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Magnetic-less Galvanically Isolated AC-DC Converter for Energy Storage
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Modular SGI Converter
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7.5-kW magnetic-less galvanically isolated ac/dc converter for Energy Storage Systems (EES)
Features:

= Semiconductor based galvanic isolation (SGI)

= Bi-directional Gallium Nitride (GaN) based circuit design

= | ow cost
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Semiconductor based Galvanic Isolation
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Principle of Semiconductor based Galvanic Isolation Switched Capacitor Cell based SGI
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Common mode (CM) leakage current needs to be limited to meet safety standards!

Compared to Si devices, SiC and GaN devices with smaller Coss can result in greatly reduce leakage current.
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Zero Current Switching of the Switched Capacitor Cell
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When the switched cell is designed with low damping factor, zero current Typical ZCS waveform of a switched capacitor cell*
switching can be realized by switching at the LC resonant frequency.
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What Makes It a Bi-Directional Switch

Two Features of a Bi-Directional Switch:

= Conducting current in both directions

= Blocking voltage in both directions

The 4:1 Ratio:

= Fouridentical uni-directional devices are needed to form one bi-directional switch with the same on resistance

_____________________________________________________________

/ Ron: 100 mQ Ron 100 mQ A
T TFr

Lo Lie-

Ron: 100 mQ Ron 100 mQ ’

TTT TTT
’ I I ¢ One 100-mQ

Four 100-mQ uni-directional MOSFETs ! \_ bi-directional switch .

_____________________________________________________________

Ron: 100 mQ Problems:

J_

= 4times semiconductor usage

_

= Complex gate drive and layout

= Unbalanced transient current sharing

o
N e e ===

Note: There have been developments of Reverse Blocking Si IGBTs , Reverse Conducting Si
- CENTER FOR HIGH PERFORMANGE POWER ELECTRONICS IGBTs, and Bi-directional SiC MOSFET. None can significantly reduce the 4:1 ratio.



A Bi-Directional GaN Device
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A GaN based bi-directional device: - R
= One cascode device with two gates CEn | | [é‘ rﬂﬁ’“
= 60mQat25C | TIT

A device that significantly reduces the 4:1 ratio Device Structure

Bi-directional Blocking
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Device Symbol
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Device Package

Bi-directional Conducting
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Earlier Achievement: 2.5-kW 1-MHz 3-Cell SGI Prototype

*  Modular and magnetic-less circuit topology

* No bulky magnetic components

*  Small switched capacitor (1.2 uF) enabled by 1-MHz switching
»  High efficiency and power density

* Low cost two-layer PCB

*  More manufacturable than transformer based isolated dc-dc converters

2.5-kW, 400-V, 1-MHz SGI Module

Prot
Prototype specifications rototype PCB Cost (for 1 set)

. . 1-kW high-frequency transformer based
. Dimensions: 11.4 cm X 6.2 cm X 5.2 cm De-dcll $ 504.92
. Power density: 6.8 kW/L (With a 16-layer planar transformer)
- 2.5-kW 3-Cell SGI 14
«  Peakefficiency: 97.6 % 5-kW 3-Cell SG $58

(For same lead-time and quantity)

Z. Zhang, et al., , "A Quasi-Switched-Capacitor-Based Bidirectional Isolated DC-DC Converter With High Voltage Conversion
- CENTER FOR HIGH PERFORMANCE POWER ELECTRONICS Ratio and Reduced Current Ripple," in IEEE Trans. on Power Electronics, vol. 39, no. 4, pp. 4426-4437, April 2024




2.5-kW 3-Cell SGI Touch Current Evaluation
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Converter Touch Current @ Different Load Conditions Touch current measurement at 2.5 kW
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Progress from July 2025 to May 2026

= Studies of Navitas GaN MBDS
= Static and dynamic characteristics
= Short circuit capability
= Series operation for 800 V applications

= Further characterization of the SGI module

= Paralleled operation of SGI modules
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650-V GaN MBDS from Navitas
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The 650-V 52mQ GaN monolithic bidirectional switch (MBDS) from Navitas: Glf JGz
= Monolithic integration 3 2
| g S, —¥ ¢ S,
=  Common-drain structure Device symbol
Gl G2
$1 Shared Voltage -
. - Bottom
E— Blocking Region E—
Electron Path | Gate Field 2DEG Gate Field | AlGaN
e
Channel Bidrectional Current Flow Channel GaN
Buffer Layer
Si Substrate Top-cooled

device package

Device structure
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Symmetrical Bi-directional Blocking and Conducting

|-V Characteristics
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Bidirectional conducting with an on resistance

Bidirectional blocking with a leakage current of
of 48 m() when gate voltage is higher than 4 V

40 pAat 650V
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Double Pulse Test of GaN MBDS at400V/30 A
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<» Current measurement
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Progress from July 2025 to May 2026

= Studies of Navitas GaN MBDS

= Short circuit capability
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Short Circuit Withstand Time with Both Gates On
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S S e Current (I ss )
VS1G1=6 V Iz 2 12 Iz W 2 12 W 2 2

G1 —] -

Iss () Iss T
G2 | Equivalent - 50
Vs.G.=6 V S, S2 0

Time ( :U’S)
SC Energy @ 100us | SCWT
Navitas GaN MBDS 400V 130A 502.5mJ >100 ps

The MBDS has excellent intrinsic short circuit current capability!

- CENTER FOR HIGH PERFORMANCE POWER ELECTRONICS



Progress from July 2025 to May 2026

= Studies of Navitas GaN MBDS

= Series operation for 800 V applications
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Challenges for Series Operation of GaN MBDS: Device Parameter Mismatch
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Ten devices from the same production batch are characterized.
- ' '
30 | | _
| = Leakage current, l5gg:
§ 20 i - Determines static voltage balancing
= | |
= 10 - | - = Qutput capacitance, C,:
Q
H
= . Determines switching speed during switching transients
g 0 = Threshold voltage, V,,:
Determines gate signal matching during switching transients
-20 | I I I ]
ISSS‘ Ooss Vvth

Device-to-device parameter variation

Device preselection is required to achieve voltage balance.
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Test Setup for Two GaN MBDS Devices Connected in Series
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Test Results for Series Connection
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Voltage measurement

...... Current measurement

CH 1: device gate to source voltage V1,

Excellent short circuit capability and the feasibility of series operation show
that series-connected GaN MBDS can be implemented for 800-V rated
circuit breakers and converters!

CH 2: device source to source voltage V1,
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Progress from July 2025 to May 2026

= Paralleled operation of SGI modules
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Parallel Operation of 3 SGI Modules

Ly sei3 ’ Ly sei L's'{%‘(;ls
39 kAN kAN
=—Ci I- -ISISG"_|_ Chia I- -I SS’SG”:: Chia I- -I SS’SG”:: Cour
33 kN kN
[" 7] S2s6n [M 7] Seson [™ 7] Sosen
Il 1 .8GI2
X Ly sei ) ’wl': 2 SGI3 Lg sGi )
+ [ (2 ) (2 ] A | +
V. L, I- -ISI_SGIZ Coia I- -I 83 sor2 L I_ -I S575012== Cou Load
in -|_ Bank
4 e 3 & 3
[M 7] S2ser [M 7] Siser 7 Sesar2
Ips1 5613
X ~£$_1(5013 —> ) ’wlgz_sclx L’S'S'?S;QIS )
1 393 kAN KRN )
L [ -ISISGIS_|_ Co M szsas:: Co M SS_SGB:_ C.n
33 kAN kAN
[M 7] S2s61 [M 7] Sisens [™ 7] Sosen

1.5 kW paralleled SGI converter circuit diagram
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Experimental waveforms of the cell currents.

= The output voltage stables at 400V
= The phase shift between each converter is z?n

o H

17 Mar 2026
16:11:13
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Current Sharing between Paralleled SGI Modules
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1.5 kW paralleled SGI converter circuit diagram

Current Sharing Error =

- CENTER FOR HIGH PERFORMANCE POWER ELECTRONICS

maX(|ISGIi _ Iavgl)

Experimental waveforms of output currents.

=2.4%
Iavg
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Touch Current Calculation and Test Results
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Touch Current vs Switching Frequency and Cmi d

Tektronix
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Z 0.001061
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ooooooooooooooo

RL: 500

600

800
C_., (uF) 6 1000 Touch current measurement
m Switching Frequency (kHz)

= The calculated touch currentis at 1 MHz is 1.06 pA, which is lower than the single SGI touch current (1.46 pA).

The measured touch current of three paralleled SGI converters is 0.049 mA (<0.5 mA, IEC Standard)
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Conclusion

23

GaN MBDS could further improve the efficiency and power density.

The long short-circuit withstand time of GaN MBDS improves system reliability.

Series operation study enables higher voltage application of GaN MBDS.

SGl is an effective and safe solution to realize galvanic isolation with no magnetics components.

Two-layer, MHz SGI prototype offers a simple, low-cost design, significantly reducing manufacturing costs.

Parallel operation of the SGI enables higher-power applications and reduces touch current.
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This material is based upon work supported by the U.S. Department of
Energy, Office of Electricity (OE), Energy Storage Division.

Thank you!

Contact:
Jin Wang: wang.1248@osu.edu
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2.5-kW 3-Cell SGI Prototype Validation and Efficiency
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Converter Waveforms @ 400-V/2480-W / ZCS achieved

2 2‘; ] ' ' ' Converter Efficiency @ Different Load Conditions
> — [T [T 98.0%
S W ", | ] | ] | ] | 97.5%

20 | - 0
"U 1(()) N /7 "\ / "\ / O\ ¢ . 5‘ 97.0% I1.6% 97.4%
g -0 L - ' . - - . — = 4%
= 0 0.5 0 0.5 1 1.5 2 25 3 .g 96-5% 96.3% 96-8%
z | £ 96.0%
T T a— g 9:9% 95.4%

oo ' ’ ' §95.0%
g= s | - S 94.5%
- < 94.0%

Time (us) 554.6 972.2 1445.8 1961.2 2493.5
Output Power (W)

« Converter power loss includes a 16.5-W power consumption for driving

and control circuit

When considering power loop efficiency only, a 98.7% peak
efficiency is achieved.

2.5-kW, 400-V, 0.9-MHz SGI Module
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2.5-kW 3-Cell SGI Voltage Regulation
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Hard switching for SC cells

70° phase angle (213-ns t,,)

Tekstep [

acitor Voltage and Power Loop Efficiency vs Phase Angle

W 390
j bt 5 380
. (&) ey
Z = o
V e 1 [ e e ﬂc',].‘ avo r 92 é‘-\
-~ S3 = i
A kitn) At ) s e aam il et Pt et =i < 360} 2
= : 4 : g 4
V ; ; : : T : ) ) . S ﬂ
S5 ' ..'.1—».400ns/div:..I.5.V/d|.\(: T 3501 2
& 50k 400ns 2.50G5/5 & W : : S 5
50.0Y 50.0Y 100k points -5.50 & ; : < 3401 3
Value Mean Min Max Std Dev 27 cep 2024 =3 f o
@& PeakPesk 162 ¥ 162 16.0 184 23.7 [ 14:30:29 l S 3301 3
Peak—Peak 110y 99.0 10.0 114 18,5 i Calculated V',
320 b }," = = = Experimental V 82
fF Power Loop Efficiency
. - 310 : ' : : : 0.8
Forced resonant current cut-off regulates output voltage ” " o 100 190 10 10 180

. . . . . . Phase angle (Degree)
* Hard switching increases device switching loss and converter loss

Voltage regulation is achieved with adjustable turn-off angle with certain compromise on efficiency.

R
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Short Circuit Withstand Time of with One Gate On
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Source-Source Current (1 s )
20 | | | | | | | |
SJ. Si 1 s 2 s 3 s 4 s 5 s 6 s 7 s
Vs.6:=0V L a a a = L
150 | -
< \ 4
Gi < 100 | -
| Iss Iss o
G2 | Equivalent - o | |
= 0
Vs.G.=6 V 52 S2 AI
0 1 2 3 4 5 6 7 8
Time ( Ius)
| Device | DCBus | L, | SCEnergy | SCWI
Navitas GaN MBDS 400V 141A 85.78 mJ Tps 71.25 s
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Challenges for Series Operation of GaN MBDS: Driving Circuit Variation

29

Differences in gate driver propagation delay, gate resistance, or parasitic inductance could cause asynchronous switching transitions.

550V V(S1,52) V(S3,54)
Comparison of Gate Driver Solutions for GaN MBDS ssov-| v
— 350V [ AAAAAVVVAAMMAMAAAAAN
Part Num. e Channel Propagation delay 250V—
2ns 150V—
MAX22701EASA+ 300V/ns 1pF 1 (part to part) 50V-
0.34ns -50V- i T i
NV1702 200V/ns 0.2 pF 2 (channel to channel) 2.00uys  2.04pus  2.08us  2.12us  2.16ps

Simulated turn-off transient with
3 ns gate signal mismatch

Symmetric layout and low-tolerance components in driving circuits are required to achieve voltage balance.
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Proposed 7.5-kW Magnetic-less Galvanically Isolated AC-DC Converter
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;v Modular SGI Converter
S S
i S

12 CDC_I

[
N . 1 3-cell SGI Module /

V.. 1 | T . 7.
@ a l C, ﬁ ] Coii _|—_ ‘ Co —| S _____Vbat
¥ T ) ) T ) . T -

e _Ifil Coe.z ' 3 § ¥ & ' i X B
AC-DC Stage DC-DC Stage
Ac-Dc stage Dc-Dc stage

Parameters Value Parameters Value
Switching frequency 25 kHz Switching frequency 900 kHz
Input ac voltage (RMS) 240V Input dc voltage 400V
Output dc voltage 400V Output dc voltage 400V
Power rating 1.5 kW Power rating 1.5 kW
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Parallel Configuration of Three SGI Modules with Interleaved Strategy
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T ) e — i — § € |+ § 10 - /\ /\ /
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[ KA N AN 2y ] _ Parallel SGI output current I
L. [ —lsl_SGB: L [ Ss_sc13== Co [ S5_SGI3== o §/ 19.193 | 10ut
5 19.1925
2y K 2y 5 19192 . 1 .
[ 1S2se [ 1 Stse [ 1 Sesn O 1.0005 1001  1.0015  1.002  1.0025
3 paralleled SGI modules circuit topology Time (s) %107

The effective switching frequency observed in the output currents is Ngg, *f, which is 3 MHz in this case.
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Parallel Configuration of Three SGI Modules

Ly sei Ly; sei3 sz'_SGI.?‘
3y 3y K25 2
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F 4 3 [ K] KRN ) | +
—|SI_SGIZ_ | _l S serz_| |_ _l Ssserz_| Load
I/in = Ci, = Cuia = Cuia = Cour Bank
il N . . e | =
[ KRN KRN KA N
—|S27SGIZ _| Sy ser2 _l Ss sei2
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’ [ ) $ 9 (2K ) )
S S S
_ .. —l 1soiz] Co _l ssas | Co I_ —l ssais_] Con
K2 T K T KA
—|S27SGB _| Sy s6r _l Ss sei3

Three SGI modules connected in parallel
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Parameters Variables Values
DC Input voltage v, 400V
Input power P 1.5 kW
Switching frequency £, 1 MHz
Input dc link capacitance C, 6 pF
Mid capacitance C.i 1.2 yF
Output dc capacitance C,ut 1.2 yF
Resonant Stray Inductance Liy3/L, | 20nH/ 40 nH




Withstand Voltage for the Paralleled SGI Modules

33

UL 1741: inverters and converters for distributed energy resources are required to withstand one thousand volts plus
twice the maximum operating voltage for one second.

Bank ou

Ly sei Ly, sGi3 Lg; sei3
T f‘I“‘? g e T
¢ [ Sisen Cou [ 7] Ssson_| Cois [ 7] Sssen_| C
==Ci, T mi T ™ T ™ Vaut_SGll
3 & 3 & 3 & i
r _lsz SGII r _] Sy s6n r _] S5 56
u Input VOItage: 450 V Ly sors L, Lg; sei3
TR +
] Required withstand Voltage: 450 V X 2 + 1000 V= 1900 V V., =—=Ci [" T Siser Coia 1 S3_SG12== Cou M Ssis(;u:: Cou l/()uLSGIZ Load
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IEC 61558-1: Touch current of galvanic isolated converter needs to be less than 0.5 mA.

» The voltage ripple on the DC-link capacitors

GLlGlGl alalel alalal ol ol ol determines the touch current flowing through the
& human impedance network Z;.
/4_ 1 L L, L 3-cell SGI Module / / V,rl l
<\> EXR EXR EXN = e Iy =
) Ve pre = Cj ros = Cuiar ras = Cu ros == C.,,== o =Vou ZChClSSiS +ZTC
—~—] Con v » Voltage ripple across the DC-link capacitors
KA KA N KA c
Humantimpifdance |' '[ S, o |' '[ Sy |' '[ Ss L (led)'
CL_CiCi C»__Cfi@i CP__C:Jﬁi Gl Gl Gl I avg
_ TTT  TIT TTT TTT Viipple = ton
L Earth GND #7¢ Chassis GND (R +ESR)-C
= 1 f:s.(:f.(]__e(dson )f)
\.\.> 0~22,uF_J 1.5k®  (measurement| . .
_ n points) * Due to interleaving of three SGI modules, the
Jiwa T2ne P effective switching frequency observed from Z; is
i 3 times of the individual switching frequency.
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