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Abstract—This paper describes the design and field implemen-
tation of a hybrid active power filter (HAPF) system to suppress
time-varying interharmonics injected into the grid by medium-
frequency coreless induction melting furnaces (IMFs). In a sample
steel melt shop, variable-frequency load-resonant inverters of
works coils are supplied from the medium-voltage grid via 12- and
24-pulse thyristor rectifiers. The cross-modulation phenomenon in
ac—dc-ac link of the medium-frequency coreless IMF installations
produces interharmonics and characteristic and uncharacteristic
harmonics in the grid-side line current waveforms. Furthermore,
frequencies of dominant interharmonics are migrating in time
inside a frequency window as the operating frequency of the
load-resonant inverter varies in wide range during a melting
cycle. The HAPF system developed for this application consists
of nine HAPF units operating in parallel in current control mode
and is connected to the grid via a coupling transformer. Current
control is achieved by extracting high-order fixed frequency
characteristic harmonic components from the reference current
signal and defining a fixed hysteresis band for each HAPF unit.
The input LC filter of the HAPF system is optimized in the design
stage by taking into account the frequency range of prominent
interharmonics. Theoretical findings are verified in a sample steel
melt shop by extensive field measurements. Field test results have
shown that the developed HAPF system suppresses successfully
the dominant time-varying interharmonics and harmonics in the
frequency range from 250 to 650 Hz.

Index Terms—Harmonics, hybrid active power filter, hysteresis
current control, induction melting furnace, interharmonics.

I. INTRODUCTION

VER the last two decades, medium-frequency coreless
O induction melting furnaces (IMFs) have been used in-
creasingly in small/medium-size steel melt shops and alloy
steel plants due to their competitive installation costs and rel-
atively low running costs. The operating power and frequency
of medium-frequency coreless IMFs are in the ranges of 10 kW
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to 32 MW and 150-250 Hz, respectively, up to 60 t capac-
ity. In a high-power-density IMF, the work coil is fed from a
single-phase solid-state inverter operating at medium frequency.
Load-resonant thyristor or IGBT inverters have been designed
to allow the output power frequency to change during a melting
cycle in order to maintain tuning to the natural frequency of
the work coil [1]-[3]. This way, electrical power input to the
IMF installation is nearly kept constant over a melting period.
The dc link of the load-resonant inverter is usually fed from a
multipulse (12-pulse or 24-pulse) thyristor rectifier due to its
lower capital cost, especially if the installed capacity of the IMF
installation is relatively high.

The cross-modulation phenomenon in ac—dc—ac link of
medium-frequency coreless IMF installations having thyristor
converters produces interharmonics and characteristic and un-
characteristic harmonics in the supply-side line current wave-
forms [4]-[6]. Furthermore, interharmonic frequencies are
changing in time as the operating frequency of the load-resonant
inverter varies in a wide range in a melting cycle, as reported
in [4] in detail. Interharmonic current components injected into
the power system may interact with conventional reactive power
compensation systems consisting of shunt harmonic filters tuned
to characteristic power system harmonics [7], resulting in de-
structive effects on reactive power compensation equipment,
malfunctioning of protection relays, and production of pulsat-
ing and braking torque in rotating electrical machines [8].

Some researchers have recommended the use of active
power filters (APFs) to suppress interharmonic current
components of medium-frequency IMF by considering the
drawbacks of passive shunt harmonic filter solutions [6],
[9], [10]. In [11] and [12], IMF harmonics are compensated
respectively by a static synchronous compensator (STATCOM)
and a hybrid active power filter (HAPF) without addressing
interharmonics.

Various active filter topologies and their use in industry
applications have been reviewed in [13]. It has been shown in
[14] by computer simulations that a HAPF has some advantages
such as lower dc-link voltage, higher efficiency, less switching
ripple, and lower EMI emission in comparison with those of
the equivalent shunt APF. There are different circuit topologies
and control methods for HAPF systems as recorded in the
literature [10], [15]-[19]. In [10], a HAPF consisting of a shunt
tuned LC filter connected in series with an APF via a coupling
transformer has been considered for suppression of constant
frequency interharmonic currents. Design of a transformerless
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HAPF consisting of a tuned LC filter connected in series
with an APF has been presented in [16]. Different dc voltage
control strategies in a three-phase four-wire HAPF have been
investigated in [19] for dynamic reactive power compensation.
A transformerless HAPF, which consists of a passive LC filter
tuned to the seventh harmonic frequency and connected in
series with an APF, is integrated into a medium-voltage (MV)
motor drive in [15] to mitigate harmonics in the line current
waveforms on the supply side. A nonlinear control technique
has been recommended in [18] for a transformerless HAPF.
In [10] and [15]-[19], only the suppression of characteristic
power system harmonics has been considered. In most of the
HAPF systems either the K control strategy [10], [15], [16] or
the hysteresis band control [17], [19] has been used.

Hysteresis band control has been considered as an effec-
tive current control method in various industrial systems such
as variable-frequency motor drives [20]-[23], APFs [24]-[28],
HAPFs [17], [29], dynamic voltage restorer [30], the static com-
pensator [31], etc. The fundamental method for the implemen-
tation of hysteresis band control is the use of a fixed hysteresis
band as described in [25], [29], [31], and [32]. However, the
choice of a fixed band may cause the switching frequency to
vary in a wide range. Some researchers used adaptive bands to
fix the switching frequency at an optimum value for the cho-
sen power semiconductors [23], [26], [30], [33]. Some other
approaches have also been recommended in the literature [21],
[22], [32], [34] for the implementation of hysteresis band con-
trol. Hysteresis band control has been implemented in [21], by
using space vector modulation pulsewidth-modulated (PWM)
technique. Sinusoidal and parabolic hysteresis band variations
have been recommended in [22] and [34], respectively. A dif-
ferent current control method has been proposed in [32] for
single-phase grid-connected inverters to track the reference cur-
rent signal at constant switching frequency without defining a
hysteresis band. All papers mentioned earlier do not deal with
time-varying interharmonic frequencies in the application of
hysteresis band control.

In this study, the time-varying dominant interharmonic and
harmonic current components injected into the grid by 12- and
24-pulse IMFs operating in a sample steel melt shop are signif-
icantly reduced by a HAPF system. These dominant interhar-
monic frequencies are changing in time from 250 to 550 Hz,
as the operating frequency of load-resonant H-bridge inverter
in Fig. lvaries in a considerable range from 150 to 250 Hz
within the melting cycle. This paper describes for the first time
the design, implementation, and performance of a HAPF sys-
tem with hysteresis current control in order to suppress those
migrating interharmonics. The input LC filter is optimized in
the design stage by considering the frequency range of domi-
nant interharmonics and technical requirements for the HAPF
converters and the sample steel melt shop. High-order char-
acteristic harmonic components injected by the IMF installa-
tions are extracted from the reference current signal in order
to avoid undesirably high switching frequencies and operating
dc-link voltages for the HAPF converters. A fixed but an opti-
mum hysteresis band has been specified to track the resulting
reference current signal. Field test results have shown that the
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Fig. 1. Simplified power circuit diagram of a typical medium-frequency core-
less IMF.

developed HAPF system suppresses successfully the dominant
time-varying interharmonics and harmonics.

II. PROBLEM DEFINITION

Circuit diagram of a typical medium-frequency coreless in-
duction steel melting furnace installation is given in Fig. 1. Most
of the steel melt shops are furnished with more than one furnace
having 12- and/or 24-pulse thyristor-controlled rectifier circuits
on the supply side.

A medium-frequency coreless IMF installation is one of the
most problematic loads in the power system from the viewpoint
of interharmonics. This is because such an installation produces
interharmonic and uncharacteristic harmonic current compo-
nents in a wide frequency range owing to cross-modulation
phenomenon across the ac—dc—ac link of the multipulse recti-
fier and current-fed load-resonant inverter cascade. [4] These
interharmonic current components are migrating in time inside
a frequency window, e.g., from 250 to 550 Hz, as the operating
frequency of load-resonant H-bridge inverter in Fig. 1 varies in
a considerable range from 150 to 250 Hz, within the melting
cycle.

Frequencies of interharmonic current components fi, in the
MYV supply lines in Fig. 1 are given by

fih = (1 :|:7’LP) fs i2kfo(t) (1)

where P is the pulse number of the rectifier circuit, f; = 50 Hz
is the supply frequency, f, is the operating frequency of the
load-resonant H-bridge inverter, index n = 0, 1,2, 3, ..., and
indexk=1,2,3, ...

Furthermore, multipulse rectifier circuits on the supply-side
produce their own characteristic current harmonic components.
Frequencies of characteristic harmonics f; produced by three-
phase rectifiers can be computed as follows:

fo=@0*£nP)f. (2
As an example, a 12-pulse thyristor rectifier produces 11th,
13th, 23rd, 25th, ..., characteristic current harmonics, whereas

a 24-pulse thyristor rectifier is producing 23rd, 25th, 47th, 49th,
..., harmonics. A negative frequency value found from (1)
or (2) should be considered as a negative-sequence interhar-
monic or harmonic current component, whereas a positive-
frequency value as a positive-sequence component. Variations
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Fig. 2 Variations in supply-side line current interharmonics and harmonics
for a 12-pulse IMF installation during a typical melting cycle (deduced from the
data recorded in the field) [4]. Type A: Interharmonics due to the cross modu-
lation of fundamental supply frequency fs and the inverter output fundamental
frequency referred to the dc link 2 f,,, where f., = 2f, £ f5. Type B: The cross
modulation of fs with current harmonic frequencies at the dc link at 2kf,, , with k
=2,3, ..., where f., = 2kf, £ fs. Type C: The cross modulation of supply
harmonic current frequencies at (1 + 12n)fs forn = 1,2, 3, ..., and the
dc-link current harmonic frequency at 2 f,, where fo, = (1 £12n)fs £2f,.

TABLE I
POWER SYSTEM HARMONICS

Uncharacteristic
Harmonics

Characteristic
Harmonics

Three-Phase Sinusoidal
Current Systems

Positive sequence
Negative sequence
Zero sequence

Ist, 7th, 13th, 19th, ...
Sth, 11th, 17th, 23rd, ...
3rd, 9th, 15th, 21st, ...

4th, 10th, 16th, 22nd, ...
2nd, 8th, 14th, 20th, ...
6th, 12th, 18th, 24th, ...

in the supply-side line current interharmonics and harmonics
of a 12-pulse medium-frequency IMF installation for a typical
melting cycle are as shown in Fig. 2 [4]. These variations have
been deduced from the raw data collected by the monitoring
device in [35], sampled at a rate of 12.8 kS/s/channel on the
supply side, via postprocessing by fast Fourier transform (FFT)
tool of MATLAB using ten-cycle windows in order to achieve
a 5-Hz frequency resolution, as recommended in [36].
Characteristic current harmonics in power systems [37], fre-
quencies of which are odd integer multiples of supply frequency,
can be characterized as given in Table I. On the other hand,
nonlinear loads such as arc and ladle furnaces, and etc. also
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produce uncharacteristic even-order power system harmonics
given in Table I. These positive-, negative-, and zero-sequence
current components are the characteristics of power system el-
ements such as rotating electrical machines, transformers, and
line-commutated converters in which current harmonic compo-
nents are synthesized with respect to the fundamental compo-
nent (fi = f; = 50 Hz) of supply voltages and currents. How-
ever, this is not the case for power system components causing
cross-modulation phenomenon.

Since medium-frequency IMF installation is a three- phase,
three-wire system, there will be no zero-sequence current com-
ponents in the supply lines. An IMF can therefore be classified as
abalanced (i4(t) + ip (t) + ic (t) = 0) and symmetrical three-
phase load by considering only the fundamental components of
current and voltages. This classification is consistent with the
one in [37]. In the supply line current waveforms of an IMF
installation, all harmonics and all interharmonic frequencies are
present in a typical melting cycle as can be understood from
Fig. 2 and (1) and (2). However, any interharmonic or harmonic
current component will appear either as a positive- or negative-
sequence component at any instant of melting process. On the
other hand, for a steel melt shop having more than one IMF in-
stallations, positive- and negative-sequence components of any
interharmonic or harmonic frequency may be present at any in-
stant in the line current waveforms on the supply side. From
this viewpoint, such a steel melt shop, before suppression of
interharmonics and harmonics, can be considered as a balanced
but asymmetrical three-phase system.

The traditional approach for the solution of reactive power
compensation and/or harmonic filtering problems in industrial
plants is the use of shunt plain capacitor banks and/or filter
banks usually tuned to characteristic power system odd-order
harmonic components. Some of the passive shunt filter banks
in static var compensation systems of electric arc and ladle fur-
nace installations are tuned to uncharacteristic even-order power
system harmonics. Interharmonics injected into the power sys-
tem by a medium-frequency IMF may interact with the passive
shunt harmonic filters of the nearby industrial plants or those
supplied from the point of common coupling (PCC), thereby
causing overvoltages and/or overload currents owing to the am-
plification of those interharmonics or resonances. These inter-
harmonics may also cause misoperation of protection relays and
production of braking torques in rotating electrical machines.
In this study, interharmonic and harmonic current components
injected by a medium size steel melt shop containing three
IMF installations are satisfactorily suppressed by using a HAPF
system with hysteresis band control.

III. SYSTEM DESCRIPTION AND DESIGN

Single-line diagram of the sample steel melt shop to which the
HAPF system has been installed is as shown in Fig. 3. The steel
melt shop has two 12-pulse and one 24-pulse IMF installations
each rated at 12 MVA and supplied from a 50-Hz, 31.5-kV MV
bus. The primary objective of this study is to design a flexible
and modular HAPF system to meet the requirements of various
steel melt shops having different number of IMF installations
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Fig.3  Single-line diagram of sample steel melt shop.

and different grid voltage levels. This is achieved by design-
ing a standardized 300 A true RMS HAPF converter operating
connected to 690 V bus via L;C series filter as the building
block of the HAPF system. Several identical HAPF units can
then be operated in parallel to meet interharmonic compensation
requirements of any steel melt shop. In the sample melt shop,
nine identical HAPF units are connected to the 31.5-kV bus via
a specially designed coupling transformer. In the case where the
flexible and modular HAPF system is going to be applied to an-
other steel melt shop, the number of HAPF units, technical spec-
ifications of the coupling transformer, and/or L;C values may
need to be revised. On the other hand, reactive power demand
of the plant is compensated by five circuit breaker switched
detuned filter banks as shown in Fig. 3.

In order to prove that the sample steel melt shop is a three-
phase, three-wire balanced system, supply-side line-to-neutral
voltages (van, vN,vUcn) and line currents (iga ¢sp égc) in
Fig. 3 are recorded by using the multipurpose platform in [35]
operated in raw data collection mode. Figs. 4 and 5 show some
sample records. As can be understood from Figs. 4(b) and 5(b),
vaN + BN +ven &~ 0 (less than 1% of the line-to-neutral
voltages), and igp + isp + tsc ~ 0 (less than 1% of the line
currents), respectively. Line current waveforms of all loads in
the sample steel melt shop in Fig. 6 are also deduced from the
sampled data when two 12-pulse IMF installations are in oper-
ation. Fig. 6(b) shows that i;, s + i3 + i.c =~ 0 (less than or
equal to 1% of the load currents). Summation of line-to-neutral
voltages and line currents in Figs. 4(b), 5(b), and Fig. 6(b) are
mainly attributed to the measurement errors of conventional
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Fig.4  Grid voltages recorded in the field (a) line-to-neutral voltage waveforms
(accuracy class: 1.0, voltage ratio error: +1.0%) and (b) sum of instantaneous
values of line-to-neutral voltages.
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Fig.5 Currents drawn by the sample steel melt shop containing HAPF system

from the grid (recorded in the field) (a) line current waveforms (accuracy class:
5P, current ratio error: +1%) and (b) sum of the instantaneous line currents.

voltage and current transformers. Furthermore, the symmetrical
components of load current harmonics and interharmonics
with 5 Hz frequency resolution are determined by applying
the three-phase symmetrical-component transformation to the
postprocessed load current data by FFT tool of MATLAB
using ten-cycle windows. Some sample results for fj = 50 Hz,
fn = 350Hz, and fi, = 435 Hz are as shown in Fig. 7(a), (b),
and (c), respectively. It is worth to note that the seventh harmonic
current component would be a positive-sequence quantity in
conventional power system applications. However, in this
application, the dominant component of the seventh harmonic
current mostly appears as the negative sequence component, as
illustrated in Fig. 7(b). On the other hand, positive-sequence
component at f;;, = 435 Hz in Fig. 7(c) is produced by one of
the IMF installations while the negative-sequence component
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Fig. 6 Currents consumed by all loads in the sample steel melt shop by
subtracting HAPF system current waveform from the supply current waveform:
both recorded in the field (HAPF system CTs: 0.5 s accuracy class) (a) line
current waveforms and (b) sum of the instantaneous line currents.
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by the other. Positive and negative sequences of an interhar-
monic can also be produced by one of the IMFs; for this case,
the magnitude of one of the sequence components will be
much smaller than the other. For example, when f, = 175 Hz
and p = 12, k = 1 and n = 0 gives fi, = — 300 Hz, while k
= 1and n = 1 give f;, = +300Hz using (1). Note that the
negative sequence component is much larger than the positive-
sequence component, as illustrated in Fig. 2, respectively, by
Type A and Type C interharmonics, which are crossing at
300 Hz.
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coupling transformer secondary when filter capacitors before energization are
(a) fully discharged and (b) partially discharged (PSCAD simulation).

In this application, in order to reduce the dc-link voltage rat-
ing and hence power semiconductor ratings, the HAPF topol-
ogy shown in Fig. 8 is chosen. Each HAPF unit contains a
series L;C/ filter between coupling transformers’ secondary
terminals and ac terminals of three-phase, three-wire, two-level
voltage-source-converter (VSC) type HAPF converter in order
to block fundamental component of bus voltage.

A. Design of Input LC Filter

Since the loads in steel melt shop are balanced, three-phase,
three-wire VSC-type HAPF converters in Fig. 3 can be modeled
with respect to the neutral point of the coupling transformer sec-
ondary. This is proven by a detailed EMTDC/PSCAD simulation
of the overall system in Fig. 3 by calculating the sum of converter
voltages with respect to the coupling transformer neutral point
(Vi = Vga—n + Vfh—n + Vie_p ), from the actual load current
data obtained in the field and by operating the HAPF system ac-
cording to the control philosophy described in this paper. In
the implemented system, input filter capacitors C; are equipped
with parallel connected discharge resistors to discharge the ca-
pacitors nearly in 2 min time whenever the HAPF units are
de-energized. This means that filter capacitors are usually fully
discharged before reconnecting the associated HAPF units to
the secondary of the coupling transformer. Fig. 9(a) shows the
variations in Xvgx—y, = Uga—n + Uth—n + Vfe—p DY assuming that



DURNA et al.: SUPPRESSION OF TIME-VARYING INTERHARMONICS PRODUCED BY MEDIUM-FREQUENCY IMFs BY A HAPF SYSTEM

MV bus referred to 690-V

LS RS Ish ILh
Ltr I Fh
Rey/m Ly

s
L;/m 5 Ly/m
mC, f m Cf
vcanv vf
virtual neutra
(2) (b)

Fig. 10 HAPF system referred to the LV side of the coupling transformer
(a) single-line diagram and (b) per-phase interharmonic/harmonic equivalent
circuit.

initially all the filter capacitors are fully discharged. If the fil-
ter capacitors were not fully discharged before energizing the
HAPF units, the variations in Xv¢_,, = Vta—pn + Utb—n + Vte—n
would be as in Fig. 9(b). Therefore, per-phase equivalent cir-
cuit of each VSC converter can be obtained with respect to the
neutral point of the coupling transformer secondary.

Fig. 10 shows the equivalent single-line diagram and the cor-
responding harmonic equivalent circuit of the HAPF system re-
ferred to the low voltage (LV) side of the coupling transformer,
where v.,ny 18 the equivalent ac voltage of the VSC converters,
m the number of identical HAPF units operated simultaneously
(m = 9 for this particular application), L, the total leakage
inductance of the coupling transformer referred to the LV side,
L the self-inductance of each iron-core filter reactor, and C/ is
the capacitance of each power electronics type filter capacitor.
For the sake of simplicity in the analysis, internal resistances of
transformer and filter reactors are neglected in Fig. 10.

In the sample steel melt shop application presented in this
paper, the input LC filter is tuned to 385 Hz for m = 9. This
is because prominent interharmonics appear in the frequency
range from 250 to 550 Hz and nine simultaneously operated
HAPF units give the most effective filtering performance. Since
the tuning frequency w, of the input LC filter is given by (3)
and L, is assumed to be fixed, infinitely many (L, C;) pairs
satisfy it

w, = 1/VLC = 2w385rad/s. (3)

where L = L{, + Ly /m,C = mCy,and m = 9.
Optimum values of Ly and C; are determined in view of
following requirements.
1) DC-link voltage of the VSC converter should be kept at a
reasonably low value, and
2) The HAPF system should supply sufficient amount of
reactive power to compensate for reactive power demand
of plant transformers when the plant is idle in the third
shift. This is measured to be 700 kvar at the rated voltage.
The impedance characteristics are given in Fig. 11 as a func-
tion of L = L{, + L;/9. The following conclusions can be
drawn from these characteristics:
1) Input LC filter is tuned to 385 Hz in order to suppress
interharmonics effectively not only in the range above
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but also below the tuning frequency. The optimum value
of the tuning frequency is not fixed to 400 Hz, midway
between 250 and 550 Hz. This is because, magnitudes
of filter impedance in resistive—capacitive region are rela-
tively higher than those of resistive—inductive region. That
is why the tuning frequency in the design process has been
moved by 15 Hz toward the minimum frequency.

2) VSC-type HAPF converters in Fig. 3 are going to be
operated in current control mode according to the phi-
losophy of hysteresis band control. Therefore, equivalent
impedance of the input LC filter against a dominant inter-
harmonic frequency or frequency band dictates the magni-
tude of v,y at these interharmonic frequencies. A higher
value for v,y requires a higher dc-link voltage for the
HAPF converters thus violating the idea behind the choice
of the HAPF topology. Therefore, the input impedance of
the series LC filter should be kept at a reasonably low value
in the design phase against the frequencies corresponding
to dominant interharmonics.

In order to be able to determine the optimum value of L and
hence Ly, the variations in total reactive power generated by
nine parallel-operated HAPF units (excluding coupling trans-
former) and minimum value of the required dc-link voltage are
calculated as a function of L and then plotted on a common graph
as shown in Fig. 12. 50 Hz component of v,y 1S very low (in
the implemented system, less than 3% of 690 V transformer sec-
ondary voltage) in comparison with the voltage rating of HAPF
units. This 50 Hz component is needed to allow active power
flow from utility grid to HAPF converters in order to compen-
sate for converter losses. Almost all of the 50 Hz bus voltage
will then appear across the terminals of LC filter. This means
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that the VSC-type HAPF converter provides nearly a short cir-
cuit path to 50 Hz current components flowing in the lines of
series LC filter. Therefore, total reactive power generation of
HAPF units in Fig. 12, is easily calculated by considering only
the 50 Hz component. For the calculation of minimum value
of the required dc-link voltage of VSC converters, current data
recorded in the field for nearly 200 min time period, while
three IMFs are in operation, are examined carefully, and then
dominant interharmonic components and their magnitudes are
determined. For each dominant interharmonic component, cor-
responding potential drop on the input LC filter is calculated by
using filter impedance characteristics in Fig. 11 as a function of
L. Peak value of V; component of each dominant interharmon-
ics is then determined by using the harmonic equivalent circuit
in Fig. 10(b). These peak values are then added algebraically in
order to give us minimum value of the required dc-link voltage
Vie(min)» by assuming that in the worst case their peak val-
ues are coincident [38]. This MATLAB analysis yields Vi (min)
versus L characteristic in Fig. 12. In view of the requirements
in 1) and 2) defined previously, and by using the characteris-
tics in Fig. 12, the optimum values of C'y, L, and hence L are
chosen to be 500 uF, 38 ©H, and 0.1 mH, respectively.

B. Hysteresis Band Control of HAPF

Basic philosophy in the design of the HAPF system is to sup-
press interharmonic and harmonic current components injected
by IMFs, instead of eliminating them. This will be achieved by
operating the HAPF system in current control mode by using
the hysteresis band control method. Each HAPF unit has its own
controller, as shown in Fig. 13. All of these nine controllers, one
for each HAPF unit, receive the same sampled input data which
are the grid-side line currents (iga, isB,%sc), line currents of
the HAPF system on the grid side of the coupling transformer
(irA, UFB, trc), and line to neutral grid voltages (van and vpyn)
to generate PLL signals. For this purpose, line current wave-
forms of the grid and HAPF system and line-to-neutral grid
voltages are simultaneously sampled at a rate of 25-kS/s per
channel via the DSP board (TI, TMS320F28335). Since three
IMF installations are in operation in the sample steel melt shop,
line current waveforms of all loads are indirectly determined
by subtracting synchronously the current samples of the HAPF
system from the source current samples.

The digital controller in Fig. 13 is composed of interharmonic
and harmonic current reference generation, selective harmonic
extraction, dc-link regulation, 50 Hz current reference genera-
tion for input LC filter, PLL signal generation, and hysteresis
band controller blocks. Load currents (i, , i1, ?1,c ), Obtained
from the source and HAPF currents, sampled on the MV side,
are converted to LV side of the system (i, %11,, 71c) by using
A/Y and turns-ratio transformations. These currents in abc ref-
erence frame are then transformed to o0 reference frame by
using the well-known three-phase to two-phase transformation.
Since the plant constitute a balanced but asymmetrical three-
phase system, %, component in all computation steps is taken
to be zero. On the other hand, 23rd and 25th characteristic cur-
rent harmonics produced by 12- and 24-pulse rectifier circuits
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are removed from the reference current signal by the selective
harmonic extraction block in order to prevent HAPF units from
being overloaded. This is because, since the impedance of the
input LC filter is very high at such high-order characteristic har-
monics, a de-link voltage higher than the design value would be
needed. Fundamental components of the line current waveforms
are also extracted from the resulting reference current signals
described earlier by using 30 to dqO transformation matrix
and low-pass filters (LPF) as shown in the interharmonic and
harmonic current reference block in Fig. 13.

G in the block diagram of the controller is set to a value
less than 1/9 for considerable reduction of interharmonic
and harmonic current components instead of elimination. The
g-axis component of the reference current signal is combined
with a constant 50 Hz current reference (50 Hz bus bar voltage
divided by 50 Hz filter impedance) in order to prevent the HAPF
converter from generating voltage components at fundamental
frequency. The d-axis component of the reference current signal
computed earlier is then combined with the output of the dc-
link regulation block, which tends to keep the dc-link voltage
vgc at its set value (Ve(ser)) by allowing the required amount
of bidirectional active power flow between the supply and the
dc-link capacitor. The resulting reference current signals (4, and
i,) are then transformed to the abc axis (ig, , i, , i, ) by the back
transformation matrix from dq0 to abc reference frame.

In this study, the simplest form of the hysteresis band control
has been applied to the suppression problem of interharmonics
and harmonics produced by IMFs, i.e., fixed hysteresis band,
fixed sampling rate, and hence changing switching frequency.
During the operation of the HAPF system, hysteresis band con-
troller tends to keep the line currents of individual HAPF units
within the fixed hysteresis band of reference current signals
(if, £ Al ip, £ Al 4;, £ Al) as illustrated in Fig. 14. In this
figure, ..., ts,ts41, 540 1/4 are the sampling instants, T the
fixed sampling period, T, the execution time of the controller
(all necessary calculations are carried out in 7, by the DSP
board), i the actual current in analog form in phase x of each
HAPF unit, i¢,(5) the digitized actual current sampled at ¢, and
i} (s) the reference value of the HAPF current calculated in T
just after ¢, from the samples collected at ¢,. In each sampling
period switching signal, Sx for phase x of the HAPF converter
is determined by the hysteresis band control block according to
the following criteria:

If irc (8) > 5, (s)+AI, then Sy =1
If i (s) <if(s)-AI, then Sx=10
If it (s) — AI <ige(s) <ife(s) +AI, then do not change the

previous switching pattern.

ify(s) is compared with if (s) in the sth sampling period in
view of the criteria given earlier; if a switching pattern change
is required, the new switching pattern will be applied in the
next sampling period just after the computations are completed.
Sx =1 means that the power semiconductor in leg x of the
upper half of the converter in Fig. 8 should be turned on or
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Fig. 14  Illustration for the digital implementation of hysteresis current control
(x denotes phase a, b, or ¢ of each HAPF unit in Fig. 13) for (a) the implemented
system, (b) a lower execution time 7., and (¢) much lower 7, and sampling
period T

should remain in conduction, while the power semiconductor in
the same leg of the lower converter half should be turned off or
remain in off state. The situation is the same also for the power
semiconductor in leg x of the lower half of the converter when
Sx =0.

In the implementation of hysteresis current control, sampling
rate is 25 kS/s per channel and the T, ~ 30 us for the chosen
DSP board. Suppose that Fig. 14(a) is an illustration of the hys-
teresis current control implemented in the field. If a more pow-
erful DSP chip were used to reduce the execution time while
keeping the sampling rate the same, the response of the hystere-
sis band controller would be as in Fig. 14(b). Furthermore, the
sampling rate could be increased and the execution time could be
reduced further by using a more powerful DSP chip. These im-
provements could yield reference current tracking performance
of the control system as illustrated in Fig. 14(c). A comparison
of these responses in Fig. 14 shows that the use of high sampling
rate and a more powerful digital computing hardware improves
the performance of the hysteresis band control at the expense
of higher switching frequency by keeping the current variations
within the prespecified hysteresis band. Similar findings have
already been reported in the literature [39], [40].

Fig. 15 shows all possible switching schemes and the corre-
sponding simplified equivalent circuits for each HAPF unit by
assuming an ideal VSC converter. Instantaneous values of source
and converter voltages in Fig. 15 are defined with respect to a
virtual neutral point. It is at the same potential with the neu-
tral point of the coupling transformer secondary. In order to be
able to determine the instantaneous values of converter voltages
(Vta—n , Vb—n , Vie—p ) Tor all switching schemes, the equivalent
circuits in Fig. 15 are to be solved. A sample derivation for the
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Fig. 15 Possible switching schemes and the corresponding equivalent circuit
representations for each HAPF unit.

TABLE II
PHASE VOLTAGES OF EACH HAPF CONVERTER WITH RESPECT TO VIRTUAL
NEUTRAL POINT FOR ALL SWITCHING SCHEMES

Switching Scheme Via—n Vi - Vie-n
000 - 111 0 0 0
001 —Vae/3 ~Vae/3 2Vqe /3
010 —Vae/3 2Vae /3 ~Vac/3
011 2V /3 Vae/3 Vae/3
100 2V4e/3 —Vic/3 —Vae/3
101 Vie/3 —2Va./3 Vie/3
110 Vie/3 Vae/3 —2Vac/3

switching scheme of “001” is given in the Appendix. Similar
derivations yield line-to-neutral voltages of all phases as given
in Table II for all possible eight switching schemes.

The design of the HAPF system is achieved by the aid of a de-
tailed EMTDC/PSCAD model of the overall system in Fig. 3 by
using the supply voltage and load current waveforms recorded
in the field. This model includes also VSC converters with ideal
power semiconductors and the controller software in FORTRAN
code. Some instantaneous voltage and current waveforms for
one of the VSC converters are as shown in Fig. 16 for two
different set values of hysteresis band (HB). These waveforms
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Fig. 16  Voltage and current waveforms for each VSC with (a) HB = 2A7 =
100 A and (b) HB = 2A7 = 30 A (EMTDC/PSCAD simulation results).

Capacitors

Filter
Reactor

Fig. 17  Developed HAPF system, front view of a typical HAPF unit on the
left, and rear view showing control PCBs and cooling water piping on the right.

have been obtained for 1 us solution time step and 40 us fixed
sampling period, and then PSCAD records are plotted by using
MATLAB. These waveforms are consistent with the values in
Table IT and show that the use of a lower Al value yields a better
tracking of I,.¢ at the expense of a higher switching frequency.

IV. FIELD PERFORMANCE

Some views of the HAPF system implemented in the field
are as given in Fig. 17. Fig. 18 shows interharmonic and har-
monic current spectra of line current waveforms of all loads
[see Fig. 18(a)] and filtered line current waveforms of the sam-
ple steel melt shop [see Fig. 18(b)] on 31.5-kV side for a typical
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Fig. 18  Frequency spectrum of interharmonics and harmonics of the sample
steel melt shop containing three IMFs and the HAPF system: (a) the line current
waveform of all loads and (b) supply line current waveform.

melting period, while three medium-frequency coreless IMF in-
stallations are in operation. As can be understood from Fig. 18,
the HAPF system described in this paper successfully suppresses
all interharmonics and harmonics excluding 23rd and 25th char-
acteristic current harmonics.

Simultaneously recorded samples of load, HAPF system, and
source current waveforms on the MV side and their interhar-
monic and harmonic spectra with 5 Hz resolution (ten-cycle
window) are given in Fig. 19 when three IMFs are in oper-
ation. During the sampling period, operating frequencies of
load-resonant converters of IMF1, IMF2, and IMF3 are, re-
spectively, 200, 207, and 219 Hz. The corresponding dominant
interharmonic current components are (—350 Hz, +450 Hz),
(—365 Hz, 4465 Hz), and (—388 Hz, +488 Hz), respectively,
for IMF1, IMF2, and IMF3. These dominant interharmonics are
apparent from Fig. 19(b) and can be related to (1) with negative
frequencies corresponding to negative-sequence current com-
ponents and positive ones to positive sequence. In the record-
ing period, IMF1 produces negative-sequence seventh and
positive-sequence ninth harmonic components. These are not
characteristic or uncharacteristic power system harmonics given
in Table I but arise from cross-modulation phenomenon in the
ac—dc—ac link. Total demand distortion (TDD) values of load
and source current waveforms in Fig. 19 are calculated by tak-
ing into account all line interharmonic and harmonic current
components (with 5 Hz resolution) and marked on the associ-
ated figures.

Since the fixed sampling frequency used in the implementa-
tion of the control system is 1/7; = 25 kHz, maximum switching
frequency of power semiconductors can be 12.5 kHz. In or-
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Fig. 19 Sample field data deduced from the data recorded on the MV side
by Multipurpose platform when three IMFs are simultaneously in operation:
(a) current waveforms and (b) harmonic spectra with 5 Hz resolution.

der to investigate the effects of high-order characteristic power
system harmonics and switching frequency and its side bands on
the performance of the HAPF system, harmonic spectra of load,
HAPF, and source current waveforms in Fig. 19 are replotted in
Fig. 20 over the extended frequency range. Since the switching
frequency (in the range from 3 to 5 kHz) is much lower than the
maximum possible value of 12.5 kHz for Al = 30 A, the HAPF
system makes negligibly small contribution in the suppression
of 23rd, 25th, 35th, and 37th characteristic harmonic compo-
nents. Furthermore, switching frequency has negligible effects
on the line current waveforms on the supply side of the HAPF
system.

In order to illustrate the success of the implemented hystere-
sis current control, a sample line current waveform of one of
the HAPF units is recorded by a digital storage oscilloscope for
a period of 200 ms when two IMFs are in operation. A 20-ms
waveform sample is given in Fig. 21(a). The chosen fixed hys-
teresis band (& Al = &30 A) is shown to be marked on the sam-
ple current waveform in Fig. 21(b). Frequency spectrum of line
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Fig. 20 Harmonic spectra of current waveforms in Fig. 19.

current waveform of the HAPF unit and its extended frequency
version are as shown in Fig. 21(c) and (d), respectively. In the
current recording period, interharmonic components changing
at 330 and 430 Hz are produced by one of the IMF installations
operating at 190 Hz. On the other hand, interharmonics at 315
and 415 Hz are produced by the second IMF installation operat-
ing at 182.5 Hz. Furthermore, 550 and 650 Hz harmonic current
components are also injected by each HAPF unit in order to
suppress 11th and 13th characteristic harmonics produced by
the 12-pulse IMF installations, as shown in Fig. 21(c). Effects
of high-frequency switching arising from hysteresis band con-
trol on the frequency spectrum of line current waveform of each
HAPF unit are marked on Fig. 21(d).

Field performance of the HAPF system recommended for
the suppression of interharmonics and harmonics whose fre-
quencies are varying in the range from 250 to 650 Hz can be
quantified by using the suppression factor concept. The percent-
age value of suppression factor corresponding to each harmonic
or interharmonic frequency can be determined as follows:

o |Ih,load| - ‘Ih,sourcc|

x 100.

%Supression Factor,

“

[T mapr]

Percentage suppression factor of 100% stands for the perfect
suppression of interharmonic or harmonic current component
under evaluation. This does not mean that those interharmonics
or harmonics are fully filtered out by the HAPF system. This
only tells us that the HAPF system injects the required interhar-
monic or harmonic current component nearly in correct phase
(in anti-phase) with the associated load current component. Fur-
thermore, if the magnitude of the current component injected by
the HAPF system were equal to the associated load current com-
ponent, the associated interharmonic or harmonic component
would be eliminated. Obviously, this requires a higher installed
capacity and, hence, a costlier HAPF installation.
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Fig. 21  Sample line current waveform of one of the HAPF units recorded by

digital storage oscilloscope at 25 MS/s for a period of 200 ms when two IMFs
are simultaneously in operation: (a) 20 ms current sample, (b) hysteresis band
marked on the current sample, (c) frequency spectrum from 0 to 1000 Hz, and
(d) frequency spectrum from 0 to 12.5 kHz.

Cloud diagram of suppression factor arising from the recom-
mended hysteresis current control method is given in Fig. 22.
For this purpose, a 3-h line current data are recorded in the field
by using the multipurpose platform. Line current data sets for the
source, load, and HAPF are then expanded into Fourier series by
using 200-ms windows. By considering all interharmonics and
harmonics in the frequency range from 250 to 650 Hz, suppres-
sion factors are separately calculated at time instants ¢ = 200,
400, ...,3 x 60 x 60 x 1000 ms, and then marked on Fig. 22.
As can be understood from the cloud diagram, the recommended
HAPF system and applied hysteresis current control method pro-
vides nearly perfect suppression of interharmonic and harmonic
frequencies in the frequency range from 250 to 550 Hz. The
fifth current harmonic component, which is mainly produced by
conventional loads operating in the sample steel melt shop is
also suppressed significantly. Eleventh and 13th harmonics are
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Fig. 22 Cloud diagram of suppression factor arising from the recommended
control method (field performance).
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Fig. 23 Sequence components of some sample harmonic and interharmonic
source current components corresponding to Fig. 7 during the operation of
HAPF system (a) f;, = 350 Hz and (b) f;;, = 435 Hz.

Fig. 24  Equivalent circuit for the switching scheme of “001.”

mainly produced by 12-pulse rectifiers. The recommended sys-
tem significantly reduces the 11th harmonic component while
reduction in 13th harmonic is considerable.

The HAPF system described in this paper also reduces sig-
nificantly negative- and positive-sequence components of all
interharmonics and harmonics in the range from 250 to 650 Hz,
thereby making the sample steel melt shop nearly a symmetrical
load. Some sample field records are given in Fig. 23, which cor-
respond to variations of positive- and negative-sequence com-
ponents given in Fig. 7.
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V. CONCLUSION

The sample medium-power steel melt shop containing 12-
and 24-pulse medium-frequency coreless IMF installations is
identified by field measurements as a balanced but asymmet-
rical three-phase three-wire industrial plant. These IMF instal-
lations inject interharmonic and harmonic current components
into the grid. As the operating frequency of load-resonant in-
verters supplying work coils is varied from 150 to 250 Hz,
frequencies of interharmonics are migrating in time owing to
cross-modulation phenomenon in the ac—dc—ac link. These in-
terharmonics may cause dangerous effects on other equipment,
especially on reactive power compensation systems, in the sam-
ple steel melt shop and the neighboring plants. In this study,
these are suppressed satisfactorily by a specially designed HAPF
system with hysteresis current control. Field test results show
that the resulting HAPF system satisfactorily suppresses all in-
terharmonics and harmonics in the frequency range from 250
to 650 Hz. However, this system is not effective in the sup-
pression of 23rd and 25th characteristic harmonics produced
by 12- and 24-pulse thyristor rectifiers. There are no dominant
interharmonics between 13th and 23rd harmonics. The magni-
tudes of 23rd and 25th harmonic current components can also
be reduced by applying one of the following counter measures:
1) Hysteresis band in the control system can be set to a value
much lower than the one used in the implementation. This is at
the expense of a derated use of all HAPF units due to a higher
switching frequency and operation at a higher dc-link voltage, or
2) a damped shunt LC filter can be connected to the grid bus
tuned to an optimum point between 23rd and 25th harmonic
frequencies.

APPENDIX

Phase voltages of each HAPF converter with respect to vir-
tual neutral point for all switching schemes can be determined
by solving the equivalent circuits in Fig. 15. A sample deriva-
tion from the equivalent circuit in Fig. 24 is given later for the
switching scheme “001.”

The KVL equations for loop 1 and loop 2 are given in (5) and
(6), respectively

dig, - fzfadt .

sa—n L oa
! Yo~ ey T
dig, [ g, dt
= Usb—n — Ly—— — - o 5
Usb f dt Cf UCob ( )
" _ L dis. _ [ igedt . "
sc—n dt Cf Coc de
L dig, [ g, dt
= VUsb-n — — 3, — —~  — UCo 6
Ush 7 C; UCob (6)

where vcoa, Ucoh, and vee. are the initial voltages across the
series filter capacitors C'y and n denotes the virtual neutral point,
which can be taken as the neutral point of the coupling trans-
former secondary. Since the three-phase, three-wire HAPF units
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are balanced, (7) and (8) hold
ifa + igp +ife = 0 (7
®

HAPF converter voltages v¢,—y, , Vg, —n , and vg._,, can be re-
lated to coupling transformer secondary voltages vs,—, , Vs —n
and vy, as given in (9)—(11)

dig, B [igadt

Usa—n + Vsb—n + Vsc—n = 0.

Vsa—n — Ly 7 c, VCoa = Vfa—n 9
Vsb—n — Ly d(sz; - fg;dt — VCob = Ufb—n (10)
Vsen — Ly d;i . g;dt —Voe = i n- (1)
Equation (12) can then be obtained from (5) to (8)
—3Vsh—p + 3Lfd;—;b + 3[3;(# + 2Vcob — VCoa — VCoc

12)

Substitution of (10) into (12) gives (13). By rearranging (13),
(14) is obtained

—vge = 0.

_3'Ufb7n — VUCoa — VCob — UCoc — Ude = 0 (13)
Vde VUCoa + VCob + VCoc
A _ . 14
Ut 3 3 (14)
Summing up (9)—(11) and then using (8) yield (15)
VCoa + VCob + VCoc = — (Vfa—n + Vib—n + Vten ). (15)

Since the right-hand side of (15) is either always zero or
decays rapidly to zero, as shown in Fig. 9, (14) reduces to (16)

Vde
3
Since vy, = Vg and vge—, = vgp—p, + V4e ON equivalent

circuit in Fig. 24, (17) and (18) can directly be obtained from
(16)

(16)

Ufth—n = —

Vde

Vfa—n = — 3 (17)
20,
Vteon = Td (18)

By repeating the aforementioned derivation for all possi-
ble switching schemes, line-to-neutral voltage values given in
Table II are obtained. Since only one of the switching schemes
is applied in each very short sampling period of 40 ps, line-to-
neutral voltages of transformer secondary and HAPF converter
and dc-link voltage can be approximated by dc-level voltages,
as can be understood from Fig. 16.
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