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Realization of Sustainable Green Society Through 99.9% Class Efficiency Electric
Power Conversion

KAWAMURA, ATSUO
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5kW HEECS 0.
04 1
VTALSM SiC
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We proposed a loss decomposition method (measurement accuracy: 0.04%) and
clarified the breakdown of losses. Furthermore, a virtual transformer based asynchronous loss
measurement method (VTALSM method) was proposed to improve the measurement accuracy by one order of
magnitude. Using VTASLM method and the proposed HEECS inverter, we optimized various parameters and
controls and achieved power conversion efficiencies and accuracy of 99.827% + 0.009% for SiC power
devices and 99.817% + 0.004% for GaN power devices. As an application example, we proposed and
demonstrated a fast response of powering and regenerating control of grid connected operation. In
addition, it was demonstrated that the power factor was freely changed. We also demonstrated the
basis of a phase shifter in the power transmission line using the proposed HEECS inverters. As
another application a highly efficient three-phase motor drive was demonstrated using three phase
HEECS inverter.



. WFZEBRLA M B DA

ﬁﬁzixj: 288 EDE O = R X —FF T LORDUCED L E =X — (L& HE LD
HAAMRET RV —OMAZRET 22 L2k, Bt il ie /R EE ORI 2T IR A T
Wb, BAERRET R — DL EHH %%iﬁ@“ét&w) TR & 2 D HE, BRI X —

DEMEM ThH 5D, B2, BiE R 5 EEICERT 5T = /Nioﬁm CEWAR NS WARRNY AE i
T DKW DA L R—H % 99, 9%:@\* Nﬁe;ﬂ@f@%f%ﬂ ZOEBIREE IO
EIA~THEETEXHDT, ﬂiﬁizwﬂe OF A RED BRI /ﬂm“é %%w:tww)mb\
LEZE BRI (BES BERZ v T F =P A=V L) LT,
TRV X — DO IEHSHFE R (fmﬁ@*ﬁ&“é’miﬁz kW itk A \//\‘%57 @fﬁfﬁ 1% 95~96%FE . T
TVEEIX 1~ 2kWHLFRETH D) Z EnEEL > TnDH, AiF%E Bz X —HEobH
0 7 % BRI E T D 70 D O FERER (fJJfP 99.9% k7B /125 g ) 0)9@.&2: BRSO A RIS
ER TR X—NBE A RER BN EREREZHRT L 22N ET D, TOREE, R
ARE/R 7 ) — AN ER SN D,

2. WHEOHEKY

AWFFETIE, B RN =MD HY )5 2 AR FE T 572D O FLEEFAT (1% 99.9% k&
IEHgs) DFEFEEENFENOHBICER =X =D B8 /(e E N EREBZIRT 5%
BHHET 5,

HARBZIE, 5kW #kDE 1 ZEHigs (12 /3—2) 1230 VT #5053 99.9% (2 U0V Va2 23 FEBL AT RE
Tszé J:%faénftb ThzAWCE ﬁﬁaﬂfz/w 7253 %&%ﬁ%ﬁm CHRE CEXHILEFEIET D,

— BRI, #h=E 99. 9%1‘9&0)@1‘5/(//\_& TEEMEETIE, 23R 99.9% kD ZAHA L N—HDE

fﬁ%%m“é B =BT, J)%//\‘—&Ticllﬁz’n%ﬁﬂ:*/XTA@m@%ﬁmﬁl A FRERZ L%
IR, B U BT \_®4//\_5’%fﬁ§b"fﬂﬁ§lf;ﬁ@%§§5(® THCEIR (B A B H Ny 7Y (V2G) |
KB AT L) OE RN RBEHEEIR A FIEL  BE R AL NN—ZTHERA LI~ A 707 Yy RA,
B TR ENEEHIE TR LA FRE T 5, F/AERIRE = R X— R E R A& O KE T
X =D BN D78 D% Fh R AN RSN D,

3. WD ik
ARFZE T, BHEREMICBWOTH B2 R X —B8& mTREL T 5720 DN 99.9%KkDE
PSR DO EH L Z0EFICBI LT, W52 B B% 550 BRI F e 3 E 12 FE L . BT 5, &
7o, BRWEER T, Bl T D) TR0 B ISR U7 705y 8 LA BRI HE L2235 | iF 4L
%;ﬁ@éﬁﬁxo;ﬁ%aﬁ \ZHEMET 2, Rk 29 4RETIE, ZBHh= 99.9% kDA —2% BAR{EL &
VERE | BHEABUET S, Rk 30 FEFEIX =AHAL R—F TR 99.9% % FEAE4 5, ik 31 4EEILE
NRA LN —ZCREERIMERTER TS, D 2 FEIX ARER~ A7 Uy RIzB W T, ZE0
if%u\fﬁﬁ%t@’\%k*ﬁ@/\v CEEDHIHA EERICEIR TEHILEFEILTH, Of 3 F£FE1T &
hRE BRI TVE AN — @O EEETEHIEERT,
BAREIZIE. SEM O EICB N T, IROANSEETO SOOI ZEEFEIZ 4L WAL TEE
PEAIZIF TR 22 T A 28T F9E B B2 ISR 5,
WFTERT A 22 H25h 58 99.9% kD SkW HFHA L /R —X D FEHL
WFSTE B : 2 HL5hER 99.9% kD 8kW = HHA L /N—H DB
RFZEFHEIC : Z D ZS A58 LT R FE R BIED i s B B ik O e ST
WFFEEED AKNTE R~ A7 s Uy R COFEIEERR
WFFEEHAE : B A L X — R B O U DO FE



4. WF7EEk R
4.1 HEECS £ v "— & OEAREIRK & AT 1E

R TDEDEA =X OFARREFE L RFOREMERIZX 1 IR LZ@Y T, ik
HEECS A v/ R—# LIEEN TV D, 3L~ F gyl LI OMAEHOEICL > T, Ay
F Uo7 HIREEBBRON — A7 %2 TELIEFEI 5T TR T, SHLIZT7AAVHE DC 7V HT
HLeD T, MO ITED V72N IERLIEIC TED RSN B D, sBRIEE O MBLILIX 2 12 LT,

controller

DC source I,

1HEECS A >/ 3—#[al#% (£2)
EREMZRERBTE ()

4.2 PIERBEM _EEEH LR KEHERHE
4.2.1 BRIEE -

FE X <HEAZRET D FEE LT BBk 2R
ETHHREGIETIRE LT, T X TOEZEORKEZNET S22, %< OHENKHIE 7

%o BARMNZIE, 1EEROEEZRDDTZDIC, AL v TF U TTNAL ZADAL vF v THEB X
D@7 L 9 fiE (RIAIES 500 SFLE) OF —2&#HE L., SMEEEALCEHELE, 20
AR FSEE1340.04% (BE3RIETIL, £0.36%) L7225 Z b0 | #hER E L TiE 2.2kW H AERC
99.71% & 72~ 7=,

422 A8 b 7 o AFERMF —HERBRBEIEE (VTALSM i)

ZHERDY 99. 9% < & S BICHIERE D BWEERIEENS RO NS, K3 1RT LD
W2, MIEREERIT LT AHL T A= DT EAOEER TEIZHIET A2 LIk
. A =2 DJATEEIEOERE GERE CTHET 2 FIELRE L, bl {E'J/E%f“@ﬁ%:
HHL, AIERBERSIOZOBERDY bROT-, ZORIEEOR I, OFBITRIERDFR—

<mzi JATIEERRE) OZEBDRENERBEIITZAD Z k%ﬂ%#éu\®ME%iWﬁ%w

& 1 ORI Ess CTHRK T 6@( /H'J WIAT L RIAZIERMICITA D Z &, ORIEREOH
HENEHTE =0T, WET—4 WCHIEREEDRRED Z &, @IT L EADYEEE (F
R AsRkEDH L, &kf%é l4(L)

THIEDROFTHY . X4 (F) 12 OHRER

BT D, 3E S DFHHE

423 RIA—FEBEILICLE2BRRHEOE 29760

R : o R
ZOWEE R ST, KFENT X — X Okl g 70 | .

{bEATV BEROR/IMEE R Uiz, B HEE2 5L & om0

AR, BRSME, W R T A —2 Al o

A= L b 21T - 72, *

0.000 500000  1000.000  1500.000  2000.000  2500.000
HHBEAHP2 (W)

Py P, N
= SES O FHRERE
HEECS
| L,
nverter#l voltage 0012 .
E (powering) € _ o;
1 source £ oo °
np % 0.006 : ® | . .
® 0004 S .
PS P4 0.002
<« 0
H E ECS —fm\— 0.000 500.000 1000.000 1500.000 2000.000 2500.000
_,_— Inverter#l AC HABAP2 (W)
. voltage
E, (regenerati source
n v Na=thd R g A5h 3%
E__ gy X4 VTASLM LI X & #Hush=s (1) &

Xl 3 VTASLM HIER(L: 1T, F:EIAE) ZTOWEREE (F)



Average efficiency

99.830
99.828
99.826 14

99.824

Average efficiency (%)
°
°

99.822

99.820

1000 1100 1200 1300 1400 1500 1600 1700
output P2m(W)

5 SiC HEECS 4 UN—H DEER

4.2.3(1) SiCNT—FNA ZATOEKRFE : X6 SiCHEECS A v /3— & Ol 23 7E

e ROt S 8 s
iﬁ%;ﬁé;f EE? i}—%ga/\ztj\; U F— b (B KA 99.827%+0.009%)

7 A Bl DATIEAEOE S HIE, B

Average efficiency

99.820
99.819

g 9918

Z 99817 . °

G 99.816 °

% 99.815

[ g

¥ e !

g

Z 99.812
99.811
99.810

1400 1500 1600 1700 1800 1900 2000
Output P2m (W)

[X] 8 GaN HEECS A > 73— O fgih il
ET—H (R K%ZhER 99.817%+0.004%)

7 GaNHEECS A v/ "—X DFH

L AHilfE, PCB RO G ETh D, %@Elf'%

ALK 5 128 LTz, FeREESIEWhHILIX 6 1

R LT2 X 92 H 7 13000 ORFIZ 99. 827% 0. 009%
ZEA LT, (UEREDOKITAL—ZDHIFT

Hl%)

BAZNE (%) 2R (ARFF) DER 42.3(2) GaN /8T —F A R COBRKEHE : TH
o100 omxhmE | L7c/3T A =&, mifioE HUSMZ, O6aN ~
i oo Lo e TF 7O POB R, @A F A FEu—
& o040 OVTASLM YA ROTISA ZADAA /%@?%E%H#F%ﬁﬁ
#9020 BIRINARAF LTeRIE T v B2 A Ll 2 F24E
b gg00 L EEE Too FRIZ VRlEA VX7 BV AR T B T2

2018 2019 2020 2021 2022 2023 TIWRLEEDIIZ, U 7a—Lt1n ) i&-@: J:
F-A D%/f%i‘bt%%%%WLtoﬁﬁbt

PR, K8 IR LZL 9T, HI) 1800W dEF
|2 99. 817%+0. 004%&720710 GBI EHS E DKL
AN — 2 DI THM)

9 AR HEMDOLEX

BIEREE (9 TR
AERECOOERI o 4 RS L OWEREOLE | AEs
. . BFEOTN—TPER LT — 2 %K 9 BLUK
01 | @EEE RS 10 1R L7e, BFRETH D505 99. 9%~ >
© ovrasm THELTWAR, K7av=s METRETIE
< s 99. 827% MM A & 7857z, 2022 4 3 H DR T
0.001 DFMLH —_ANZ KD & | RO SCHRFH A A
2018 2019 2020 2021 2022 2023 % \j: . 11 CI: f‘ci U Ei‘j()‘j-]#%){ﬁl *ir—%ﬁﬁ

EH Hjl_llf k/u\j/)z/b%)o

0.01

BB (%)

10 ZhROMERGE DL EX



Efficiency(%)
100.0
(8,9)
99.8 o= I v
o erid
(7) En The Bar voltag:
heigh
99.6 @5 |3 ine;ghetleft
D o graph shows
99.4 (6} arange of
i accuracy.
(2)
992 ‘H X 12 HEECS A > /3 — & O R R O FERX
10 100
Output power (kW) 432 ﬁﬁo)}fﬁ:)ﬂ ﬁ%’{l‘

_ S g B eh s I 43 1%MERA L N—F & L TOHRAIHE :
X 11 A 73— & Fe KRR D ik ki HEECS 1 v \— % 2 2R ICH NS L [X 12
(BB RA TS 5, 1,7,89 BAREHD S L —F) OD J: DRAS 5748 2: 7266 7 v K — M5
< Rl . BAOTITHBEIE~D
ZAUITE ms TEHEIN D, @fﬁﬁﬁfjﬁ%%ﬁ(ﬁ(ﬂiﬁ/%. 13 [N Lto ZOKTIX, 5ms T
THATOBRIESNSZE LTS, ZOHENZIE, miE 7l EH G Ol & 5B ORI 5248 X T
Méoit\ﬁ4w>luﬂf%@¢¢5%@%%%bf% L7, R 6 BT EEE
(A = F 5 TR T RIER) (X0 BB X D 5% & 7B O BLs /s b E /3
RIMERE & 72 5 PREEHIAENC X 5 din -5 R BN R R Mﬁu L7, SBT3 A =X B RE L,
%%@%%W%ﬁw\EE%ﬁﬁ@ﬁﬁ%ﬁf%é:k%%ﬁbt@f\&ﬁ%ktf%@ﬁf
x5,

Time : Sms/div &,
3E24\.:|.n]

M /
Vi LOOV/div)

X 13 F11TH> & [FAE~O S EI g e (5 W X 14 HEECS =AfiA v R"—XIZ X3
Bl M A L N—ZEIE, fE B E— & BRE) R O FERRIX

AN

4.3.2.=# HEECS A ' "—X | L 3= — X EkE) :
X 1412 LB LWEEE (Z/A =) ZRE L, B, R1IRLEZLC 7 4 v
ARBIIPNT & Th D, B EBREI ¢ 53 EZRIEL T, 204 L 3—F O Eh=REFE) O
ETF—HF (99.52%) ZHUS L7,

445 LD

O KR JIERE 0.04%) ZHE LT, BLONRZHL NI L, &5, WEHEE
1 i O 728 & 7 > AFERIME — MR R EYE (VTALSM 15) 2185 LT,

OZ DHIEEE HWT, KT A — 2O ORI 21T > T2/ F, SiC /XU —F /34 A TILE
TIN5 99.827%£0.009% % . GaN /XU — T /314 A Tl 205 99.817%+0.004% % 5% L 7=,

@mﬁkbf\ﬁ%@ﬁﬁ VA & s 3 A R R L%ﬁbtoég_\ﬁ4%5m (il
BT & D RHEREMEA MG L7z, & 5IZ, 3 /1 HEECS A > \—X Z4E R L, /htHERENE
Eﬁmu L/7LCO

@=AAHEECS A >/ X3—=H |2 X ) ZfHE— X BREIN @R CRITE 5 2 L2 ERE LT,

OEBRTHHICBER T XNV XN BE n[fe/2 BN ERER OIS ((rfAgs) 2FEiFEL-,
PLEORERZ AT CENT S, BRI X—DFRESL DC )25 AC ~EHT H A L N—H |

BT, FZA 7 R SR E/ MBS HR R U 7= FE 5, BRI Tid, 2128 99.827%+0.009%

MERTE, 2MEEOISHMIZFIE Lz, 20k 5 dindZilsniid, HAETRED R LF

— RO ERESEH LT ENOREY AT LAOMREEZ RIS EZDHENTE, I—R

Z—a— NIt e (FRRIRBIBFRE S ) — U 4ER) NEBITX 5,



21 21 2 21

Kawamura Atsuo Nasu Yoshiki Miguchi Yasuhiko Setiadi Hadi Obara Hidemine 11

Proposal of Virtual Transformer-based Back-to-Back Asynchronous Loss Measurement using a Single 2022

Set of Measurement Instruments for One Inverter and Experimental Verification

1EEJ Journal of Industry Applications 175 184
DOl

10.1541/ieejjia.21008251

Kahwa Almachius Obara Hidemine Fujimoto Yasutaka 3

Minimization of DC-Link Capacitance and Improved Operational Performance of a 5-Level Hybrid 2022

Multilevel DC-Link Inverter

IEEE Open Journal of Power Electronics 182 196
DOl

10.1109/0JPEL.2022.3160867

Setiadi Hadi Obara Hidemine 1

Multilevel Cascaded H-Bridge Linear Amplifier with Unequal DC Capacitor Voltages Using a DC 2022

Voltage Source

1EEJ Journal of Industry Applications 522 530
DOl

10.1541/ieejjia.21011915

Aboelsoud Hossam Ikeda Naoya Tsuji Takao Hojo Masahide Okada Naotaka -

Online voltage control of microgrids with different loading conditions using particle swarm 2022

optimization

IEEJ Transactions on Electrical and Electronic Engineering

DOl
10.1002/tee. 23567




Obara Hidemine Ohno Tatsuki Kawamura Atsuo

Systematization of a Multilevel-Topology-Based Linear Amplifier Family for Noiseless DC?AC
Power Conversion

2021

IEEE Access

159627 159639

DOl
10.1109/ACCESS.2021.3130681

Obara Hidemine Ohno Tatsuki Katayama Masaya Kawamura Atsuo 57

Flying-Capacitor Linear Amplifier With Capacitor Voltage Balancing for High-Efficiency and Low 2021

Distortion

IEEE Transactions on Industry Applications 614 627
DOl

10.1109/T1A.2020.3034560

Kosode Yoshiki Obara Hidemine Kawamura Atsuo Hosoyamada Yu Suenaga Toyoaki Yuzurihara 9

Itsuo

High Performance Transient Response of High/Low Pulse Voltage using Two-Phase Interleaved DC-DC 2020

Buck Converter under Half Sampling Time Deadbeat Control

1EEJ Journal of Industry Applications 444 452
DOl

10.1541/ieejjia.9.444

Kawamura Atsuo Nakazaki Satoshi Ito Shogo Nagai Sakahisa Obara Hidemine 9

Two-Battery HEECS Inverter with over 99.7% Efficiency at 2.2kW Output and Measurement Accuracy 2020

Based on Loss Breakdown

1EEJ Journal of Industry Applications 663 673

DOl

10.1541/ieejjia.20001291




Hosoyamada Yu Fujimoto Yasutaka Kawamura Atsuo Yuzurihara Itsuo 56

Individual Deadbeat Control for Three-Phase Interleaved Buck DC/DC Converters 2020

IEEE Transactions on Industry Applications 5065 5074
DOl

10.1109/T1A.2020.2998672

Tamura Ayataro Ishibashi Takayuki Umihara Takuro Tsuruta Yukinori Obara Hidemine Kawamura 8

Atsuo

Voltage Control of Intermittent Pulse Density Modulation for Two Battery-operated HEECS 2019

Choppers and its Application for Range Extension of Electric Vehicles

1EEJ Journal of Industry Applications 787 794
DOl

10.1541/ieejjia.8.787

Tsuruta Yukinori Kawamura Atsuo 8

Realization and Highly Precise Measurement of 50kW HEECS Chopper with 99.5% Efficiency 2019

1EEJ Journal of Industry Applications 843 848
DOl

10.1541/ieejjia.8.843

Ben-Brahim Lazhar Gastli Adel Yoshino Teruo Yokoyama Tomoki Kawamura Atsuo 8

Review of Medium Voltage High Power Electric Drives 2019

1EEJ Journal of Industry Applications 1 11

DOl
10.1541/ieejjia.8.1




Nagai Sakahisa Oboe Roberto Shimono Tomoyuki Kawamura Atsuo 8
Fast Force Control without Force Sensor Using Combination of aakKF and RFOB for In-circuit Test 2019
with Probing System
1EEJ Journal of Industry Applications 152 159
DOl
10.1541/ieejjia.8.152
Abeta Hiroyuki Obara Hidemine Kawamura Atsuo 139
Multiple Source Input Isolated DC-DC Converter with Simple Circuit 2019
IEEJ Transactions on Industry Applications 266 275
DOl
10.1541/ieejias.139.266
Katayama Masaya Ohno Tatsuki Obara Hidemine Kawamura Atsuo 55
Application of Multi-Level Converter for Fast Current Control in Small-Scale DC Power Network 2019
IEEE Transactions on Industry Applications 11
DOl
10.1109/T1A.2019.2896839
Tamura Ayataro Ishibashi Takayuki Kawamura Atsuo 10
EV Range Extender in a Two-Battery HEECS Chopper-Based Powertrain 2019
World Electric Vehicle Journal 19 19

DOl
10.3390/wevj10020019




Liu Ben Yoshino Teruo Kawamura Atsuo 7

Seamless Control of Grid-Connected Inverter during Single Phase Disconnection after Single 2018

Phase Fault in a Weak Grid

1EEJ Journal of Industry Applications 506 516
DOl

10.1541/ieejjia.7.506

Mohammad Bani.Shamseh, Teruo.Yoshino, Atsuo Kawamura 65

Current-Dependent Capacitor Voltage Control (CCVC) of Parallel Autonomous UPS Systems 2018

IEEE Transactions on Industrial Electronics 2873-2882
DOl

10.1109/TIE.2017.2752121

Takuya Noguchi Sakahisa Nagai, Atsuo Kawamura 7

Electromagnetic Linear Actuator providing High Force Density per Unit Area without Position 2018

Sensor as a Tactile Cell

1EEJ Journal of Industry Applications 259-265
DOl

10.1541/ieejjia.7.259

Shamseh Mohammad Bani Yoshino Teruo Kawamura Atsuo 6

Load Current Distribution between Parallel Inverters based on Capacitor Voltage Control for UPS 2017

Applications

1EEJ Journal of Industry Applications 258 267

DOl

10.1541/ieejjia.6.258




Mushi Aviti Nagai Sakahisa Obara Hidemine Kawamura Atsuo

Fast and Robust Nonlinear Deadbeat Current Control for Boost Converter
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1EEJ Journal of Industry Applications

311 319

DOl

10.1541/ieejjia.6.311
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Discussion on Loss Breakdown of 99.6% Efficiency Two Battery HEECS Inverter
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2019

Yoshiki Kosode, Hidemine Obara, Atsuo Kawamura, Yu Hosoyamada, Itsuo Yuzurihara

Experimental Realization of High Performance Transient Response for Two-Phase Interleaved DC-DC Buck Converter using Half
Sampling Time Deadbeat Control

IEEE 45th Annual Conference of the Industrial Electronics Society(1ECON)
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Proposal of SOC Unbalancing Solution Combined with Flux-weakening Control for Two-battery HEECS Chopper-based EV Powertrain
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The 31st International Electric Vehicles Symposium & Exhibition (EVS 31) & International Electric Vehicle Technology
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The 2018 International Power Electronics conference (IPEC2018)
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The 2018 International Power Electronics conference(1PEC2018)
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20th European Conference on Power Electronics and Application(EPE2018)

2018

Ayataro Tamura, Takayuki Ishibashi, Takuro Umihara, Yukinori Tsuruta, Hidemine Obara, and Atsuo Kawamura

Intermittent Pulse Density Modulation of Two Battery HEECS Chopper for Electric Vehicles

The 44th Annual Conference of the IEEE Industrial Electronics Society
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The 44th Annual Conference of the IEEE Industrial Electronics Society(1ECON2018)
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The 44th Annual Conference of the IEEE Industrial Electronics Society(1ECON2018)

2018

Ben liu, Teruo Yoshino, Atsuo Kawamura
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Weak Grid
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Yue Zhuo, Takao Tsuji
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International Conference on Electrical Engineering (ICEE)

2018
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IEEE ECCE2017

2017

Masaya Katayama, Tatsuki Ohno, Hidemine Obara, and Atsuo Kawamura:

Study on Application of Multi-Level Converter to Realize Fast Current Control in DC Micro-Grid with Extremely Low Impedance
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IEEE International Conference on Power Electronics and Drive Systems(PEDS)

2017

Tatsuki Ohno, Masaya Katayama, Hidemine Obara, and Atsuo Kawamura

Flying-Capacitor Linear Amplifier to Realize Both High-Efficiency and Low Distortion for Power Conversion Applications
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IEEE International Conference on Power Electronics and Drive Systems(PEDS)

2017
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(4) Atsuo Kawamura, “Challenge to 99.9 % efficiency electric power conversion and the
applications”, |EEE ICRERA2019(International Conference on Renewable Energy Research and
Applications), Keynote Speaker at Plenary session, November 4, 2019 (Romania)
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(6) Atsuo Kawamura, “Challenge to 99.9 % electric power conversion efficiency for inverter in a

few kW power range”, IEEE ECCE-Asia (Energy Conversion and Expo), Plenary Invited Speaker,

November 30, 2020 (China) (on-line)

(7) Atsuo Kawamura, “Trend of Very High Efficient DC-DC and DC-AC Power Conversion”, IEEE

Asian Energy and Electrical Engineering Symposium(AEEES2021), Plenary Invited Speaker, March

26-28, 2021, Chengdu, China (on-line)
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(9)  Atsuo Kawamura, “Challenge to 99.9 % efficiency electric power conversion and the
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1. GmCESC

(1) Hidemine Obara, Masaya Katayama, Atsuo Kawamura, Jin Xu, Noboru Shimosato, “A
Modular Multilevel DC-DC Converter With Auxiliary Inductor Circuits for Cell Voltage
Balancing and Fast Output Response”, IEEE Open Journal of Power Electronics, Vol.3, pp.
391-401, 2022, DOI: 10.1109/0OJPEL.2022.3185645

(2) Yasuhiko Miguchi, Hadi Setiadi, Yoshiki Nasu, Hidemine Obara, Atsuo Kawamura,
“Control Scheme for Leading Power factor Operation of Single-Phase Grid-Connected
Inverter Using an Unfolding Circuit”, IEEE Open Journal of Power Electronics, Vol.3,
pp.468-480, 2022, DOI: 10.1109/OJPEL.2022.3190559

(3) Atsuo Kawamura, Yusuhiko Miguchi, Hadi Setiadi, Hidemine Obara, “Survey of 99.9%
Class Efficiency DC-AC Power Conversion and Technical Issues”, IEE] Trans. on
Electrical and Electronics Engineering, Vol.18, No.1, pp.6-14, 2023, (invited paper)
doi.org/10.1002/tee.23728

(4) Yasuhiko Miguchi, Hidemine Obara, Atsuo Kawamura, “Control Scheme for Lagging
Power factor Operation of Single-Phase Grid-Connected Inverter Using an Unfolding
Circuit”, IEEE Open Journal of Power Electronics, Vol.5, pp.145-161, 2024,
DOI:10.1109/OJPEL.2024. 3351147

(5) Atsuo Kawamura, Yukinori Tsuruta, Hidemine Obara, “3.3 kV High Efficiency DC-DC
Power conversion”, IEE] Journal of Industry Applications, Vol.13, No.xx, pp.Xxx-Xxx,

March 2024 (early access), https:/doi.org/10.1541/ieejjia.23013265

2. EFEE
(1)Y. Nasu, Y. Miguchi, H. Obara, A. Kawamura, “High efficiency Three-Phase Inverter
for Motor Drive using HEECS Chopper”, International Conference on Advanced Motion
Control, AMC2024, Kyoto, Japan, February-March 2024
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(1) Atsuo Kawamura, "How to realize 99.9 % efficiency inverter and its applications”, IEEE
CPESE2022(Conference on Power and Energy Systems Engineering) Keynote speech, September
9-11, 2022, Kyoto (on-line)
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(3) Atsuo Kawamura, “Review of 99.9% Class Efficiency DC-AC Power Conversion and

Applications”, VANJ Conference 2022 (Vietnamese Academic Network in Japan), Keynote
Speaker, November 26-27, 2022, Tokyo (on-line)

(4) MHER EXRFERERE VARV T L =R =a— 7 LVORRICERNRT
FTREI~KRIZORSEZFEAS O ~" D28 Axty v ar “CNARITERINHL
KRKDEEFED” OFTL—H, 202343 A 15 H

(5) Atsuo Kawamura, “How to Accurately Measure the Loss of 99.9% class Efficiency Inverter”,
ICMIE (International Conference on Measurement Instrumentation and Electronics), Keynote
Speaker, April 14-16, 2023, Hangzhou, China (on-line)

(6) Atsuo Kawamura, “Future Trend of 99.9% class Efficiency DC-AC Power Conversion and its
Applications”, ICPST2023(International Conference on Power Science and Technology), Keynote
Speech, May 5-7, 2023, Kunming, China (on-line)

(7) Atsuo Kawamura, "How can we achieve Inverters with an Efficiency level of 99.9%?”, Academic
annual Conference of the Power Electronics Committee of CES (China Electrotechnical Society),
Keynote Speech, May 13-15, 2023, Shanghai, China (on-line)

(8) Atsuo Kawamura, "How far have inverters with an efficiency of 99.9% been able to go ?”, IEEE
ICPE2023-ECCE-Asia (International Conference on Power Electronics), Plenary Speech, May 22-
25,2023, Jeju, Korea

(9) Atsuo Kawamura, ’Survey of 99.9% Class Efficiency DC-AC Power Conversion and its Future
Applications”, IEEE PSGEC2023 (Power System and Green Energy Conference), Keynote Speech,
August 24-26, 2023, Shanghai, China

(10) Atsuo Kawamura, “Recent Survey on 99.9% Class Efficiency DC-AC Power Conversion
and the Grid Applications”, 2nd Asian Conference on Frontiers of Power and Energy
(ACFPE 2023), Keynote Speech, October 20-22, 2023, Chengdu, China

(11) Atsuo Kawamura, 99.9% Class Efficiency DC-AC Power Conversion and its Application to
Grid Interconnection”, IEEE Energycon2024 (International Energy Conference), Keynote Speech,
March 4-7, 2024, Doha, Qatar
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A-2. Atsuo Kawamura, Yusuhiko Miguchi, Hadi Setiadi, Hidemine Obara, “Survey of 99.9%
Class Efficiency DC-AC Power Conversion and Technical Issues”, IEE] Trans. on
Electrical and Electronics Engineering, Vol.18, No.1, pp.6-14, 2023, (invited paper)
doi.org/10.1002/tee.23728

A-3. Yasuhiko Miguchi, Hidemine Obara, Atsuo Kawamura, “Control Scheme for Lagging
Power factor Operation of Single-Phase Grid-Connected Inverter Using an Unfolding
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This study provides a survey overview of the literatures with the goal of maximizing the efficiency of DC-AC power conversion

from an engineering science perspective. With the advent of wide band gap power semiconductors, the published literature on
realizing high efficiency DC-AC converters has increased. Therefore, a literature survey of high-efficiency DC-AC inverters
was first conducted. We demonstrated the importance of the measurement accuracy in measuring high efficiency losses, and
then presented the literature on new measurement methods, as well as examples of analysis of the breakdown of these losses.
Furthermore, we reviewed the literature on high-efficiency inverters. We presented measurement data (99.83%) on an inverter with
a high efficiency energy conversion system circuit topology using Silicon Carbide (SiC) and Gallium Nitride (GaN) devices to
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1. Introduction

1.1. Objective of this paper To address the issues
of global warming and resource depletion, it is important to
improve the efficiency of power conversion. Higher-efficiency
power converters are used in several fields, such as electric vehicles
and renewable energy generation, for saving a considerable amount
of energy. From an engineering perspective, the power density of
power converters (Ohashi [1], Google little box [2], Kolar [3])
has been prioritized, and numerous studies have been conducted.
This is because, in practice, downsizing and weight reduction of
equipment reduce costs and can be applied in various application
fields. Few studies have been conducted on power loss reduction
from the perspective of engineering science, focusing only on
efficiency [4,5]. This is because, no matter how high the efficiency
is obtained, if the power conversion system becomes large, it will
be a problem in practical use. Therefore, it is important to identify
the upper limit of efficiency in the current wide band gap (WBG)
devices and clarify the obstacles in the future development of
power conversion from the view point of engineering science.
In particular, it is important to determine the upper limit of
efficiency when improving power density. Therefore, in this study,
we conduct a literature survey on how low the loss of DC-AC
power conversion can be, and how high the efficiency can be

4 Correspondence to: Atsuo Kawamura. E-mail: kawamura@ynu.ac.jp

*Department of Electrical and Computer Engineering, Yokohama National
University, 79-5, Tokiwadai, Hodogaya-ku Yokohama 240-8501, Japan
**Rolls-Royce @NTU Corporate Laboratory, Nanyang Technological

University, Singapore

achieved. In addition, we discuss the future trends and technical
issues in this challenge.

In the field of DC-DC power conversion, it has been proven that,
based on the principle of partial power conversion, the efficiency
can be maximally increased in principle if the input—output voltage
ratio is fixed to a certain condition [6,7]. However, in DC-AC
conversion, this condition is not satisfied because the output
voltage varies from zero to positive and negative rated voltages.
Accordingly, the input—output voltage ratio varies. Therefore,
no general method to minimize losses can be found for DC-
AC power conversion [3]. Consequently, the authors proposed to
synthesize a full-wave rectified voltage waveform by a multilevel
DC-DC converter, which was then folded back to generate a
sinusoidal waveform by an unfolding inverter circuit topology
inverter called the two-battery high efficiency energy conversion
system (HEECS) shown in Fig. 1 [4], and then they published data
with efficiencies of over 99.8% [5]. This circuit is unique because it
can separate switching and conduction losses and simultaneously
minimize them [4,8,9]. As a result, it can achieve a very high
efficiency. However, the disadvantage of this circuit topology is
that the output current includes a much larger distortion than
that of conventional pulse width modulation (PWM) inverters
when the load power factor is not unity. However, the authors
proposed remedies for the problem [10,11], and by modifying
the control algorithm, the HEECS inverter manages to have a
low distortion in the output current for various power factors
while maintaining high efficiency. Comparison with efficiency
improvement using other circuit topologies and motor drive with
a three-phase HEECS inverter [12] are discussed in Section 4.
To the best of our knowledge, no studies have been conducted

© 2022 Institute of Electrical Engineers of Japan. Published by Wiley Periodicals LLC.
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Fig. 2. Survey of high efficiency inverters [5]

that exceed the maximum efficiency achieved by this circuit
topology [5].

1.2. Literatures on high efficiency measurement of
inverters and importance of measurement accuracy
Several actual measurements of high efficiency of inverters
using WBG devices have been reported [5,13-20], and examples
of reported output and efficiency, including their measurement
accuracy, are shown in Fig. 2. Note that if there is no description
of the measurement accuracy in the literature, the accuracy is not
indicated. The figure shows that DC-AC conversion efficiencies
of 99.5% or higher can be achieved with the latest WBG devices.
The height of the bars in the figure indicates the measurement
accuracy. When the conversion efficiency is close to 99.9%, then
the measurement accuracy is critical. The highly efficient dataset
in the upper left corner is a group from the authors’ literatures.

It is reported [13,14] that loss measurement by the direct
subtraction of the input and output power results in an efficiency
accuracy of 0.38%. To measure the total loss accurately, the
calorimetric method is adopted [14,21—-24]. Historically, induction
motor loss was measured by this method [23,24]; however, the
insulation of the heat flow was poor, and the leakage of the heat
was not well suppressed. Consequently, the measurement accuracy
was not high. In Refs. [14,21,22], the whole converter under
test was installed in a double-layer-structure of thermal insulated
chamber, and the loss was precisely measured by heat flow in
this inner chamber. In DC-AC conversion, a high accuracy of
0.003% was reported in Ref. [14]. There are few other approaches
for the high accuracy. A loss breakdown approach [13] in all
electric measurement accuracy of 0.04% was reported for DC-
AC conversion. However, many types of data measurements are
required, and the data handling process is complicated.

In Ref. [25], it was reported that by the introduction of a
virtual ideal transformer-based Back-to-Back (BTB) measurement,
an average efficiency of powering and regenerating operations of
inverter can be theoretically measured at the accuracy of 0.002%.
This idea was extended to the practical measurement aspect, and a
new approach was proposed, known as virtual transformer-based
BTB asynchronous loss measurement (VTASLM), using one set of
measurement instruments [19], and the accuracy of 0.006% was
reported. The measuring procedure is as follows. First, prepare
one set of measuring instruments and a power converter under
test. Second, calibrate the power measuring instruments. Finally,
measure the losses of powering and regenerating operations. This
technique was employed in this study. This approach is briefly
summarized in Section 2. In addition, based on the measurement
from the HEECS inverter loss with respect to the breakdown of
losses, we presented and discussed with respect to loss reduction
measures.

1.3. Problems in the pursuit of high efficiency—
approaches and discussion as for loss reduction
Because the method for measuring losses electrically and with
high precision has been established in Ref. [19], we need to estab-
lish a method to minimize losses and maximize efficiency. Various
approaches can be considered for such a method; however, a fair
comparison of the maximum efficiency values cannot be obtained
unless common assumptions, such as ratings and circuit parame-
ters are pre-determined. Therefore, in Section 3, we organize these
common preconditions, and then define various free parameters
for efficiency maximization. Subsequently, we summarize meth-
ods for obtaining maximum efficiency [5]. Thereafter, we survey
literatures on actual methods to seek the maximum efficiency of
HEECS inverters using SiC and GaN power devices. In addition,
Section 4 summarizes the discussions regarding the realization
of maximum efficiency from the perspective of the relationship
between the output capacitance Coss of the power device, and the
system total resistance, as well as the comparison with other circuit
topologies [5].

2. High-Precision Measurement Method and Loss
Analysis of DC-AC Converters

2.1. VTASLM method If an ideal transformer can be
realized with no voltage amplitude difference or phase shift
between the input and output terminals, and zero losses using
an electronic load and an AC voltage source, only the losses
of the power converter can be measured by the arrangement
shown in Fig. 3. To elaborate on this figure, two inverters
operating in powering and regenerating are connected via an
ideal transformer. At the DC voltage source terminals, the input
terminal on the power side and the output terminal on the
regenerative side are connected. Therefore, only the powering
and regenerating operation losses are supplied from the DC
source, and if they can be measured, the total powering and
regenerating losses can be obtained [25]. This is the ideal case;
however, in reality, an ideal transformer does not exist. In
the absence of an ideal transformer, a method to measure the
powering and regenerating losses separately is considered, and
the detailed measurement procedure and measurement accuracy
are analyzed in the literature (19). According to this, as shown
in Fig. 4, it is proposed to measure losses during powering and
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Fig. 4. Basic structure of virtual transformer-based BTB asyn-

chronous loss measurement method using one set of measurement

instruments (VTASLM) [19]. (a) Powering power measurement
and (b) Regenerating power measurement

regenerating operations asynchronously. However, the proposed
method has the following two problems: (1) measurement errors
due to the fact that the output of powering power and input
of regenerating power are not equal owing to asynchronous
operation between Fig. 4(a), (b). (2) measurement error of the
measurement instruments because the current flow direction of
the current sensor between powering Fig. 4(a) and regenerating
Fig. 4(b) is the opposite of each other. A DC offset is observed
between the current readings. These problems were analyzed,
leading to a proposal of a practical accurate measurement [19] in
which a SiC-HEECS inverter was selected as the converter under
test. The results showed that the power conversion efficiency is
99.75%, and its measurement accuracy is 0.006% when the output
power is 1600 W. Furthermore, the breakdown of that 0.006%
measurement accuracy was analyzed in the discussion, and the
calibration error owing to the change in current direction is quite
large at approximately 60%, followed by a reading error in loss
measurement [26,27] at 20%, and a smaller measurement error
based on control stability at 15%. All errors were statistically
processed, and the measurement accuracy was varied depending
on the measurement date.

2.2. Breakdown of losses and loss reduction policy
A measured breakdown of the SiC-HEECS inverter losses has
been proposed [13]. All losses were obtained by measurement and
theoretical calculations. The losses were divided into (1) switching
losses in the DC-DC chopper section, (2) conduction losses in
the DC-DC chopper section, (3) losses in the filter inductor, (4)
conduction losses in the Printed Circuit Board (PCB), and (5)

B SiC-switching loss

B@SiC-conduction loss

S3

0.26 ®Inductor fundamental
freq. iron loss

Total loss B Inductor-carrier freq.

6.47TW OSgS iron loss
- B Inductor-conduction

loss

Sl BPCB-conduction loss

0.05

@ Unfolding inverter-
conduction loss

S2
0.59 0.50 045

Fig. 5. Loss breakdown ratio of DC-AC conversion (2.2 kW) of
SiC-HEECS inverter (symbols S1, S2, S3, and S4 are the same as
those in Fig. 1) [13]

conduction loss of unfolding inverter. The loss breakdown graph
is shown in Fig. 5. Because it is necessary to measure the loss
of each device, the number of acquired data is large, and the
data processing is also time-consuming. At an output of 2.2 kW,
a power conversion efficiency of 99.71%, and a measurement
accuracy of 0.04% were obtained.

From this figure, a policy for loss reduction can be dis-
cussed. The power device used in the chopper section is Rohm’s
SCT3017AL (conduction resistance: 17 m£2). First, it is necessary
to reduce the switching loss in the chopper section; however, it is
clear that the selection of the device is important. Devices should
be selected from the viewpoints of (1) minimizing switching loss
by devising a gate drive system and (2) selecting a device with
a minimum conduction loss. Next, unfolding inverters should be
selected with a low conduction loss because switching losses can
be ignored as switching operations are performed only twice in
one cycle. Inductor loss consists of conduction loss, fundamental
frequency iron loss, and harmonic ripple iron loss. In addition, the
material, switching frequency, and size of L should be properly
selected. Finally, the resistance of the printed circuit board (PCB)
substrate must be selected to be small. Currently, the thickness is
175 wm, and the loss ratio is small.

3. Optimization of High Efficiency DC-AC Power
Conversion and Literature Review

The procedure for the loss optimization is as follows: (1) A
basic specification is set so that a fair comparison is made, (2) a
circuit topology is selected, (3) quasi-specification parameters are
selected for this topology, and (4) free parameters are optimized.
Finally, the literature review and new data are introduced.

3.1. Basic specifications and other concepts for fair
comparison A fair comparison of the actual measured values
of the maximum efficiency obtained is not possible unless common
preconditions, such as ratings (voltage and current) and circuit
parameters, are pre-determined. Therefore, common preconditions
are organized, and then the preconditions, quasi-specification
parameters, and free parameters for efficiency maximization are
selected and summarized with respect to the literature (5).

(1) Basic specifications—device voltage margin, switching
frequency, and voltage total harmonic distortion (THD)
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Table 1. Basic specification for inverter under test

Table II. Quasi-specification parameters

Device voltage margin 50% of the output voltage

Switching frequency 16kHz
THD of output voltage Approximately 1%

Because the output voltage is related to the rated voltage of the
power device, we decided that the voltage margin of the device
should be 0.5 times the peak output voltage. There are many ways
to make a choice regarding this part; however, if this decision is
not made, subsequent developments will be affected. Therefore,
we proposed this selection as a benchmark. Specifically, using
a device rated at 650V, the output peak voltage vgcpeak Of the
inverter is expressed by

Vacpeak = 650 =+ 1.5 ~ 433 )

The sum of the voltages of the two power supplies £; and E» of
the HEECS inverter in Fig. 1 was fixed at this value. Furthermore,
the switching frequency was set to 16 kHz, which is considered
to be the lowest limit of the non-audible range to humans.
Finally, the THD of the output voltage was determined to be
approximately 1%. Although IEC61727 [28], a regulation for grid
interconnection, specifies, for example, a harmonic current (3rd to
9th order) of 4.0% (10 kW or less); the voltage was specified here.
These were considered suggestions for benchmarking in the next
section and beyond. The output rating was set at 5 kW. These are
summarized in Table 1.

(2) Circuit topology: reasons for selection of HEECS circuits

The prerequisite is the circuit topology, and the HEECS inverter
circuit shown in Fig. 1 was chosen for this study. This circuit
has the following three characteristics, judged from the scientific
viewpoint of reducing losses [4,13]. (1) The DC-DC chopper
section is a multilevel power conversion, and the principle of
partial power conversion inherently allows high power conversion
efficiency if the voltage conversion ratio is small [4,6,7]. (2)
Because the output voltage operates to output a full-wave rectified
waveform, the fundamental flux variation of the inductor is mostly
in the first quadrant of the flux density—field intensity (B-H) plane
[29], which is considered to have less loss than if the variations
were over four quadrants [13]; (3) In the unfolding inverter circuit,
switching losses are negligible because the switching operation is
once every half cycle, and a device can be chosen to suppress
conduction losses. If a circuit topology other than this is chosen,
the ideas in the following discussion can be applied, but the
procedure will be different. Another circuit topology is discussed
in Section 4.2.

(3) Quasi-specification parameters—circuit parameters and
free parameters.

The quasi-specification parameters are the material of the
switching device of the chopper section (SiC, GaN, etc.), and its
voltage and current rating; the material of the LC filter inductor
and its inductance; the material of the capacitor and its capacitance;
the material of the unfolding inverter device and its voltage and
current rating; the output voltage control method; the PCB pattern
of the circuit.

Chopper devices Ron = 17m<2 (typ) SCT3017AL

(Rohm)
Resistance of unfolding Ron = 3.7mQ CAS325M12HM2
inverter devices (Wolfspeed)

Inductor L
Capacitor C

1.25mH (18 mS2) (Ferrite) (IPEC)
8 wWF (3.5 m) (film)

(ARCOTRONICS)

Control DB(Deadbeat) Powering &
regenerating

PCB 175 wm Cu thickness (a few mS2)
(P-ban)

Finally, the free parameters are the voltage ratio of the two
power supplies E; and E», gate driver’s ingenious parts according
to the circuit topology (gate resistance and dead time between the
high and low side of the chopper), and output (load) with the
maximum efficiency.

In the following, we focus on the case of SiC power devices,
and also introduce a literature for the case of GaN.

3.2. Case study—SiC

3.2.1. Quasi-specification parameters For the SiC
switching devices in the chopper section, we selected those with
the lowest possible on-state resistance Ron (highest possible
current rating). Similarly, the unfolding inverter is turned on and
off only twice per cycle; thus, we selected a device with the
lowest possible on-resistance (highest possible current rating).
These are shown in Table II.

Next, ferrite and amorphous are the materials of choice for
inductance. Preliminary comparison experiments were conducted
to determine the loss owing to differences in materials with similar
inductance, and we decided to use a ferrite inductor of 1.25 mH,
as shown in Table II. The material used for the capacitor was film,
and its capacitance was selected as 8 wF based on preliminary
experimental measurements of loss. An improvement in efficiency
of approximately 0.001% for 4 wF was achieved compared to
that of 8 WF; however, the deadbeat (DB) control described
below worked stably in both powering and regenerating modes
when using 8 wF; thus, this value was used. There is room for
improvement in this selection. The VTASLM method requires both
powering and regenerating operations, and the open-loop control
of HEECS inverter exhibits a high THD in case of regeneration
operation. To guarantee stable operation of HEECS inverter in both
powering and regenerating conditions with small THD required in
the basic specification in Section 3.1, this DB control was adopted
[10,30]. The PCB (175 wm copper thickness) design was fabricated
in-house for the pattern, and the hardware was prototyped on a P-
ban. The conduction resistance of the circuit is a few mS2, although
the total conduction resistance varies depending on the pattern
through which the devices conduct [13].

3.2.2. Free parameters-E/E; voltage ratio, gate driver,
variable dead time control, and sensorless control The
remaining degrees of freedom were the voltage ratio of the two
power supplies E£; and E,, ingenious part of the gate driver
according to the circuit topology (gate resistance and dead time
distribution between the high side and low side of chopper), and
load (resistive) parameters at maximum efficiency.
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EE; ratio  The output capacitance Coss of the power device
determines the magnitude of the current to be charged and
discharged for each switching operation, and the charging and
discharging power is a function of the voltage between the drain-
source (DS) terminals. Switching losses are a function of the
switching voltage and current, which are also functions of the
voltage between DS terminals. Therefore, the loss owing to these
two factors is expected to have a minimum value by changing the
ratio of £ and E, [5,20].

Therefore, we qualitatively considered the following equations.
First, assuming EI/6 as an approximate formula for switching loss
Egsw [31], the approximate Egw and the charge/discharge energy
loss E 55 owing to the output capacitance Coss can be obtained
in the following formula.

71/2

bo
Eg, 1/GEI / Iacde + l/éEZ/ Iacd9 (2)
0

o

Th

%
Ecpss 1/2Coss/ E]2d9 + 1/2Coss/ E22d9 (3)
0

%

where
sin (6p) = E1/(E1 + E2)

Plotting the magnitudes of (2) and (3) with E; as the variable
on the horizontal axis, both curves are convex downward. The
minimum point of Eq. (2) is located far to the right of (E| + E)/2,
while that of (3) are located slightly to the right of (E; + E7)/2.
Figure 6 qualitatively illustrates this trend. Therefore, when E is
assumed as a variable and the total loss, including (2) and (3), is
measured, it is expected that the total loss shows the minimum
point at the certain £, which is slightly on the right side of
(E1+ E»)/2. Figure 7 depicts the measured loss as a function of
E | according to the direct method of measurement [13]. In this
experiment, the total value of power supplies E| + E, was fixed
at 433V as specified in (1). From Fig. 7, it is observed that the
loss is minimized when E; is 250V. Based on the theoretical
discussion in this section and experimental results, the loss is
considered to be minimized when the free parameter E; is 250 V.
E, is 433-250 = 183 V.

Loss energy(J)

| |
216(V)

v

o(v) 433(V)

Fig. 6. Qualitative illustration on loss of Coss and switching
regarding Ey (E| + E»)/2 = 216.5(V))
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Fig. 7. Relation between loss and E; (experiment) [5]
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Fig. 8. Measured average loss of SiC-HEECS inverter by
VTASLM [19]

Reduced losses owing to improved gate drivers and control
laws  Measures to reduce losses by adjusting the gate circuit
include (1) devising a suitable gate driver [32] and (2) vari-
able adjustment of the dead time between the high side and
low side devices [33]. A BM610SFW-LBZ (Rohm) gate driver
was used. The use of an active gate drive was investigated [32];
however, the most minimum switching loss was obtained by a
trial-and-error approach on gate resistance of driver circuit for
the specific PCB. In addition, to match the switching character-
istics, the characteristics of the devices were measured using a
curve tracer, and devices with uniform characteristics were used
for the PCB. In addition, the dead time between the high-side
and low-side switches’ on and off timing in the chopper cir-
cuit was considered as a variable to suppress the losses at the
body diode and the unregeneratable loss at Coss [33]. Further-
more, instead of using a current sensor to detect the inductor
current, a minimum order observer was used for DB control
[30]. Consequently, power consumption at the current sensor was
reduced.

Measured loss, efficiency, and accuracy results  Considering
the above improvement measures, the loss, power conversion
efficiency, and measurement accuracy are shown in Figs. 810 [5].
From these figures, an efficiency of 99.827% =+ 0.009% (1300 W
output) was observed at SiC-HEECS inverter.

3.3. Case study—GaN Loss measurements were per-
formed using a GaN high power device (GS-065-150-1-D2,
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Fig. 10. Accuracy of SiC-HEECS inverter efficiency measurement
by VTASLM

GaN System) in the chopper section. The device is rated for 650V,
150 A, and Ron = 10 mS2. Because it was only available as a bare
chip, a direct placement technique was employed by reflow method
on a PCB [33]; otherwise, the quasi-specification parameters were
set the same as in the SiC case. First, the gate resistance was
adjusted by trial and error. Next, the optimum voltage ratio distri-
bution of E£; and E, was determined by the similar measurement
as in section 3.2.2.1, and E; was selected to be 260 V. Further-
more, owing to the operating mode, the dead time of the upper
and lower side devices was adjusted because the voltage drop in
the body diode is large owing to WBG devices. Consequently, the
loss owing to synchronous rectification operation is significantly
reduced, and simultaneously, the loss owing to the unregenerated
energy at Coss can be reduced; however, the control method could
be further improved [33,34] because there is a small phase shift
between the inductor current and output voltage due to the LC
filter in the HEECS-chopper stage, and this was ignored in this
experiment [13]. Furthermore, the current sensorless control was
implemented for measurement.

Under these conditions, the efficiency and measurement accu-
racy were measured by the VTASLM measurement method and are
shown in Figs. 11 and 12 [5]. From this figure, a maximum effi-
ciency of 99.817% £ 0.0038% (1800 W output) can be read. Both
SiC and GaN had almost the same maximum efficiency; however,
GaN showed the maximum efficiency when the output power was
higher than that of SiC because the device conduction resistance
of GaN is smaller than that of SiC.
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4. Discussions

4.1. Discussion on relations between
capacitance Coss and minimum loss
4.1.1. Theoretical explanation of loss minimum condition
Assuming that the loss can be approximated by a second-order
polynomial as a function of the output P, (defined as x), we define

the following equation

output

y=a—|—bx+cx2 )

where y is defined as the loss (W) and x is the output power
Py (W).

The efficiency n can be obtained by dividing the loss by the
output power and then subtracting it from 1, as shown below.

n=1-7k
=1—(b+ % +cx) (©)

This equation has a minimum when the third and fourth terms
on the right-hand side are equal. That is, when Equation (6) is
satisfied,

x =, (6)

the maximum efficiency 7,,,x becomes (7),
Mmax = 1 — (b 4 24/ac). @)
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4.1.2. Case study on SiC devices  Applying the results of
the previous section to the loss of SiC-HEECS inverter in Fig. 8,
the maximum efficiency is obtained by (7), which agrees well with
the measured data in Fig. 9. This implies the validity of (4) [5].

Because the output power is measured under the constant output
voltage condition, the output power P, (=x) can be considered
to be proportional to the output current. The coefficient a in
(4) is constant regardless of the load, and corresponds to the
loss owing to Coss discussed in section 3.2.2.1. The coefficient
b is for losses that are proportional only to current, such as
switching losses. The coefficient ¢ is related to the conduction
loss of the entire system, which is proportional to the square
of the current. The maximum efficiency increases as the second
and third terms on the right side of (7) reduces. Furthermore, the
third term 2./ac is approximately one order of magnitude larger
than the second term b; thus, the maximum efficiency (7) will
increase by suppressing this third term. Because the third term is
the product of a and c, it can be regarded as proportional to the
product of Coss, and the total system conduction resistance 7 ;-
Table III shows a survey on this product concerning available
devices from various companies. As Company A’s device is used
in this experiment, it is the smallest. This product is tentatively
named as “Efficiency Figure of merit” (EFOM), and is similar to
the high-frequency figure-of-merit (BHFFOM [35] and NHFFOM
[36]) of the device itself [37]. These indices in Refs. [35-37]
were used to evaluate the high-frequency characteristics of the
device alone; however, because the discussion here is concerning
increase of the maximum efficiency of the system, there is a
difference between the efficiency of the device alone (EFOM) and
the system, in which the total system conduction resistance 7y
should be used as an evaluation of efficiency instead of the device
on-state resistance.

4.2. Possible circuit topologies A circuit similar to the
HEECS circuit configuration is the T-type circuit; the HEECS and
T-type circuit topologies are shown in Fig. 13 [38]. A step-down
DC-DC converter operation was performed with identical filters
and load resistors connected as their output circuits, and the losses
were measured by the direct method [13]. SiC-MOSFETs with on-
resistance of 17 mS2 were used for all switches. For each MOSFET,
a Schottky barrier diode was connected in parallel; the supply
voltages for E; and E, were determined by the method proposed
in Ref. [39].

Figure 14 shows the efficiency map of the power conversion
when the switching frequency is fixed at 20kHz, and the output
voltage is varied [38]. Comparing the HEECS with the T-type
circuit topology, the HEECS shows approximately 0.01% higher
efficiency over almost the entire measurement range. This may be

Table III. Efficiency figure of merits (EFOM): Product of Ron
and Coss

Voltage & current

ratings 650 V-118 A 650V-64A 650V-81A
Ron (m2) 17 22 15
Coss (pF) 148 262 189
EFOM (10-12) (s) 2.5 5.8 43
material SiC SiC SiC
company A B C
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() (b)
Fig. 13. T-type and HEECS circuit topology [37]. (a) T-type and
(b) HEECS
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Fig. 14. Comparison of efficiency between T-type and HEECS
[37]

owing to the amount of charge in Q;, which is stored in the device
output capacitance Coss. In particular, when Q4 is turned on and
off, energy of voltage (E| + E») is charged and discharged in the
Coss of Q; in the T-type; however, in the HEECS, the voltage
is distributed between Q3 and Q), resulting in less charge and
discharge energy. Furthermore, when the devices were parallelized
to lower the on-resistance, the loss unexpectedly increased further
[40]. Therefore, charging and discharging energy of Coss increases
more than the reduced conduction loss. These phenomena usually
result in negligibly small differences in losses; however, in the
region of extremely-high efficiency, which is close to 99.9%, this
difference becomes significant.

From the view point of reduction of switching loss, previous
research suggests the use of modular multilevel cascaded con-
verters (MMCCs) to achieve highly efficient power conversion in
inverters [41,42]. Increasing the number of cells can reduce switch-
ing losses. However, because the number of series-connected
power devices increases, it is a trade-off between switching losses
and conduction losses. This is related to the basic specification in
section 3.1, and is an issue for future study. Additionally, if the
basic specification is modified, another loss reduction method can
be implemented in a different circuit topology. Accordingly, an
efficiency of 99.26% at 100kW output has been reported for a
Dual-Active-Bridge (DAB) [43].

Furthermore, there is a literature report [12] on a new circuit
topology for motor drive with 3 phase HEECS inverter, in which
only the loss of the inverter part is examined, and it showed
over 99.5% efficiency. However, to improve the efficiency of
the motor drive system, it is necessary to reduce the loss of the
inverter as well as that of the motor itself. Future studies for
a new topology are still needed to improve the efficiency of a
system.
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SURVEY OF 99.9% CLASS EFFICIENCY DC-AC

5. Conclusions

This study outlines the latest developments of high efficiency
DC-AC power conversion from the perspective of engineering
science. Many literatures on high efficiency DC-AC inverters
exceeding 99.5% have been published; however, it has been
pointed out that the accuracy of the measurement method is
important when the efficiency increases. The authors reviewed the
literatures on significantly high-efficiency inverters published by
the authors’ group, and outlined the optimization procedure of loss
minimization using a HEECS inverter with SiC and GaN devices.
The highest efficiency is 99.83% using SiC devices. Finally, this
study discusses the future challenges for high efficiency, such
as the analysis on the device output capacitance Coss and total
system conduction resistance, and the investigation of new circuit
topologies.

The development of new devices with larger dielectric break-
down strength is expected in the future, leading to the development
of higher efficiency inverters as the conduction losses in power
devices are highly dependent on this physical constant of the WBG
material [44].
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ABSTRACT A single-phase grid-connected inverter with an unfolding circuit typically consists of a first-
stage dc/dc converter, which generates fully rectified sinusoidal waveforms, and a second-stage unfolding
inverter, which switches every 180° of the line frequency waveform. This converter exhibits low switching
loss and high efficiency, and the operating principle of the unfolding inverter typically includes synchronous
voltage and current. However, limited studies have focused on the operation of inverters with power factor
(PF) less than unity. Such operations often result in large overshoots and oscillations in the output voltages.
To address this problem, we proposed a novel control scheme that enables leading PF operation without
additional circuitry and overcomes the aforementioned limitations in the previous literature. Thus, this paper
describes a novel control scheme that enables lagging PF operation. Notably, for a lagging PF, a phenomenon
in which the dc voltage inevitably increases immediately after unfolding is known to occur, and herein, this
phenomenon is used in reverse to rapidly decrease the dc current. Consequently, we develop a method to land
the circuit variables at normal mode steady-state value by using reverse-polarity pulse width modulation
(PWM)/forward-polarity PWM combination of the unfolding inverter and a virtual PWM inverter in the
proposed controller. The control method is validated using simulations and experiments, and it is found to
facilitate the four-quadrant operation of the unfolding inverter.

INDEX TERMS High efficiency, power factor, lagging power factor, single-phase grid-connected inverter,

unfolding inverter, reverse- polarity PWM, virtual PWM inverter, four-quadrant operation.

I. INTRODUCTION

Typically, an inverter with an unfolding circuit consists of a
first-stage dc/dc converter, which generates a fully rectified
sinusoidal voltage or current waveform, and a second-stage
unfolding inverter, which switches every 180° of the line
frequency waveform and generates a sinusoidal voltage or
current [1].

Notably, initial research on unfolding inverters primar-
ily focused on the isolation and miniaturization of passive
components [1], [2], [3], [11], [12], [13], [14], [15], [16],
[17], [18]. However, leveraging low switching losses of
unfolding inverters, several studies have now focused on re-
alizing inverters with low total losses [4], [5], [6], [7], [20],
[38].

One example of an inverter application is a grid-connected
inverters used for photovoltaic power generation and other
distributed energy generations. Grid-connected inverters are
often required to provide reactive power as a system support
functions for grid stabilization [19]. Although the grid code is
known to differ across countries, a system may be required to
output reactive power that is 0.484 times the rated real power
with leading or lagging power factor (PF), as depicted in Fig. |
[19]. This corresponds to PF of 0.9. In summary, providing
reactive power from a lagging PF of 0.9 to a leading PF of 0.9
is sufficient in practice.

In unfolding inverters, inverter devices are switched every
half cycle in synchronization with the voltage zero crossing
[1], [6], [7]. Thus, for a unity PF, synchronous voltage and
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FIGURE 1. Reactive power requirements for distributed energy resources
[19].

current zero crossing occur in unfolding inverters. By contrast,
for a non-unity PF, the voltage transient response becomes
oscillatory after unfolding [6], [20]; therefore, appropriate
control is required.

However, only limited studies have focused on the non-
unity PF control of unfolding inverters. Some have incorpo-
rated external circuits to handle reactive power [8], [9], while
some others proposed quasi-sinusoidal current reference,
however, the output has very large harmonic contents [10].

In [7], the authors used an unfolding inverter with a multi-
level chopper called a high efficiency energy conversion
system (HEECS) in the first dc/dc converter. Later, for a lead-
ing PF operation from the grid-connected inverter perspective
(lagging PF from the grid perspective), a new method sat-
isfying the International Electrotechnical Commission (IEC)
harmonics regulation based on control alone while maintain-
ing 99.75% class efficiency was proposed, and experimentally
demonstrated [39]. However, for a lagging PF from the in-
verter perspective, no studies have satisfied the requirements
of harmonic regulation while maintaining high efficiency
through control alone. Min et al. [35] and Han et al. [36]
operated an inverter in the pulse width modulation (PWM)
mode for a time period before and/or after voltage zero cross-
ing, which increased switching loss as well and decreased
efficiency. Generally, when an unfolding inverter is operated
with a lagging PF, a phenomenon in which the dc capacitor
voltage inevitably increases immediately after the voltage zero
crossing is known to occur, is generally difficult to control.
Here, we propose the reverse use of this phenomenon. First,
the inverter is changed to the freewheeling mode to rapidly de-
crease the dc inductor current. Next, the dc capacitor voltage
is decreased using reverse/regular-polarity PWM to suppress
transients, and the circuit returns to a steady-state. We analyze
these control operations in detail, and finally, experiments
demonstrate that the HEECS circuit can be operated in a
lagging PF mode with high efficiency while the harmonics
remain within IEC limits.

The remainder of this paper is organized as follows. Sec-
tion II reviews the HEECS circuit and its waveforms. In
addition, the control method DBCCL+VC is described [39].
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FIGURE 2. Grid-connected inverter based on the HEECS.

TABLE 1. Relationship Between DC/DC Converter Switch States and
Output Voltage

N S, S3 Sy Vow
ON OFF ON OFF 0
OFF ON ON OFF E;
OFF ON OFF ON E +E;

Section IIT describes the problem with the lagging PF op-
eration of an unfolding inverter and proposes a new control
scheme to solve this problem. Section III-A describes dc
voltage rise after unfolding. Section III-B proposes a new
control method based on this phenomenon. In addition,
Section III-C proposes a transient response improvement.
Section IV presents the effectiveness of the proposed con-
trol scheme using simulations and experiments. Section V
presents comparison with conventional schemes. Finally, Sec-
tion VI concludes the paper.

1l. CONTROL PRINCIPLE OF AN HEECS INVERTER

A. HEECS INVERTER OPERATION [6]

Fig. 2 depicts an HEECS-based inverter circuit that is con-
nected to the grid through an ac inductor [6], [21], [24].

Note that the multilevel dc/dc converter consists of switch-
ing devices Sy, S2, S3, and Sy as well as an LC filter. Table 1
summarizes the relationships between the switch states and
outputs of the switching network vy,,,.

If the voltage command to the dc/dc converter is smaller
than E;, S; and S, operate in PWM mode. However, if the
voltage command is larger than E; and smaller than E; + E»,
S> is always ON; moreover, S3 and S4 operate in PWM mode.
The dc/dc converter is controlled such that the capacitor volt-
age v, follows the fully rectified sinusoidal reference voltage.
The unfolding inverter consists of switching devices Sy, San.
Spp, and Sp,,. It switches every 180° electrical degrees of the
line frequency waveform. The inverter output voltage v;y,, is
also a sinusoidal waveform. The voltage waveforms for the
circuit in Fig. 2 are shown in Fig. 3.

B. CONTROL LAWS

1) DIGITAL CONTROL MODEL

Fig. 4 presents the equivalent circuit of an HEECS inverter
[20], [21]. The resonance frequency of the LC filter is on the
order of kilohertz, which is considerably higher than the line-
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FIGURE 3. Voltage waveforms of the HEECS: (a) dc/dc converter switching
circuit output voltage, (b) dc capacitor voltage, (c) inverter output voltage.
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FIGURE 4. Equivalent circuit of the HEECS.
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FIGURE 5. PWM pulse waveform.

frequency of 50 or 60 Hz. Furthermore, the sampling control
frequency of the dc/dc converter (20 kHz) is high. The ac
side transient phenomena are considerably slower than those
on the dc side. Thus, the ac output circuit of the inverter is
replaced by a dc current source i;.. The circuit equation [25],
[26] for the equivalent circuit in Fig. 4 is:

dx .

m = Ax (t) + Biu (t) + Boig. (D
where

x(1) = [ngi], u(t) = output of switching network

[ o 1/c o _[-1/C
A_[—I/L 0]’31_[1/L]’BO_[ 0 }

The voltage pulse of the dc chopper is assumed to be cen-
tered at the sampling time, as shown in Fig. 5. The width is
defined as AT(k) during the sampling period (kT to (k+1)T).
Consequently, the sampled-data model [25], [26] of (1) is

x [k + 1] = Fx [k] + G1 AT [k] + Goige [k]
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Fii Fio T/2 g1t
F=¢T = .G, ='TBIE =
|:F21 F22:| : ] 812
Go=A"" (T —1)By = [ggﬂ )
where F' can be expressed as:
L .
cosw, T = sin w, T
F=eT= ¢
—\/% sin w,, T cos w, T
1
" JIC

The capacitor voltage v, can be controlled in two ways:
deadbeat voltage control law (DBVCL) [6], [20] and deadbeat
current control law plus voltage control loop (DBCCL + VC)
[22], [23], which have been previously compared in [39]. The
DBVCL has higher gain and larger transient response than
DBCCL + VC; thus only DBCCL + VC is introduced here.

2) DBCCL

The pulse width AT(k) of DBCCL is decided such that the

inductor current iy (k + 1) at the next sampling instant (k +

I)T matches the current reference iy ,r (k + 1) [22], [23], [24].
Considering the second row of (2), we obtain

i (k+1) = Fajve (k) + Fig (k) + 812 AT (k) + go2iqc (k)

3)

and solving for AT(k) after replacing iz (k + 1) with iy s yields
DBCCL as

AT (k) = (ipref — Fa1ve (k) — Prir (k) — go2ige () /812

2 1
— | _I I — gﬁ
= [ 2 21 ] x (k) g1 Iref P ldc (k)

L. 802 .
= Kox (k) + —iprer — —igc (k) (€]
812 812

The first, second, and third terms in (4) represent the state
feedback, reference input, and disturbance feed-forward com-
pensation, respectively. Furthermore, a voltage control loop is
added as an outer control loop, as discussed below.

3) DBCCL + VC LOOP

A VCloop is added as an outer control loop around the current
control, as shown in Fig. 6. Current reference iy s is generated
using a proportional controller, as follows:

iLref = Kpy (Ucref - Uc) 5

The combination of (4) and (5) is designated as DBCCL +
VC. For a more detailed analysis of the control system that
applies DBCCL + VC, see Appendix B of [39].

Ac current control is also required for grid-connected in-
verters. A control block diagram is presented in Appendix A.
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FIGURE 7. Simulation waveforms of an HEECS controlled by DBCCL + VC
in lagging PF operation (a) dc capacitor voltage v,, inverter output voltage
Vinv, and grid voltage vy, (b) grid current reference igcrer, and grid current

Igc-

1Il. PROPOSED CONTROL METHOD AFTER VOLTAGE ZERO
CROSSING OF AN HEECS INVERTER WITH LAGGING PF
OPERATION

A. PROBLEM OF LAGGING PF OPERATION IN AN HEECS
INVERTER AND ITS ANALYSIS

Fig. 7 presents the simulated waveforms of an HEECS con-
trolled by DBCCL + VC during lagging PF operation. The
inverter is simply unfolded every 180°. Circuit conditions are
real power reference Py = 1600 W, reactive power reference
Qrer = —1200 var, PF of 0.8, and a grid voltage of 280 Vg,
50 Hz. Immediately after unfolding, the dc capacitor voltage
rapidly increases. The voltage controller attempts to regulate
the dc voltage; however, its response is extremely fast, causing
oscillations. Accordingly, the grid current is highly distorted.
The total harmonic distortion (THD) of the grid current is
29.8%.

The following section presents analysis of the phenomenon
after voltage zero crossing. For reference, the conventional
PWM voltage source inverter connected to the grid is dis-
played in Fig. 8, and the typical simulated waveforms of
the grid voltage v,3, ac current i3, and dc current ige3 of
the circuit with lagging PF under ideal conditions are de-
picted in Fig. 9. In the PWM inverter waveforms presented
in Fig. 9, the dc current changes from positive to negative at

148

> lacs

EX:
gy
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FIGURE 9. Simulated waveforms of the conventional PWM grid-connected
voltage source inverter in lagging PF operation.
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FIGURE 10. Current path before voltage zero crossing in the lagging PF
mode.

the voltage zero crossing owing to lagging PF. Because the
voltage zero crossing occurs twice during every period of the
ac line voltage, the voltage changes from negative to positive
at a 0° electrical angle and from positive to negative at 180°.
Here, the 180° case is discussed in detail.

Fig. 10 depicts the current path of HEECS just before the
voltage zero crossing (just before unfolding) during lagging
PF operation. The current flows through the devices S, and
Spn- At the voltage zero crossing, the unfolding control circuit
provides ON gate signals to the devices Sy, and Sp,. Fig. 11
depicts the current path immediately after the voltage zero
crossing (immediately after unfolding). Currents pass through
the diode part of S,, and the diode part of S, and the dc
capacitor is fed from the right by the current —ig., whose
magnitude is equal to the ac current at that point. By contrast,
the dc capacitor is fed from the left by the dc inductor current
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FIGURE 11. Current path just after voltage zero crossing in the lagging PF
mode.

ir. Currents flow into the capacitor from both the left and right
sides, and the capacitor voltage increases sharply. The voltage
rise depicted in Fig. 7 originates from this circuit behavior,
and the voltage increase after unfolding is inevitable. This
makes it difficult to control unfolding inverters during lagging
PF operation; however we attempted to use this phenomenon
in reverse. The following subsection describes the control
sequence immediately after unfolding.

B. PROPOSED CONTROL SEQUENCE AFTER VOLTAGE ZERO
CROSSING

Fig. 12 presents the control sequence timing chart after volt-
age zero crossing. As shown in Fig. 12, unfolding occurs at
tg. In Section S1, the circuit is as shown in Fig. 11, the dc
capacitor voltage sharply increases. In Section S2, after #;, the
inverter is operated in the freewheeling mode, as shown in
Fig. 13. One purpose of this mode is to prevent the large dc
voltage from affecting the ac current. Another purpose of this
mode is to control the dc inductor current independently of ac
side. In Fig. 13, ON gate signals are provided to the devices
in the upper arms; however, such ON gate signals can be
assigned to the devices in the lower arms. In Fig. 12, unfolding
is executed for only one cycle; however, unfolding can be
continued for two cycles to rapidly reduce the dc inductor
current in Section S2.

Fig. 14 presents the equivalent circuit of the dc/dc converter
in section S2. For example, when the switching frequency is
20 kHz, the switching circuit in Fig. 14 can control the dc
inductor current by outputting pulses with a width AT in the
range of 0-50 us as shown in Fig. 5 for each cycle.

In the first cycle in Section S2, the circuit outputs a pulse
with AT = 0, corresponding to the minimum voltage, thus
decreasing the dc inductor current rapidly by applying a volt-
age difference between the switching circuit output and the
boosted dc capacitor voltage. The control objective of the
Section S2 is to decrease the dc inductor current i; from the
iqc value at the start of unfolding to the —i,. value, the same
absolute value as in the reverse polarity. When the dc inductor
current i; approaches —i,., the circuit outputs partial duty AT»
so that i; matches — i, at the final time 3 of Section S2.
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Then, in Section S3 of Fig. 12, the inverter is operated
by a combination of the reverse-polarity PWM and regular-
polarity PWM modes. The reverse-polarity PWM mode out-
puts PWM pulses of the opposite polarity as the output
polarity of the unfolding inverter in the 180° section. The
regular-polarity PWM mode outputs PWM pulses of the same
polarity as the output polarity of the unfolding inverter in the
180° section. The current path in the reverse-polarity PWM
mode is shown in Fig. 15. For the original polarity of the
unfolding inverter, ON gate signals are assigned to S,, and
Spp- In the reverse-polarity PWM mode, ON gate signals are
assigned to Sy, and Sp,. Current iy flows to the right side
of the capacitor. In addition dc inductor current iy flows to
the left side of the capacitor because the current polarity is
already reversed. Therefore, the capacitor voltage decreases
rapidly. When the capacitor voltage approaches the desired
value, reverse/regular-polarity PWM is used as needed. In
the regular-polarity PWM, the inverter outputs the original
polarity. The current path of regular-polarity PWM is shown
in Fig. 16. Note that the direction of the dc inductor current
is opposite to that immediately after unfolding described in
Fig. 11. Inverter gate pattern and capacitor voltage waveform
in the reverse-polarity PWM mode are shown in Fig. 17. Here,
AU is pulse width of the unfolding inverter output pulse.
Current flows out both to the left and right directions during
the section [#,, t,2]. To the right direction, current iz = + iy¢
flows. Current i;, flows to the left direction. The dc inductor
current iy, is controlled to reach abs (i,.) at the end of Section
S2. Therefore, the slope of the capacitor voltage during [7,;,
t,2] 1s as follows:

dve/dt = — 2 xabs (izc) /C

By contrast, sections [t,0, t,;] and [t,2, t,3] are in the free-
wheeling mode. Because iy = 0, the slope of the capacitor
voltage in these sections is

dve/dt = — abs (ige) /C

The average slope of the capacitor voltage over the entire
section [t,0, t,3] 1s as follows:

AU T — AU
<—ZTabS (iac) - Tabs (lac)) /C

By adjusting AU from zero to T, the slope can be adjusted
from —abs(i,.)/C to —2abs(i,)/C.

Fig. 18 presents the inverter gate pattern and capacitor
voltage waveform in the regular-polarity PWM mode. We
assume that the sign of AU is positive for reverse-polarity
PWM, and negative for regular-polarity PWM. In section
[tu1, tu2], the input and output currents for the capacitor are
balanced; thus the capacitor voltage is constant. However,
sections [#,0, t,7] and [7,2, t,3] are in the freewheeling mode,
and the slope of the capacitor voltage in these sections is as
follows:

dv./dt = — abs(iy)/C
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FIGURE 12. Timing chart after voltage zero crossing.

FIGURE 13. Freewheeling mode for Section S2.

The average slope of the capacitor voltage over the entire
section [t,0, t,3] is as follows:

T + AU
AT s (ine) /C

By adjusting AU from zero to —T, the slope of the capacitor
voltage can be adjusted from —abs(i,.)/C to zero.

Table 2 summarizes the inverter pulse pattern, capacitor
voltage behavior, and sign of AU for various modes, including
the reverse-polarity PWM mode, no-pulse mode, regular-
polarity PWM mode, and regular-polarity whole- pulse mode.
By adjusting AU from T to —T, the slope of the capacitor
voltage can be continuously adjusted.
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FIGURE 14. Equivalent circuit of the dc/dc converter during Section S2.

In practice, the capacitor voltage and dc inductor current
are governed by (2). In other words, this system controls
two outputs, namely the capacitor voltage and dc inductor
current, using two inputs, AT and AU, during Section S3, as
illustrated in Fig. 19. To make the capacitor voltage and dc
inductor current reach the target values at return to the normal
mode, we need to solve for AU and AT. Appendix B describes
in detail the equation with AU and AT. In the final cycle of
Section S3 in Fig. 10, we aim for a smooth transition to the
normal mode of Section S4 by using AU and AT obtained by
solving this equation.
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i
nm ;
_L ON
| Cehg R
: |
i - .
C: < ON ¢ J ts
a‘;tJ b;j

FIGURE 16. Current path of the regular-polarity PWM mode in Section S3.
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FIGURE 17. Waveforms in the reverse-polarity PWM mode.

C. IMPROVEMENT IN TRANSIENT RESPONSE AFTER
UNFOLDING

1) TRANSIENT RESPONSE

Fig. 20 presents an example of the simulation results obtained
using the control sequence proposed in Section III-B. The
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FIGURE 18. Waveforms in the regular-polarity PWM mode.

TABLE 2. Relation Between Inverter Pulse Pattern and Slope of Capacitor
Voltage

mode inverter pulse pattern capacitor voltage behavior AU
. AU
L i
reverse-polarity 0 : ; t 0<AUST
PWM mode tuo tuil tuz ity N
N S S N
bio by tuz bua
no-pulse mode AU=0
regular-polarity
PWM mode “T=AU<0
tuo tul [rrl ‘ui\
+1 T
regular-polarity 0 _.—.( _
{ [ AU=-T
whole-pulse mode 4 H i
—_—
=

circuit conditions are Pr = 1600 W, Qo = —1200 var, PF =
0.8, and Vy = 280 Vyys. At the end of Section S3 in Fig. 12,
at t = ts, the capacitor voltage reference v,y and dc inductor
current reference iz in Fig. 6 are used as the target values for
the dc capacitor voltage and dc inductor current, respectively.

In Fig. 20, unfolding is executed over two cycles in Section
S1, and the capacitor voltage v, increases rapidly as shown
in Fig. 11. In Section S2, freewheeling mode is conducted
for three cycles. The dc inductor current iy rapidly decreases
and reaches the target value —abs(i,.) at the end of Section
S2. Section III presents the reverse-polarity PWM, and the
capacitor voltage is decreased as intended.
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FIGURE 19. Input/output relation in Section S3.
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FIGURE 21. Simulation example: dynamics between v.r and v..
(Conditions are the same as those for Fig. 20).

However, a small undershoot is observed in the capacitor
voltage waveform after returning to the normal mode in Sec-
tion S4. Hereafter, this phenomenon is discussed. In Fig. 6, a
relationship can be established between the current reference
irzrer and the current value iy. The transfer function from ir.r
to iy, is as follows:

iL/iLref =1/z

as calculated in (A2-3) of Appendix A in [39].

In addition, a dynamic relationship exists between the ca-
pacitor voltage reference v..r and capacitor voltage v. Its
transfer function is as follows:

Ve Kpgr(z+1)
Ucref 22+ (vagr - 1) Z+ prgr

Although iy and v. follow the references if,er and Verep,
respectively, they do not exactly match, and a phase lag exists.
Fig. 21 shows a simulation example, in which a phase lag is
observed between ve.r and ve.
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LC filter

FIGURE 22. Circuit diagram of the proposed virtual PWM inverter.

Therefore, the target values to realize a smooth transition
to the normal mode without transients should not be veer
and iy, which were adopted in Fig. 20, but should be the
normal mode steady-state values of v. and iy at the end of
Section S3. However, the controller of this system controls the
unfolding sequence and thus cannot predict the normal mode
steady-state values.

2) VIRTUAL PWM INVERTER

To solve this problem, we propose a virtual PWM inverter, and
a circuit diagram is shown in Fig. 22. The differences with
the HEECS circuit diagram in Fig. 2 are as follows: (a) the
LC filter in Fig. 2 is moved to the ac side in Fig. 22, and (b)
the PWM function of the dc/dc converter in Fig. 2 is moved
to the PWM inverter in Fig. 22. To distinguish it from a real
HEECS circuit, the capacitor voltage, inductor current, and
ac current of the virtual circuit are denoted as v, i;», and
iqc2, respectively. The discrete-time equation of this virtual
circuit is the same as in (2), except that iyz. changes to iy.
The equation is as follows:

X3 [k + 1] = Fxp [k] + G ATy [k] 4+ Goigea [K]  (6)

where

o) — [Ucz (k)}

ir2 (k)

AT, is the pulse width of the virtual PWM inverter and can
be both positive and negative. Therefore, the same structure
control law, DBCCL + VC, described in (4) and (5), can
be used to control the capacitor voltage v.», and the same
structure control law can be used to control the ac current i .>.
The virtual PWM inverter does not exhibit complex phenom-
ena related to unfolding; thus, the circuit exhibits a smooth
waveform, even after the voltage zero crossing.

Fig. 23 shows the control block diagram, which includes
both the real HEECS inverter and the virtual PWM inverter. In
Fig. 23, part of the virtual PWM inverter + LC filter is realized
by calculating (6) within the controller. Part of the virtual grid-
tie circuit is calculated using a simple discrete equation.

. . T
faca (k + 1) = aca (k) + = (ve2 = vg) )
8

This equation is deduced from the circuit equation of the
virtual grid-tie circuit illustrated in Fig. 24 by simple dis-
cretization. The ac current reference for the current controller
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FIGURE 24. Circuit diagram of the virtual grid-tie circuit.

iacrer is common for the upper real circuit and the lower virtual
circuit in Fig. 23. A second current controller is used to control
the virtual ac current i,.,. In addition, a second voltage con-
troller is used to control the virtual PWM inverter capacitor
voltage. The structure and gains of the second current con-
troller and voltage controller are the same as those of the real
controllers. We propose adopting abs(v.») and —abs(iz2) from
the virtual circuit as target values of the dc capacitor voltage
and dc inductor current, respectively, at the end of Section S3
in Figs. 12 and 20.

Note that the circuit parameters in the virtual circuit
may differ from those in the real HEECS circuit owing to
fabrication errors and age-related deterioration. In addition,
numerical errors may accumulate over long time of operations
in the virtual circuit. Thus, it is desirable that the variables of
the virtual circuit be reset by the values of the corresponding
real circuit variables at every specified period to prevent nu-
merical error accumulation.

Fig. 25 shows the simulation results when the target values
from the virtual circuit are adopted. At the start of the normal
mode, the dc capacitor voltage and dc inductor current land
at the target values determined from the virtual circuit, and
transients are not observed.

Fig. 26 shows the simulation results of the ac current ref-
erence and ac current. A large overshoot can be observed in
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FIGURE 25. Simulation result when the target values are determined from
the virtual circuit.
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FIGURE 26. Simulation result of ac current (the same condition as Fig. 25).

the ac current. To address this overshoot, another device is
required, which is discussed in the next subsection.

3) UNFOLDING TIMING SHIFT
Fig. 27 presents magnified waveforms near the voltage zero
crossing. The ac current i, increases in Sections S2 and S4,
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FIGURE 27. Zoomed-in waveforms near the voltage zero crossing.

resulting in an overshoot. In Section S3, the inverter voltage
is manipulated to decrease the dc capacitor voltage rapidly,
and it is natural for the inverter voltage to exceed the grid
voltage. So far, we have been unfolding at the voltage zero
crossing. Owing to the small phase difference between the
inverter and grid voltages, after the inverter voltage crosses
zero and becomes negative, the grid voltage also becomes
negative. For leading PF operation, after unfolding at the in-
verter voltage zero crossing, an all-conduction mode occurs,
and the dc inductor current is rapidly increased during the
all-conduction mode. This means that unfolding at the voltage
zero crossing is required for a leading PF operation [39].
However, for lagging PF operation, no specific approach is
required for unfolding at the voltage zero crossing. Even if
the unfolding timing is shifted, once the ac current is positive
during unfolding, the dc capacitor voltage quickly increases,
and the control sequence described in Section III-B can be
executed.

Therefore, a shift in forward unfolding timing is proposed.
A sinusoidal wave observer with the inverter voltage as the
input is discussed as follows [39].

Ui (k+ 1| vy (k) : o~
|:6,; (k + l)] =FI |:gl; (k):| + Kixy (Viny — Vix) ®)
where
__|coswT —sinwT
7 |sinwT  coswT

Uiy is the estimated value of vy, and v;y is the estimated value
of the orthogonal component. These components in steady-
state can be expressed as sinusoidal functions as follows:

Uix = Vicos (wkT + ¢)
Uiy = V;sin (wkT + ¢)
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FIGURE 28. AC current waveforms with unfolding timing shift:
(a) two-cycle forward, (b) three-cycle forward, and (c) four-cycle
forward.

A sinusoidal wave that leads the inverter voltage by phase
€ can be expressed as

Vie = Vicos (kT + ¢ + &)
= VjCOS € — Uy sine

By unfolding at the moment when this waveform crosses
zero, the unfolding timing can be shifted forward.

When the switching frequency is 20 kHz, one cycle is 50
us. Ac current waveforms when unfolding is shifted forward
by two cycles (100 us), three cycles (150 us), and four cycles
(200 ps) are shown in Fig. 28. In three-cycle forward case,
ac current reaches the ac current reference exactly; thus three-
cycle forward is adopted.

Fig. 29 shows a small zoomed-out ac current waveform
with three-cycle forward unfolding shift. This is much better
than that shown in Fig. 26; however, a small overshoot is still
observed.

As shown in Fig. 30, the current control block diagram, ac
current i, is input to the sinusoidal wave observer, then the
orthogonal components are obtained, the d-axis and g-axis
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FIGURE 31. AC current signal selection to the sinusoidal wave observer in
Fig. 30.

components are calculated, and these are compared with the
current references igrer and iy, the errors are then input to
proportional-integral (PI) controllers. After unfolding, the ac
current inherently deviates from the ac current reference until
the system returns to the normal mode; thus the error is accu-
mulated in the PI controllers. The accumulated errors cause a
small overshoot, as shown in Fig. 29.

We propose that during the unfolding control sequence of
Sections S1, S2, and S3 in Fig. 12, we provide an ac current
signal as if the ac current is controlled sinusoidal. Fig. 31
presents an ac current signal selection block diagram. Here,
iqc2 1s the virtual ac current in Fig. 23. Switch SWj,, is con-
nected to the i,» side during the unfolding control sequence;
otherwise, it is connected to the i, side. Fig. 32 shows the
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FIGURE 33. Experimental setup.
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FIGURE 34. Circuit under test.

simulation results when the scheme shown in Fig. 31 is used.
The overshoot shown in Fig. 29 is eliminated.

IV. SIMULATION AND EXPERIMENT RESULTS

A. SET-UP

Figs. 33 and 34 present the experimental setup and circuit
under testing, respectively. The test circuit is installed in a
thermostatic chamber. Table 3 lists the circuit parameters used
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TABLE 3. Circuit Parameters

Grid voltage 280 Vrms, 50 Hz
Grid-tie inductor L,=3.77mH
(%impedance = 3.01%)
Dc capacitor C=8uF
Dc inductor L=243mH
Dc source voltage E;=250V,E,=183V
Dc/dc converter SCT3017AL
devices (Rohm)
Inverter devices CAS325M12HM2
(Wolfspeed)
Carrier frequency 20 kHz

TABLE 4. List of Equipment

Ac voltage source
Dc voltage source

NF Corporation: DPO60RS
Headspring: biATLAS-D
HBPS-A2D525-502

Controller PE Expert4
Oscilloscope Teledyne Lecroy: Wavesurfer
3034z

Hioki: CT6862-05
Hioki: PW6001

Current sensor
Power meter

FIGURE 35. Simulation result in the steady-state: (a) Capacitor voltage v,
grid voltage v, and inverter voltage v;,,,; (b) dc inductor current i, and ac
current ig,.

in the simulations and experiments. Table 4 summarizes the
equipment used in the experiments.

B. SIMULATION

Fig. 35 presents the steady-state simulation results for P, =
1600 W, Qr = —1200 var, PF = 0.8, and V, = 280 V.
Fig. 36 shows the magnified waveforms near unfolding. Dur-
ing the unfolding sequence period (USP), two-cycle unfolding
mode, three-cycle freewheeling mode, reverse-polarity PWM
mode, and regular-polarity PWM mode are sequentially ex-
ecuted. At the end of the USP, the capacitor voltage and dc
inductor current settle at the target values, and transients in
the normal mode are not observed. Fig. 37 shows the ac cur-
rent reference and ac current. Other than USP, the ac current
follows the ac current reference well, and the THD is 3.35%.
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FIGURE 36. Simulation result: Zoomed-in waveforms near unfolding:

(a) Capacitor voltage v, grid voltage vy, and inverter voltage v;,y; (b) dc
inductor current i; and ac current ig,.

FIGURE 37. Simulation result: Ac current reference igcrer and ac current igc.
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FIGURE 38. Experimental results: Steady-state waveforms.

This is much better than that shown in Fig. 7, where unfolding
is simply conducted.

C. EXPERIMENTAL VERIFICATION

Fig. 38 shows the steady-state experimental waveform. The
circuit conditions are the same as those shown in Fig. 35.
Fig. 39 shows the magnified waveforms near unfolding. Simi-
lar to Fig. 36, the unfolding sequence is executed as intended.
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FIGURE 39. Experimental results: Waveforms near zero crossing.

FIGURE 40. Experimental results: Zoomed-in ac current (in black) and ac
current reference (in blue).
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FIGURE 41. Harmonic contents of the ac current (PF = 0.9).
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FIGURE 42. Harmonic contents of the ac current (PF = 0.8).

Fig. 40 shows the ac current, and the THD is 4.15%. No
overshoot is observed in the ac current.

Table 5 lists the steady-state characteristics with various
real and reactive powers with a total VA = 2000 VA, with
the left and right halves of the table showcasing the pow-
ering and regenerating modes, respectively. The efficiency
is measured using a very accurate virtual transformer-based
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FIGURE 43. Experimental results: Transient response.

back-to-back asynchronous loss measurement method [29].
The measurement accuracy is approximately 0.006%. The
efficiency decreases with decreasing PF, but still exceeds 99%
even with PF = 0.5.

The harmonic contents of the ac current for the cases of
PF = 0.9 and PF = 0.8 are described with upper limit values
specified by IEC61727 in Figs. 41 and 42, respectively. The
harmonic contents of the ac current without the new control
scheme is shown in each figure. The fundamental component
(100%) is abbreviated. The black line shows the upper limits
by IEC61727. Harmonic contents with the control case are
in blue, those without control are in orange. Therefore, the
harmonic contents by the proposed scheme are well below
the limit. The harmonics without the new control scheme are
significantly worse than those with the proposed scheme.

Fig. 43 illustrates the transient responses from P,y = 1600
W and O,y = —1200 var to Prs = —1600 W and Q,.r =
—1200 var. As discussed in Appendix A, d- and g-axis current
control is achieved by estimating the virtual orthogonal com-
ponent using a sinusoidal wave observer. The d- and g-axis
currents are shown in Fig. 43. The d-axis current follows the
d-axis current reference within 7 ms.

V. COMPARISON BETWEEN THE CONVENTIONAL AND
PROPOSED SCHEMES

Table 6 shows comparison of non-unity power factor opera-
tion schemes. As already stated in the introduction section,
Tian et al. [8] and Fonkwe [9] need additional circuit to handle
reactive power. Han et al. [34] connects “dc link” circuit when
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TABLE 5. Experiment Result: Steady-State Characteristics (Total VA = 2000 VA)

Powering: Regenerating:
P Q Power Vac rms Iac THD P Q Power Vac rms Lne-up Ave.rage N
[W] [VAR] Factor [V] [%] [W] [VAR] Factor [V] [%] Efﬁ[c.;e]"cy
2001 63 1.000 280.1 2.33 -1995 81 -0.999 279.4 1.50 99.76
1913 -591 0.955 282.9 3.17 -1885 -661 -0.944 282.0 3.19 99.75
1816 -837 0.908 284.0 2.92 -1779 -904 -0.892 283.3 3.08 99.74
1617 -1174 0.809 285.5 4.15 -1579 -1220 -0.791 284.9 3.77 99.70
1441 -1376 0.723 286.4 4.80 -1391 -1431 -0.697 285.9 4.12 99.66
1003 -1699 0.508 287.8 5.40 -964 -1734  -0.486 287.4 5.77 99.50
40 -1981 0.020 288.9 6.25
“The average efficiency is calculated using the measured efficiencies during the powering and regenerating operations based on [29]
TABLE 6. Comparison of Non-Unity Power Factor Operation of Unfolding Inverters
scheme for non-unity pf operation
literature dc/dc converter additional pf range THD efficiency
. control scheme
circult
high fi link to 1
Tian [8] g1 frequency needed none Otol, N/A N/A
converter lead/lag
needed
Fonkwe . flyback module (current Oto1, .
9] integrated converter decounlin none lead/la 4% with pf=0 N/A
with pseudo dc link . p. & cadiiag
circuit)
N o .
Li[10] buck converter none quasksinusoidal current | o ) e ding|  26% with pf0.9 | N/A
inductor reference
. . ..| whole PWM operation | 0to I, lead/lag .
"de-link" circuit . . 3.04% with pf 1.0,
Han [34] Cuk converter s added when de-link is w.1th PWM 3.55% with pf 0.5 N/A
connected inverter
boost/buck converter P a.;t.lal PVZM (@ fevx{ 96.5% with
Min [35] with coupled none milliseconds) operation N/A N/A 70w
. before and after zero pf 1.0
inductors .
Ccrossing
partial PWM (a few 3.27% with pf 0.85
. L milliseconds) operation >(.85, lag,
bridgeless Cuk-d d invert .69
Han [36] ridgeless LuR-derived iverter before or after zero lead/lag 3.53% with pt 0.85 96.6%
crossing lead
partial PWM (a few
Renaudine milliseconds) operation Oto1, harmonic complies
1 buck .89
au [37] dual buc fione before and after zero lead/lag with [EEE519 max 96.8%
crossing,
<5%
ti-level to 11
proposed multi-leve control (a few-cycle 0to 1 lead [39], with 0 to 1 pf lead,
buck converter none Oto1lag >99%
scheme [6]. [7] PWM) (this paper) <5%
’ pap with 0.7 to 1 pf lag

the inverter needs to output reactive power, and the inverter
operates as the conventional PWM inverter. Li et al. [10] uses
quasi-sinusoidal current reference, and it results in very large
distortion. Min et al. [35], Han [36], and Renaudineau et al.
[37] use partial PWM operation (a few milliseconds) before
or after voltage zero crossing, thus it increases switching loss.
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Combining the leading pf operation previously reported in
[39] and the lagging pf operation proposed in this paper, our
scheme achieves 0 to 1 leading/lagging pf operation without
additional circuit.

A comparison of the PF-THD relation is shown in Fig. 44.
Li [10] applied a quasi-sinusoidal waveform (QSW) current
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reference to handle the reactive power. The orange curve rep-
resents the theoretical THD obtained using the QSW scheme.
The green dot presents the experimental data obtained using
the QSW method with a PF = 0.95 and THD = 16.7%. The
blue curve shows a plot of the THD data in the powering mode
of the proposed method in Table 5. For the QSW scheme, the
THD exceeds 5% with a PF > 0.995. Additionally, the range
of PF operation is limited to >0.86. By contrast, the THD of
the proposed method is <5% within the range of PF operation
of 0.7-1.

Furthermore, research presenting efficiency data is scarce.
Fig. 45 depicts a comparison of the efficiency data. The or-
ange curve shows the data reported by Min et al. [35], which
requires no additional circuit. The green curve shows the data
reported by Han et al. [36], and the red curve shows that
by Renaudineau et al. [37]. The black dot shows one point
measurement by Zhao et al. [4]. The data in [4], [35], [36],
and [37] are measured at a unity PF. The data in [37] contain
measurements for more than 3000 W, but these efficiency
values are lower and are omitted in this graph. The blue curve
shows the data of the proposed scheme plotted using Table 5,
with total VA = 2000 VA, indicating variable PF. For instance,
at 1617 W on the horizontal axis (real power), the PF = 0.809,
which can be verified from Table 5. The inverter ratings in
[4], [35], [36], and [37] were 320, 500, 5600, and 1000 W,
respectively. Hence, comparing the efficiency of inverters with
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different ratings in the same condition is difficult. Nonethe-
less, the efficiency of the proposed inverter is significantly
higher than those reported in previous studies.

VL. CONCLUSION

Theoretical analysis and simulations are performed to clarify
that the proposed novel control scheme can be used to op-
erate grid-connected unfolding inverters with a lagging PF.
Furthermore, experiments are conducted to verify the simu-
lation results. When the unfolding inverter is operated with a
lagging PF, and the inverter is unfolded at voltage zero cross-
ing, dc voltage quickly increases. Using this phenomenon,
the dc inductor current is reduced to the opposite polarity
during the freewheeling mode, and the dc voltage is reduced in
reverse-/regular-polarity PWM mode. Moreover, target values
for a smooth return to the normal mode are calculated using
a virtual PWM inverter. In addition, the unfolding timing is
slightly shifted forward to reduce the ac current overshoot.
Compared with conventional methods, our proposed scheme
deals with reactive power using only control, and no addi-
tional circuit is required; however, only a few PWM cycles are
required. The THD of our scheme is much smaller than that
of conventional methods. Based on the reactive power oper-
ation range described in Fig. 1, grid-tie inverters are deemed
essential to operate from a lagging 0.9 PF to a leading 0.9
PF. Within this range, the THD of the inverter is within 5%.
If the THD constraint is to be neglected, the PF operation
range of our inverter covers the entire range from PF = -1
to PF = + 1, as shown in Table 5. Thus, an unfolding inverter
can be operated for both leading [39] and lagging PF. In
addition, both powering and regenerating are possible; thus,
it is verified that an unfolding inverter can be operated in
four-quadrant operation. The harmonics are compliant with
grid code IEC61727. The efficiencies are 99.76% with PF =
1.0 and 99.50% with PF = 0.5, which are very high.

APPENDIX A

CURRENT CONTROL OF A GRID-CONNECTED INVERTER
When an HEECS is applied to a grid-connected inverter, the
inverter output voltage is synchronized with the grid voltage,
and the real and reactive output powers are controlled to match
the command values, as shown in the control block diagram in
Fig. 46. The current reference generator calculates the current
references igrer and iy ¢ from the real power reference Py, the
reactive power reference Q,.f, and the grid electrical angle 6,
detected by the phase-locked loop (PLL). The ac current i, is
input into a sinusoidal wave observer [39], and the orthogonal
components are estimated and converted into iy and i,. These
are compared with the current references igyr and iy ef, and the
errors serve as inputs for the current controllers. The output
signal, v}, of the x-axis controller becomes the inverter volt-
age command. The sign of v}, is used to select the switching
pattern of the unfolding inverter. The absolute value of v}
becomes the voltage reference to the voltage controller of the
dc/dc converter.
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FIGURE 46. Control block diagram of current control for the grid-connected inverter based on HEECS.

The voltage control block shown in Fig. 46 generates a fully
rectified sinusoidal voltage that is synchronized with the grid
voltage. This block is realized by DBCCL + VC (Fig. 7).

APPENDIX B
EQUATION OF AU AND AT FOR SMOOTH LANDING TO
THE NORMAL MODE
In general, a time delay exists between the detection and
the control pulse output, and a one-step state prediction is
required. In other words, the controller detects state values at
t = KT, predicts state values at t = (k + 1)T, calculates the
desired output pulse width to be output in the time section [(k
+ DT, (k + 2)T], sets the pulse width on the hardware register
att = (k + 1)T, and aims for the control variable at t = (k +
2)T to match the target value.

The state values at t = (k 4+ 2)T can be predicted as follows:

vetk+2)| _ L fock+1) —~

|:iL (k+2)] = |:iL (k + 1)] + G1AT + Goige (k+ 1)
(A-1)

The dc current when the reverse/regular-polarity PWM

mode is used is calculated using
ige (k+1) = AU/T - |ige (k + 1) (A-2)

Substituting this into (A-1),

¢ . gl 801 |ige (k+ 1) /T} [AT]
k+2)=Ff(k+1)+ ac
* ) o ) [812 802 |lac (k+1)| /T | | AU

:Fﬁ(k+1)+G[AT} (A-3)

AU

Replacing the predicted values at t = (k 4+ 2)T with the

target values xf(k 4+ 2) and solving equation for AT and AU,
we obtain

(A-4)

[25} =G! (Xrep (k +2) — F£(k + 1))

Here, a positive AU is interpreted as reverse polarity, and a
negative AU is interpreted as regular polarity.
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New Direction on Loss reduction of high efficiency HEECS inverter

Atsuo Kawamura, Van-Long Pham, Yasuhiko Miguch, Hidemine Obara

(Yokohama National University)
In order to reduce the losses of the HEECS inverter, we consider two methods, focusing on the inductors
and the capacitors losses. First, the inductance is changed and the inverter losses are measured using
the VTASLM method. Second, the capacitors are replaced and the losses are measured.
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T A ADEEAH | WHEED 50%
AL v F v TR 16 kHz
HUDBEO T 5% 100 REfE

#2 MWHENRTA—H
Table 2 Quasi-free Parameters
F g v F RS R Ron=17mQ(typ)
SCT3017AL(Rohm)
Ron=3.7mQ
CAS325M12HM?2
(Wolfspeed)
1.25mH(18m®Q)
(774 1H)
(IPEC)
8uF (3.5mQ)
(74 v1)
(ARCOTRONICS)
i) DB (Deadbeat)
VALY AONEIK ST
SCHR(LL)
PCB 175p $ilJE
(% mQ) ®
(P #%)

ProLA v "—H
FINA A

A #75L

Xx /U4 C

%3 [HHE4] OAHENT X —F DKL

Table 3 Free parameters on item 4

E1 & E2D L3R
KA Al R
WA TR ZA LI
Bk ESHEH OZEE
Fa v/ EOBERtE Y L REE

BT A =2 HEZ T, SHIZ, PCB OERELOLM L
HE TR OiT & RIAEER) b Zhicgwi-, ZhbEaK2
R T, AL v F U T TN AL, RERICHE TELND
B EOEMFIZAES b & LT,

[EHA4]: ke LCoBam/ T A —2%, kil 3. LSk
DT A—=H T Y, BAZIE, LTO5 88725, : (a)
B, & B, O, (b) 7 — F RTAANEIFEOESH, () LT
v & A LI E ZOEH. () A 3 —2 &Rt L ER
(FATHB L VEE) T 5EBHROARS L OMENE H DR,
(&) F =z v/ SO EFE Y L AGIMH, Zhba®R3ICEE
Oz,

22 INETORNE

XHRO)TIE, [HHE 4] OF < TOHEAIH LT, #%KkD
K& HEE (VTASLM) DFEER T & % SRR D RIEIEIZHE -
THib L7z, & 512, CEE) Tk, STHRO) & 0 b EAGA
AT, A 3 OFGEIGIZ O HRE M Tz, T DRER

I, B2l Tnd,

WETIZ, Fa v ORI A—ZTHHLA LRI R
VAL Xy N H A LTHEE 3 LUV TORBELT

Do

3. BHHNTA—EZTHIIUEIRZUREFXY
DR 2D EEE

31 A F 7 EORKORIL

A VB B ORITHHR EAEEHE . ST EREO =
OOBRBERNOMER IS B2 5N A2, )T
X, ZTO3FORZT I, IFFEFELWZ ERER ST
%, ZNBHOH B FHEER G IS, B & HRIRPL A KR
LIENEETHD, fMERSTDHE A X7 X OEK
MREL R, ERESENENT L E2OND, &6
(L EERCERE AR S IS, SR ER RS2
HETHDLN, TOTDIT, AV F T X AT RIRN
ExbND, ZiH 3 OOEHFIT, BAEWICHEE L TWT,
RKNRERD DIEEL, BHOBNEEEZRNMET 2 X
VA UE T BORFI LI R LT T r—TF RN L
Do

T T, CHR®) TR, ST DA v H T B (Fe2DA v
IR THY, ZhERE 1A F 7 Z#IL)EES,) 2k
LT EBEHEINONSVWHOBYEL (ZhE g2 1 47
A H2L) RS HRAEER Lz, L L, IR REL 2
ST, BEAREHFHROBPRBH K LI- &5 2 B, BROEH
MEIXHOT N ThHoT, £ T RG@RILTIHE, BELEELE
LA E 2 (B340 F 7 ZHL)EMES) ZffEL
720 CTNLORAREEE LD L OEE4ITIRT,
2. B OEREAEERBETHY, #3A X7 FT
L B ERIEIUL R 2 1T KR E Ao 73, B IRRE % ¢
2 J b/ <G LT,

#4 BHEEOREAH I ZA
Table 4 3 kinds of inductors

#2 | L(mH) | R(mQ) M |
#1 127 1506 |7=7A4 N 100
#2 2.06 524 |74 N 391
#3 1.25 11.66 |7=74HN 151

NG 3TEEDA L H Yy X ORI ER LR A ES
ICEEDTRLTHD,

F 9, 50Hz DIEEEA A v 47 X LT, Biix
PRI A—=HIZRY, BEEICE Y, 2RKERDE, 72,
ZOWEREEIZIEFITENY, 52, ERESHEZ, 20
SRR O BB (LCR A —% TlIE L7z #K

2/6



P DEE LIV 2 —UE) 22 L5\ TRD Tz, 725, &
TfElLX, HEECS A >/ N— X EHAIZEB VT, 1200W 75
1700W O H kST 2B ZERATZN, 2095 H 3|

D OF— 2 EF 5 IR,

£5 3D A &7 Z DReIEENIFER

Table 5 characteristics of 3 kinds of inductors

BI(A) 4.3 4.64 4.97

AT H ) (W) 1300/ 1400 1500

#1L AR SRIE (W) -0.011| -0.019| -0.017
A IRIE (W) 0.3143| 0.3660 | 0.4199

&I (W) 0.0717 | 0.0583| 0.0417

BIEAEHW) 0.375|  0.405| 0.445

FRIEHEE (%) 99.827 | 99.826 | 99.825

#2L AR SKIE (W) 0.1652| 0.2113| 0.2333
A IRIE (W) 0.1048| 0.1221| 0.1401

SENEE () 0.1550 | 0.1317| 0.1217

EIEAEHW) 0.425|  0.465| 0.495

SRR (%) 99.827 | 99.827 | 99.828

#3L EHAR KA (W) 0.0055 | 0.0162 | 0.0144
A IRE (W) 0.1545 | 0.18377| 0.21599

SEENEE () 0.0492 0.02| 0.00023

SIEAEHW) 0.2092 | 0.2200 | 0.2306

R (%) 99.836 | 99.836 | 99.835

Wi, A2 #% HEECS A =X |ZHIIAA T,
T & RIAEDIEERIRF O A & 7 2 O R & BHELE T
BIE LTz, EOFEHME S, 50Hz CRIE L7238 iEiE & AR
WEBEAZ LW b2 KR E LTRELT, 20
FIZFWA LTz, ZOEMEHEICIT, @i ERIC L 2 imEN
B e mMEERICL A28 (e 27U v 28) BnEENRD,
Fio. ZDOWEO VTASLM JEEICES S 2B EHBFE S
A LTz, ZOWEREIEZIER @),

ZORPOBRHISNDZ EiE, LR ERD,

(1) #2404 F7 2@, RISV, FEAN
B L ONE RS, o 2 FREO A X 7 2 Lk L
TREW,

(2) £3DA 2 Z 7 ZH3IT, FEIZE 1T 201
U7 ZORICAIET D5, SR L mERER R ZIEH 1
DA UE Y ZERBETHD,

H3IDA U X ZITH 1 DA HF T ZITHASNTHEORK
FEN 1B ERETHLDICK LT, # 2DHAIT, K 3L
2o TS, LinL, REDEPEXDRESOBKRIZZ DL D
TR EME IR PAME S 1T —F Ly, A U F 7 Z OO
BIEEE, BOBT L BEROB SHELE RO D EBEE
ThHY ., TOREEMIW D EBbh 50,

ZIT.H3DAUH 7 XL T, 848 L mEREEICE
L CBMOMEEIT->T=DT, TOMET—X %X 3 LK

42T, ¥ 31X 50Hz DEiL 2 /T —7 7 h b LTl
ELTEbOT, @ ERITE A TWRY, o, HMER

HARIRIE & AR KR
0.4
0.35
0.3
0.25 °
0.2
0.15 ®
0.1
0.05
0e
1100 1200 1300 1400 1500 1600 1700

oz (w)
[ ]

O ELARIKIAIE o EAKIKIE

3 #3L OREAPHE & AR PR
Fig. 3. Joule and iron loss of #3L at the fundamental

frequency

—o-By 50 Hz AC power and L-R load
~e-By HEECS operation in powering mode
—o—-By HEECS operation in regenrating mode

0.6
0.5
04 //
0.3

0.2

Inductor loss (W)

0.1

0
1100 1200 1300 1400 1500 1600 1700

Power (W)

X 4 #3L OEKO
(FEARP DI, J1ATE LA TEES)
Fig. 4. Loss of #3L at the fundamental frequency,

powering and regeneration operation

T7x27A4 NThY ., EIOEELIL, ERHER GXFHR) O
20%FREETH 5 O T BHIZIEF /NS, X413, HEECS
A U= BIHBANTEREDT — 2 THDHD T, %ﬁﬁ%
WaEEHATEY, £, FAERRICIE, ERom i
o TWh, ZTOMNMLEBEINDZ LI, ﬁ?ﬂi# Iz
50Hz BRENF & ZITRIAR AR FEE A2 R LT D A8, IEIEEH?HC
WX, EIAEE IV S WVEEIR T, @i n RE < eos T
LR THDH, TORKE LTiX, ZOEIFEIE CIEm ik E
WMAKE L R TWDHATRENE, B L OERE T OIEH
EAFMOREMIZT NN S D FHEMNR EOBEMRNRE 2 b
ns,

BT, EOBENEE TH 5 VTASLM EDIZHE-S
T, #3042 F 72 2%z HEECS A v /3—% O
PhRAEWE LTz, TOHREBEREEEKS LK 61277,
HI7)7% 1300W DIREIT, ZEHA5)3 99.8360.004% A% || X
iz, ZOFEMEIX, #2045 7 XORBOHELY Hb

36



Average Efficiency
99.838
99.837
99.836 {

[ ]
[ ]

— ]
g 99.835
U 99.834
K ®
< 99.833

99.832 °

99.831

99.830

1200 1300 1400 1500 1600 1700 1800

P2(W)

5 SiC-HEECS A1 > /\—X D@
#3L)
Fig.5 Measured efficiency of SiC HEECS Inverter with #3L

Accuracy
0.005
0.0045 ®
[ ]
0.004 °
[ ]
_ 0.0035 °
IS °
$ o003
® 0.0025
3 0002
< 0.0015
0.001
0.0005
0
1200 1300 1400 1500 1600 1700 1800
P2(W)

K16  SiC-HEECS A > 73— & ORh5 & K5 L (#3L)
Fig.6 Accuracy of SiC-HEECS Inverter efficiency

measurement with #3L

PTOZMEL TS, AIEREEZBRL L, #2014
IHEREVBRIDOAE T X ERNDHFREOIRNEGD
niz:#Ezo6n5s,

3.2 C Oixfl

WIZ, Fav/SEHBOT A NZDF v /N X DREZITH
L ChRit & T o7z,

HEECS 7 3 v /3D % ¥ X3 X OME L, 7 4 V72D
T, Fy RN H TORKIDIEFITNESNEEZEZOEND, L
AHAVETEOWHIL, KTDOX 72 L 7DD T (XL
k1), VLA o N—F TOEL LT 5 &, EAE
{Jm%i’ﬁb WUz X9 CREEROEREE) EE526h

D, o T, T U XDOFERENRKEI V& PO
BROEDENKREL 22D, TOFER. AV F T HRAAL
F U TR ATOERENEINTHEHEE D EEZD
ns,

INEXRTEREATDELUTERD, 50Hz TO T = A H—
Ez . NFE 1 OAMEROIEREZ Toad. ¥ /3 ¥ OER
le CEFRTDE, AMERNPIEL ThiuE, Fv /v
B EIALFAN 90 FET N TN DH DT, A V& 7 X DER
O I ik, WA THELLTE S,

.5 Aldiv

/ A

A

Vgo : 200 V/div
THD: 0.4%

Time division:
5 ms/div

17 HEECS A v /3\— % D& DO
Fig. 7 Three kinds of waveforms at 2.2 kW
output of HEECS Inverter in Fig. 11V

I.=SQRT(T10ad2+12) == (D)
I=abs(joCVac) = (2)

722l Ry X OFEREEY CLITVIRLA V=20
I BEEOIRNE % Vac & ERT 5,
é bl Iz %EU)'J%’A pfpseudo %&KTE%‘?‘%O

prseudo:abS(IC/IL) ------ (3)

Bl ziX, 8uF 7 4 )L hF v /R %A (Resr=3.5mQ) %
BATZEA . H1E 7Y 1300W (at 302Vrms) D5 Tl
mw43%XL#W&M&&éﬁf\wmm#WS&&&

FHECOEBBIL, I D 2 FICHHIT 0T, CiIhs
WIE EEEBITED T 508, BIEREE LTT v RE—h
24T > TNDEDT, C D/NE W ERLEIT T BN
b HOT, BIRO SR I 5,

CHR(T-9) T, CIE8uF CTHIEL CE722, Zhx 8.0
uF75uE70uF,6.5uF &2 S8 THA% VTASLM /%
OCHELTZbDEK8IIRT, 7, ZOEROBFET,
BIEI AL DAL v F oI T AL A1 D 83 & S4%
R L7DT, 20 4 80 C BRI L 8B OMET —4
AL v F U TR AR, 31EOBIET — & &1, fEN
LR ST D, > T, M8 % new PCB#5 TOMET
—Z LS EIZT D,

ZORMNE, C AL DR M Bi%, TuF i Thd s
IZRBD BN DD, EAUTIERZOHHANE F 25, 7B,
3.1 i 5 TiX, 8uFd C T, 255 99.836%(at 1300W H
INZFEWLTNDLA, ZDOK5 L8 TIHEH LY —
TR AT EIr > TN A,

3.3 B
2B CHIF L=, 3Tk (9,10) TIRE S -8k
b7 7 u—FIZB LTk, AKX cd_To [HH 3]
L [HEE 4] OMBAEOEEZIZIER T L, &0 OE KN
4.6



Efficiency vs Capacitance
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