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Gearless low-speed PMSM drive with estimator of perturbed

rotor position angle

Streszczenie. W artykule przedstawiono system napedowy tasmociggu z wolnobieznym silnikiem PMSM o mocy 250kW. Silnik zostat
zoptymalizowany w kierunku osiggniecia maksymalnej wartosci momentu w obszarze przecigzenia. Zostato to osiggniete miedzy innymi poprzez
wprowadzenie dodatkowych wypetnieri z materiatu ferromagnetycznego na obwodzie wirnika. Do wyznaczania potozenia wirnika wykorzystano
system estymacji bazujgcy na zaktéconym sygnale pomiarowym z enkodera absolutnego o komunikacji szeregowej SSI. Estymator pofozenia zostat
zweryfikowany w uktadzie modelowym oraz rzeczywistym systemie napedowym. System napedowy tasmociagu z wolnobieznym silnikiem

PMSM

Abstract. The drive system of belt conveyor with low-speed PMSM motor rated at 250 kW is presented in the paper. The motor has been optimized
so that it would attain maximum torque value in overload range. This has been achieved by introducing additional packing of ferromagnetic material
along the rotor circumference. To determine rotor position, an estimation system basing on perturbed test signal from absolute encoder with SSI
serial communication has been used. The position estimator has been verified in the model circuit and real drive system.

Stowa kluczowe: silniki PMSM, naped wolnobiezny, sterowanie mikroprocesorowe
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Introduction

In recent years permanent magnet motors are used
more and more often in industrial applications. Even though
these motors are more expensive, they are applied on
account of such favourable features as higher efficiency,
high overload capacity and possibility of obtaining
significant torque at standstill [1,2].

In the range of medium- and high-power motors we
encounter mostly permanent magnet synchronous motors
(PMSM) characterized by sinusoidal emf. In order to control
these motors properly, information on instantaneous rotor
position relative to stator winding is required. This may be
obtained by position measurement achieved with the help
of encoder or by estimation of this position on the basis of
other measured motor values [3].

The spectrum of PMSM applications is uncommonly
extensive. These machines are used as generators in wind
power plants [4] and hydropower plants, main and auxiliary
drives in electric vehicles [5, 6, 7], locomotives, trams [8],
ships [9]. The low-speed drives are among some very
specific applications. In order to obtain relatively low
mechanical speed, mechanical transmissions are usually
used. The gear causes a decrease in the total efficiency of
the drive, generates additional noise and may also
constitute an extra source of failures [10]. It must be noted
that induction cage motors with large numbers of pole pairs
are characterized by low coefficient of power density
(specific power). The existing gap is slowly bridged by
permanent magnet synchronous motors [11]. Low-speed
PMSMs are characterized by high number of pole pairs as
well as feasible low rated frequency. Since they are
supplied from frequency converters, this fact does not
create any problem. We must emphasize another
advantage exhibited by low-speed drives, i.e. decrease in
the noise level; this is due to smaller number of rotating
elements (gearless) as well as low speed of the drive.

The issues related to drive systems, including
permanent motor drives, are widely represented in literature
of the subject [12]. The control problems are addressed
[3, 13] as well as performance characteristics such as motor
efficiency [14]. For last several years, the subject of drive
design utilizing low-speed motors is more and more
extensively present in scientific publications [15].
The papers most often relate to a specific subject matter,
such as typical uses of low-speed drives: motors built into
wheels of electric vehicles [16, 17], lift drives [18] or pumps
used in oil extraction [19]. The search for new optimum

designs encompasses also hybrid solutions, where motor
and transmission functions are coupled in one
electromagnetic entity [20].

The current article is focused on the belt conveyor drive,
which uses a low-speed PMSM with reversed design
instead of cage induction motor and transmission. Motor is
rated at 250 kW, 1 kV and its rotor is integrated with drive
drum of the conveyor. The potential application field is
conveyor systems for bulk materials. This type of transport
is common in heavy industry, mine industry and power
engineering [21,22,23].

Low-speed PMSM

Nowadays the drive system of belt conveyors consists
of motor, couplings/gear, mechanical transmission and
drum. All elements except the drum are located apart from
limiting outline of the conveyor. In order to reduce the space
occupancy and to increase power efficiency, we have
elaborated a new solution for the drive system, based upon
low-speed PMSM, rated at 250 kW. This motor is built
directly into the drive drum. The motor is fitted with external
rotor, which constitutes an element of the drive drum
casing. Due to this concept, it is possible to eliminate
mechanical transmission from the drive system and any
additional subassemblies are not mounted outside the
conveyor itself [21]. This drive is presented in Fig.1a; a
photo of the manufactured prototype of the motor built into
the conveyor body is shown in Fig.1b.

The rated rotational speed of the motor is 45 rpm and
this translates into linear speed of the belt equal to c. 3.2
m/s. The drive is supplied from frequency converter rated
at 1000 V. The rated rotational torque of the motor is 53
kNm, and the maximum torque is 110 kNm. The power
electronics supply makes it possible to control the rotational
speed smoothly in the range of 0 to 55 rpm [22].

On account of reversed design of the motor (external
rotor), it was necessary to work out the way of transmitting
information on current rotational speed of the motor and
rotor position relative to stator. A dedicated system of gears
was designed, permitting the use of standard absolute
encoder. The rotational speed is transmitted (with
appropriate gear ratio) from the bearing plate to the encoder
shaft; this is placed in easily accessible position inside the
motor shaft. The motor is water-cooled. The main element
of the system are channels placed beneath the stator
laminations.
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A most important feature of the belt conveyor drive is
the maximum speed which may be attained by the motor.
This is one of the key parameters influencing the suitability
of the drive to the belt conveyor operation. For this reason,
particular attention was paid to optimization of the
electromagnetic circuit from the viewpoint of obtaining
maximum torque. In standard electromagnetic circuits
of machines with magnets placed upon the rotor core
(surface-mounted permanent magnet - SPM), the space
between neighbouring magnets is not filled up. However, by
filling this space appropriately with ferromagnetic material it
is possible to increase the value of torque for current values
exceeding the rated value [22, 24]. Calculations were made
using ANSYS Maxwell software, aimed at determination of
optimum width of ferromagnetic pole piece between the
magnets. The packing of the space (in percentage terms)
between the magnets with ferromagnetic steel S355J2 was
a parameter of the calculations. Analyzing the results, it
may be noted that maximum electromagnetic torque is
obtained for 60 to 75% filling of the space between the
magnets with ferromagnetic material. The torque is higher
by c. 12.3% in relation to the ferromagnetic-free design and
by c. 2.5% in relation to spaces filled completely (100%)
[22].

Fig. 1. PMSM rated at 250 kW and 45 rpm: a) rotor design b) photo
of the motor

Figure 2 shows the dependency of the
electromagnetic torque on current (current ranging from
rated to near-maximum value) for 3 different variants of
ferromagnetic filling: 0%, complete (100%) and optimum. It
may be concluded from the results shown in Fig.2 that
differences between obtained electromagnetic torque for
the variant with the optimum filing of space between
magnets and for other variants depend directly upon the
current value (greater current-greater difference).

Power Electronics Converter

A system of converters was built to meet the project
demands. They included frequency converter for PMSM
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motor supply and frequency converter fitted with circuits for
energy recuperation (energy was fed back to supply the
cage induction machine loading the investigated drive). The
tests could be run with dc circuits of both converters
connected or with independent operation of the converters
supplied from the network. All converters were designed for
1000 V network, their rated power was approximately equal
to 250 kW and current overload was equal to double rated
current. IGBT MBNB80OE33D transistors, manufactured by
Hitachi, were used; their maximum blocking voltage is 3.3
kV and maximum current is 800 A. The serial water-cooling
system is able to remove the heat losses effectively.
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Fig.2. Electromagnetic torque vs. current for different variants of
filling spaces between the permanent magnets

The control system of the converter for PMSM drive was
based upon microcontroller TMS 320F28335. A significant
advantage of this microcontroller is high data processing
speed (150 MIPS) and enhanced control peripheral
designed to meet the demands of power electronics
converters. We may indicate here the ePWM blocks which
can generate up to 12 signals controlling the transistors,
enhanced eCAP and eQEP circuits dedicated
to cooperation with incremental encoder, high-precision 16-
channel 12-bit ADC and serial port peripherals. The control
application was prepared in CCS integrated development
environment and it contains all indispensable functional
blocks for user interfaces, control algorithm, protection and
diagnostics.

The control system of PMSM drive was based upon the

well-known field-oriented method, where torque/current
ratio is optimized. The block diagram of the control system
is shown in Fig.3. The simulation characteristics of control
angle vs. current were determined and written to non-
volatile memory of the control system. The drive may
operate with speed control or with set torque. The
measurement processes, control procedures and SVM
algorithm were synchronized with the switching frequency
of inverter ftransistors, which was equal to 2.1 kHz.
To generate control signals for inverter transistors three
blocks of ePWM module were used; the leading block starts
the operation cycle of A/D converter.
On account of essential reliability requirements of the drive
and the need to obtain maximum torque from the very start,
it has been assumed that the control system would use
information on the rotor position. 13-bit absolute encoder
manufactured by Kubler company was used; it is
characterized by serial SSI communication protocol. In this
way the number of connections between encoder and
control system has been limited. This is important from the
point of view of ensuring the intrinsic safety by galvanic
isolation of signals.
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Fig. 3 Block diagram of low speed PMSM drive system control circuit

The connection of the reverse-design PMSM motor
shaft required an appropriate gear, which permitted
transmission of the rotor rotation to the encoder shaft. One
turn of the rotor corresponded to number of turns of the
encoder in accordance with the number of pole pairs, so
that electrical angle of the motor matched the mechanical
angle. The transmission of data using SSI protocol is
unidirectional (from the encoder to the control system) and
initiated by the microcontroller generating the clock signal
sclk. The data sent sdin is a 13-bit value of encoder position
expressed in Gray code, it is not secured with any
checksum. At least 15 ps must expire between end of
transmission of one data block and beginning of
transmission of another data block. The transmission circuit
and supply circuit of the encoder are electrically separated.
Transmission handling has been implemented using
McBSP block of the microcontroller, in accordance with SSI
protocol. This block makes it possible to emulate different
modes of serial synchronous transmission. In this case the
encoder position was read and then transmission took
place, synchronous with the IGBT switching cycle. The
subsequent communication cycles are shown in Fig.4. The
information on the position gets to the McBSP buffer with a
slight advance relative to beginning of interrupt service
routine; the control system utilizes this information for
carrying out transformation blocks. Due to this procedure,
the delay between information on position and current
readout and worked-out control has been minimized. Speed
value was obtained in accordance with its definition. The
cycle of speed measurement has been optimized in order to
obtain appropriate dynamics and measurement precision.

The drive system was initially tested in laboratory.
During tests a problem of incorrect encoder readings of the
rotor position angle was encountered for motor speeds
exceeding 30 rpm. The analysis showed that the erroneous
readout occurred at the instant, when the encoder data
block (to be precise: active slope of the first clock pulse)
was correlated to IGBT switching.

During the switching cycle the data block position is
constant, so the perturbation was observed only when
motor speed was greater than given value, i.e. appropriate
value of the 1st harmonic of the output voltage, when IGBT
switching was synchronized with sclk signal. This effect is
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shown in Fig.5; the angle read from the encoder and
transformed into analog value is also indicated. The motor
rotated without load all the time, at speed equalling c. 40
rpm. It may be noted that erroneous readout of the angle
caused incorrect calculation of values of current
components iy and iy ; as a result, the output voltage of the
inverter was also wrong. In this particular case the motor
started to brake rapidly, which caused an increase in i,
current amplitude. This caused saturation of measurement
current probe and increase in the converter's dc link circuit
voltage, which in turn caused an increase in the ua, voltage
envelope.
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Fig. 4 Communication cycles between SSI encoder and inverter
control circuit, , sclk - clock signal, sdin - data, ia - A phase current
of the motor, Fswitch = 2,1 kHz
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angle @ with perturbed readout cycle
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In the discussed case this perturbation led to emergency
switch-off of the drive caused by uncontrolled electrical
breaking and as a consequence exceedingly high value of
upc voltage. A more thorough analysis of this particular
erroneous readout showed that one of the clock pulses was
omitted by the encoder and the read number was shifted by
1 bit. It cannot be ruled out that shifts by 2 or 3 bits could
also be possible. Therefore analysis based exclusively on
the principle of rejecting result divergent from the preceding
one and correction of the readout data by 1 bit would not be
effective. On account of synchronization of regulation
(control) process and angle readout as well as analogous
quantities (currents and voltages), a simple form of angle
filtration is impossible, because this would require a multiple
readout during one switching cycle and might not be
effective after all.

Estimator of perturbed rotor position angle

In order to solve the problem presented above -
incorrect readouts of the rotor position angle - the authors
have proposed a new method, which makes it possible
to estimate a correct value of the angle using the perturbed
signal [24]. The block diagram of the circuit is shown in
Fig.6. Two different modes of operation can be set by
switching the contact S. When the perturbation source
(frequency converter) does not operate, the readout of the
position from encoder E is done in cycles and the value
read is used directly. When the converter is on, the position
angle is calculated in the estimation path by an adder: for
each readout cycle the value from the preceding step is
increased by the result generated by Pl controller. The
controller's task is to determine the value of angle increase
between readout cycles. The controller's deviation is the
difference between the readout angle ® and angle from the
preceding step determined by the estimator @.(n-1). The
deviation value (angle increase) is additionally limited
in order to exclude values exceeding allowable limits (which
are determined by maximum torque generated by the
motor, its moment of inertia and cycle calculation time
which is equal to the IGBT transistors' switching period).
The increase of angle A® worked out by the estimator is
a component of sum generating the estimated position
@(n) (together with the step value of preceding position).
The value generated by the controller is limited by real
values, the procedure is similar to the one mentioned earlier
and adapted in case of deviation value. The preliminary
values of the adder and part | of the controller are initially
set during switching of contact S. This is done on the basis
of earlier angle increments so that estimator operation
should not undergo any undesirable perturbations.
The correctness of the estimator operation has been
verified during tests of the model. The angle readouts from
rotating encoder were subjected to the artificial perturbation
generated by the control application. Two independent
pseudorandom number generators were used; the first one
generated bit value indicating whether the angle readout
value were to be used or if it were to be overwritten with the
value generated by the other pseudorandom generator. It
has been assumed (on the basis of the practical experience
of the drive) that number of perturbed readouts should not
exceed 10%; in this way parameters of the first
pseudorandom number generator have been determined.
Generator #2 delivered angle values from the whole range
of 13-bit number, the actual value was sampled in each
computational step, regardless of further action adopted
(i.e. whether this number was used or not). In order
to eliminate the repeatability of the successive events
during tests of the drive model, the initial value for the
generator #1 was introduced as a time value from the

internal counter at the instant of drive start-up. On account
of random performance of the operator switching the model
on and off, the successive cycles of estimator operation
were excited with different sequences of erroneous and
correct angle readouts. During the tests the encoder rotated
in the STOP mode of operation as well as during drive
operating at different speeds and undergoing high dynamic
changes set by model operator. These tests have let us
determine the correct settings for estimator's Pl controller
and to verify the performance of the whole system.

In the second phase of the investigation the system has
been tested in real drive with low-speed PMSM motor rated
at 250 kW. The tests confirmed the encouraging properties
of the estimator, which result in correct drive performance
that is without perturbation which might lead to emergency
switch-offs as well as possible deformations in current
or reproduced rotor angle. Example of estimator operation
is shown in Fig.7. Typical waveforms of rotor position angle
are presented in the form of the analogue signal readout
from the encoder, motor phase-to-phase voltages and
encoder data obtained for rated speed of the motor. During
200 ms interval shown in the oscillogram (c. three periods
of output voltage), three perturbed readout cycles may be
observed; these have not caused any perturbances in
motor supply voltage.
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Fig. 6 Block diagram of angle estimation circuit
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Fig. 8 Results of low-speed PMSM drive system tests: a) efficiency,
torque and power curves, b) waveforms of phase-to-phase voltage
and current of PMSM and induction load machine, rated
operational conditions

Conclusion

The correctness of the PMSM drive performance has
been verified by thermal tests. On account of high values
of motor's thermal constants, these tests permitted proper
verification of the adapted solution under real operating
conditions. The motor worked continuously for more than 8
hours under rated conditions. Additionally it was also tested
in the full range of operating speed and load torque. During
successive tests we have not noted any perturbation in the
motor operation, which might be caused by erroneous
readout of the rotor position angle. Drive characteristics and
total efficiency were determined during tests. Results are
presented in Fig.8 as curves and current and voltage
waveforms of PMSM motor and load machine.

Finally, the advantages of the designed drive must be
emphasized, such as high efficiency, high starting torque
and low noise level in particular. The low level of torque
ripple at start-up or during dynamic states is also most
important, especially in the belt conveyor drives operating
under explosive conditions, since it increases the failure-
free running time and in this way limits the expense of
replacing high-quality conveyor belts.
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