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Abstract—This paper presents the application of high-power
three-level active-front-end rectifiers to regenerate energy in a
downhill conveyor system. The selective harmonic elimination
method is used to eliminate harmonics 11 and 13, working with
very low switching frequency, where six-pulse harmonic orders
6
1 are eliminated by the delta–wye connection of the transformer. In this way, the input current at the mains is highly
sinusoidal with small harmonics starting at frequencies of order
23 and 25. Resonances have been detected, originated mainly by
the capacitances of feeding cables and noneliminated harmonics,
which produce high-voltage distortion. Theoretical and field
measurements present the problem and the solution by using a
specially designed high-pass power filter.
Index Terms—Active rectifiers, conveyors, pulsewidth modulation (PWM), selective harmonic elimination (SHE).

I. INTRODUCTION

T

HE Los Pelambres copper mine is located in Los Andes
mountain range at 3400 m altitude [1]. This high altitude
places additional stresses on equipment and personnel. In addition, avalanches endanger the site location. Thus, the location
of the concentrator in a lower altitude is mandatory.
Taking advantage of the altitude difference between the mine
and the concentrator, a downhill tunnel conveyor belt was selected as the most suitable transport alternative for the ore produced by the mine.
The conveyor belt transporting system is composed of three
individual conveyors with lengths of 5905, 5281, and 1467 m.
The average inclination is 11% and at some locations even 24%.
The conveyors transport about 5800 t/h, allowing electrical
regeneration in the order of several megawatts. The selected
drives for this project must allow four-quadrant operation in
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order to deliver the generated power by the belts to the grid. In
addition, the final solution has eight motors of 2500 kW each,
giving a total installed power of 20 000 kW.
Among several alternatives, three-level inverters fed by the
well-known technology of active-front-end (AFE) three-level
rectifiers [6], [11] were selected due to following main advantages [3]:
• fully regenerative;
• extremely low current harmonics injection;
• adjustable input power factor;
• less affected by variations in the line voltage.
All these characteristics allow for a broad range of power conversion systems [1]–[5], [13], [14]. Switching losses and network interaction limit the operation of three-level AFE highpower converters, especially using gate-turn-off thyristor (GTO)
semiconductors [6]. That is why low switching frequency and
reduced harmonic distortion are the main goals by using optimum pattern pulsewidth modulation (PWM) with a kind of
selective harmonic elimination modulation (SHEPWM). In addition, overvoltages, common-mode voltage issues, and electromagnetic interference (EMI) caused by PWM commutations
may also be reduced [7]–[12].
This paper presents a deeper description of the power system
of the mine, the power circuit of the drive, the modulation, and
a study of the interaction between AFE converters and the grid.
Simulation studies reveal the presence of a resonance that is
avoided with the use of a power filter. Finally, experimental results obtained in the field are included.

II. DESCRIPTION OF THE SYSTEM
Fig. 1 shows a reduced single-line diagram of the electrical
system used in the Los Pelambres mine, including conveyors 5,
6, and 7 (CV005, CV006, and CV007). Conveyors 5 and 6 have
three AFE–inverter units, while conveyor 7 has only two. Buses
8, 9, and 10 are connected using cables of lengths 2.4, 5, and
6.2 km, respectively. The concentrator uses ball mills and large
semiautogenous (SAG) mills driven by synchronous motors fed
by cycloconverters. Each cycloconverter used for the SAG mills
has at the input side a two-branch high-pass filter of 9 Mvar total
tuned to harmonics 5 and 9.5 to improve the resulting harmonic
response of the line. Choosing the 5th and 9th harmonics allows
for reducing the total characteristic response of the line due to
the long cables with its parasitic capacitances and the cable inductance [9], [10]. Power filters to compensate harmonics and
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Fig. 1. Simplified single-line diagram of the electrical system at Los Pelambres.

Fig. 2.

Drive station with two motors.

the reactive power of each cycloconverter can also be seen in
Fig. 1.

delta–delta and delta–wye connection achieving a 12-pulse configuration, thus improving the total input current quality.

III. DESCRIPTION OF THE DRIVES
A. One Drive Station
Fig. 2 presents the simplified diagram for a drive station (for
instance, CV007), which is supplied with a 23-kV cable (see
Fig. 1). Two motors are used to drive one drum of the belt
and a third unit drives a second drum in conveyors 6 and 7.
A fourth drive is considered for a future expansion. The input
transformers of the drive are rated 3500 kVA and 2900 V with

B. AFE–Inverter Units
Fig. 3 presents the simplified power circuit of the three-level
inverter with three-level AFE rectifier rated 3440 kVA and
2900 V, used to control each induction motor. Some relevant
features of the converter system are: fuseless design of the
inverter and AFE, and identical design of the GTO phase legs
on the motor and line sides.
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Fig. 3. Power circuit of the three-level inverter–AFE system.

with:
(2)

Fig. 4.

SHE switching pattern with

N angles.

The belt delivers energy to the inverter through the induction
motor, which works most of the time as a generator. The energy
) is fed back to the three-phase system by the
in the dc link (
AFE. In the extreme situation of a blackout it is not possible to
deliver energy back to the three-phase source. For this reason,
two GTO choppers are connected in parallel to the dc-link capacitors to allow for controlled electrical braking in case of line
loss (not included in Fig. 3).

is the converter phase voltage, is the harmonic
where
the amplitude of harmonic , and the half dc-link
number,
voltage. From (1), (2), and a proper numerical method [6], solutions to eliminate the desired harmonics can be obtained.
The 12-pulse configuration of the input transformer permits
, odd. These
the elimination of all harmonics of order
are the well known harmonics 5, 7, 17, 19, .
The modulation scheme uses three commutation angles to
eliminate the lowest harmonics, in this case 11 and 13. This is
achieved through the following equations:
(3)
(4)
(5)

IV. MODULATION SCHEME FOR THE AFE RECTIFIERS
Selective harmonic elimination (SHE) is the selected control
strategy for the AFE rectifiers. Since the inverter and the AFE
rectifier use GTOs, a commutation pattern working with low
switching frequency is used to reduce switching losses. SHE
offers the possibility to work with a reduced number of commutations.

and
both equal to zero. It must be noticed that (3)
with
is used to control the amplitude of the fundamental voltage .
With this strategy, the lowest harmonics in the primary side
of the transformer have orders 23 and 25.
The fundamental component controlled by the modulation
index ( ) and dc-link voltage is given by
(6)

A. SHE Fundamentals
SHE is based on the analysis of the Fourier series of the
voltage generated by the converter [6]. Fig. 4 shows the waveform of the voltage between points “ ” and “ ” of Fig. 3 ( ),
for the general case of commutations every 90 .
Due to symmetry in the waveform shown in Fig. 4 the expansion in Fourier series may be reduced to

means a
Under this definition of modulation index,
block voltage operation and no elimination of harmonics at all.
for different modFig. 5 shows the harmonics in voltage
ulation indexes. It can be observed that in all operating points
harmonics 11 and 13 are completely eliminated.
B. Noneliminated Harmonics

(1)

Fig. 6 shows the behavior of harmonics 23 and 25 measured
at the AFE side between “ ”–“ ” points (Fig. 3) for different
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Fig. 5. Experimental spectrum for three-angle V pattern for different modulation indexes with elimination of 11th- and 13th-order harmonic: M 1 = 0:872,
M 2 = 0:891, M 3 = 0:897, M 4 = 0:910, and M 5 = 0:940.

Fig. 6. Noneliminated harmonic pattern, calculated and experimental results:
23rd and 25th orders. Three-angle scheme.

modulation indexes. It can be seen that these voltage harmonics
can reach amplitudes as high as 13% and they will be present in
the input current.
V. NETWORK INTERACTION
The AFE is the converter family with the smallest input
current harmonics. However, due to the high power of the
equipment and the characteristics of a mining distribution
system, the interaction with the electrical network is of particular importance.
A complete harmonic analysis of Los Pelambres electrical
system was carried out at the basic engineering stage of the
project. The aim of the study was to have a well-designed system
and to assure reliability and power quality of the system concerning the following:
1) reactive power compensation (power factor);
2) voltage regulation;

3) meeting harmonic limits given in IEEE-519-92 [8] and
Chilean regulations [7];
4) equipment specifications.
For the analysis, a simplified equivalent system of 99 elements, 49 bus bars, and 25 harmonics sources was considered
and simulated with the software Harmonix [4].
An interesting phenomenon occurred at bus bar 10, which is
related to the use of long cables to feed the conveyors. Fig. 7
presents the simplified electrical circuit used to feed one AFE
rectifier, including the transformer ( , ), network imped), and the model of the cables. The cable model
ances ( ,
includes parasitic capacitors which originate a strong resonance
in the impedance of bus bars 8, 9, and 10 centered at a frequency
of 1300 Hz. Fig. 8 presents the resonance phenomena at bus bar
10 with rated voltage of 23 kV. It can be observed that the resonance frequency of this bus bar is very near to harmonics 23rd
(1150 Hz) and 25th (1250 Hz) injected by the AFE rectifier,
originating a high distortion in the voltage.
To keep the voltage harmonic level within the IEEE 519
limits, a filter of 9 Mvar with two branches tuned to the 5.5th
and 12th harmonics was designed and included. The structure of
the harmonic filter was chosen as a double-tuned filter scheme
in order to minimize the total volume, due to the reduced
available room space. The filter must mitigate the resulting
resonance and the distortion in the whole range of expected
harmonic. For the filter design a complete harmonic analysis
of the industrial power system was carried out. A fine tuning
around 5.5th and 12th orders results from a tradeoff between
reducing the harmonic distortion at six-pulse operation (5th,
7th, 11th, and 13th) and avoiding negative effects at integer
harmonic frequencies, namely, 2nd, 3rd, and 4th. Fig. 9 shows
the structure of the filter and the behavior of its impedance. The
designed values are shown in Table I. This filter is connected at
bus 10, as seen in Fig. 1. The use of the filter reduces drastically
the bus impedance around the resonance frequency, shown
clearly in Fig. 8.
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Fig. 7. Simplified electrical circuit used to supply one AFE.
TABLE I
FILTER COMPONENT VALUES

Fig. 8.

Impedance Z (f ) at bus 10.

Fig. 9. Conveyor filter structure and frequency response. Filter is tuned to
harmonics 5.5 and 12.

VI. OPERATIONAL RESULTS
The simulation studies revealed the presence of the resonance
and permitted the design of the filter to solve the problem. Here,
two significative results are presented. The first one, Fig. 10,
shows the result of harmonic interaction with the cables when
no filter is connected. This figure presents the measured total
) for bus 10 and tie-breaker
harmonic voltage distortion (
open for the system shown in Fig. 1, without filter and for different loading conditions of the conveyors. The technical specshould not exceed the limit
ification established that the
of 5% under normal operating conditions. It can be seen in
without filter is always higher than the alFig. 10 that the
lowed value. In addition, starting the conveyor without its filter
produces the trip of an undervoltage relay.

Fig. 10.

Measured distortion (THD ) of bus 10 without conveyor filter.

Fig. 11 shows the distortion of bus 10 when the filter of the
conveyor is connected. The distortion is reduced to a value of
, which is smaller than the limit of 5%. In addition, with the filter there are no disturbances during the starting
phase of the conveyor.
VII. CONCLUSION
Key aspects related to the use of high-power three-level Inverter–AFE drive systems in regenerative conveyors have been
presented in this paper. The solution presented in this work
allows regeneration of energy from the belt to the electrical
system. The use of three-level inverters with vector control at the
motor side produces a very precise torque control and a smooth
behavior of the belt.
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Fig. 11.

THD

Measured distortion (

) of bus 10 with conveyor filter.

The use of a three-level AFE permits the regeneration of the
energy and a very smooth transition from motoring to regenerative operation with adjustable power factor.
The use of SHE and wye–delta connection at the input transformer (12-pulse configuration) allows for the effective elimination of low-order harmonics, working with a very reduced
switching frequency.
A resonance originated by the cable capacitance produces a
high distortion at the input of the conveyor. The problem was
solved by using a double high-pass filter.
As the technological solution adopted in this project has been
applied for the very first time in high-power downhill conveyor
systems, a new state of the art has been established in this field.
The conveyor has been successfully erected and commissioned and has now more than four years of satisfactory
operation at rated conditions, transporting 5800 t/h and generating a total power of 15 MW with power factor near unity.
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