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ABSTRACT

This thesis presents structure and operation of an H-Bridge multilevel inverter
which uses carrier phase-shift sinusoidal pulse-width modulation technique to generate
gate-drive signal for each switching device in the inverter. The protection of each IGBT
in the inverter circuit is proposed. The operation for various types of short-circuit of the
inverter are simulated using Matlab/Simulink. The simulation results give the conclusion
that the complete protection of the inverter against short-circuits needs sensing of
current on every IGBT. In this thesis, the collector-emitter voltage sensing is adopted for
overcurrent detection of each IGBT. This sensing technique is integrated in the gate-
drive IC used in this thesis. To verify the concept, a 5-level H-bridge inverter is
constructed. The gate signal generation is designed and implement on an FPGA. The

experiment for single device protection and hold system protection are carried out.
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........... Avg  2.475v - Freq 757.6Hz : .
In
=Fiter= =0ffseta wRecord Length= =Trigger=
Smoothing : OFF CH1 : 0.00v Main 10K Mode @ AUTO
BW  FULL CH2 : o.ov Zoom : 10K Type : EDGE CH1 &
Delay : 0.0ns
Hold Off ! MINIMUM

UM 4.77 w396 Voe Inanazalnd fiszauussdulnase 50 v

Stopped 3 2007 /03/06_D05:09:20
CH1=SV : 2ms/div
DC 11 : {2ms/div)
e e I HORMIS00KB/S
g bt sl
=Tracel= Maik 1240V Mini  -1.200v Rms  7.005v
v Rvg | 5008V Freq 757.8Hz . . e,
Th
=Filter= =0ffcet= =Record Length= =Trigger=
Smoothing : OFF CH1 : 000v Maln @ 10K Mode | AUTO
BW : FULL CHZ : 0.0V Zoom : 10K  Type : EDGE CHT £
Delay : 0.0ns
Hold OFF ! MINIMUM

A s = i as "
3UN 4.78 usiaw Veelugn12:Und fAszauussawlwess 100 V

635
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Stopped g 2007 /03/06 051656
CHI=S0V : : : : © BOus/div
pc 1001 : ; : : D (S0us/div)
: ' : : ' : HORM2IMS /5
LN T FUTUUUNE SURTRUSUREURURURUOEPOURRTN N U 01 10 N DM O RO 8 I8 8 08 F N Y ORI PRPRPRRY
Ll L k)
L
‘.=E T ] b
=Tracetl= Max 72;00Y Mih —6.DoOY Rms 1172V
,,,,, Avg  @.71gv . Freq 100.0kHz: G
aFilter= =0ffsotm =Record Length= =Trigger=
Smoothing : OFF CH1 ooV Main 10K Mode : SINGLE
BW  FULL CH2 : ooV Zoom . 10K Type : EDGE CH1 &
Defay : 0.0ns

Hold OFF ©  MINIMUM

A s A { B as
51N 4.79 UTIAU Ve YDZANIINT AIzALLTIGUINATI 100 V

nmmasaudasmslfleifififvidudonin qﬂnsr&@mﬁuﬁﬁwmlﬁfu
gansonnuldnasteinels lagazamansonaadu LLa:‘i‘Jaqﬁ'uqﬂmnI@m 9lur9as
ldagnamuysal uiluminasaslaslirsasaunediaef 5 sviuin qﬂnmiﬁﬁnm
aresuiusliminnaaaaslen dunalinsesilésavntwAannuieme S
ukauana@ed (Delay) 'luqﬂnrfimné’wfqtﬂuwa'lﬁ’s:ﬂmmmsé’momﬁ?uﬁﬂﬁ
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(Voltage Source Inverter)

(Current Source [nverter) |
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Multilevel
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Fundamental High Switching
Switching Frequency Frequency FPWM
L 4 ¥ 4 y
Space Vector Selective Harmonic Space Vector Sinusoidal
Control Elimination Control PWM
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Data Sheet Ni31Lilwaan1Inanas

. ADC0804

ﬂh’atioual Semicondu

ADC0801/ADC0802/ADC0803/ADC0804/ADCO805
8-Bit P Compatible A/D Converters

General Description

The ADODEDY, ADUOBOZ, ADCORDS, ADCOI04 and
ADCOS0S are CMOS B0 successiva approximaton A/D
convariers that we & Sferomiyl polentiometric ladder—
amitar o the Z56R produca Thoas comvelers o dé-
signed 1o alow cparation with the NSCA00 and NSBOBDA
dofvaiive conrol bus with TRLSTATE® culpan {siches o
Tectly driving the data tus, These A/Ds appear ke mamory
{ocatiorn or 1/0 pons to the micreprocessor and no indesr-
fading loght la naadod.

Diterontial analog vollage inputs allow creasing e com-
mon-mode miection and clissting the ansiog zem input
voltage valua In nddition, the voRage referenca inpul Cin
be adjusted {0 allow encoding ey emafler analog voltage
siyan 0 tho till 8 bire of roschution.

Drecamber 1904
ctor

m Dillerentisl anaiog volage inputs

B Log inputs and outpuls moet both MOS and TTL volt
208 toval speciications

B Woiks with 25V {LM336) voltage refecanch

8 Dn-chip dock ganamsior

8 0V to 5V analog inpul voltago rango with singla SV
supply

B No zero sdjst raquired

= 0.9° stendard width 20-pin DIP package

8 20-pin moidod chip chmier or amali outino package

& Oparaias miomatically or with 5 Voo, 2.6 Vpe, O ana-
10g span sdusted voltage rekvonce

Key Specifications
Features w Assotion _ 8 bits
® Compalitle With 80B0 pP dafvatves—no intadatng 8 Tolal anor &% LSB, 274 LSB and 21 LSB
logic noedsd - acoees tima - 115 ns " =& Convarsion tmo 100 uy
& Eayy imerdace W eli MCOPOCRSION, o CpOrERa
“stand alone™
Typical Applications
w
N, .,
= e} i
] ]
- . l',l ] —
0 X o e, P
v b3 |itamsste
awy ih (] uimlt I TR | e naner
natowon ¢:§ .‘m N RERTINLAY
. Bl L
m'nmmuuig- .3 s L) L———q
1 2 bl S LI eyl T '&'
M [ . " » (X%}
L4 h TL/H B8 -1
itertace Error Specification {Inchudes Full-Scale,
Zoro Error, and Non-Linearity)
" * Part Pk Vger/2= 2500 Vo | Yage/ 2= Mo Comectton
HL-—..q Number {No Adjustmants) {No Adjustmenta)
_— Adjusted
3 b . ADCOBOT | £V,188
e - s ADGOBE2 1Y, LSB
¢E'ZI ADCOSOS | 2V, LSB
ADGOBD4 +1188
ADCOB05 +1L3B
TUHSAH -3
TREATATES b & raghiued of Nl omdt Lo
T4 I3 & Pegh et WAk o éeg Corp
T N iETy PEOEEN | S e eall, B A

S193IBAUCD O/ V 2iaitedwo) 47 1g-8

50800QV/P08000V/£0800QY/208000V/10800QY
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Absolute Maximum Ratings ovowes1a 2

H Miitary/Aerospace epecified devices are required, Storage Temperature Range ~85°Clo +160°C
pizase contact e Natiopai Semiconductor Seles Pactage Dissipation at T4 =25'C 875 mw
Office Mistributors for avaBability and specifications. ESDS B8ty fNote 10) 800V
Supply Voltags (Yoo) (Note 3) 6.5V )
Voitage ooy OPerating Ratings woies 152
Lcﬁo‘;.m CG'I'!'D!| |$ﬂm _QW:D ” 0:6 o Temperahis Rangs TansTAS Tiax
o o, 11 aoconts) oo™ ADCOBO1/62LY, ADCOBO2LY/883 ~55CT, < + 128G
Dud-mm Pack b {plastic) 26rC ADCOB01 102/03/04LC) ~4PCETas +85°C
il Maw ATC G ADCOBOT /027 03./05,.0N ~4FCsTp<+85°C
Duakin-Line Packaga (coramic) ADGOB04LCN FCSTy S +T0C
Surface Mount Package ADCDBD2/03/04LCY FCTA<+T0C
Vapor Phate (80 saconds) 150 ADGOBOZ/03/0ALCWM ("C<Tp S +70°C
infrarad (15 seconds) zre Range of Vog 46 Vg 063 Vpg

Electrical Characteristics

The folikwing spocificalions apply 10r Voo =5 Voo, Taan <7 a = Taax 80d ig =840 Kz unless otherwiso specifind.

Paramstet Conditions Min Typ Max Units
ADCO801; Tota! Adusted Emor (Nole B} With Ril-5cale Adj. £ LSB
{See Section 2.6.2) *
ADC0862; Total Unadjusted Eror (Noted) | Vmer/2=2500 Voo Y, 158
ADCO083: Totad Adusted Ermor (Note 8} Viith Full- Scale Adi £ Y LE8
{Sea Sacicn 2.5.2)
ADCOECK: Total Unadiusted Erar {Note 8) Vagr/2=2500 Vpg 11 LS8
ADCOB05: Total Unadjusted Eror Note8) | Vape/2-No Connection &1 138
Vpge/2 inpul Resistanca (Pin 9) ADCOB01/02/03/05 25 a0 ki
ADCOB04 (Nots ) 0.75 1.3 kN
Analog Input Voltage Range {Nots 4) V{+) or V() G- 0,05 Veo+ 005 | Voo
{C Common-Mode Emor Over Anaiog input Voltage t % Lt LEB
Range
Powar Supply Senaltivity Veo=5Ve 1 10% Ower 4 4 LGB
Allowsd Vay( +) and Visd )
Voliage Rangs {Nok 4)
AC Electrical Characteristics
The foliowing speciications apply for Voo =5 Voo and Ta = 25°C unfess otherwise specifiad.
Symbot Parameter Canditions Min Typ Max Units
To Converdlon Time Jopx = 640 kHz {Note 6) W03 114 ps
To Converglon Time {No 5, &) 66 738 101K
foLK Ciook Frequency Voo =5V, {Nots 5) 100 | 640 | 1460 kHz
Clock Duty Cyds {No#a 5} 40 80 %
CR Conversion Fata In Fres-Running INTE tiad 1o WR with 770 9708 | com/s
Mods C8=0Vpg, Ig =040 WHz
AL | Wit of WR inpul (Start Pulse Width) | TS=0vpo(Nom 7) 100 ns
tacc Acoass Time (Dalay from Falling Gy =100pF 135 200 9
Edoe of At Qulput Data Valid)
tynon | TRLSTATE Control (Dalay Gy = 10 pF, R =10k 125 | 200 ™
fromRising Edge of RO 1o {Sae TRI-STATE Tast
HiZ Stata) Ciroults)
L Dolay from Faling Edge 306 450 o
of WH or RD to Reset of INTR
Cin fnput Capacitance of Logic 5 75 pF
Contiol inputs
Cour TRESTATE Outpert 5 15 pF
Capacitanca [Data Buffers)
CONTROL INPUTS [Note: CLK N {Pin 4) is the input of a Schmitt trigger cirowit and i them ke spacified separately]
Yo (i) Logical "4 input Voitage Vor=5.25 Voo 20 15 Vi
{Excapt Pin 4 CLK IN)
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Functional Description onéusn

26.3 Adjueting for an Arbitrary Ansiog fnput Voltage
Fange
# the analog zem voitage of the A/D s shiftsd eway rom
ground {lor example, to accommodate an anaing bnput sig-
nal that doaa not go o ground) tis Aow Iei0 relamnce
shoulkd be proparly adjusted fst A Vyd+) vokzge that
1his Gasired 2or0 roforenco plus *4 LSB {whemn the
LSR i caleulatod for the dasirad analog épan, 1 LSB~ane-
log apan/256) s spptied to pia B end e 206 reference
vokage 4t gin 7 should then ba afjuyted io just obiain the
DOWEX b0 01HEX Code ranstion,
The flkscala afustment shadld hen be made (with the
propar Viy(—} vollsge appiiad) by forcing & voltage 1o the
Vin( +) input which 16 given by:

Vigititsed = me“‘i&{
where:

Vs =Tho high end of the analoy input rengs
and

Ve = e low end (the offest zero) of the analog range.
{Both are ground relerencel}
The Vrer/2 {of Vi) veliage & then adjusted to provide a
£oda changd from FEME W0 FPycy. This completas the ad-
jistment procedurs,

Viiax ~ Vais)
256

2.6 Clocking Option

Tha clock for the A/D can bo darivad from the CPU clock or
an externs! RC can be addad o provide self-Clocking. The
CLK N {pin 4) makes use of a Schmilt Higger as shown in
Ao 6.

1
O™ TTRE
A= {0 kN

TLA/MY i 17
FIGURE 8. Ssif-Clocking the AJD

Heavy capadtive or DT toading of the ciock R gin should be
gwided as thiy will dishwb normal comvertor apecation,
Loagds less han 50 oF, such as driving up o 7 A/D corvent:
& clack inputs from & shglo clock R pin of 1 corvarter, am
afowad, For targer clock ine toading, a CMOS of low power
TTL buffer or PNP inpul logic should be usad 1o minimize
m&wingmmdocknm(domlmumdm
ot}

2.7 Reateri During a Converslon
H the A7D Is restarted (S end WH go Sow and mium high)

guring a conversion, the converar is resot and & naw con-
varsion is slated. Tha putput data lakch is not updated ¥ he

comversion in provess 18 not ahowed 10 ba compiatod, thers-
fore o dals of 1ho previcus conversicn fomnaing in this
fgich, Tha TRTH outpul smpd rarmains atthe "1" iaval.

2.4 Centinuoua Comversions

For oparalion i ha ed-unning moda an inlalting pulsa
ahouid ba used, following powar-up, 0 8nSUTo CouR opéra-
son. in ihis appleaton, the £S5 input ks grounded and the
WA input it tied to the [NTR output This WR and INTR
node should bo momentaslty forcad to Yogic fow foliowing 2
POwAr-up cycio to guaranted oparation.

2.8 Driving the Data Bus

This MO8 A/D, ke MDS microprocessors and munories,
wil requie a bus driver when the istal capaciiance of the
date s gets lerge. Qther ciraultry, which iz tied to the data
bus, wil add 10 the iolsl capaditve oadng, wvan in TRI-
STATE {high impadance mods). Backpleno bussing also
grealy adds to the stray cagadtance of the data bus.
Thera are soms slemutives avalizhle to the designar o
handia this problem. Bagkcally, tho capraditive loading of the
data bus slowa down the rasponse time, even though DC
spaciicsions are 4 mel For sysiama oporting with a
relaively slow CPU clock treguency, mom ime s avallshie
in which 1 extabiish proper logic lavels on the bes and
there!org highar capacilive l0ads can be divan (see typical
charecterstics turves).

Al highar CPU clock fraquancies fime can be exdended 1or
170 reads {and/or writes) by insarting weil stalas (3060} or
sty chock axtending crcults (8800},

Finally, # #ma i shart and capaciive loading is high, extsr
nel bus drivors musl ba used. Thase can bes TRISTATE
butfers fow powor Schoifiy such a9 the DMT4L5240 eories
s moommendad) or special higher dive current products
which am dosigned a8 bus drivers. High aurent bipolar bus
drivers with PNP inputs sre moonmmendad,

210 Powe Suppiies

Nolae spikes on the Voo supply line can ¢atss convansion
s as the comparaior will respond 10 this nolea, A low
Inductance tantalom Rer capacitor shoutd be used dose o
the comvarter Vog pin and veiuss of 1 pF of geater are
recommoended. I an unregulated voltage b avakable it the
sysism, b saparats LMI4OLAZ-S5.0, TO-82. 5V voltage ragu-
{ator for tho comvantar (and othor analog dreuliny) wil graally
reduce dighal nolse on the Yoo supply.

211 Wiring and Hook-Up Pracsitions

Standand dighsl wire weap endkets are not salisfactory for
braadosding this A/D convartor, Sockals on PG boardg
can be wsad and a1 jogic signal wires end laads should be
grouped and kspt as far gway a5 poxsible from the analog
signd loads. Exposad laads to the analog inputs can cause
undosirad digftal noise and hum pickup, tharston shiakiad
lsads may be necessary in mary appiications,

i8



2. HCPL 316J

HCPL-316)

2.5 Amp Gate Drive Optocoupler with integrated (V¢g)
Desaturation Detection and Fault Status Feedback

Data Sheet

Description

Avage’s 2.5 Amp Gate Drive Optocoupler with
Integrated Desaturation (Veg) Detection and Fault
Status Feedback makes 1GBT Vge fault protection
compact, affordable, and easy-to-implement while
satiafying worldwide safety and reguiatory
requirements.
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AvaGo

TECHNOLOGIES

Features

-

.

.

-

2.5 A maximuin peak output current

Drive |IGETs upto | = 180 A, Vgg = 1200V

Opticatly isulated, FAULT status feedhack

S0-16 package

CMOS/TTL compativie

500 as max. switching speeds

"Soft" |GBT turn-off

Intsgrated toit-gate IGBT protection

~ Desat (Vg detection

- Under Voltage Lock-Dut protection {UVLD) with
hysteresis

User coafigurable: liverting, noninverting, amno-reset,

suto-shutdown

Wide operating Vee range: 1510 30 Volts

-40°C t0 +100°C operating tempesature range

16 kV/ s min. Commen Mode Rejection {CMR) at

Ve = 1500V

Reguiatory approvais: UL CSA, JEC/ EN/DIN EN 60747-

5-2 {891 Vpany Working Voltage)
Fault Protected {GBT Gate Drive
Y
ISOLATION ISCLATION 1SOLATION
BOUNDASY BOUNDARY BOUNDARY
L 318 “‘%K} Lssm—-{[:;} Lraf“———;K%
r ¥ ¥ % 3 B ! i e ol Ry
SPHAGE j
WRUT o i : E i L
x4k iy i pliie 5 éwwm,w."i. AR
| H :
| JnerLr s mm} nsal
: g T ond gy mA—
5] [soLATION ISOLATION
| IBOUmDARY aY
L :
Y e.coNT
CAUTION: 11 15 advised that normal static precawtions be taken in handling and assembly of this
companent to prevent damage and/or degrudation which may be induced by ESD.
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Package Pin Qut
] Ve ve |8]
2] v Viem. [15]
[7] Yeor pesat [14]
(2] oo Veez [13]
(s | memer v [12]
[&] FoT vour [41]
7] vueor. vee [10]
=] vieo Vee | 8
Pin Descriptions
Symbol Description Symbol Description
Vine Nominvarting gate drive voltage output (Vour Ve Common {IGBT emitter) output supply voltage.

control input.

V- Inverting gate drive voltage output Vigge+ | LED 2 anode. This pin must be left unconnacted
{Vaut) control input. for guerantaed data sheet parformance. {For

opticai coupling testing only.)

Veo Positive Input supply voftage. (4.5 V10 5.5 V) DESAT | Desaturation voltage input. When the voltage
on DESAT exceeds an internal teference
voltage of 7 V while the IGBT is on, FAULT
output is changad from 2 high impedance
state to a logic low state within 5 ys. See
Note 25.

GND1 | Input Ground. Veen Positive output supply voltage.

RESET | FADLT reset input. A fogic low input for at feast Ve Collector of output pull-up tripie-darlington
0.1 ps, asynchronously resets FAULT qutput high transistor. It is connected to Vg directly or
and enables Viy. Synchronous control of RESET through a resistor to limit output turn-on
relative ta Vix is required. RESET is not affected curent.
by UVLO. Asserting RESET while Vgyr is high does
not affact Vour.

FAULT | Fault output. FAULY changes from a high Vour | Gate drive voltage output,
impodance state to a logic low output within
5 us of the voltage on the DESAT pin exceeding
an internal reference voltege of 7. FAGLT
output remains low until RESET is brought iow.

FAULT output is an open collector which allows
the FAULT outputs from all HCPL-316Js in &
circuit to be connected togather in e “wired OR™
forming a singte fault bus for intertacing directly
1o the micro-controller.

Yieoi1+ | LED 1 anode. This pin must be left uncannected VEe Cutput supply voltage,
for guaranteed data sheet performance, (For
optical coupling testing only.}

Vigpr- | LED 1 cathode. This pin must be connectad to

ground.




Behavioral Circuit Schematic
The functional behavior of the

HCPL-316J is represented by the
logic diagram in Figure 64 which

fully describes the Interaction
and sequence of internal and
external signals in the
HCPL-3181.

InptiC

In the normal switching mode,
ro output fanlt has been
detected, and the low state of
the fauit latch allows the input
signals to control the signal
LED. The fault output is in the
open-collector state, and the
state of the Reset pin does not
affoect the control of the IGBT
gate. When a fault s detectad,
the FAULT output and signai

Fgere 64. Bahavioral circul schomatic.

input are hoth latched. The fault
outpat changes to an active low
state, and the signal LED is
forced off {output LOW). The
latehod condition will persist
until the Besat pin Is pulled low.

Output I

Three internal signals control
the stats of the driver output:
the state of the signal LED, as
well as the UVLO and Fault
signals. If no fault on the IGBT
collector is detected, and the
supply voltage is above the
TVLO threshold, the LED signal
will control the driver output
state. The driver stage logie
includes an interlock to ensure
that the pull-up and pull-down
devices in the output stage are

never on 0§ the same time. If an
undervoltage condition is
detectad, the output will be
actively pulled Jow by the 50%
DMOS device, regardless of the
LED state. if an IGBT
desaturation fault is detected
while the signal LED is on, the
Fault signal will Iateh in the high
state. The triple dariington AND
the &0x DMOS device are
disabled, and a smaller 1x DMOS
pull-down device Is activated to
slowly discharge the IGRT gale.
When the output drops below
two volts, the 50x DMOS device
again turns on, clamping the
IGBT gate firmly to Vee. The
Fauit signal remains latched in
the high state until the signal
LED turns off.

250 pA Ve {1§)

DESAT {14)
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3. IGBT G4PH50UD

International
IoR Rectifier

INSULATED GATE BIPOLAR TRANSISTOR WITH

ULTRAFAST SOFT RECOVERY DIODE

PD 61573A

IRG4PH50UD

UttraFast CoPack IGBT

Features

» UitraFast: Optimized for high operating
frequancies up to 40 kHz in hard switching,
»200 kHz in resonant mode

» Nsw IGBT dosign provides tighter
parameter distribution and higher efficiency than
previous generations

+ IGBT co-packaged with HEXFRED™ uftrafast,

ultra-soft-recovery anti-parallel diodes for use in

E
n-channeg!

Vogs = 1200V
Veeiony typ. = 2.78V

@Y =15V, ic=24A

bridge configurations
« Industry standard TO-247AC package

Benefiis
» Higher switching frequency capability than
competitive IGBTs
+ Highast efficiency available
» HEXFRED diodes optimized for performance with
IGBT's . Minimized racovery charactesistics roguire
less/no snubbing

N

TO-247AC

Absolute Maximum Ratings
Paramater Max. Units

Voss Colectorto-Emitter Broakdown Yollage 1200 v
b @To=25C Continuous Collector Current 45

@ 1= 100°C | Gontinuous Collector Current 24 A
low Pulsed Collactor Current © 180

h Clamped Inductive Load Current @ 180

I @ To= 100°C | Divde Continuouss Forward Current 16

[ Diode Maximum Forward Gurrent 180

Vas Gale-to-Emitter Vollage £ 20 (']
Py @ To=25C | Maximum Power Dissipation 200 W
Pp @ To= 100°C | Maximum Power Dissipation 78

T Operating Junction and -55 to + 180

Ters Storage Temperature Hange G

Soldering Tempsrature, for 10 seconds 300 {0.063 in. (1.6mm} from case }
NMounting torque, 632 or M3 screw, 10 bin (1,1 Nem)
Thermal Resistance
Parametar Min. Typ. Max. | Units

Fags Junction-to-Case - IGBT e e 0.64

Ree Junctionto-Case - Diods e s 0.53 “CW
Rece Case-l0-8irk, flat, greased surfste — 0.24 —_—

Hag Junction-to-Ambiant, typical socke! mount o e 40

Wi Weight — §(8.21) e g o2}
waww.irf.com 1

2000
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International
lRG4PH50UD ToR Rectifier
15 Rg =500 o0 2
TJ =180°C
. 12 %ig{fw u/ <
2 7 ;
g / 3100
a 9 iy B
: / :
g s 14 s
: p :
3 A §r
= 3 3 3
G
0
0 1] 20 a0 R0 B0 i ;

{ ¢ Collectar4o-emitter Cutment {A) =0

Vg, Callector-to-Emitter Voltage (V)

Fig. 11 - Typlcai Swikching Lossas vs.

Coliector-to-Emitter Current
1000
<
E 100
3
£
q |~ Ty 180°C
g 10 P it
g — =T = 125°C ]
= = % —
o} — T;:: 20
2 T
- Pt
1
0,0 20 4.9 aa b

Forward Voilage Drop - Ve (V)
Fig. 13 - Typicail Forward Voltage Drop vs. Instantansous Forward Current
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