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Abstract—Experience gained during the growth of a
chemical manufacturing facility from a 65 MW to 170 MW
load in multiple stages is presented. Large filter banks are
required to control harmonic current and provide reactive
power compensation for the rectifiers that energize the
chemical process. As the load grows and the filters become
large, utility generated harmonics are drawn into the filters
resulting in difficulties complying with IEEE 519. The large
size of the filters creates voltage rise issues for local
equipment and the transmission system on load upset. Filters
stress due to utility capacitor switching and in-plant filter
element switching is compared for the initial load stages and
the final load stage. Filter stress is reduced as the number
and size of the filters is increased.

Index Terms — Harmonic Filters, IEEE 519, Chemical
Rectifiers, Reactive Compensation, Switching Transient.

. INTRODUCTION

Asset consolidation, growing product demand and
favorable power costs have driven the expansion of this
Chemical Manufacturing Facility in southern Manitoba,
Canada to an electrical demand of 170 MW in 6 stages. This
paper highlights the electrical system experience gained in
the last 4 stages in which the load grew from 65 to 170 MW
over a 4-year period.

II. LARGE FILTER BANKS AND THE UTILITY
A. Utility Generated Harmonics

Utility policies of KVA demand billing and strict compliance
with harmonic limits have resulted in the deployment of large
multi-element harmonic filter banks to supply reactive power
and control harmonics. Although cost effective and reliable,
these filter banks are large enough to draw in utility generated
harmonic currents. For relatively small industrial installations
this is not a problem, since the resulting currents are relatively
small. However, as the load grows and the collective size of
the filtering grows, the harmonic currents flowing from utility
sources can be large enough that the currents exceed the
permitted limits indicated in IEEE 519, the harmonic standard
used by many utilities. This requires flexibility in how the
standard is applied and requires that a special harmonic
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compliance validation procedure be adopted to accommodate
utility harmonics.

To illustrate, consider the electrical distribution system
shown in Fig. 1, representing a typical single stage 45 MW
chemical rectifier installation. Key components include the
rectifier and rectifier transformer to supply high DC current at
a voltage in the 200 to 500 Vdc range. Currents near 200 kA
DC are not uncommon. The source side of the rectifier
transformer is typically energized at 12.0 kV to 14.4 kV and is
also the connection point of the harmonic filters. The utility
side of the main supply transformer is typically energized at
transmission level voltages, at 60 kV and up.

50 MVA Transformer T1
%Z=8

‘ ‘ g 55 MVA Rectifier
@ ‘ ‘ g | XFMR & Load

Utility Gen & Transmission
System

2000 MVA, X/R=5 At PCC T T T T
5th  7th 11th  13th

Fig. 1: Single Stage Rectifier

For any particular harmonic, the diagram of Fig. 1 can be
reduced to its single phase equivalent, as shown in Fig. 2.
Here, only one filter leg is shown since the low impedance in
tuned filter branch of the harmonic under consideration is very
low when compared to the impedance of other filter legs or
transformer T1 and is considered zero in the discussions that
follow. The impedance is of course never truly zero but this
simplifying assumption does not introduce significant error, as
can be shown by detailed calculations that do not include this
simplification. The current Ir is the rectifier harmonic current
and Vu is the utility source harmonic voltage, both at the
harmonic under consideration. The primary side of T1 is
labeled “PCC”, or the “Point of Common Coupling”. This is the
utility connection point and where harmonic voltages and
currents are measured. Since the impedance of the filter
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branch (XI-Xc) is taken as zero, point Vr is effectively
connected to the Neutral and we can write equation (1) for the
approximate current lu, which is a function of the harmonic
number, h.

TABLE |
STAGE 3 TO 6 COMPARISON

Ratio of lu(5)/1u(1)
IEEE 519 Meas.

Proj. Plant XFMR Zu

Fig. 2: Single Phase Equivalent
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for h=5,7,11,...,n

Equation (1) is valid only for harmonics that have filter
elements tuned such that the element impedance (XI-Xc) is
much less than the impedance of Zu plus Zt at that frequency.
The letter “n” represents the harmonic number of the highest
order filter element. This equation indicates the PCC current
is a function of the harmonic impedance of the utility system
combined with transformer T1 and the harmonic voltage of
the Utility Source. With a combination of low impedance
values for Zu and Zt and a large enough value of utility
harmonic voltage, lu can be sufficiently large that IEEE 519
limits applicable at the PCC are exceeded. It must be noted
that this is without any contribution from the rectifier for which
the harmonic filters are installed.

The following numerical support for the above is for the 5
harmonic but is believed to be applicable for higher order
harmonics as well.

1) IEEE 519 Utility Voltage Distortion Limits: Table 11.1
of IEEE 519-1992 recommends “worst case” individual
harmonic voltages distortion of 1.5% at the PCC for
voltages in the 69 kV to 161 kV range. We use 1% for
the calculations in TABLE I.

2) IEEE 519 PCC Current Limits: Table 10.4 gives 2% as
the individual limit for Isc/IL<20 and 3.5% as the limit
for Isc/IL between 20 and 50, for harmonic hnumbers
less than 11.

3) TABLE 1: This table compares the calculated and
measured values of the ratio of 5™ harmonic current to
the fundamental at the PCC for the various stages of
plant load growth. The table also provides the IEEE
519 permitted values.
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Stage Load MW MVA 5" Calc. Tablel0.4 Ave
o )
cc r 3 60 gs MmN 0038 5035 WA
Zu zt 4 75 100 Mn 0036 5535 0022
lu X/ max  0.016
") w " 5 125 150 M 0033 5000 0023
¢ v max  0.011
Ir 6 170 205 MmN 0034 500  NA
N max 0.008
Neutral R pu X pu
......................................................... Zu(5)
min  0.0848 -0.0451 Vu(5) =.01 pu
Zu(5)
max  0.288 0.146 1 pu Power = 100 MVA

To aid in filter design, the utility provides the system
harmonic impedance, given in TABLE 1 for the 5™ harmonic.
Both the min and max values are significantly less than the
0.25 pu impedance expected from the 2000 MVA system fault
level. In addition, the minimum impedance reactance value is
negative, which is largely responsible for our results.

The utility source harmonic voltage for the 5" harmonic is
taken as 1.0% in the calculations, which is within the 1.5%
permitted for the PCC in IEEE519 and is generally
considered to be below the threshold of causing problems.
Actual measured values at the PCC have been recorded to
be in the 1.5% range.

The results of TABLE | show that with a 1.0% utility 5"
harmonic voltage and minimum system impedance, currents
can be drawn into the customer’s plant that exceed the limits
permitted by the utility. Average measured values are lower
than the worst case calculations. However, as the plant load
increases and the short circuit to load current ratio decreases
even the average measured values exceed the permitted
limits.

The 2 to 3% 5™ harmonic current does not cause a
practical problem for the utility or its customer, provided the
filters can handle the additional utility harmonic load. The
customer is actually assisting the utility in reducing
transmission level harmonic voltage by absorbing harmonic
current in their filters. Accordingly, this problem is not a real
problem, provided that the utility in its regulatory function
recognizes that it can be the cause of harmonic voltage
distortion and current flow. If there is an understanding that
the customer will not be held to account for utility sourced
harmonics, then the violation is not a true violation and the
problem can be ignored. If required, to confirm the actual
source of harmonics, the following tests can be executed:

1) With the rectifier disconnected and the filter off,
monitor the harmonic voltage at the PCC (Fig. 1).This
will establish which harmonic voltages are present
and the extent to which they can act as a harmonic
source. As seen above, even levels as low as 1.0%
for low order harmonics such as the 5" can be
significant.



2)  Energize the filter while leaving the rectifier off. (Note
that all filter elements must be energized so that
higher order legs do not amplify the currents in lower
order legs.) Recording the harmonic currents at the
PCC will indicate the currents due to the utility as
source. Record both magnitude and phase angle of
significant currents.

3) Record the currents at the PCC again (magnitude and
phase) with the rectifier on and the filter on.

Interpretation: If significant voltage harmonics recorded in

step 1 match any of the filer leg harmonic numbers; and

If significant current harmonics (near or above IEEE 519

limits) are recorded in step 2; and

If the currents (magnitude and phase) do not change

significantly in step 3, then the majority of harmonic current
may be considered to be due to the utility. If the magnitude of
the offending currents when comparing steps 2 and 3 are
different, customer harmonics are a part factor.

B. Utility Generated Transients

The utility operates a generator plant with large capacitive
reactive power banks in the near vicinity of the chemical plant.
Utility studies confirm that capacitor swnchlng will result in a
transient resonant response in the 7™ harmonic filters at the
chemical plant. These were reported to be severe enough
that protective consideration was recommended.

When Stage |V installation was planned, the threat to the
proposed filter installation was evaluated. A filter transient
response study was undertaken based on adding a 2 MVAR
7" filter for this 15 MW addition. The results showed that the
filter would respond significantly and some protection was
warranted in the form of a surge arrester installed across the
capacitor portion of the filter, line to ground. The arrester
would restrict the voltage rise across the capacitor to the
arrester clip point and limit the transient response. Fig. 3
shows the simulated switching excitation and filter capacitor
response.

A similar evaluation was conducted during the PhaseV
planning stage. This was a 42.5 MW plant addition with a 7"
filter leg with a 7 MVAR sizing. This addition proved to be
large enough that the transient event no longer provided
sufficient energy to excite the filters to a danger point.
Accordingly, no additional transient protection was added at
Stage V and VI.
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Fig. 3: 7" Filter Leg Transient Response
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Ill. VOLTAGE ISSUES
A. Filter Energization

The load increase for Phase V involved a 42.5 MW rectifier
with a 35 MVAR filter, the largest at the site. The size of the
filter was increased above the reactive correction required for
the rectifier to bring the entire site power factor to unity. To
minimize the switching impact of such a large bank and to
utilize standard capacitor rated circuit breakers the bank was
split in two, so that the 5‘h and 7‘h banks were controlled from
one breaker and the 11" and 13" from the other.

Switching simulations showed that the 12.47 kV bus
voltage (rectifier connectlon pomt) had a 50% voltage ripple
on switching the larger 11" "+13" bank and a 25% ripple with
the smaller bank. Concerns were raised that a 50% ripple
may trigger rectifier surge arrester operation and possibly
have a confusing impact on the thyristor firing timing logic. A
solution was sought to avoid exposing the rectifier to the
potentially damaging voltages. The 25% ripple of the 5"+7"
bank is low enough that this was not considered to be a
problem.

Stage 5 - Simulation —No S\M'tching
15000 5th&7th Bank
10000 I\ A~ foe | — 11th&13th
Z, 5000
-
= o]
(e}
>
5000 1
-10000
-15000 T T T -
o] 0.01 0.02 0.03 0.04 0.05
Time Seconds

Fig. 4: Filter Energization—Rectifier Bus Voltage

To address thls issue the decision was made to energize
the 11" and 13" bank with the energization of the main
transformer, prior to rectifier turn on. In this way the rectifier
does not see the large energization voltage ripple. Once
rectifier load is at 60 % the smaller 5"+7" bank is energized
to complete the system and prepare for full load.

This arrangement proved successful. The rectifier smoothly
took on load to 60%, accepted the small filter switching
transient and moved on to 100% load. The ant|(:|pated current
harmonic amplification at the PCC of the 5" and 7" harmonic
during the first 60% of the load cycle was calculated to be less
than 2% THD. Actual measurements are not available, but
the brief time period of the start-up load ramp ensured that
this would not be problem.

B. Large Filter Voltage Rise

Capacitive reactive power is required to minimize operating
costs, minimize losses, voltage drop and regulation for
rectifier loads. When load is suddenly lost and the capacitors
are left on by themselves, the voltage rise can be high and
potentially damaging to the capacitors themselves and to
other equipment.



At the completion of Stage 6, the total load was 170 MW
and the total effective capacitive reactive power was
104 MVAR, resulting in a power factor near unity at the PCC.

With the sudden trip of a single rectifier, a voltage of
1.08 pu can be expected at the rectifier bus and 1.03 pu at
the utility bus, in the first few cycles following a trip. These
voltages become more severe if there is a simultaneous trip
of more than one rectifier, possibly due to a common process
condition or a utility disturbance. Rectifier and utility bus
voltages of 1.14pu and 1.08 pu, respectively, have been
simulated immediately after a trip. Even higher voltages may
result if the trip condition results in more load loss on the utility
system and voltages near 1.2 pu are possible within the plant.
Rapid filter bank tripping is required to avoid damage to the
filters and other equipment from prolonged exposure to these
high voltages.

Several factors combine in this installation so that the over-
voltage protection has not been triggered and is not expected
to be a significant problem. The first is that the site is within a
few kilometers of a utility generating station. The utility
provides a voltage controlled bus so that utility source bus
voltages are restored to near nominal within the generator
voltage regulator operating time of a load upset. This ensures
that the impact on other customers and utility line equipment
will be minimal.

The second factor is due to the use of mostly thyristor
rectifiers at the plant. When these rectifiers are used in
conjunction with capacitor filter banks, the combination results
in a relatively stable VAR load, that is more like an inductor
than a capacitor. While a filter supplies leading VARs that
vary in proportion to the square of the applied voltage, a
rectifier draws lagging VARs in accordance with the following
relationship:

{Gr) 4} @

where:
Q Reactive Power at Rated Active Load
In per unit
Vr Rectifier Voltage, in per unit
Pf; Displacement Power Factor at Rated
Load

For typical rectifier operation, the rectifier VAR load
changes more aggressively with voltage than the filter. Fig. 5
shows the relationship between the change in voltage and
VAR power due to filters and thyristor rectifiers, individually
and in combination. Note the steeper slope of the rectifier
VAR curve, resulting in a stabilizing characteristic: as the
voltage increases, the system demands more lagging VARs,
tending to decrease the voltage. Conversely, as the voltage
decreases the system demands less VARS, tending to raise
the voltage. Accordingly, if the voltage rise is not so severe
that the rectifiers are tripped off, the rectifiers actually help to
stabilize voltage.
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Fig. 5: Typical Filter and Rectifier Reactive Power

In addition to the two mitigating factors noted above,
harmonic filters are frequently designed to accommodate the
higher voltage stresses due to harmonics by selecting voltage
ratings on filter capacitors greater than the system nominal
voltage. Capacitor voltage rating factors between 1.05 to
1.2 pu are not uncommon. After the rectifiers trip, harmonic
load drops immediately and the extra voltage rating is
available to accommodate an overvoltage.

The combination of all these factors provides a robust
installation that is relatively insensitive to voltage variations, in
spite of the large array of filter banks.

IV. CONCLUSIONS

Harmonic currents at the point of Common Coupling can
have both utility and customer sources. This paper identifies
conditions where utility sources can be significant enough that
customer PCC harmonic limits are violated. Provided that the
customer’s filters can accommodate the additional loading,
this apparent violation becomes a non-issue. Problems
associated with energizing large filter banks are identified with
practical steps to circumventing these. In spite of the
application of large filter banks and operation near unity
power factor, actual system overvoltage is rare and not a
problem at this installation.
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