winding | Lin 3.15 4.41 0.28
DC Input e // Power Stage 10_2- N = A2 = 3.46 5.84 0.30
: Measurements i — : Lo 3.25 4.83 0.33
AC Output et
H,0 Cooling Baseplate 1073 L i -
. . 10" 10° | 10° 10’
Auxﬂlary + Gate Drivers Frequency f/ Hz

—> Pot core branch inductor = No ext. fringing field - No eddy-current losses in metallic enclosure
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Experimental Verification

= Qperation with sinusoidal reference at 100kHz and 10kW (full-load) output power
(230Vrms, 43.5Arms)

= Open-loop operation
= 24ns interlocking time

Control . Ly,

DC Input ' Power Stage
- Measurements

AC Output
H,0O Cooling Baseplate

Auxiliary + Gate Drivers

- =40dB attenuation of 3@ and 5" harmonic
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Experimental Verification

= Qperation with sinusoidal reference at 100kHz and 10kW (full-load) output power

Waveform View Add New...

IW Cursors | | Callout
11
1 | "l | Measure | Search

Results

Table Plot

ey More...
Meas 9 (2 )
RMS

1 14.70 A
Meas 25 3

/ : : . : fAlu:14.23 A
] : : / A ‘ " Meas 17
6 A/div _ R o L L -

L A g |
6 Aldiv -- |
18 A/div

Math 1 S Horizontal Acquisition
Add  Add Add 20 ps/div 200 ps Aux 147V Manual, Analyze
New New New SR: 1.25 GS/s 800 ps/pt Sample: 12 bits 19 May 2022

20 MHz % | 20 MHz Math Ref  Bus | | pprgepy 7.321 kAcgs 7:09:49 AM

- Adequate current balancing without active symmetry control

Stopped

-l Laboratory
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Experimental Verification: Efficiency

= M=3/N=3 hardware demonstrator - f, . = 4.8 MHz
= Open-loop operation with V_; = 230V,
= 24ns interlocking time

Low-inductive
~ load resistor (2kW)

B HSW Semi I PHSW Semi [ ISSW Semi ® Meas. Total Losses
— Calculation ® Measurement B Cond. Semi [ Rev.-Cond. Semi [ Cond. Ly, Y& Nom. Op. Point
00 : : . . - : 450 : : : : : : : : : A
199 5 — 10kHz —20kHz . 400 j;utz 10kHZ ol ﬁ)utzSOkHZ | fl;ut: IOOkI_IZ 440 Wﬂ/
= 98 | — 50kHz 100kHz T 350 ¢+
o e |
5 oal . 4 | 2200t
3) 95 % 95.8% o
2 o3 | Sis0
Y| | 100
91 50
b . 0
3 4 5 6 7 8 9 10 4 5 6 7 &8 9 4 5 6 7 8 9 10

Pou / kKW

Pou/ kKW Pou / KW
=2 N =95.8% @ 100kHz, 10kW (nom. op. point)
- Losses dominated by (hard-) switching losses

i —
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Experimental Verification: Efficiency

= Impact of output frequency and input capacitor connection @ P, = 3.3kW
3L3 - 3.3kW/ 230 Vrms - Efficiency / % < i YAl

96
95.75 -
95.5 *| Low-inductive connection of
"% external DC-link capacitors

(< 30nH)

95.25
95
94.75
94.5
94.25
94
93.75
93.5

93.25

0 1 2 3 4 5 6 7 8 9
Output Frequency / x 10 kHz
i Manual, An
—— Efﬁciency,corr / OA) NTT IIh Efﬁciency D|d :g:MHz ;DMI\(JI]HZ B ;oMI:Hz By ;OMI\(;HZ B o O ' 327&55;'2 &

—> Significant drop at 70kHz (-1%) - ca. 80 App oscillation between 3L3 and Film-C DC-link bank
- Low-inductive connection to mitigate resonance
-IEr Power Electronic Systems @1 Pascal Niklaus | 03.03.2023 | 22
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Thermal Management

It120.in A
= 4.5mm thin Al coldplate @
= Direct cooling of power o liter/min
semiconductors + inductors >
| |
a A Pum §
~ 12V / 14W Pump ' P %
— Volume Flow = 21/min
— 101 H,0 Tank = “open-circuit” | ~ TG6050 TIM
(No Heat Exchanger) |__|

6 W/(m-K), 1mm
— 15mm x 2mm Channel

HzO Tank 19H20,out

v

Case,Switch

> Loss estimation: Plossest = ¢p H20 * P20 - V' - Alnoo

t
:

> I:)Ioss,est = 150W for A19H20 = 'sHZO,out B '8H20,in = 1K, V = 2l/min

Temperature / C
I
(4]

B
o

9 'SCase,Switch < 650C 9 8J,SWitCh < 1OOOC (eStlmated Wlth Rth,j-C — 1K/W, PSWitCh — 34W)
- Room for improvement with better TIM + alternative package (?)

. -
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Outline: Output Voltage Control

= (Cascaded current and voltage control
Vierr loag @Nd Inductor voltage feedforward

3L3
i '+
: : 1’:'ss:t
[ ! N
Modulator |7
T
+ +
C
L +

- >300kHz closed-loop control BW possible
= Minimal loop delay crucial for ultra-fast control
"1C I Power Electronic Systems @
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va(£)/V w(1)/V

Vz(t) 'V

400

o

-200
-400

100

-100

100

-100

' [
/N Rload=5-3Q
/// \Q 2 @®
Vref <
: \ Y
2.5ps Sus 7.5us 10 s
Vref ;
//él @ Rload= 53Q
/S
@
0 2us 4us 6 us 8us 10 us
Vref 7 -
/7/ ® Rlnad_> o0
@
0 2us 4 us 6us 8us 10 ps
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F—— - — — — — — — n 600V GaN HEMT

+o——o * .
I | w = S00kH
 RF ORE gw s
: Ej J:’:_}j JE‘Q | Ly i1 f;Wyeﬁ'":4-8MHZ
S -
Vi | - Q=+ J'_: —¢—-—>——"T“ > P—>o +
| |_ » ?—_—»—im L1 o Isum lload
| :3 :3 :J: | ‘ —_ Vout
| | Cim
) ER BB BB ‘
O—CI_ _____ “ — o —
Yvyy Y
PWM Current
Signals Measurement
RR. Y
Control and Modulation o Vo

High-Frequency DC-Coupled Current Measurement Sensors

Bandwidth Extension of Commercial Hall-Effect Current Sensors to >10MHz

H I"-._. .
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LF + HF Sensor Combination

= Minimal error in the transition / combiner region
= Active combiner circuit

oS Combiner Circuit |
@ F——— S emm—— — — nherently matched
D ‘:&\\ |y, [Low-Pass corner frequenc
<1 MHz .| Hall-Effect W . I:ffm | g y
Current Sensor | | [ Q
. s ! 4| <
1 — ! | Gamp ! Nl Emeas ‘ LF LF 9'
.| High-Frequency | | ] 1 | Sensor ——
Current Sensor / : \‘\} ; : a0
! —Hr High-P T
lf;}:” :‘f;\" Lo _\w_ — " . 90 K
— O ——
i | NS0 \\
. s -180 k : . . . .
Hall Sensor (bottom) Low-Pass ety [ ‘E }::%ﬁ r . ; T . T
Il N 0.3 Umeas
I > 2025 0-%(1]3 |Gtot| = PR M - f.1F A
HF Sensor [ Amplifier  Combiner Filter ~ ADC Driver =0 s
Connection | Sl025 | T—
g 25mm o 2_ REELI DR LELLLH DA R R B R T
§Output %l _(2)_ RS TIT] B U B A TTT] R ST B ...(.)i.9.|0+. P
Signal 10} 102 10° 10* 10° 10° 107
Amplifier High-Pass Ca. 350Hz /M

- 4 decades overlap required - Possible with lower sensor response overlap range?

. -
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LF + HF Sensor Combination

= Inherent well-defined high-pass response of HF sensor
= Manual matching of crossover frequency

! LOW_PaSS I | — QHal.l QH.F-SL‘I]SD[
Hall-Effect \‘\ I |y | ]: W
Current Sensor | YLF | l:h. VIFfit I 2 o
: I : I v ~ -10F
1 | ! | —meas Low-Pass Filter (LPF) [T a0k
- e - Ju=h
High-Frequency | vur | :f [ i 30 | ¢ Jiee
Current Sensor /1/ [ I_. [ Sensor = | T
| I Integrator ' 180
L e e e e e — = = 4 B 90
e o 0
Yapc N 90 o ——
Bee ' -180 , . N\ .
Current Hall Sensor HF s
Tt‘_l'n]inals % (b()tt()ll-l) Sensor —. 05 T Ilahleaé T IIII| IIII T T IIIIII T T IIfI
7 B 025 {Got| = —= M- f.up 0.25dB
—— g 0 ’ v
2ok G i
——I4PF 221n1]‘1 ln[t‘gru[(]r Arnl.)l]l‘itll Al)(: I)rlver DzS S[agc _‘ (3-02_2 1 L1l Illl | [ III| | IIII L 1 I+I 1 IIII Il | II\I
;\EC Driver 'S 0 o 2 T T T T T
1 & - ~ - 1
) . a} ——‘___— b‘ 0 \/jo¥
o S Sl - - r11 _
e I s e e el
LT SR Si : l 10° 103 104 10 10° 107
HF Sensor \‘\ \ Pigha. '/ Hz
+ Integrator ~ Amplifier D2S Stage

Ca. 20kHz
- Only 2 decades overlap required - Find suitable HF sensors

1 = Laboratory
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Investigated HF Sensors

= Conventional Top View Side View I I
= Max. BW and minimal volume | Rogomaki Col | | ' < Pickup Coils
' H, fl . - Highest BW + linear
. . 4
V¥ Isolated Inductive Voltage Sensing lw:ld%!*zj
Sense 32 | Equivalent Circuit of Sense Winding | Integrator | el A1 ol — — —PUCC
Windimg___ o | ° | | |—1vs IR(I)g: ' PUC A PUC B ! |
Mai o . I PUC A af | JORICS
Viain % ‘ 10%
Wmdmg Ny L ﬁ),s_ense
= T /& L o :
L, PmsS ') AT
L—Jorucs
M . Joruca
-> No add. volume! iy — F)
1 + SRC 0,Rog
PUCB
Flat Coil + Round Wire
¥ Current Transformer |
. Equivalent Circuit of the Shunt
— Main ! Current Transformer l Res
I—
No Tums -l R oL-M  L-M R, |
oA I—‘— l l PUC C f/MHz
: " =T Mi o T R
° T : _T o :v'coil gl i ttriik
- Higher BW _ . p. SM/(R+ Ry [ @ [
g v=n 1+sLo/(R+ Ry) A ?
/coil<—)
- Which sensor offers best performance?
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Experimental Verification — Frequency Response

= All sensors tested in-circuit

V¥ Setup Frequency Response V¥V Frequency Domain
L N, e T
@ @\\ Analyzer Q8 - ower Amplifier
Coaxial ' E Yoef rL, Yieas 10 fHall ﬁcnsc fRog/
Cable i [40dB A, 2l gl 3dB, BRY(
f":::ﬁéﬁ\._::: .... Atten TQ;m il < =B ‘*gjf%
T e T g == N et peeens :
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Experimental Verification — Time Domain Behavior

= All sensors tested in-circuit
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-> Accurate tracking of triangular current
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- PUC C with highest BW and smallest form factor
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V¥ Time Domain — Sensors after L
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I Isolated
Vi <+> S 40 ’_ﬂ, Voltage Probe

High-Bandwidth Isolated Voltage Measurements
with Very High Common Mode Rejection Ratio

Accurate Measurements during Fast Voltage Transients
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Modeling of Required CMRR

= Spectral envelope of trapezoidal CM voltage For AV, ,, = 1V
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- Only V. + dv/dt determine CMRR requirement and NOT switching frequency
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Isolated Voltage Measurement System

= Small and decoupled C__,, 2 Low CM current ix,,

= Several measures to limit/redirect i,

| Triaxial | CMC | Divider |Amplifier + AAFl ADC | FPGA |
' Tip Cable ' ' 7 ’ ' 5
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Coax. Tip Cable "f_..__ — —— 7
Conn. —  flizgaca T = Parameter Value
r>-§ : Input Voltage Range +1...£75V
Vin Bandwidth 130MHz
Shield-GND - Sampling Rate 400MSPS
Conn. Ay ) Vertical Resolution 8Bit
Cable CMC  Shield Conn. Signal GND  Connection Enclosure

- Fully independent of other equipment (no oscilloscope etc. required)
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Isolated Voltage Measurement System

= PBattery operation (ca. 2h for power cons. of 2W) < =
= Low-C isolated power supply
= Wide input voltage range (5 — 50V), 5W output power
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—> Coupling capacitance <2pF, isolation >1kV (tested)
-> Unlimited operating time
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Experimental Verification
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- Accurate tracking of vgg 15, N0 CM distortion

Pascal Niklaus | 03.03.2023 | 35



Conclusions / Summary

= Test and verification of Next Generation Power Electronics

V¥V 3L3 UHBPA V¥ |-Sensor V¥ V-Sensor

e Part of P-HIL test env. ¢ Hall sensor BW extension e |solated V-measurement
e Topological evaluation to >50MHz ¢ Fluctuating ref. potential
 Hardware demonstrator with * Diff. HF sensors compared e Isolated measurement
25kwW/dm? power density e Superior CMRR system realized
¢ 95.8% efficiency @ 230V, .., e Compact design e 130MHz BW +
10kw, 100kHz 100dB CMRR @ 100MHz

- Several challenges related to very high switching frequency converters addressed
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