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Executive Summary

Littelfuse Startco has conducted witness testinpefPGR-5701 Ground-Fault
Monitor. The PGR-5701 was tested for use upstrdiaum gide) of a variable-
frequency drive (VFD) to verify its ability to detiea ground fault downstream
(load side) of the VFD.

The test system included of a 3-phase source ctethex a delta-wye
transformer. The transformer-secondary neutralegasected to a 200-ohm
neutral-grounding resistor. The 480-V three-phageut of the transformer was
connected to a VFD which was used to drive a smatbr. The transformer-to-
VFD connection, VFD-to-motor connection, and ndugraunding-resistor
connection were monitored using PGR-5701 Groundtf4eonitors and PGC-
3082 Current Transformers. The connection diagsagihown in Fig. 1.

To configure the VFD for the testing, it was neeggdo remove or disconnect
various phase-to-ground capacitors because they natrated for line-to-line
voltage which is present during a bolted groundt faw a resistance-grounded
system. The removal of these capacitors was nbeimanual included with the
drive; instructions were obtained from the manufeaats technical support

group.

This test shows that a PGR-5701 at each of theo€dtibns is capable of
detecting a ground fault on the VFD-to-motor cortiwec Therefore, in VFD
applications it is recommended that the CT and P@&t be located upstream of
the drive—this connection will detect a ground famlthe supply cable to the
VFED, in the VFD, and downstream of the VFD.

Additional testing was also performed to evaluhtegerformance of the PGR-
5701 with ground faults of various currents at otbeations in the system.
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Introduction

The microprocessor-based PGR-5701 uses an exirabequence current
transformer (CT) and selectable DFT or peak-deiaaigorithms to detect ground-
fault current. This testing was completed to vetifg ability of the PGR-5701 to
detect a ground fault downstream of a VFD with@ielocated upstream of the

drive.

The tests were performed at the Littelfuse Stadcdity in Saskatoon, Canada.

A test circuit was devised to allow the PGR-570bédested at several locations in
the circuit and under various operating conditidresting was done with a variable-
resistance ground-fault placed on the drive conoe¢d the motor, at the VFD dc
bus, and at the supply transformer-secondary teisiiihe tests involved varying
the drive output frequency such that a frequensparse for the PGR-5701 could be
observed for frequencies up to 60 Hz. Frequendiesea60 Hz were not tested, as
the response of the PGR-5701 peak filter is theedaom 60 to above 400 Hz. As
frequencies this high are uncommon in industrigliaptions, testing was deemed

unnecessary.
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Background

Test Circuit

The test circuit was a test-bench version of acelgndustrial VFD installation,

with the addition of ground-fault relays. The cittonras connected as shown in

Fig. 1.
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Figure 1. Circuit Schematic
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The test circuit included a three-phase variabléage ac input, connected to a

delta-wye 240:600-V, 3-kVA step-up transformer.liding the variable-voltage

input, the transformer was configured for 480-\Viaeto-line at the wye

secondary. See Fig.2.
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Figure 2. Incoming power supply

The transformer neutral was connected to a 2004mdunral-grounding resistor
(NGR) in series with a power analyzer and a rootamequare (RMS) ammeter.
This circuit passed through a PGC-3082 zero-seguemcent transformer which
was connected to a PGR-5701 Ground-Fault Moniteal(ay output Al). See
Fig.3.

L4 ; X"
Figure 3. Transformer, NGR, and RMS Ammeter
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The transformer secondary was connected to the YRB .output of the VFD
was connected to 100 feet of 3C#10 Teck cable,wh&s connected to a % hp
three-phase motor. The circuits from the transforiméhe VFD and the VFD to
the motor passed through PGC-3082 zero-sequenmnttnansformers which
were connected to PGR-5701 Ground-Fault monitaral¢g outputs A2 and A3).
See Fig. 4.

Figure 4. VFD, Teck Cable, Variable Resistor anddvio

Ground-Fault Apparatus

A variable-resistance ground-fault apparatus was s place a ground-fault on

the system. The schematic of the apparatus ciscsliown in Fig.5.
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The apparatus consisted of a variable resistaniteand to 2850 ohm range
connected in series with a power analyzer and as RMmeter. The variable
resistance can be comprised of the following coreptsto achieve desired

resistance values:

(5) — 470 ohm resistors
(1) — 500 ohm rheostat

One end of the apparatus was connected througbhalputon switch to one
phase of the power circuit and the other was cdeddo ground to simulate a
ground fault of various resistances. See Figs.d6aWith a line-to-ground
voltage of 277 V, this apparatus allowed a growdtfcurrent range from 1.385
A using only the NGR to 91 mA with all resistorsoected and the rheostat set
to 500 ohms.
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Figure 5. Ground-Fault Apparatus Schematic
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Figure 6. Variable Ground-Fault Resistor

Ground connections for ammeters and motor chassig twvere connected to a
ground point on the VFD chassis. The VFD chassis eeanected to the building

ground, as shown in Figs. 7 and 8.

YVFD

o+ 2 EJHASSIS( )
TO NGR Arus M
N

TO GROUND—FAULT _+ (4
APPARATUS — \_™

Figure 7. Grounding Diagram
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Figure 8. Ground Connections at VFD Chassis

Equipment

The equipment used during the test is listed inlda.

Variac Superior Electric Variable Autotransforme21®111-008
Current Transformers PGC-3082, 5:0.05-A, 82 mm ID

Transformer Hammond 240:600V 3kVA Transformer

NGR Dale RH-250 250 W 100 Ohm Resistor (x2)
Ammeters Fluke 87, Fluke 87 V

Voltage Output Recorder| HIOKI 8808 Memory HiCorder

Power Analyzer Yokogawa WT500 Power Analyzer

Motor Westinghouse FD78 %2 HP 3-Phase Motor

Cable 100 ft 3C#10 TECK

Variable Frequency Drive

480 V 3-Phase 20 HP

Table 1. Equipment List

10
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Figure 9. Connected Test Circuit

Controllable Variables

In order to simulate the power system and proval&wesults, the test circuit
was able to simulate a variety of conditions. Theeee several controllable

parameters which are listed in Table 2.

Variables Settings
Output Frequency of VFD 0 — 320 Hz (0.01 Hz incratag
Ground-Fault Resistance 0 — 2850 Ohms
PGR-5701 Filter Selection Fixed or Variable Frequen
PGR-5701 Trip Level SmMA-4.95A

(5 mA increments, 1 — 99%)

Fault location Upstream or Downstream of VFD, VFD|d

bus, and supply-transformer termination.

Table 2. Controllable Test Parameters

11
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Data

In order to analyze the operation of the systertg das collected from the RMS
ammeters, power analyzer, and oscilloscope asagselie PGR-5701 Ground-
Fault Monitor trip and analog outputs. This datd werify the ability of a PGR-

5701 to operate correctly in a VFD application.

Procedure

Measurements

Measurements were recorded from the two RMS ammatet the outputs of the
three PGR-5701 monitors. The PGR-5701 analog ougpu0-5 V voltage output
linearly representing the 0-100% rating of CT-pnigneurrent. When connected

to a PGC-3082, the analog-output scaling is 1 mV1p®A of measured current.

Non-filtered and filtered ground-fault (EL1) and RGEL2) currents and
voltages were measured by the power analyzer. igselFand 5. The power
analyzer has an internal selectable 500 Hz low-fisis Application of the filter
was necessary as the unfiltered signals contaarge bmounts of noise, making
waveforms difficult to visualize. This is seen m@xample ground-fault with a 1-

A fault current at 10-Hz fundamental frequency. Biggs. 10 and 11.

12
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Normal Mode(Trg) Uover Scaling:~ LineFilt:= NULL: YOKOGAWA

lover: Average:~ FreqFilt:= CF :3 [ SEtup Ment
4 Ranges
4 Scaling
syne Sourcy
ors

Ll
4 User Function

1

n¥ooh: 4 IRTEY Foul Boke
Update 13(200msec) 0-04/21 15:47:42

Figure 10. 10 Hz 1 A Fault, wide band

From top to bottom, the waveforms are;

Normal Mode(Trg) Uover : Scaling:~ LineFilt:¥% NULL: YOKOGAWA
Tover: Average:~ FreqFilt:® CF:3

Elementi__

Ut 300v
e | ECR

Element?

e
150v
12 1
A

18(200msec)

Figure 11. 10 Hz 1 A Fault, 500 Hz Filter

line-to-grbwoltage, ground-fault

current, NGR voltage, and NGR current.

Initial Test

An initial test with the VFD operating at 60 Hz wa@mpleted. This test was
repeated using both PGR-5701 fixed frequency (CdaD) variable frequency
(peak-detection) filters. A downstream ground favdss applied to the system
(point GF1 in Fig.1.) and all three PGR-5701 Grodadilt Monitors tripped,

with very similar analog-output values as showiiatble 3.

Filter PGR-5701 Analog Output (mV
Frequency | Setting NGR Current (mA) Fault Current (mA) Load-Side Fault
Fluke 87 |EL2 EL2 NF |Fluke 87 |EL1 EL1NF (Al A2 A3
60|DFT 326 254 316 255 251 251 243
60|PEAK 295 247 296 280 247 294 264 268 263

Table 3. Initial Test, Load-Side Fault, 60 Hz

The unfiltered currents measured by the power aeal¥-L2 NF and EL1 NF,
are similar to the values of the Fluke RMS metets|e the power analyzer
filtered values, EL2 and EL1, are similar to theARR&701 analog output values.

The waveforms in Figs. 12 and 13 were capturedhi®filtered and unfiltered

fault currents from the power analyzer.

13
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It can be seen from the waveform captures thatathie current contains many
harmonic components. With the 500 Hz filter appli@d 80-Hz ripple current can
be seen superimposed over the 60-Hz drive outpis. IB0-Hz ripple current
was observed in all subsequent tests at varioymibfrequencies.

Scaling’ LineFilt: NULL® YOKOGAWA
age* FregFilt: CF:3

Element1

AR 2 i

11(200msec) 2010-04-21 14:16:06 & 9 ec 2010-04-21 14:16:48

Figure 12. 60 Hz 300 mA Fault, wide-band Filter  Figure 13. 60 Hz 300 mA Fault, 500 Hz Filter

Variable-Frequency Testing
Tests performed using various frequencies genelatelde VFD were completed

using both the DFT and peak-detection filters tondiestrate PGR-5701
performance with each filter when monitoring a eystwith frequencies within
the range of 10 to 60 Hz. In these tests, all tR@&-5701 monitors were set to
trip at 5%, corresponding to a ground-fault curr@i250 mA. At the selected
frequencies, the fault current was increased afitthree PGR-5701 units tripped,;

the current values at the trip point were recor@sk Table 4.

14
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Filter PGR-5701 Analog Output (mV)
Frequency|Setting NGR Current (mA) Fault Current (mA) Load-Side Fault
Fluke 87 |EL2 EL2 NF Fluke 87 |EL1 EL1NF |A1 A2 A3
60|DFT 326 254 316 255 251 251 243
50|DFT 375 259 375 364 258 373 260 260 260
40|DFT 537 305 537 513 302 535 270 270 270
30|DFT 760 337 763 735 337 762 330 330 300
25|DFT 945 365 945 910 360 943 340 340 318
20|DFT Fora 1-A fault, trip setting mustbe 4% (200 mA) to cause a trip.
10|DFT Fora 1-A fault trip setting mustbe 1% (50 mA) to cause a trip.
60|PEAK 295 247 296 280 247 294 264 268 263
50|PEAK 317 219 318 299 219 315 268 265 253
40|PEAK 371 208 371 353 208 369 268 268 258
30|PEAK 453 202 452 432 202 452 260 260 270
20|PEAK 700 223 699 670 224 696 325 312 312
10|PEAK 1030 224 1030 1000 224 1030 400 400 380

Table 4. Variable-Frequency Tests

Using the 200 ohm NGR, it was not possible to gateest ground-fault current

large enough to trip a PGR-5701 below 20 Hz with@i#T filter selected and the

pick-up set to 5% (250 mA). Using a fault currehld® A it was possible to trip
the PGR-5701’s with the DFT filter selected, widitsgs of 4% (200 mA) and
1% (50 mA) for frequencies of 20 Hz and 10 Hz, extpely.

DC Bus Fault Testing
The ability to detect an internal dc-bus fault wested. The voltage of the bus

without a fault applied was first observed and rded. See Fig. 14. With no fault

applied, a 180 Hz ripple voltage can be seen ombtise This waveform was also

found on the negative DC bus.

15
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Normal mode(Trg)  Uover:

11 500ma

ElementZ
100v
12 500ma

Integ:Reset

6(Z00msec) - 422 15:01:06

Figure 14. Positive DC Bus to Ground Voltage, NalFa

With a 500 mA fault applied to the negative busiip&F2 in Fig. 1.) the

following waveforms were recorded.

Normal Mode(Trg) Uover : Scaling: LineFilt: NULL: ¥ OKOGAWA
Tover: Average: Fregfilt: CF:3

Element1
U1 3007
| |11 s00m

Element2
100v
12 500ma

Integ:Reset.

Figure 15. Negative DC Bus 500mA fault

The ripple current is in the fault as well as tlgbuhe NGR, with a sizeable DC
offset. Fault data is shown in Table 5.

16
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Filter PGR-5701 Analog Outpuf
TEST Setting [INGR Current (mA) [Fault Current (mA) (mV)
AC DC AC DC Al A2
+DC Bus Fault [PEAK 50 273 50 273 70 70
Trips with 100 mA Setting
+DC Bus Fault |PEAK 91 500 91 500 108| 108
Trips with 150 mA Setting
-DC Bus Fault |PEAK 90 -497 90 -497 107| 107
Trips with 150 mA Setting

Table 5. DC Bus Fault Data

A spectrum analysis of the negative
Figs. 16 and 17.

Nermal Mode : LineFilt: NULL®
3

-4V
47.63 v
39177 v

0. 05mA
0 t4ma
order+: 0 order=:

10 igg. o0
e 171(500msec) 2010/04/22 17:27:30

Figure 16. Negative DC Bus Harmonics Graph

DC bus fadidgd the output shown in

Normal Mode Unver: Scalingi~ LineFilti~ NULL: Y OKOGAWA
over: average:~ Freqfilti= CF:3

1
KB + BB : change items

Elementi
[ ul 300v
347.01 0-23m 11 500mA
~344.50 ~99.038 ~0-06m-35. 813
0.08m 36.755 Element?
4.70  1.351 0.05m 20.342 100
2.63  0.757 0.07m 30.121 || 12 500mA
1.47 0421 0.06m 27,799
1.56  0.449 0.05m 21.064
1.99  0.573 0.02m 9.030
1.02 0.294 0.02m 6.602
8 0.98  0.281 0.06m 27.675
Uthd1 EITE 0.24  0.068 0-04m 18.591
Tthd1 -629 76 0.219 0.06m 25.556
Pthd1 644 2 36 0.104 0.04m 15.286
0.04m 19.131

[2PaceE[=] 174

pdate 124 (200msec) 2010/04/22 17:24:25

Figure 17. Negative DC Bus Harmonics Data

The 180 Hz component of fault current is 13.7%hef total fault current.

Upstream Fault Testing

This test was performed with a ground fault plaaethe input of the drive (point

GF3 in Fig.1.). This was done to show that the PF83B1 (A1) monitoring the
input to the drive as well as the PGR-5701 (A2)l@aNGR would trip and the
PGR-5701 monitoring the drive-to-motor connecticowd not trip. The trip

17
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levels of A1 and A2 were set to 5% (250 mA) andw set to 1% (50 mA.)

Currents were recorded at the point where both#dlA2 had functioned at each

frequency.

Filter PGR-5701 #2 Measuring GF Current on [ pcr-5701

Frequency [Setting |PGR-5701 #1 Measuring NGR Current |Input of Drive #3

NGR Current |Fau|t Current Al NGR Current |Fault Current A2 A3
No Fault Outputs, Drive ON. 92 92 74
60|PEAK 249 236 238 258 246 241 81
50|PEAK 251 236 239 259 245 238 80
40(PEAK 252 237 239 260 245 237 73
30|PEAK 251 237 240 259 245 238 80
20|PEAK 252 237 241 258 243 240 77
10|PEAK 253 237 237 262 247 244 76

Table 6. Fault Testing at VFD Input

While A3 shows values of over 50 mV, it did noptduring any of the tests.

The test was then repeated with the fault locapestiream of PGR-5701 A2 (point
GF4 in Fig.1). PGR-5701's A2 and A3 were set to(5%mA), while A1 was set
at 5% (250 mA). The ground-fault current was grdlgluacreased until A1

tripped at each frequency.

Filter PGR-5701|PGR-5701
Frequency |Setting [PGR-5701 #1 Measuring NGR Current #2 #3
NGR Current  [Fault Current| Al A2 A3
No Fault Outputs, Drive ON. 92 92 74
60|PEAK 251 238 241 95 80
50(PEAK 252 237 239 91 77
40|PEAK 251 236 240 94 77
30[PEAK 252 237 238 90 80
20(PEAK 252 237 239 91 80
10|PEAK 253 238 239 92 77

Table 7. Fault testing upstream of A2

Regardless of frequency, A1 would trip while A2 afiwould not.

18




WA Littelfuse

STARTCO

3714 Kinnear Place
Saskatoon, SK S7P 0A6
Canada

www.startco.ca

Fault Current and Line-Side Leakage

A comparison of the line-side leakage relativeaaltf current was completed in

order to see what affect fault current has on lgalan the line side of the drive.

This test was used to simulate a fault upstreatheofine feeding the drive. In

this test a ground fault was placed at the transéorsecondary terminals (point
GF4 in Fig. 1.), with varying current and the outpfithe PGR-5701 (A2) on the

VFD input was recorded. See Table 8.

System Fault [Analog Output of PGR-5701]
Current (mA)|Min Max

0 71 90

100 70 93

200 68 81

300 71 97

400 70 96

500 90 112

600 79 113

700 84 116

800 83 124

900 87 106

1000 85 107

Table 8. Upstream Fault Current and PGR-5701 Output

The PGR-5701 was set at 50mA and in all casesdtittip.

Analysis

Initial Test Results

The initial test proved the capability of the PGRO% to detect a ground fault

located at the load side of a VFD, with a zero-eege CT located at any of three

different positions in the circuit.

19
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The PGR-5701’s monitoring the line side of the Vi load side of the VFD
and the NGR showed nearly identical outputs. Tlesputs were very similar to
the ones measured by the power analyzer with théHz0ow-pass filter selected.
Testing with both DFT and peak filters yielded danvalues with the drive
output at 60 Hz. It can be seen during the peadrfiest that the current detected
by the RMS ammeters is similar to the current messby the power analyzer
with no filter selected; both include all frequessipresent in the current signal.

This test has proven that zero-sequence currerntsedinad side of a VFD are not
isolated from the line side of the VFD. The zergtgmnce current is equally
detectable by a PGC-3082 at the NGR, the VFD lide, nd the load side.

Variable-Frequency Results

Testing of the PGR-5701 at various fault frequesigias completed using both
the DFT and peak filter selection of the PGR-5704e results show that the
bandwidth of the DFT filter is too narrow to be dse VFD applications in
which the VFD operates below 50 Hz. The peak fikex better choice in this
type of application—its wider filter bandwidth alls the PGR-5701 to detect
frequencies below 50 Hz. Even with the peak dedediiter, frequencies below

50 Hz are attenuated. This frequency responseoisrsin Fig. 18.

20
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PGR-5701 Frequency Response

1
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0.5
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0.4

0.3

0.2
10 15 20 25 30 35 40 45 50 55 60

Drive Output Frequency

Figure 18. PGR-5701 Frequency Response, Peak etéstter

From Fig. 18 a recommended setting for the PGR-Tadlbe calculated based
on the lowest expected operational frequency. 3&isng can be found by
multiplying the desired trip level by the normablizeesponse value at the lowest

expected operational frequency.
Recommended setting = (desired trip level) x (raspa@ lowest frequency)
For instance, if a 1,000-mA RMS trip level is dediand the VFD will be

operating at 40 Hz, the recommended PGR-5701 ga#ih,000 mA x 0.8 =
800 mA, or 16%.

21
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DC Bus Fault Results

When a fault was placed on the VFD DC bus, thet fawkent had a predominant
DC component with a smaller 180 Hz AC componemwelsas some harmonics
of 180 Hz. The 180-Hz component is created by tRB¢ full-wave rectifier
“front end”. A current transformer is unable toelgdtthe DC component of the
fault; however because of the sizeable 180-Hz comapb it is possible for a
PGR-5701 to detect this type of fault.

The DC fault spectrum analysis in Fig. 17. shoves180 Hz amounts to 10-15%
of the fault. Therefore, if it is desired to havE@R-5701 trip on a DC-bus fault
it is recommended that the pickup level be seO8 bf the NGR let-through
current. (This assumes that the measured-feedggiobacurrent is less than 10%
of the NGR let-through current, or the PGR-5701ld¢@ympathetic trip when a
ground fault occurs elsewhere on the system.)

Upstream Fault Results

When a fault is located upstream of the monitof@C-3082, the PGR-5701
does not trip. This shows that the PGR-5701 doesetect an upstream fault.
The PGR-5701's which were downstream of the faelterset to their lowest
setting of 1%, corresponding to a 50 mA trip leW&hile it was noticed that the
outputs of the PGR-5701 showed levels of up to 95 tie relays did not trip,

and this is the desired response.

22
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Fault-Current and Line-Side-Leakage Results
With a ground fault located upstream, a CT meadinesharging current of the

feeder downstream. This test was performed to ohterwhat affect upstream-
fault magnitude has on the measured charging durren

Line-Side Leakage vs System Fault Current
Analog Output of PGR-5701 0on Line Side of ASD
Drive Output Frequency of 60 Hz, 5-A NGR
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Figure 19. Line-Side Leakage vs System Fault Ctrren

As can be seen in Fig. 19, an increase in upstfaalincurrent has only a very
slight effect on the level of charging current. Therease in charging current was

not substantial enough to trip a PGR-5701.

Limitations
As these tests were conducted under lab settingg viere created to best

simulate systems in the field. However, it is imgibke to create a direct analogue
to applications in the field. During these tests sgstem was operated with only
one VFD fed by a dedicated input. The %2 hp mota@ wdoaded, and the NGR

of 200 ohms limited the current of the fault to8 8. These tests were performed
over the course of two days at room temperaturanimdoor lab and therefore
cannot simulate all possible conditions that magXgerienced in a field
application over a long period of time.
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Conclusion
Each PGR-5701, one each upstream and downstretimta ¥FD and one at the

NGR, measured an equal amount of VFD-frequency-geguence current when
a ground-fault was applied on the load side ofMR®. This proves that the VFD
does not isolate zero-sequence current, and tR&Rx5701 placed at the line or
load side of the drive will detect the same amaimtero-sequence current. A
PGR-5701 placed upstream of a VFD is capable ofitmamg the feeder, VFD,

and the load downstream of the CT.

When a PGR-5701 is used in a variable-frequenclicgtion, use the peak
(variable-frequency) filter selection. This seleathas a wider pass band and less
attenuation at frequencies below 60 Hz. When usékese applications, a lower
trip setting for the lower frequencies can be resplidue to the PGR-5701
frequency response. The lowest operating frequerpgcted should be
considered and the normalized pick-up value frogn E8 should be used to

calculate the appropriate trip level.

A DC bus fault can be detected by a PGR-5701 mongapstream of the VFD.
The DC component is not detected, but the 180 pjdeicurrent can be. The

180 Hz component is roughly 10-15% of the totaltfaurrent. Therefore, it is
necessary to have the PGR-5701 set at a leveughtp 10% of the NGR let-
through current in order to detect a DC bus fduilhe reduction in setting applies
at this location only. Monitors upstream and onili&R may require a higher
setting as they will measure accumulated systemadraics.)

When a fault is located upstream of a monitoring tB& current is not detected
by that PGR-5701. This shows that if a fault isakecl on the line side of, or
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inside of a VFD, with a PGR-5701 connected on tael Iside of the drive, the

fault is not detected.

The effects of fault-current magnitude with a faatlthe transformer terminals
were examined. This showed that when a fault isregsn of the CT, such as on
another drive fed by the same feeder, that the B@BR-s will not trip. The
change in charging current was minimal and the BG®&L’s did not trip.
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