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1
METHOD TO MINIMIZE INPUT CURRENT
HARMONICS OF POWER SYSTEMS SUCH
AS ESP POWER SYSTEMS

This is a US National Phase application claiming priority
to International Application No. PCT/EP2011/059131 hav-
ing an International Filing Date of Jun. 1, 2011, incorporated
herein in its entirety by reference.

TECHNICAL FIELD

The present invention relates to a method for the improve-
ment of the line quality for power distribution systems dis-
tributing to non-linear loads such as transistor based ESP
power supplies. It furthermore relates to a distribution system
implementing such a method and in particular to the use of
such a distribution system for the operation of an electrostatic
precipitator unit.

PRIOR ART

With the increasing concern for environmental pollution,
the reduction of particle emissions by using Electrostatic
Precipitators (ESPs) is a highly important issue for coal fired
power plants. ESPs are highly suitable dust collectors. Their
design is robust and they are very reliable. Moreover, they are
most efficient. Degrees of separation above 99.9% are not
unusual. Since, when compared with fabric filters, their oper-
ating costs are low and the risk of damage and stoppage owing
to functional disorders is considerably smaller, they are a
natural choice in many cases. In an ESP, the polluted gas is
conducted between electrodes connected to an ESP power
supply. Usually, this is a high-voltage transformer with thy-
ristor control on the primary side and a rectifier bridge on the
secondary side. This arrangement is connected to the ordinary
AC mains and thus is supplied at a frequency, which is 50 or
60 Hz. The power control is performed by varying the firing
angles of the thyristors. The smaller the firing delay, i.e. the
longer the conducting period, the more current supplied to the
ESP and the higher the voltage between the electrodes of the
ESP. Modern ESPs are divided into several bus sections for
increasing the collection efficiency. Each of these bus sec-
tions has its own power supply (PS), which is controlled
individually and has a typical output power range of 10-200
kW and an output voltage range of 30-150 kVDC.

Modern ESP’s power supplies are often based on resonant
converters in order to utilize the transformer’s nonidealities
and to have soft switching for a wide operation range. One
exemplary power supply for ESPs is known from US 2009/
0129124,

SUMMARY OF THE INVENTION

Correspondingly, the present invention relates to a method
for the improvement of the line quality in a power distribution
systemny, in particular for suppressing higher order harmonics
generated by non-linear loads powered by the line at the
common feeding. The typical applications are high power
applications, so cases where the distribution transformer
mentioned further below is rated in the range of 30 kVA-3000
kVA.

In this method, a common feeding, via at least one distri-
bution transformer, feeds at least two non-linear loads draw-
ing non-sinusoidal currents from the common feeding.
Between the common feeding and the distribution trans-
former there is at least one primary side transformer line and
between the at least one distribution transformer and the loads

10

20

25

40

45

50

60

65

2

there is at least one lower voltage secondary side transformer
line. At least one active filter attached to at least one lower
voltage secondary side transformer line is used for the attenu-
ation or elimination of higher order harmonics experienced
by the common feeding. In accordance with the invention, the
control of the active filters is based on the measurement of a
current sensor on the low voltage level (which should be
present in each of the low-level circuits, only measurement
and taking into account of the current conditions in each of the
low voltage level circuits allows appropriate and complete
line power quality improvement). This measurement how-
ever is preferentially not directly used as will be outlined
further below but only after a computational correction taking
the attenuation effect of the transformer itself into account.
The active filter(s) so to speak correct the conditions on the
low-level side via injection. This correction is however not
principally aiming at a correction of harmonics on the low-
level size, but rather at a correction of the conditions on the
primary side. This is achieved in that the active filters inject
into the low-level system in a manner which, so to speak
backwards via the transformer and taking its effect into
account, corrects the conditions on the high voltage side by
eliminating the harmonics, which otherwise if present nega-
tively influence the line power quality and also taking into
account phase shifts generated by the transformer. Corre-
spondingly therefore, preferably the currents i; ,, (where the
index n stands for the nth secondary side transformer line) in
all lower voltage secondary side transformer lines are mea-
sured and used for the control of the active filter.

As mentioned above said current i, ,, (or in case of several
secondary side lines, the corresponding set of current values
as a function of time in the individual secondary side lines) is
not directly used as an input reference for the active filter but
from said current, using a computational model of the trans-
former, the current on the primary side transformer line is
calculated, and therefrom, using a computational model of
the transformer, the current on the secondary side transformer
line is back calculated, and this current is used as input ref-
erence to the active filter.

In case of only one single secondary side line, the input
variable for this back and forth calculation is the above-
mentioned current value. In case of more than one secondary
side line, so in case there are several transformers transform-
ing from one primary side line to several secondary side lines,
the input variable for the calculation of the reference value for
the active filter (or the plurality of active filters) is the set of all
current values measured in the individual secondary side
lines. It is to be noted that in such a case if there are several
active filters the reference value for each of these active filters
preferentially takes into account and is based on each of the
current values measured in each of the secondary side lines.

Interestingly, even if there are two transformers and two
secondary side lines, it is not necessary that active filters be
present in each of these secondary side lines of the trans-
former, as long as the currents measured in all secondary side
lines are taken as input variables for the active filter. In other
words one single active filter is in a position to correct for the
effects of each of the secondary side lines on the primary side
line.

For primary current prediction (on the primary side trans-
former line) one can use for a 12 pulse system the following
analytical calculation scheme:
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iLR_UB IR UA
, 1.
Sl is UB |+ — | s va
g
LT UaA

irr uB

For the active filter references adjustment (currents without
the harmonics which the 12 pulse transformer could miti-
gate):

For the AF installed on the low voltage side of the trans-

former with lagged voltage:

iig s L 1 -1 0|
iis vp | = ITnB 0 1 =L}
ir s -1 0 1

For the AF installed on the low voltage side of the trans-
former with lead voltage:

fig_ta gy

iis va | =kona | Isp

ir ip

To enable that all active filters installed in each low voltage
side of the distribution transformers process similar har-
monic amplitudes k1 and k2 are given below:

Is
ky = nAnB ky = ﬁng
na+ W na+ W
For the active filter installed on the lagged voltage trans-
former:
k=1 k=0
For the active filter installed on the lead voltage trans-
former:
k=0 k=1
wherein:

ig,» Ls,» 17, are the predicted MV (medium voltage) side line
currents;

12 2 lrs oy 1z oy are the currents drained by the load
installed on the lead transformer (counter clockwise);

i1z um irs uss ir op are the currents drained by the load
installed on the lagged transformer;

1, is the turns ratio of the lead transformer;

1 is the turns ratio of the lagged transformer;

g wa’s lrs a1 1 are the adjusted current references
for active filter installed on the lead transformer (counter
clockwise);

g v irs vs iy vs are the adjusted current references
for active filter installed on the lagged transformer (counter
clockwise);

k,, k, are the coefficients for adjustment of the current ampli-
tudes on the low voltage side of the transformers.
Alternatively the transformer model can be performed

using a harmonic detection method such as FFT, DFTT,

RDFT or the like, as will be detailed further below.
According to a preferred embodiment of the proposed

method and in order to take into account the specifics of the
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4

transformer(s), in addition to the above current values mea-
sured in each of the individual secondary side lines further-
more synchronization voltagesu, , . , canbemeasured onthe
lower voltage secondary side transformer line and can be used
to calculate the voltage rms values on the secondary side
transformer line. Again as in the case of the measured current
values, preferably these voltages are measured in all individu-
ally secondary side lines and are taken into account for each
of the active filters.

According to yet another preferred embodiment, the dis-
tribution transformer is a 12 pulse transformer. This may
preferably be selected from the group of Ddn, Dyn, Dzn, Ydn,
Yyn, Yzn, with n selected from 0, 1, 3, 6, or 11, or in case of
several transformers, combinations thereof.

For a situation where two distribution transformers are
present, preferably both are arranged as a 12 pulse trans-
former, which are transforming from the primary side of the
transformer line to two lower voltage secondary side trans-
former lines. In this case preferentially the 12 pulse trans-
formers are selected from the group Dd0-Dyl, Dyl-Dz2,
Yd1-Ddo, Dz0-Dyl.

According to another preferred embodiment, at least two
distribution transformers, preferably 12 pulse transformers,
are transforming from the primary side of the transformerline
to at least two lower voltage secondary side transformer lines,
and in at least two lower voltage secondary side transformer
lines active filters are located, and preferably each lower
voltage secondary side transformer line is equipped with an
active filter controlled by reference signals calculated based
on measurements in each and every lower voltage secondary
side transformer line.

Preferentially, the non-linear load is a transistor based
power supply element, e.g. for continuous or pulsed opera-
tion, including a switched full bridge inverter, preferably a
power supply for an electrostatic precipitator. In this case
typically a transistor based power supply element comprises
an input rectifier and a transistor based full bridge inverter,
optionally followed by a resonant tank and/or a transformer
unit and/or an output rectifier, wherein preferably on the input
side of the full bridge inverter and/or on its output side
smoothing inductors are arranged. However the method is
principally suitable for any kind of non-linear load.

The active filter control strategy in principle can be a con-
ventional control strategy because the necessary correction
for the behaviour of the transformer is already taken into
account by the above-mentioned back and forth computa-
tional methods. The control strategy is nevertheless prefer-
ably selected from the group of dq-frame, PQtheory, Fryze
currents, generalized integrators, frequency domain strate-
gies, in particular DFT, RDFT and FFT. The present invention
furthermore relates to a high power distribution system with
a common feeding which, via at least one distribution trans-
former feeds at least two non-linear loads drawing non-sinu-
soidal currents from the common feeding, wherein between
the common feeding and the distribution transformer there is
aprimary side of the transformer line and between the at least
one distribution transformer and the loads there is at least one
lower voltage secondary side of the transformer line, and
wherein at least one active filter is attached to at least one
lower voltage secondary side of the transformer line for the
attenuation or elimination of higher order harmonics experi-
enced by the common feeding.

Furthermore according to a preferred embodiment, the
proposed distribution system is provided with at least one
sensor in at least one lower voltage secondary side of the
transformer line sensing the currentin said line, which is used
for the control of the active filter. Preferably computational
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means are provided using said current and a computational
model of the transformer is implemented in these means to
calculate the current on the primary side of the transformer
line, and therefrom, using a computational model ofthe trans-
former, the current on the secondary side of the transformer
line, and this current is then input reference to the active
filter(s), optionally taking into account synchronization volt-
ages measured via further (all the same) sensors on the lower
voltage secondary side of the transformer line to calculate the
voltage rms values on the secondary side of the transformers.
Preferentially, the distribution transformer is a 12 pulse
transformer, such as selected from the group of Ddn, Dyn,
Dzn, Ydn, Yyn, Yzn, with n selected from 0, 1, 5, 6, or 11, or
in case of several transformers combinations thereof. Prefer-
ably two distribution transformers are present, typically
arranged as a 12 pulse transformer by proper selection, trans-
forming from the primary side of the transformer line to two
lower voltage secondary side of the transformer lines,
wherein the 12 pulse transformers are selected from the group
Dd0-Dy1, Dy1-Dz2,Yd1-Dd0, Dz0-Dy1. There are 26 com-
mercial configurations of three-phase transformer standard-
ized by IEC (all 6 pulses), which can be selected to provide
phase shift between primary and secondary windings as a
multiple of 30 degrees. In the case where two commercial
distribution transformers fed by the same grid are selected
with30 degrees phase-shift, they constitute a 12 pulse system.
Furthermore the present invention relates to an electro-
static precipitator unit comprising a distribution system as
outlined above and/or using a method as outlined above.
Last but not least the present invention relates to the use of
a method as outlined above and/or a distribution system as
outlined above for powering a set of non-linear loads such as
for the operation of an electrostatic precipitator unit with at
least two, preferably at least six, more preferably at least 12 or
24 power supplies with transistor based full bridge inverter
elements.
Further embodiments of the invention are laid down in the
dependent claims.

BRIEF DESCRIPTION OF THE DRAWINGS

Preferred embodiments of the invention are described in
the following with reference to the drawings, which are for
the purpose of illustrating the present preferred embodiments
of the invention and not for the purpose of limiting the same.
In the drawings,

FIG. 1 shows typical commercial ESP power supplies
with: (a) ac-side smoothing inductor; and (b) dc-side smooth-
ing inductor;

FIG. 2 shows a typical ESP system electrical installation;

FIG. 3 shows an ESP system using multi-pulse and active
filter systems: (a) System using two active filters; and (b)
System using one active filter;

FIG. 4 shows a proposed ESP system control strategy

FIG. 5 shows in a) and b) the transformer current model,
where n represents the transformer turns ratio, wherein i; |
represents i; » ;7415 g a0diz p ,,, and whereini, , repre-
Sents i; x 7. 17 s 7 and iy 7 15; for the case where 2 active
filters are used (c f. FIG. 3(a)), k,=k,=0.5; for only one active
filter installed on the Dd0 transformer secondary side (c.f.
FIG. 3(b)), k,=0 and k,=1; and for only one active filter
installed on the Dyl transformer secondary side, k,=1 and
k,=0, and in ¢) it shows a schematic of a selective harmonic
detection method;

FIG. 6 shows an ESP system comprising a 12 pulse system
and two active filters; the gray shaded background diodes of
the active filter are SiC Schottky diodes; for the simulation for

20

25

30

40

45

60

65

6

validating the theory, the gray active filter and the Dd0 trans-
former are not employed (cf. experimental section);

FIG. 7 shows an highly dynamic loading analysis: (a) Sys-
tem’s line current; (b) Mains’ voltage; (c) ESP power supply
B’s line currents; (d) Active filter B’s line currents; (¢) ESP
Power supply A’s line currents; and (f) Active filter A’s line
currents;

FIG. 8 shows a transformers unbalanced loading analysis:
(a) Mains voltage; (b) Line currents’ Loci diagram; (c) Sys-
tem’s line current and harmonic analysis; (d) ESP power
supply B and Active filter B’s line currents; (e) ESP Power
supply A and Active filter A’s line currents, wherein in the bar
graphs of d) and e) at each harmonic the left side bar repre-
sents the non linear load current harmonic, the center bar
represents the current generated by the active filters 24, and
the right side bar represents the current harmonics in the
secondary side of the two transformers;

FIG. 9 shows the situation for transformers with asymmet-
ric parameters: (a) Line currents; (b) Single phase’s load
current for Unit A and B; and (¢) Single phase active filter’s
currents for Unit A and B;

FIG. 10 shows the situation for transformers with asym-
metric parameters and adjusted transformer model: (a) Mod-
el’s current predicted; (b) Line currents for the multi-pulse
system without active filter;

FIG. 11 shows a transformers unbalanced loading analysis:
(@) Line Currents and harmonic analysis; (b) ESP power
supply A’s line current and active filter’s current analysis; and
(c) ESP power supply B’s line current and harmonic analysis,
wherein in the bar graphs of d) and ¢) at each harmonic the left
side bar represents the non linear load current harmonic, the
center bar represents the current generated by the active filters
24, and the right side bar represents the current harmonics in
the secondary side of the two transformers;

FIG. 12 shows a 12 pulse system transformers unbalanced
loading analysis: (a) 12 pulse system configuration; (b) 3
phases line currents and voltage; (c) Dd0 and Dy1 transform-
er’s primary current and equivalent line current; and (c) Line
current harmonic analysis;

FIG. 13 shows alternatives for positioning the active filter
for typical ESP systems;

FIG. 14 shows a realistic MV/LV Dyl oil power trans-
former frequency dependent model;

FIG. 15 shows an ESP system’s performance evaluation
against transformer asymmetries and parasitic variations: (a)
Line current harmonic analysis for symmetric Dd0 trans-
former and for changing Dy1 transformer’s turns ratio asym-
metries between windings for one active filter solution and (b)
for two active filter solutions; (¢) Line current harmonic
analysis for both symmetric Dd0 and Dy1 transformers, but
with changing Dyl transformer’s turns ratio for one active
filter solution and (d) for two active filter solutions; (¢) The
influence of the transformer’s parasitic variation (leakage
inductance and windings resistance) against the system’s Sth
and 7th current harmonics mitigation performance for or one
active filter solution and (f) for two active filter solutions; and

FIG. 16 shows in a) experimental results for a balanced 12
pulse system: mains voltage (48); line current (49); 12 pulse
current without compensation (50); and active filter current
(51); in b) experimental results for unbalanced 12 pulse sys-
tem: mains voltage (48); line current (49); 12 pulse current
without compensation (50); and active filter current (51);inc)
experimental results: line currents for unbalanced 12 pulse
system; in d) experimental results: 12 pulse currents for
unbalanced 12 pulse system; and in e) experimental results:
active filter compensation currents for unbalanced 12 pulse
system.
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DESCRIPTION OF PREFERRED
EMBODIMENTS

Nowadays, modern ESP’s power supplies often employ
three-phase diode bridge rectifiers as a front-end converter
due to its simplicity, reliability and low cost.

A high frequency three phase power supply 11 for power-
ing one individual bus section in a setup according to FIG. 2
described below is illustrated in FIG. 1. On the input side the
power supply 11 is connected to the mains 1 and first com-
prises an input rectifier 12. At the output side of the input
rectifier 12 a direct current (DC) is provided and between the
levels there is located a DC link capacitor 18. This direct
voltage is then fed trough a full bridge inverter 13 with a
number of correspondingly fired transistors. The alternating
current on the output side of the full bridge inverter 13 enters
aresonant tank 14 and then a transformer unit 16, the resonant
circuit given by a series arrangement of a capacitor 19 and an
inductor 20 followed in the transformer unit 16 by a trans-
former 21. On the output side the unit 16 is coupled to an
output rectifier 15 the output side of which is then coupled to
the electrodes of the electrostatic precipitators 5. For pulsed
operation of such a power supply the full bridge inverter is
operated in pulsed mode, continuous operation is possible as
well

A modern ESP power supply uses six-pulse diode bridge
rectifiers with ac or de-side smoothing inductors as front-end
converter due their simplicity, reliability and low cost as
illustrated in FIG. 1 a for a smoothing inductor 17 on the
alternating current site and in FIG. 1 4 for a DC side smooth-
ing inductor 23.

However, such power supplies draw non-sinusoidal cur-
rents from the source, deteriorating the mains power quality.
This system presents current harmonics of the order
n=(6.ix1), where 1 is an integer greater than or equal to one.

So the main drawback of this concept is that dioderectifiers
inject significant current harmonics into the power system
which can cause overloading of nearby shunt capacitors or a
distortion of the mains voltage at the point of common cou-
pling. Therefore, simple rectifiers do not meet the IEEE 519
guidelines concerning input current harmonics.

Hspecially in pulsed operation, a significantly unbalanced
loading of the mains phases could occur. Accordingly, the
concept employed today bears the risk of causing severe
problems such as malfunction of other equipment fed by the
same mains, audible noise, increased losses of transformers,
generators and power lines, electric resonances in the mains,
and mechanical oscillations in generators.

FIG. 2 shows a typical ESP installation with several
sequential bus sections driven by 24 power supplies. The
electrostatic precipitator 5 comprises an inlet side trough
which a gas flow 4 loaded with particles, e.g. coal dust, enters
the ESP. The ESP has an inlet field 6, followed by middle
fields 7 and is terminated by an outlet field 8, the outlet of
which is connected to a stack 9 through which the cleaned
exhaust gas 10 exits to the environment. Each of the fields 6-8
has four cells or rows of individually powered precipitator
systems, and to this end e.g. 24 power supplies (PS) are
provided for the energisation of the precipitators. The power
supplies are energized via the mains 1, which via a low or
medium voltage line 2 and distribution transformers 3 and
low voltage level lines 22 connects to the individual power
supplies. In other words the totality of the power supplies is
connected to the same mains system 1 and if these power
supplies or at least a fraction thereof are operated in pulsed
mode the load on the main can be heavily unbalanced.
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In such a setup, 3-phase transformers providing phase shift
between the voltages of the primary and secondary windings
are employed to feed the ESP’s power supplies in a three-wire
system. Therefore, a multi-pulse system can be built by
selecting suitable distribution transformers, where the sim-
plicity and reliability of ESP power supplies are preserved.
However, the performance of a multi-pulse system strongly
depends on the load balance between the secondary sides of
the transformers, which can be difficult to achieve in an ESP
system, since the ESP bus section loading characteristics can
vary considerably.

As shown in FIG. 3, to further improve the line quality,
ensuring agreement with harmonic guide lines, active filters
24 can be employed; however, they need to cope with the high
dynamic loading of the ESP system. Moreover, the location of
the active filters 24 plays an important role in the total effi-
ciency of the system and cost of this active solution, i.e. if one
installs the active filter 24 in the low or medium-voltage level
2 (primary side of the transformer 3) high voltage rating
integrated gated bipolar transistors IGBTs and insulated
transducers are required.

This document relates to a highly efficient ESP system
configuration schematically illustrated in FIG. 3, which com-
plies with harmonic guidelines. Therein, distribution trans-
formers are chosen to build a multi-pulse system and active
filters 24 are installed on the low voltage side 22 of the
transformer 3 in order to use standard, low cost IGBTs and
circuit components, which also enable a higher switching
frequency/efficiency. The active filters 24 are mainly intended
for high order harmonic-current-mitigation (>7th harmonic),
and for balancing the 5th and 7th current harmonics, which
can be effectively eliminated by the multi-pulse system. In
fact, the active filter(s) 24 compensate the line current har-
monics on the medium voltage side that the 12 pulse system
shown in FIG. 3 cannot fully compensate. The ESP system
becomes highly efficient because the active structures (active
filters 24), only process about 20% of the total system power.

The presented system configuration becomes feasible clue
to the proposed mathematical model of the distribution trans-
former 3 which quickly predicts and adjusts the line current
on the LV or MV side 2 as the active filter’s 24 current
reference, by only sensing the currents of the ESP power
supplies on the transformers’ LV side 22. Due to the fact that
Just small calculations are necessary, delays on the reference
signal processing are minimized, and control strategies,
which are commonly used in active filter solutions, can be
adapted without degrading the active filter overall perfor-
mance.

As illustrated in FIG. 3 @) such a setup may comprise one
individual active filter 24 on each of two parallel low voltage
level secondary sides 22 of the transformer 3. In the alterna-
tive however it may also only comprise one active filter in one
of the low-level circuits 22 as illustrated in FIG. 3 b).

The control of the active filters 24 is based on the measure-
ment of a current sensor 25 on the low voltage level (which in
any case must be present in each of the low-level circuits 22,
only measurement and taking into account of the current
conditions in each of the low voltage level circuits allows
appropriate line power quality improvement), which mea-
surement however is not directly used as will be outlined
further below but only after acomputational correction taking
the effect of the transformer 3 into account. The active filter
24 50 to speak corrects the conditions on the low-level side 22
via injection by a line 27. This correction is however not
principally aiming at a correction of harmonics on the low-
level side 22, but rather at a correction of the conditions on the
primary side 2. This is achieved in that the active filters inject



US 9,331,561 B2

9

into the low-level system in a manner which, so to speak
backwards via the transformer 3 and taking its effect into
account, corrects the conditions on the high voltage side 2 by
eliminating the harmonics which otherwise if present nega-
tively influence the line power quality. Using the proposed
method also the phase shifts generated by the transformer are
taken into account.

In order to improve the line power quality of an ESP sys-
tem, this invention thus proposes a highly efficient system
configuration comprising two parts:

A multi-pulse system 3, which can be built by proper
selection of distribution transformers in a typical ESP
electrical installation (see FIG. 2). The main objective of
this system is to eliminate mainly the 5th and 7th har-
monics (but also higher harmonics such as the 17th, the
19th, etc) of the line current on the transformer’s low or
medium voltage side 2 (primary side of the transform-
ers).

Active Filters 24 intended for high order harmonic-current-
mitigation (>7th harmonic), and for balancing the 5th
and 7th current harmonics, which can then be effectively
eliminated by the multi-pulse system 3 in cases where
the transformers’ loading are unbalanced. The active
filters 24 are installed on the low voltage transformer
side in order to use standard low cost IGBTs and circuit
components with better loss characteristics.

As illustrated in FIG. 3, both systems comprise two
medium voltage/low voltage distribution transformers 3 con-
figured as a multi-pulse system (Dd0 and Dyl in this
example) feeding two typical commercially available ESP
power supplies 11 (see also FIG. 1) and shunt active filters 24
installed on the low voltage side of the transformer 3. As can
be observed, there is the possibility of using one (FIG. 3 b) or
more active filter structures 24 (F1G. 3 a). The selection of one
or more active filters 24 and of their design is mainly depen-
dent on the necessary amount of reactive power the active
filter 24 needs to handle in order to provide high line power
quality, which is about 20% of the total system power in case
of 2 active filters 24 (see F1G. 3a).

In order to enable the active filter operation on the low
voltage side of the transformer, the active filters units 24 need
1o predict or directly sense the current on the transformer’s 3
low or medium voltage side 2. Thereby, a special adjustment
in a typical active filter 24 current reference generation strat-
egy is proposed to avoid measurements on the low or medium
voltage transformer side 2 as shown in FIGS. 4 and 5. The
basic idea is that all the active filters 24 equally compensate
the harmonics, which could not be eliminated by the multi-
pulse transformer 3. Thereby, instead of using directly the
ESP power supply currents i, , as reference for the active
filters 24, as would be done by a traditional harmonic detec-
tion method, the proposed control strategy uses the current
generated by a mathematical model of the transformer 3. This
model predicts the line currents in the transformer medium
voltage side 2 by sensing the ESP power supplies currents i, |
in the low voltage side 22 of the transformer (see also FIG. 5).
These currents i, , carry the information of the harmonics
that need to be filtered (harmonics that the transformers 3
could not fully compensate). By adjusting proportionally the
predicted currents to the low voltage side 22 of the trans-
former 3 according to the transformer turn ratio and configu-
ration, the reference of each active filter 24 will be the same,
but includes the transformer waveform phase-shift (30 degree
in the 12 pulse system case).

Summarizing, the main functions of the transformer model
are:
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1) Mathematically subtract from the measured current k,
the harmonics which the multi-pulse transformer would
eliminate; and

2) To adjust the current reference according to the trans-
former side, where the active filter 24 is located, with
proper phase shift and magnitude.

It is important to mention that the current model of the
transformer 3 is also valid for other 12 pulse system configu-
rations, such as Dy1-Dz2, Yd1-Dd0, Dz0-Dy1, etc. For other
cases, the new transformer, which has the lead secondary
voltage (counterclockwise orientation), takes the role of the
Ddo transformer and the lagged one takes the position of the
Dy1 transformer in the current model.

For the primary current prediction (on the primary side
transformer line) and the active filter references adjust the
above explained analytical calculation scheme can be used.

Due to the fact that only small calculations are necessary,
delays on the reference signal processing are minimized and
control strategies, which are commonly used in active filter 24
solutions, can be adapted without degrading the active filter
24 overall performance.

The active filter 24 control strategy used here was the
dqg-frame (see also B. Kaku et al., IEEE Proceedings, electric
power applications, Vol. 144, pp 182-190, 1997); however
other strategies such as PQ-theory, Fryze currents, general-
ized integrators, frequency domain strategies (DFT, RDFT
and FFT), etc, could also be employed. In addition, the syn-
chronization voltages ug,,,. , and Uy, -, can further be used
to adjust asymmetries on the transformer windings coupling,
by modifying the model’s transformer turns ratio n for each
single phase.

As mentioned above, there are alternative ways to perform
the transformer current model, e.g. by using a harmonic
detection method such as FFT, DFT, RDFT, etc:

So alternatively, e.g. selective harmonic detection meth-
ods, such as FFT, DFT, RDFT, etc, can be used to adjust the
active filter current reference as shown in FIG. 5¢. By calcu-
lating the amplitude and phase of the currents drained by the
non-linear load 5 on the low voltage side 22 of each distribu-
tion transformer 3, mainly the fundamental, the 5th and 7th
harmonics, the loading unbalance between the secondary 2 of
the 12 pulse system can be determined. By using the expres-
sions shown in FIG. 5¢ and as given below, the remaining 45th
and 47th current harmonics on the primary side of the trans-
former can be determined. The current references of the
installed active filters 24 are then adjusted according to the
system characteristics and expressions shown in FIG. 5¢:

!
V3Xs 2
p

Xsu 1

ASth =

a

v 3X72

p

X
ATth = | 2L

g

oy =i = (a1 +in s+ i 7m 1 —kong(ASth + ATth))
N , , , , kym,
il 2= i 2~ i 1s 2 +ir sm 2 + ig 7 2 + ——(ASth+ ATth)
V3
AS5th and AT7th respect the transformer phase shift
To enable that all active filters 24 installed in each low

voltage side 22 of the distribution transformers 3 process
similar harmonic amplitudes k; and k, are given below:
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for one active filter installed on the lagged voltage trans-
former:

o=l k=0

for one active filter installed on the lead voltage trans-
former:

k=0 k1

For a 12 pulse systems typically nz=n V3.
In order to verify the proposed study, the following simu-
lations were performed for the ESP system depicted in FIG. 6:

a) The system performance for highly dynamic ESP load-
ing, where two active filters 24 are installed on the sec-
ondary side 22 of the 12 pulse system 3 with ac-side
smoothing inductor 17 ESP power supplies 11, are
shown in FIG. 7. As one can observe, the active filters 24
could effectively compensate the current harmonics and
the system draws sinusoidal current from the mains (see
FIG. 7(a)). Although the two transformers 3 process
different amounts of power (see FIGS. 7(c) and 7(e)), the
active filters 24 process the same amount of reactive
power (see FIGS. 7(d) and 7(f)).

b) The current harmonic analysis for the case where the
transformers operate with unbalanced loading is shown
in FIG. 8. Here, one can observe that the mains currents
have sinusoidal waveform (see FIG. 8(¢), also the loci
diagram in FIG. 8(b)), and the current harmonics gener-
ated by the active filters 24 are of the same amplitude
(center bars at each harmonic in the bar diagrams on the
right side of FIGS. 8 ¢, d and e). The current harmonics
on the secondary side 22 of the two transformers 3 are of
the same amplitude (right side bars at each harmonic in
the bar diagrams on the right side of FIGS. 8 ¢, d and ),
which helps the transformer to effectively compensate
the 5th and 7th harmonics.

¢) The proposed system behaviour for the case where trans-
former parameters are asymmetric is shown in FIG. 9.
Here, the transformer turns ratio and the leakage induc-
tances for each transformer’s windings are set to be
asymmetric (Dd0: nR=1.03 (L,£=100 pF), n8=0.99
(L5350 pF), nT=1.02 (L,=50 pF); Dyl: R=1.732
(Loz=80 pF), nS=1.698 (L4,=200 pF), nT=1.767
(L7400 uF)). As one can observe, the system using the
ideal model of the transformer for generating the current
references has good performance for this test condition.
Thus, the effort to obtain a more accurate transformer
model is not justified.

d) In order to verify the characteristic of the mathematical
model adjustment over transformer asymmetries on the
transformer’s windings turns ratio, one can simulate the
case where the transformer’s windings are set to be:
Ddo0: nR=1.0, nS=1, nT=1.0; and Dyl: nR=1.05v3,
nS=V3, nT=0.87V3. Here, the proposed control deter-
mines the transformer’s asymmetries on the single phase
windings’ turns ratio n by calculating the voltage rms
value on the secondary side of the transformers (ug,,. |
and ug,,,. ,). FIG. 10 shows both the model predicted
current on the primary side of the transformer (see FIG.
10(a)) and the obtained multi-pulse system currents (see
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FIG. 10(5)). As one can observe, the predicted currents
are very similar to the simulated one, validating the
model adjust strategy.

¢) The 12 pulse system is now feeding two ESP power
supplies 11 with dc-side smoothing inductors 17 with
one active filter 24 connected to the Dd0 transformer’s
secondary side 22. The current harmonic analyses, for
the case where the transformers operate with unbalanced
loading are shown in F1G. 11. One can observe that the
mains currents have sinusoidal waveform (see FIG.
11(a)). Note that the current harmonics in the secondary
side of the two transformers are of the same amplitude
(right side bars at each harmonic in the bar diagrams on
the right side of FIGS. 11 b4 and ¢), which helps the
transformer to effectively compensate the 5th and 7th
harmonics.

As can be observed in FIGS. 7 to 11, the proposed trans-
former model can be used to adjust the current reference of
typical active filter controls, without degrading its perfor-
mance even in cases where the parameters of the transformer
are asymmetric (see FIGS. 7 and 9). To have an enhanced
performance when the transformer parameters are highly
asymmetric, the synchronization voltages ug,,,. ; andug,,,. »
can be used to calculate the voltage’s rms value on the sec-
ondary side of the transformers in order to perform adjust-
ments on the proposed mathematical model (see FIG. 10).

The proposed transformer’s model can be used in a multi-
pulse system configuration with either one or more active
filters (see FIGS. 8 and 11). For single active filter solution, all
the reactive power, which the multi-pulse system 3 could not
eliminate, will be processed by this converter. For the mul-
tiple active filter solution, all the reactive power is equally
shared between the active filters. Moreover, the proposed
strategy can be used for ESP systems, comprising power
supplies either in configuration with dc- or ac-side smoothing
inductors (see FIGS. 8 and 11).

Note that if the 12 pulse system total loading is equally
shared by the two transformers as proposed in FIG. 12(a), the
system naturally has the Sth and 7th harmonics balanced (see
FIGS. 12(b), 12(c) and 12(d)). In this configuration the power
processed by an installed active filter 24 is reduced, because
it only processes >7th current harmonics. However, to
employ this solution, one can consider an increment in the
total installation cost, which would be mainly originated from
the necessity of more power cabling.

An ESP system, which complies with harmonic guide lines
by utilizing the combination of multi-pulse systems and
active filter solutions can be arranged as described in the
following:

a) The active filter solution 24 is directly connected to the
medium voltage side 2 of the multi-pulse transformer 3
as shown in FIG. 13(a). In this configuration, medium-
voltage semiconductors/sensors are required, which
increases the cost of the active filter solution 24. More-
over, switches for high voltage and relatively low current
results in poor utilization of the semiconductor.

b) In order to overcome the drawbacks of the configuration
depicted in FIG. 13 (@), one can use an external MV/LV
transformer 45 to feed the active filter 24 as illustrated in
FIG. 13(b). In this case, better utilization of the active
filter semiconductors can be achieved; however, one
additional MV/LV transformer 45, which processes the
same amount of power as the active filter 24, is required
increasing the cost of the system.

¢) Inorder to reduce the power processed by both the active
filter 24 and the additional transformer 45 proposed in
FIG. 13(b), a hybrid filter solution can be used as shown
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in FIG. 13(c). In this case, good utilization of the semi-
conductors and a more efficient system can be achieved
(less power processed by the active filter); however, high
voltage rating passive elements 46 are required. More-
over, in the case of unbalanced loading on the secondary
windings of the multi-pulse transformer, the system
would not fully compensate the line’s 5th and 7th cur-
rents harmonics, and additional 5th and 7th harmonic
passive filters could be necessary.

d) A system configuration with a special MV/LV trans-
former 3 is shown in FIG. 13 (d). In this case, the active
filter 24 1s installed on the low voltage side 22 of the
transformer 3, but the additional cost of the special dis-
tribution transformer 3 would be very high.

e) A system with active filters 24 directly installed on the
low voltage side 22 of the transformer is shown in FIG.
13(e). In this case, there is the possibility of using either
only one active filter structure 24 or one active filter 24
for each secondary windings of the transformer. The
active filters 24 are intended for high order harmonic-
current-mitigation (>7th harmonic), and for balancing
the 5th and 7th current harmonics, which can be effec-
tively eliminated by the multi-pulse system 3 in cases
where the transformers’ loading are unbalanced. Due to
the fact that the active filters 24 are installed on the low
voltage transformer side 22, IGBTs and circuit compo-
nents with better loss and insulation characteristics are
used.

) A system with active filters 24 directly installed on the
low voltage side of the transformer together with a
multi-pulse system 3 built with autotransformers and
non-linear loads 44, which can be ESP power supplies
11, are shown in FIG. 13(f). In this case, there is no need
for MV/LV transformers configured as multi-pulse sys-
tem; however, an autotransformer processing of about
20% of the ESP loading power will be required (high
cost). Typical commercial available active filters can be
employed.

As can be observed in FIG. 5, the proposed active filter
reference current generation strategy does not consider the
parasitic character or asymmetries of the system’s transform-
ers. In order to analyse the parasitic effect on the system
performance employing the proposed ideal transformer cur-
rent model, the frequency dependent model of a MV/LV oil
power transformer presented by B. Kaku et al., IEEE Pro-
ceedings, electric power applications, Vol. 144, pp 182-190,
1997 is considered for evaluation (c.f. FIG. 14). Simulations
of the system depicted in FIG. 6, assuming an ideal Dd0
transformer and a realistic Dyl transformer, were performed
as described in the following:

a) The influence of the transformer’s turns ratio asymme-
tries between the secondary windings of the realistic
Dyl transformer on the system’s 5th and 7th current
harmonics mitigation is investigated. A graph plotting
the remaining 5th and 7th current harmonics (in percent-
age of the fundamental component) on the system’s MV
side in dependent on the maximum percentage of turns
ratio variation between the Dy1 transformer’s secondary
windings is depicted in FIG. 15 (FIG. 15(a) for one AF
and 15(b) for two AF solutions). As can be observed, the
system line quality is preserved even for a highly asym-
metric transformer. Moreover, the current mitigation
performance for the one or two active filter solution is
very similar.

b) Both Dd0 and Dy1 transformers are considered with
symmetric phase characteristics (for each transformer
the secondary windings have similar parasitic and turns
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ratio values); however the turns ratio of the Dy1 trans-
former varies proportionally to the theoretical value for
a 12 pulse system ((An+1)nv3). Here, the transformer
current reference model is not adjusted. FIGS. 15(c) and
15(d) show the 5th and 7th line current harmonic miti-
gation performance as percentage of the fundamental
component for one AF and two AF solutions, respec-
tively. As can be observed, the proposed transformer
model generates an error on the active filter reference
signals, which can degrade the systems mitigation per-
formance. To overcome this drawback, the synchroniza-
tion voltages ug,,,. , and ug,,. , can beused to calculate
the voltage rms values on the secondary side 22 of the
transformers to perform the necessary adjustment on the
reference mathematical model (see also FIG. 10).

¢) The influence of the transformer’s parasitic variation
(leakage inductance and windings resistance) against
the system’s Sth and 7th current harmonics mitigation
performance is investigated. The variation on the trans-
former’s parasitic character is executed symmetrically
in each one of the Dy1’s realistic phases parameters as
(A+1)Lo and (A+1)Ro. FIGS. 15 (e) and 15(f) present
the results obtained with this experimentation for one
active filter 24 and two active filter 24 solutions, respec-
tively. As one can observe, the system line quality is
preserved even for a high parasitic components values of
the transformer.

The line quality improvement achieved with the proposed
ESP system is also verified experimentally. So in order to
validate the proposed transformer model the circuit set-up
shown in FIG. 6 was set up. The transformer utilized to phase
shift the primary to the secondary windings by 30 degrees is
a Dyl type transformer with turns ratio of v3:1. An 12 kVAr
active filter is added on the Dd0 transformer secondary side to
mitigate the remaining harmonics of the constructed 12 pulse
system. The test set-up circuit diagram is shown in FIG. 6
however the Dd0 transformer is not employed and only one
active filter is used.

Results are given in FIG. 16 a)-¢). FIG. 16 a shows the case
where the 12 pulse transformers have balanced loading, and
for this reason the active filter processes only high order
harmonics (>7th harmonics). FIG. 16 4 to FIG. 16 e present
the experimental waveforms for the unbalanced 12 pulse
system.

As can be noted in FIG. 16, the ESP system can comply
with harmonic guidelines as the drained line currents have
sinusoidal shape. Therefore, the proposed transformer cur-
rent active filter controls, without degrading the system per-
formance even in cases where the parameters of the 12 pulse
transformer are asymmetric.

As shown in FIG. 16, the shunt active filter could efficiently
compensate the current harmonics with order higher than the
7th order. In addition, it adjusted the Sth and 7th harmonics on
the Dd0 secondary side to be of the same amplitude as the
ones on the Dyl secondary side. In this way, the 12 pulse
system could eliminate the 5th and 7th harmonics, and the
studied ESP system drained close to sinusoidal shaped line
currents.

LIST OF REFERENCE SIGNS
1 mains, common feeding
2 low or medium voltage level
line, primary side of the
transformers
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LIST OF REFERENCE SIGNS

26
27

28
29

39
40
41
4

83

45
46

47

48
49
50

51
CH

ESP
OH
PLL
PS1
PS2
PSn-1
PSn

distribution transformer, 12
pulse system

gas flow loaded with
particles, e.g. coal dust
electrostatic precipitator
inlet field

middle fields

outlet field

stack

cleaned exhaust gas
power supply

input rectifier

full bridge inverter
resonant tank

output rectifier

transformer and non idealities

AC side smoothing inductor
DC link capacitor

capacitor in series

inductor in series
transformer

low voltage level, secondary
side of the transformer

DC side smoothing inductor
active filter

current sensor on low voltage

level, active filter current
reference

voltage sensor on low voltage

level

active filter line

primary current prediction
secondary current adjusted
reference, final input
reference for active filter
space vector modulation
transformer current model
ideal transformer model
low pass filter

AA transformer

AY transformer

direct connected on the
medium voltage side
connected on the medium

voltage side by a transformer
hybrid filter connected on the

medium voltage side
extra windings on the low
voltage side

active filter connected in each

secondary winding

active filter connected in each

secondary windings and
autotransformer

nonlinear load

transformer for active filter

high pass filter for 11th, 13th

order of harmonic

extra winding on the low
voltage side

mains veltage

line current

12 pulse current without
compensation

active filter current
current harmonic (% of
fundamental)
electrostatic precipitator
order of harmonic
phase locked loop
power supply 1

power supply 2

power supply n - 1
power supply n
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The invention claimed is:

1. Method for the improvement of the line quality in a
system, comprising:

feeding via acommon feeding with at least one distribution

transformer at least two non-linear loads drawing non-
sinusoidal currents from the common feeding;

wherein between the common feeding and the distribution

transformer there is at least one primary side transformer
line and between the at least one distribution transformer
and the at least two non-linear loads there is at least one
lower voltage secondary side transformer line;

wherein at least one active filter attached to at least one

lower voltage secondary side transformer line is used for
the attenuation or elimination ofhigher order harmonics
experienced by the common feeding;

wherein synchronization voltages are measured on the

lower voltage secondary side transformer line and are
used to calculate the voltage rms values on the secondary
side transformer line as an adjustment for asymmetries,
parasitic character, or a combination thereof of the trans-
former, wherein the current in the transformer line is
used to control the active filter; and

wherein said current in all lower voltage secondary side

transformer lines is not directly used as an input refer-
ence for the active filter but from said current in the lower
voltage secondary side transformer lines, using a com-
putational model of the distribution transformer, the cur-
rent on the primary side transformer line is calculated,
and therefrom, using a computational model of the dis-
tribution transformer, the current on the secondary side
transformer line is back calculated, and this current is
used as input reference to the active filter.

2. Method according to claim 1, wherein the currents in all
lower voltage secondary side transformer lines are measured
and used for the control of the active filter.

3. Method according to claim 1, wherein the distribution
transformer is a 12 pulse transformer, selected from the group
of Ddn, Dyn, Dzn, Ydn, Yyn, Yzn, with n selected from 0, 1,
5,6, 0r 11, or in case of several transformers combinations of
Ddn, Dyn, Dzn, Ydn, Yyn or Yzn.

4. Method according to claim 1, wherein two distribution
transformers, both 12 pulse transformers, are transforming
from the primary side of the transformer line to two lower
voltage secondary side transformer lines, wherein the 12
pulse transformers are selected from the group Dd0-Dyl,
Dyl1-Dz2, Yd1-Dd0, Dz0-Dyl.

5. Method according to claim 1, wherein at least two dis-
tribution transformers, transform from the primary side of the
transformer line to at least two lower voltage secondary side
transformer lines, and wherein in at least two lower voltage
secondary side transformer lines active filters are located, and
wherein each lower voltage secondary side transformerlineis
equipped with an active filter controlled by reference signals
calculated based on measurements in each and every lower
voltage secondary side transformer line.

6. Method according to claim 1, wherein the non-linear
load is a transistor based power supply element, including a
switched full bridge inverter power supply, for an electro-
static precipitator.

7. Method according to claim 1, wherein the non-linear
load is a transistor based power supply element comprising an
input rectifier and a transistor based full bridge inverter, fol-
lowed by at least one of resonant tank, a transformer unit and
an output rectifier, wherein on at least one of the input side of
the full bridge inverter and its output side, smoothing induc-
tors are arranged.
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8. Method according to claim 1, wherein the active filter
control strategy is selected from the group of dg-frame,
PQtheory, Fryze currents, generalized integrators, frequency
domain strategies DFT, RDFT and FFT.

9. The method according to claim 1, wherein the method is
used for continuous current or pulsed operation of an electro-
static precipitator unit with at least two power supplies with
transistor based full bridge inverter elements.

10. High power distribution system comprising:

a common feeding which, via at least one distribution
transformer feeds at least two non-linear loads drawing
non-sinusoidal currents from the common feeding;

wherein between the common feeding and the distribution
transformer there is a primary side of the transformer
line and between the at least one distribution transformer
and the loads there is at least one lower voltage second-
ary side of the transformer line;

wherein at least one active filter is attached to at least one
lower voltage secondary side of the transformer line for
the attenuation or elimination of higher order harmonics
experienced by the common feeding;

wherein synchronization voltages are measured on the
lower voltage secondary side transformer line and are
used to calculate the voltage rms values on the secondary
side transformer line as an adjustment for asymmetries,
parasitic character or a combination thereof character of
the transformer, wherein the current in the transformer
line is used to control the active filter; and

wherein at least one sensor is provided in at least one lower
voltage secondary side of the transformer line sensing

20
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the current in said line used for the control of the active
filter, wherein computational means are provided using
said current and a computational model of the distribu-
tion transformer to calculate the current on the primary
side of the transformer line, and therefrom, using a com-
putational model of the distribution transformer to cal-
culate the current on the primary side of the transformer
line, and therefrom, using a computational model of the
distribution transformer, the current on the secondary
side of the transformer line, and this current is input
reference to the active filter, taking into account syn-
chronization voltages measured via further sensors on
the lower voltage secondary side of the transformer line
to calculate the voltage rms values on the secondary side
of the transformers.

11. Distribution system according to claim 10, wherein the
distribution transformer is a 12 pulse transformer, selected
from the group of Ddn, Dyn, Dzn, Ydn, Yyn, Yzn, with n
selected from 0, 1, 5, 6, or 11, or in case of several transform-
ers combinations of Ddn, Dyn, Dzn, Ydn, Yyn or Yzn,
wherein two distribution transformers, both 12 pulse trans-
formers, are present transforming from the primary side of the
transformer line to two lower voltage secondary side of the
transformer lines, wherein the 12 pulse transformers are
selected from the group Dd0-Dy1, Dy1-Dz2, Yd1-Dd0, Dz0-
Dyl.

12. Electrostatic precipitator unit comprising a distribution
system according to claim 10.
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