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FRT Capability of Single-phase Grid-tied Inverter with Minimized Interconnected Inductor

Applying High-speed Switching to Freewheel Mode

Satoshi Nagai*, Student member, Keisuke Kusaka™, Member, Jun-ichi Itoh™®, Senior member
(20XX F@ H @ H 3, 20XX F@H @ H fH321)

This paper proposes a fault ride-through (FRT) operation for a single-phase grid-tied inverter with a minimized
inductor in order to reduce the inverter output current overshoot. The inverter output current overshoot becomes very
high at a grid voltage drop and recovery, when a low-inductance interconnected inductor is used. Hence, a grid-voltage
fault stops the operation of the grid-tied inverter due to overcurrent protection. This paper proposes a high-speed
freewheel mode during the voltage sag in order to reduce the inductor current overshoot. Moreover, the inductance of
the interconnected inductor is designed by considering the grid voltage recovery operation of the inverter with the
high-speed freewheel mode. Consequently, by using the proposed method, the grid-tied inverter continues to operate
without interruption during the grid voltage fault. With the proposed method, the maximum inductor current overshoot

during the voltage sag is reduced from 755% to 141%, compared with the conventional FRT operation.
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Fig. 1. Single-phase inverter circuit with LC filter. The inductance L is
reduced by increasing the switching frequency.

Dlsturbance
Current d,s.
command Control System Clrcmt Y

7""’-*"
—STer -

Fig. 2. Control block diagram for inductor current controller.
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Fig. 4. Control block diagram of conventional FRT operation. In the
conventional method, the current controller is implemented by DSP.

FRT Control

7777777777 Control System | Circuit_,
_ DSP |

FPGA

Veonv

Fig. 5. Control block diagram of FRT operation with high-gain
disturbance observer. The disturbance observer is still difficult to
compensate large disturbances such as a voltage sag.
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Fig. 6. Control block diagram of proposed ZVRT operation with high-speed freewheel mode. By the proposed method, the inductor current

overshoot is suppressed at the voltage drop and recovery.
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(b) Voltage drop operation. (c) Voltage recovery operation.
Fig. 7. Comparison between with only high-gain disturbance observer
(DOB) and with only high-speed freewheel mode.
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Fig. 8. Timing chart of FPGA controller for high-gain disturbance observer. X3, Xs, Y3 and ¥s are changed by table of MUX1 and MUX2 in Fig. 6.
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Fig. 9. Circuit model for interconnected inductor after voltage recovery.
In the circuit model, the maximum inverter output current is calculated.
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Fig. 10. Current overshoot at grid voltage recovery with freewheel mode.

L . L .
pd =t — :V_ac(ilL 7'L_th) 7E(7IL 7|L_b)
Lo P (8)
:V_(ILib _ILfth)

ac

T, tw TR EBEARIREED DR A & T BB ER
%ﬁ8~7ﬁ’ﬂbflm%&@é@MAﬂ%¢ ETO
WM, 6 (3RMBIEE IR DERA X 7 X B ETLE
TERRIMEA~BET 2 £ TOHM, iLa XHRA ¥ 7 ZERD
F— "= a— FENERERE — 7 EICX LT 150%D

ECTHD, Q) NLVIERA L F T X R/ME Lmin ZLLTF
DEHHEHT D, ZoLx, BREWEOTRIBIER th

IEEJ Trans. @@, Vo/.@®, N0.®, 00®



INBLHCR A V& B ARED FRT MERE Gk HET], i)

(IR ABEG) 0 B AR iy 2 FOAT 5 2 2 TOR
EHAT S,
V.t

acdelay
%"hﬁ4uh .......................................................... )

Z 2T, BIREMED Y BRZOBERER] taew 131 F 7 FITHR
NDFEERDBICERMEICELRE L T D, ERRIGERT
— RRETINDECOBIMLKERTH D720, HibEE,
FPGA O, 7 — h KT A TRIEOBRBIER ENEEND,

(3:2) EBfRA—1N—2a—FEDEH

OXUIC I VBRI HERA L H T B A Lnin, TRIRENE
B0 B X BIERER] tdery & HERA X 7 HETRORENER
RN 6 OF1&(NFRUCRATHZ & THRA VX7 ¥
BRER itmax ZHEHTE B,

Lma =1L = \L/ac (tb +tdelay) ...................................... (10)

min

ORTHEF LR A F 7 X A5 2 & CHHRIE
JREF DR A T A KB itmax D EMERE— 7 1T
LTIS0%LAFE72B7280, 4 F 7 XEHRA—/N—2 22—
kB % 150%ZH0f L7z ZVRT B A[EETH 5,

4. INEERA VDB DERE

B 1 ICBRRREGE— F2EA LB AIcEs 5 LC 7 4
W&®@ﬁ4/575/xﬁ¢m@ﬁﬁ7ﬂ_%¥—F%
Y, WIS, RHERA L R—FDOHAEL Y, WIBIKET
& B RREE vae, HITETT Pouwr, AA v F 2 T TEBEE fow,
HXRA U H 7 ZEFRBHEHEFRT— REITE TOREE
FERFH] taely, FRT FF A7 THRA & 7 X B O BE
irm, MBETLZHOEMA L F I B R LB RET D, M)
WS X 0 RIREIEICE WA v F 7 X R Ly bR
TEMEDBRA & 7 2 BB i » ZRTET 5, RIRENE
B ir s (TEFHENVEICB W CEREBERSBRMEZEIE L2
EOCREL, 150%DA v &7 ZERA—/"—V 22— Ml
ipm EVIERLSEETHHLERD D, LLENS, WIHISGHELE&E
TRENERE i p ZH WD Z & T, QR KVHERA X7 Z
AT/ IME Linin ZEHTE 5, IRIZ, AA v TF 7 U 7 IVER
PSR R AR E O &Iz @RS A2 72 L Tun b
FHHET 5, RERHE TIIRTICHAT 2ER Y 7 i
HWERH D@, L, LC 7 4 /VZDOEFZLDERY) 7T
BAL TIX LC 7 4 VW ZZDRMMOBIRA X7 & v A g
ERZBELBROIRY EBERO T 4 LV ZEHOHTIERY 7V
DOFHIREECH B, Lo T, K Tidakitfidt e LTh
LRREOREOEIRA X7 X AERELZ) AT, H
TR Y T m TR A R T E D L D ICRET b,
HRAVE T HDAAL v F U TR DERY 7 IVAL 1E(11)
XL VEHTE S,
Vac Vdc _Vac

T, Ve
(DA EVEHUTZHRA &7 ZOEGY T VAL BEAKR
BB 1L D 20%LL EOBE | HERA T XU AL,

C START )

|

Decision of grid voltage Vs, Table A. Grid inductance
inverter output power Po, Grid Grid

switching frequency fqy, voltage V.| Inductance Ly

detection and control Qelay time 200V 0.37 mH

for freewheel operation tgejay,

threshold of inductor current to 100 v 0.46 mH

meet FRT requirements i,
grid inductance L

Decision of grid inductance L
from Table A

Decision of inductor current
threshold for freewheel
operation i

Calculation of minimum
inductance for interconnected
inductor by equation (9)

»i

= |

Calculation of ripple current Al
for inductor by equation (11)

Increase inductance

A

NO A

YES

Calculation of filter capacitance
C by (12)

Calculation of output current
ripple Alg, by (13)

Al <1, x0.003

out

NO

C END )

Fig. 11. Flowchart of design method for minimized interconnected
inductor. The inductance of the interconnected inductor is decided by the
initial conditions at the voltage recovery.
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Fig. 12. Relationship between delay time of freewheel operation,
minimized interconnected inductance L and filter capacitance C.

Table 1. Calculation result.

Initial condition
Grid voltage peak V¢ 2828V
Output power Py 1kw
Rated inductor current I, 7.07 A
Delay time for
freewheel operation tgeiay 7.2ps
Inverter output current threshold
S 9.0A
for freewheel operation i
Inverter output current limit I x15
by FRT requirement i L
Calculation result
Interconnected inductor L 1.27 mH
(%2 for output impedance ) (1.0%)
Maximum inductor current iy max -10.6 A
(Overshoot rate) (150%)

Table 2. Simulation conditions.

Common conditions

Output power | Poy |1 KW Ang. fre. of ACR |@, 6000 rad/s
DC link vol. |V |380V  ||Samp. fre. of ACR| fsamp [20 kHz
Grid voltage |Vs. [200 Vs || VOL. det. delay 12 us
Carrier fre.  [fey |80 kHz || Current det. delay 3pus
Conditions of conventional method

Inter. Induc. |L [3-30 mH || Filter cap. Cc [0.48pF
(%Z) (2.6%)

Conditions of proposed method

Inter. Induc. L |1.27 mH |[Samp. fre. of DOB| f,, (80 kHz
(%Z) (1.0%)

Filter cap. C |1.25 uF |[Cutoff fre. of DOB| f. |2 kHz
0 L A e

FEEEA UM FRT B2 Uik c& 2 LC 7
SIVZIZBNT, EIEEA L E I X ARERTE 50
WEET 2, Ko C, BIREFDOA VXU X EFRDOA—I"— =
~h%w1w%&@5@ﬁ4/&&&/x%%%@£_ﬁ
A7 %, $#2% FRT H#ENEEAREOBR A &7 X v A[THR
1 CEH LA V7 X AL, Bt ACR)D
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W 2000Hz L LTI alb—Yar&179, £/, LC 7
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(a) Waveform of ZVRT operation.
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(c) Voltage recovery operation.

Fig. 13. Simulation result of conventional FRT method during short grid
failure. The maximum inductor current is suppressed to less than 150%.
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Fig. 14. Simulation result of proposed FRT method during short grid
failure. The maximum inductor current is suppressed to less than 150%.
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Table 3. Experimental conditions.

Output power [P, |1 kKW Carrier fre. foy [80 kHz

DClink vol. |Va: |380V  |[Ang. fre. of ACR [a, [6000 rad/s

Grid voltage |Vac 1200 Vims |[lsamp. fre. of ACR| framp |20 kHz

Dead-time  |Ta |500nS f[gamp. fre. of DOB|f, |80 kHz

Inter. Induc. [L [1.27 mH

(%2) (1.0%) |[[Cutoff fre. of DOB| fc 2 kHz
delay time of

Filtercap.  [C [2.5uF |IFw operation laetay |<6.5ps
FW operation

OC level OC [20A threshold ILp |<9A

Grid voltage_z_vac 250 V/div

AR
WAV

i

(b) Voltage drop

ALALALRD
W

Inductor current iL 10 A{div

50 ms/div

(a) Waveform of ZVRT operation.

MaX|mum current :
T2 53.4A (755%)
Grid voltage Vy : : \\
(o 250V/d|v ..... L
...................... J\
Opfeee
Inductor current i_ 10 A/div
200 ps/div :

(b) Voltage drop operation.

Fig. 15. Experimental result of conventional FRT control with
conventional dead-time compensation in ZVRT operation. The inverter
is stopped due to the over current protection.
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Fig. 16. Experimental result of conventional FRT control with high-gain
disturbance observer in ZVRT operation. The inverter with high-gain
disturbance observer is also stopped due to the over current protection.
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(b) Voltage drop operation.
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(c) Voltage recovery operatlon
Grid voltage Vac 250 V/d|v

Inductor current |L 10 A/dIV
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(d) Stable period of output after voltage recovery.

Fig. 17. Experimental result of proposed FRT control in ZVRT
operation. The grid-tied inverter operates without disconnecting from
the grid.
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(b) Voltage drop operation.
Fig. 18. Experimental result of conventional FRT control with

conventional dead-time compensation in LVRT operation (grid voltage
down to 20%). The inverter is stopped due to the over current protection.
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(b) Voltage drop operation.

Fig. 19. Experimental result of conventional FRT control with high-gain
disturbance observer in LVRT operation (grid voltage down to 20%). The
inverter is stopped due to the over current protection.
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