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Fig. 1. System one-line diagram.

service. The fast change in voltage that is associated with
the notch depth may cause multiple “zero crossings” of
the voltage waveform that result in equipment misopera-
tion.

The voltage distortion at the Alky bus is clearly above the
industry recommended limit of 5% described in IEEE Std. 519.
The distortion at the remote buses is near the limit. The notch
depth, due to the SCR firing of the 12-pulse drive, is above the
industry recommended limit of 20% when one of the lines to the
Alky bus is out of service.

III. SIMULATIONS

In order to properly evaluate possible methods of reducing
the harmonic distortion in the area of the 12.47-kV Alky
bus a detailed harmonic system model was developed. The
model extended from the 115-kV system down to each of the
main 12.47-kV buses on the No. 1 Substation. Short-circuit
equivalents were included at each of the boundary points of
the system. The major capacitances on the system included the
12.47-kV cable capacitance, power-factor-correction capacitors
in the plant, and the 115-kV transmission line capacitance. At
the higher frequencies, the major damping on the system is
provided by the core losses of all the transformers in the re-

finery connected to the 12.47-kV system. These losses increase
exponentially with frequency. A frequency-dependent model
of the transformer core losses was included in the simulation.

Harmonic impedance scans were obtained from the harmonic
analysis computer model. These scans were then compared
to the system harmonic impedance calculated from the actual
field measurements to determine the accuracy of the model.
The background distortion with the drive off was very low,
especially at the characteristic frequencies of a 12-pulse drive.
As a result, the calculation of the system impedance with the
drive on was not significantly influenced by the background
distortion.

Table II summarizes the actual harmonic voltage and current
measured and the resultant harmonic impedance (V/I = Z).
These calculations were made for two different source condi-
tions with two different motor operating speeds. The system
impedance values were quite consistent. Fig. 3 illustrates a com-
parison between the harmonic impedance scans obtained from
the computer model and the values obtained from the field mea-
surements. A good match was obtained for both source condi-
tions, which verified the accuracy of the computer model.

The harmonic impedance scans of Fig. 3 show a parallel
system resonance near the 60th harmonic or approximately 3.6
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TABLE I
SUMMARY OF VOLTAGE DISTORTION MEASUREMENTS

Voltage Distortion at 12.47 kV Buses (%)

Both Lines to Alky Bus in Service One Line to Alky Bus in Service
RPM--> 3000 2628 2628 2628 2628 3000 2628 2628 2628 2628
Alky Alky No.lSub Maleic CRC Alky Alky  No.lSub Maleic CRC
Harmonic Bus#2 Bus#2 Bus#2 Bus Bus Bus#2 Bus#2 Bus# Bus Bus
THD 8.6% 9.2% 3.3% 3.9% 5.4% 13.2% 12.9% 3.4% 3.1% 3.7%
3 0.1% 0.1% 0.1% 0.1% 0.1% 0.1% 0.1% 0.1% 0.1% 0.1%
5 0.1% 0.1% 0.2% 0.2% 0.4% 0.1% 0.1% 0.2% 0.2% 0.4%
7 0.1% 0.1% 0.1% 0.1% 0.4% 0.1% 0.1% 0.1% 0.1% 0.4%
11 3.8% 3.0% 1.2% 1.1% 13% 5.8% 4.6% 1.4% 1.0% 1.2%
13 3.4% 2.3% 0.8% 0.7% 0.8% 53% 3.6% 0.9% 0.7% 0.7%
17 0.1% 0.1% 0.1% 0.1% 0.1% 0.1% 0.1% 0.1% 0.1% 0.0%
19 0.1% 0.1% 0.0% 0.1% 0.1% 0.1% 0.1% 0.1% 0.0% 0.1%
23 3.5% 3.3% 1.3% 1.3% 1.6% 4.6% 4.5% 1.3% 1.1% 1.2%
25 4.6% 3.7% 1.9% 1.9% 2.4% 4.9% 4.7% 1.8% 1.5% 1.9%
35 1.5% 2.1% 0.6% 0.7% 0.7% 1.5% 3.5% 0.7% 0.6% 0.6%
37 1.9% 2.6% 1.0% 1.2% 1.0% 1.7% 4.0% 1.0% 1.0% 0.8%
47 0.7% 2.8% 0.8% 1.1% 1.5% 2.3% 4.3% 0.8% 0.8% 1.0%
49 0.5% 2.5% 0.8% 1.2% 2.4% 2.5% 4.7% 0.9% 1.1% 1.8%
59 0.7% 3.2% 0.5% 13% 2.1% 2.5%  33% 0.6% 0.7% 0.7%
61 0.6% 3.2% 0.5% 1.3% 2.1% 2.5% 3.3% 0.6% 0.7% 0.7%
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Fig. 2. Example measured voltage waveforms. (a) Alky 12.47-kV bus (1
ms/div). (b) Maleic 12.47-kV bus (1 ms/div).
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kHz that is fairly damped. The system damping caused the peak
resonant impedance to be relatively low but caused a wide band
of frequencies to be magnified. The system damping at the
higher frequencies was very sensitive to the transformer core
losses. The frequency and magnitude of the main system reso-
nance was mostly determined by the capacitance to ground of

the 12.47-kV cables that serve the Alky bus and the transformer
core losses. The subtle characteristics of the system impedance
between the 25th and 49th harmonics were substantially af-
fected by the capacitance of other 12.47 k'V cables fed from the
No. 1 Substation and the capacitance of the 115-kV overhead
transmission lines. Large power-factor-correction capacitors
that were remotely located in relation to the Alky bus had little
effect on the system impedance at and above the 11th harmonic.
It should be noted that harmonics above the 50th harmonic are
generally neglected since they are usually very small. In fact,
IEEE Std 519 emphasizes analysis of the 35th harmonic and
below. In this particular case, the higher order harmonics were
substantial due to the natural parallel resonance of the system
and were, therefore, included in the analysis.

The measured harmonic currents of the 14 200-hp LCI drive
were injected into the computer model to calculate harmonic
voltage distortion. In Table III, these harmonic voltage calcula-
tions are compared to actual measured quantities, which were
documented in Table 1. A reasonable match was obtained at all
of the key 12.47-kV buses.

The actual measured voltage at the Alky bus, that is shown in
Fig. 4, exhibits a significant voltage overshoot after the typical
voltage notch. These overshoots cause the voltage waveform to
have several voltage transients per fundamental cycle that are
repetitive in nature. The waveshape was investigated by using
an electromagnetic transients computer program. The transient
model used the system parameters that were verified in the har-
monic model. The power converters were also modeled and the
firing angles of the SCRs were derived from the actual motor
speed. Fig. 4 shows that the simulated waveform matches quite
well with the measured waveform.

IV. SOLUTION

To reduce the harmonic voltage distortion in the area of the
12.47-kV Alky bus, several options were considered. Isolating
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TABLE 1I
MEASURED HARMONIC SYSTEM IMPEDANCE AT ALKY 12.47-kV BUS
Both Lines to Alky Bus in Service One Line to Alky Bus in Service
Harmonic Voltage ~ Harmonic Current Impedance Harmonic Voltage ~ Harmonic Current Impedance
at Alky Bus #2 of LCI Drive at Alky Bus at Alky Bus #2 of LCI Drive at Alky Bus #2
(Volts) {Amps) (Ohms) (Volts) (Amps) {Ohms)
2628 3000 2628 3000 2628 3000 2628 3000 2628 3000 2628 3000
Harmonic  RPM RPM RPM RPM RPM RPM Harmonic RPM RPM RPM RPM RPM RPM
1 70326 70323 3661 5556 - - 6838.8 67947 3657  559.2 - -
11 2110 2672 36.4 49.6 5.8 5.4 11 3146 3941 35.6 477 8.8 83
13 1618 2391 242 36.9 6.7 6.5 13 2462  360.1 24.2 35.8 10.2 10.1
23 2321 2742 157 17.9 14.8 153 23 3078 3126 14.8 14.7 20.8 213
25 2602 3235 134 15.9 19.4 203 25 3214 3330 12.8 12.9 25.1 25.8
35 1477 1055 9.2 6.7 16.1 15.7 35 2394 1015 8.2 3.5 29.2 29.1
37 18295 1336 87 6.3 21.0 21.2 37 2736 1155 7.9 3.3 34.6 35.0
47 1969 492 59 13 33.4 37.9 47 2941 1563 5.0 2.6 58.8 60.1
49 1758 352 57 1.0 30.8 352 49 3214 1971 52 32 61.8 61.6
59 2251 49.2 3.9 0.8 57.7 61.5 59 2257 169.9 2.8 2.0 80.6 849
61 225 422 38 0.7 59.2 603 61 2257 1699 2.7 19 83.6 89.4
100.000 prrrrrrrrererrrrerrrrerreTTTY T T sl T TABLE III
- 3 MEASURED AND SIMULATED VOLTAGE DISTORTION
80.000 |- 1 Both Alky Lines In Service  One Alky Line In Service
£ ] 12.47kV Measured  Simulated Measured  Simulated
w0000 b ] Buses Vinp(%) . _Viup(%)  _Vip(%) Vo (%)
3 3 Alky Bus #2 9.2% 9.8% 12.9% 15.1%
10.000 E ] No.1 Sub Bus #2 33% 3.6% 3.4% 3.7%
N Maleic Bus 3.9% 4.0% 3.1% 3.3%
1 ‘ 3 CRC Bus 5.4% 6.3% 3.7% 4.7%
20.000 4
L R Runbaak Wessarements ]
T high-pass filter for two system conditions. (The system one-line
T 3 a4 & s s 1 . s o diagram in Fig. 1 shows the 60-Hz ohmic values of the filter
(@ components.) Calculating the harmonic voltages is simply a
100.000 grrreyreeepersereres I e matter of V' = I x Z at each frequency. The currents (I) are
1 i generated by the LCI drive. The impedance () is a function
wo0on o | of the system elements. In both cases, the system impedance
at the 11th harmonic and above is dramatically reduced with
3 1 the addition of the 11th high-pass filter which, in turn, results
80-000 p g 1 in lower voltage distortion. It should be noted that the filter
E 7 resistor must have low inductance and the resistance must
40.000 | ) { be fairly constant from 0 to 5000 Hz to obtain maximum
E [ ] effectiveness.
w00 b a ] When a single-tuned filter is used, a parallel resonance exists
X - System Impedances Calcutated at a frequency below the tuned frequency. For this application of
3 rom Harmenle Hesssremenss {1  an1lthharmonic filter, arelatively low magnitude parallel reso-
e s s s e Dance is present between the 5th and 7th harmonics. To avoid ex-
®) cessive distortion at these frequencies, the addition of six-pulse
harmonic loads must be carefully considered. In this case, the
Fig. 3. Comparison of measured and simulated impedances. (a) Impedance

scan at 12.47-kV Alky bus with both lines to Alky (ohms versus harmonic

number). (b) Impedance scan at 12.47-kV Alky bus with one line to Alky (chms
versus harmonic number).

the large drive from the rest of the system or lowering the system
impedance by the removal of current-limiting reactors was not
practical in this application. Adding a high-pass filter at the
12.47-kV Alky bus was found to be both the most flexible and
effective solution for reducing harmonic distortion.

Fig. 5 illustrates harmonic impedance scans at the Alky
12.47-kV bus with and without a 2.8-Mvar 11th harmonic

filter was designed to allow the addition of up to 2100 kVA of
six-pulse harmonic load to the 12.47-kV No. 1 Substation.
Table IV gives the simulated harmonic voltage distortion with
the 2.8-Mvar high-pass filter in service for two system condi-
tions. The actual measured distortion with the filter in service
is also given for reference. The distortion was less than 3.0%
at the 12.47- kV Alky bus and less than 1.5% at remote buses.
The distortion was well below the industry recommended limit
0f 5.0%. A comparison of the measured and simulated voltage
waveforms at the 12.47- kV Alky bus is given in Fig. 6.
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Fig. 4. Voltage waveforms at Alky bus. (a) Measured voltage waveform (1
ms/div). (b) Simulated voltage waveform (1 ms/major div).

V. PERFORMANCE MEASUREMENTS

A?2.8-Mvar 11thhigh-pass filter was installed at the 12.47-kV
Alky bus. Harmonic measurements were made to verify the per-
formance of the filter. Table V summarizes the measurements
that were made after the filter was installed with the drive oper-
ating at approximately 2578 r/min. The following observations
are made.

1) With the filter in service, the THD was reduced from 8.3%
to 2.2% and the notch depth was reduced from 20% to
10% at the 12.47-kV Alky bus with both lines to the Alky
bus in service.

2) With the filter in service, the THD was reduced from
14.0% to 2.4% and the notch depth was reduced from
35% to 10% at the 12.47-kV Alky bus with only one line
to the Alky bus in service.

3) The harmonic voltage distortion at the 11th harmonic and
above was significantly reduced when the filter was in
service.

4) With the filter in service, the IT from the LCI drive at
12.47 kV was reduced from 142 000 to 31 000. (“T” is the
rms current and “T” is the telephone interference factor.)
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Fig. 5. Evaluation of the 11th harmonic high-pass filter. (a) Impedance scan
at 12.47-kV Alky bus with both lines to Alky (chms versus harmonic number).

(b) Impedance scan at 12.47-kV Alky bus with one line to Alky (chms versus
harmonic number).

TABLE IV
MEASURED AND SIMULATED VOLTAGE DISTORTION WITH FILTER

Both Alky Lines In Service  One Alky Line In Service

12.47kV Measured  Simulated Measured Simulated

Buses Vip(%) Vo (%) _Vrno(%) Voo (%)
Alky Bus #2 22% 2.5% 2.4% 2.7%
No.1 Sub Bus #2 0.9% 1.0% —_ 0.7%
Maleic Bus .- 1.0% - 0.6%
CRC Bus 13% 1.3% — 0.8%

IEEE Std 519 indicates that levels above 25 000 will prob-
ably cause interference where overhead circuits are used
for both power and telephone systems. No such prob-
lems occurred, and this was likely due to the fact that
shielded cables are used to transmit power throughout the
12.47-kV system.

5) With the filter in service, the THD was less than 3.0%
at the 12.47-kV Alky bus and less than 1.5% at remote
buses. The distortion was well below the industry recom-
mended limit of 5.0%.

Fig. 7 includes example voltage waveforms of the 12.47-kV
Alky bus with and without the filter with both lines to the Alky
bus in service. Fig. 8 illustrates the voltage with one line to the
Alky bus in service,
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Fig. 6. Voltage waveforms at Alky bus with filter. (a) Measured voltage
waveform (1 ms/div). (b) Simulated voltage waveform (1 ms/major div).

TABLE V

SUMMARY OF FILTER PERFORMANCE MEASUREMENTS
Both Lines to Alky One Line to Alky
Filt. Off Filter On Fitt. Off Filt. On

Alky Alky No.lSub CRC Alky Alky

Harmonic Bus#2 Bus#2 Bus#2 Bus Bus#2 Bus#2
THD 83% 2.2% 0.9% 1.3% 14.0% 2.4%
3 0.0% 0.1% 0.1% 0.1% 0.1% 0.1%
5 0.2% 0.3% 03% 03% 0.2% 0.5%
7 0.1% 0.4% 0.3% 0.4% 0.1% 03%
11 2.5% 1.0% 0.3% 0.2% 4.0% 1.0%
13 1.9% 0.6% 0.2% 0.3% 3.0% 0.6%
23 27%  0.8% 0.3% 0.3% 4.1% 05%
25 2.8% 0.8% 0.3% 0.4% 4.0% 0.8%
35 2.1% 0.6% 0.2% 0.2% 3.8% 0.7%
37 2.7% 0.6% 0.2% 0.3% 4.3% 0.7%
47 2.3% 0.5% 0.2% 0.4% 4.7% 0.6%
49 1.8% 0.5% 0.3% 0.8% 4.8% 0.6%
59 3.4% 0.5% 0.1% 0.3% 4.7% 0.6%
61 33%  0.5% 0.1% 0.3% 4.7% 0.5%

Fig. 7. Measured voltage with both Alky lines in service. (a) Alky 12.47-kV
bus with filter off line (2 ms/div). (b) Alky 12.47-kV bus with filter on line (2
ms/div).

VI. IEEE S1D 519

IEEE Std 519 [1] gives a clear recommendation on voltage
distortion limits with regard to the point of common coupling
with the supplying utility. Although itis not clearly stated in the
standard, many engineers have applied these voltage distortion
limits within industrial and commercial facilities, while others
have used higher limits within the plant. In this application,
equipment problems were encountered with voltage distortion
levels on the 12.47-kV system that were at or marginally above
the 5% value which is suggested in IEEE Std 519. In a large
facility, such as a refinery, where there is exposure to many dif-
ferent types of electrical components, such as motor controllers,
programmable-logic controllers, computers, etc., there is a high
probability that there will be some components that will not
operate properly in a marginally high harmonic environment.
Given this experience, the authors recommend that IEEE Std
519 be revised to clearly recommend that these voltage distor-
tion limits be applied within users’ facilities as well as on utility
systems.

The application examples given in IEEE Std 519 go up to the
35th harmonic. The need to analyze harmonics higher than the
35th in some cases should also be emphasized.
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®
Measured voltage with one Alky line in service. (a) Alky 12.47-kV

bus with filter off line (2 ms/div). (b) Alky 12.47-kV bus with filter on line (2
ms/div).

VII. CONCLUSIONS

Based upon this analysis, the following conclusions are made.

1)

2)

3)

The combination of system resonance at relatively high
frequencies, which is commonly caused by cable capaci-
tance, and the presence of a large harmonic load can cause
substantial distortion at frequencies above the 25th har-
monic.

The magnitude of the harmonic distortion at frequencies
above the 25th harmonic is affected by system losses that
tend to be dominated by transformer core losses.

The system harmonic distortion can be accurately pre-
dicted with a harmonic analysis computer programifa de-
tailed model is developed. The harmonic model must give
special attention to the capacitance of cables, transmis-
sion lines, and surge capacitors. Also, transformer core
losses provide substantial damping and must be consid-
ered.

4) Field harmonic measurements can be very helpful in the
development and verification of the harmonic model.

5) Once an accurate model is developed and verified, solu-

tions for reducing harmonic distortion can be confidently

evaluated.

A properly designed high-pass filter can be very effective

in controlling troublesome harmonic distortion for a wide

range ofharmonics and a wide variety of system operating
conditions.

7) Based on our experience, it is recommended that IEEE
Std 519 be revised to clearly recommend that the voltage
distortion limits be applied within industrial and commer-
cial facilities. Consideration of harmonics higher than the
35th should also be addressed by an application example.

6
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