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Abstract

The paper deals with highly efficient Permanent Magnet
Synchronous Motors (PMSM) and Line Start Permanent Magnet
Motors (LSPMM). LSPMM are well recognized and used, also in the
heavy industry in the drives which do not need a change of the
rotation speed, but they can not drive the machines requiring high
starting torque or machines with big inertia torque (for example, mills
or belt conveyors while fully loaded during start-up). The novel
design of LSPMM with winding in the rotor was developed,
described, manufactured and tested. LSPMM with winding in the
rotor (LSPMMwWR) do not need frequency inverters for start-up
and operation, and that kind of motor can be used for driving
machines with big inertia torque or machines requiring high and
long-lasting starting torque. The advantage of LSPMMWwWWR over
LSPMM is characterized mainly by minimizing thermal losses in the
rotor, which do not cause thermal overheating of permanent magnets,
and also by higher starting torque. The experimental model of the
LSPMMwWR was manufactured and tested, and the results are
presented in the paper. Additionally, the paper shows an example of
the use of PMSM in suspended trains for underground applications
in coal mines. The train and the motors are supplied from lithium-ion
batteries designed and tested for the explosion-risk areas.
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Introduction

Synchronous motors, either electromagnetically or permanently magnetized, find widespread application in
driving dewatering pumps and ventilation fans in mine ventilation systems, as well as in the milling processes of
ore enrichment plants in the copper industry and in power units of tyre and rail vehicles operated in underground
mining. Given that ventilation and dewatering systems collectively consume approximately 40% of a mine's total
electrical energy, the deployment of energy-efficient drives in these applications is paramount. However, the
starting behaviour of synchronous motors, from standstill to synchronous speed, presents a significant engineering
challenge, which this article aims to address.

Slip-ring induction motors (SRIMs) are well-known synchronous motors. These are induction motors with
slip rings. The motors are started using starting resistors connected to the rotor winding circuit through slip rings
and brushes. The starting current usually does not exceed twice the rated current value, while the starting torque
is significantly higher than the rated torque. After starting, the rotor winding is supplied with direct current, and
the motor synchronizes itself automatically, and after synchronization, it operates as a synchronous motor.
Compared to slip-ring induction motors performing the same task, the advantage of these motors is higher
efficiency and a higher power factor cos ¢. These motors are used in high-power drives and are directly supplied
from the power grid with a voltage of 6 kV or 10 kV. The disadvantage of this solution is the excitation system,
power losses in the excitation circuit, which reduce the efficiency of the drive system. Additionally, the slip rings
require periodic inspection and cleaning, and the brushes wear out and need to be replaced. On the other hand,
permanent magnet synchronous motors (PMSM) in standard designs are supplied from inverters controlled by the
rotor position angle relative to the stator winding phase axes, so-called power electronic commutators. For high-
power motors, building power electronic commutators for high voltage is costly. However, permanent magnet
synchronous motors driving working machines operating at a constant rotational speed can be supplied directly
from the power grid with a voltage of 6 kV or 10 kV (Line Start Permanent Magnet Synchronous Motor). The
main problem with such solutions is motor starting.

Rotors' design

From the literature (Gwozdziewicz, Zawilak, 2013; Zawilak, 2014, 2015; Bao, Mehmood and Feng, 2012),
a synchronous motor whose rotor has both permanent magnets and a squirrel cage winding, is known. The
permanent magnets are placed in slots in the middle of the rotor yoke, and the squirrel cage winding consists of
non-insulated copper bars placed in slots on the outer circumference of the rotor and shorted by end rings.

Fig. 1. Lamination of rotor's core with slots for squirrel cage and permanent magnets
Fig. 1 shows an example of the shape of a rotor lamination with visible slots for permanent magnets and slots

for the squirrel cage winding. The squirrel cage winding is used to start the motor asynchronously. When the rotor
reaches a subsynchronous speed during starting, the magnetic flux of the permanent magnets automatically
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synchronizes it, and the motor operates as a synchronous motor. However, during starting, the asynchronous
electromagnetic torque generated by the squirrel cage winding, at speeds from zero to about half the rated speed
(0<n=0.5nN), is significantly smaller than the rated torque of the motor, while the starting current is 5 to 7 times
higher than the rated current. In addition, after applying the voltage during the first half-cycle, there is a surge
current and a surge torque. The starting current in the stator winding interacts with the flux of the permanent
magnets and excites variable components of torque and force, which generate vibrations and noise. In addition,
heat is generated in the squirrel cage, approximately equal to the kinetic energy of all rotating masses coupled to
the motor shaft. This heat causes an increase in the temperature of the squirrel cage and threatens the thermal
demagnetization of the permanent magnets.

Motors with a squirrel cage starting winding and permanent magnets in the rotor can be used to drive
mechanical devices and working machines with short start-up times, for instance, to drive pumps where the
moment of inertia is small and the load torque is a quadratic function of rotational speed. However, many working
machines have a high starting torque, often greater than the rated torque of the motor, for instance, mine ventilation
fans, gas exhaust fans in power plants, clogged coal mills in power plants in copper ore enrichment plants and
others (Korski et al., 2023; Botoz, 2024). Mechanical devices and working machines with a high moment of inertia
are characterized by long start-up times. The use of a motor with permanent magnets and a squirrel cage starting
winding is not advantageous for driving the mentioned mechanical devices and working machines. The starting of
the motor can be significantly softened, and the starting time can be extended by making a slip-ring starting
winding (Bernatt et al., 2017). The winding is three-phase, made of insulated copper wire, and is connected in a
star or delta. The ends of the phases are connected to three slip rings located on the rotor shaft. The mutual
arrangement of the permanent magnets and the winding on the rotor:

o the permanent magnets are placed in slots in the rotor yoke, and the winding is placed in slots on the
rotor circumference - Fig. 2,

o the permanent magnets are placed on the circumference of the rotor yoke, and the winding is placed
in slots under the permanent magnets - Fig. 3.
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Fig. 2. Rotor of a synchronous motor with permanent magnets: a) cross-section of the rotor, b) star-connected winding with phase ends
connected to slip rings

In Fig. 2, the rotor consists of a laminated stack forming a yoke 1, mounted on a shaft 5. Inside the yoke 1,
there are slots 2, usually rectangular, in which permanent magnets are placed. The slots for the permanent magnets
may also have a different shape. On the outer circumference of the yoke 1, in slots 3, a winding 4 is placed. The
winding 4 of the rotor is three-phase, made of insulated copper wire and is connected in a star or delta. The ends
of the phases of winding 4 are connected to three slip rings 6 located on an insulating sleeve 7, which is mounted
on shaft 5 of the rotor. The conductors connecting the ends of winding 4 to slip rings 6 can be routed along the
surface of shaft 5 or inside the hollow shaft 5. In a motor assembled on slip rings 6, there are brushes. The brushes,
preferably copper-graphite, are placed in a brushgear. The brushgear, together with the brush lifting system, is
usually mounted on the motor's bearing shield.
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The electric motor with a rotor designed as described above can be used to drive working machines with high
starting torque and mechanical devices with long start-up times. The motor is started using starting resistors. The
starting current and starting torque can be controlled by the value of the connected resistance and its gradation as
a function of rotational speed. More heat is generated in the starting resistors during motor starting than in the rotor
winding. There is no risk of overheating the permanent magnets. After starting, the motor synchronizes itself and
operates as a synchronous motor excited by the magnetic field of the permanent magnets. After motor
synchronization, the brushes on the slip rings 6 are lifted to prevent wear and reduce friction losses. This type of
motor can be used for any type of drive.

During synchronous operation, the motors are powered directly from the power grid, for instance, 6 kV or 10
kV, and have higher energy efficiency and power factor cos ¢ ~ 1 compared to induction motors performing the
same task. The permanent magnets placed inside the rotor yoke have greater dispersion and a smaller magnetic
flux in the air gap, which affects the torque overload capability. With large disturbances of the load torque or
voltage drops, the motor may fall out of synchronism.

Fig. 3 shows a rotor with permanent magnets mounted on the outer circumference. In this solution, the
problem is the location of the starting winding, which must be placed in the rotor slots. The slots can be placed
between the permanent magnets or under the permanent magnets. The winding should be m-phase-symmetrical.
The number of phases can be reduced to m = 2 — Fig. 3a. In the slots between the magnets, only one phase can be
placed. It is possible to make a symmetrical winding placed in the slots on the outer circumference by dividing the
arc of the permanent magnet of each pole into two parts and placing a second slot between them - Fig. 3b. With
this arrangement of slots, a symmetrical phase winding is feasible. If calculations show such a need, additional
slots can be placed under the permanent magnets - Fig. 3c. The ends of the winding are connected to three slip
rings mounted on an insulating sleeve located on the motor shaft.
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Fig. 3. Synchronous motor with permanent magnets and a starting winding:
a) winding diagram, b) slot arrangement between permanent magnets, ¢) additional slots under permanent magnets
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A synchronous motor with permanent magnets located on the outer circumference of the rotor has a small air
gap between the stator and the rotor. The air gap is determined solely by mechanical considerations. The magnets
have minimal leakage flux and maximum main flux. During starting, the asynchronous torque is determined by
the stator winding and the rotor winding currents. By using a slip-ring winding, the starting current can be
controlled by resistors connected to the rotor winding circuit through slip rings. The asynchronous characteristic
as a function of rotational speed is shaped by the resistance of the resistors, which can be varied so that the starting
current does not exceed the permissible value at a given motor connection point to the power grid. At
subsynchronous speed, self-synchronization of the rotor occurs due to the magnetic flux of the permanent magnets.
After synchronization, the motor operates as a synchronous motor. The rotor winding is shorted and serves as a
damper winding to dampen rotor oscillations. During synchronous operation, the motor's maximum torque is
proportional to the excitation flux. The excitation flux, with magnets on the rotor surface and a small air gap, is
greater than that of magnets placed in the yoke. During synchronous motor operation, the power factor cos ¢ is
more favourable, and the torque overload capability is higher. During starting, the currents in the stator and rotor
windings, compared to the squirrel cage winding, are significantly smaller. The start-up is smoother. Such a start-
up can be used for motors driving working machines with a long start-up time.

Model of the motor with permanent magnets and starting winding

The model motor was built based on the SUDfL-100B slip-ring induction motor (Glinka T., Bernatt J, 2017).
The stator of the electric motor, i.e., the yoke and winding, is identical to that of the induction motor. The rotor
lamination profile was changed. On the outer circumference, there are slots where the starting winding is located.
Inside the yoke are rectangular slots in which permanent magnets with dimensions 109x22x4 are placed - Fig. 4.
The rotor winding is a slip-ring, as the aim was to measure the current during start-up. However, calculations and
measurements were carried out with the rotor winding shorted.

Calculations of the magnetic induction distribution in the magnetic circuit of the machine, excited by
permanent magnets, were carried out using the 2D FEM method in the Ansoft Maxwell 2D program.
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Fig. 4. Magnetic field distribution in a motor excited by permanent magnets

Calculated and rated parameters of the motor for synchronous operation: Py = 1.7 KW; Uy = 3x400 V; Iy =
3.3 A; fy = 50Hz; ny = 1000 rpm, Tn = 16.2 Nm; Tmax = 1.85%Tn ; cosp = 0.9; n = 83%. Permanent magnets:
N42UH; B; = 1.3xTy; Hcs = 848 KA/m; ur = 1.085.

Calculations of the starting and synchronous characteristics were performed using the field-circuit method.
The magnetic flux excited by the permanent magnets during starting induces a rotational voltage in the stator
winding with an electrical frequency of rotation:

f2=6n_0><p 1)

In the winding, a current flows that has two components: a network component I, with a frequency of f; = 50
Hz and a component |, with a frequency of f,. The current component I, generates an asynchronous torque T,
determining the motor start-up, and the current component |, generates a synchronous torque Tewm, Which, with
changing rotational speed, is a variable torque that disturbs the start-up process. For the model motor, the average
asynchronous torque characteristics Ta, Tem and Tuwyp Were calculated with the rotor winding shorted. The resulting
(average) starting torque of the model motor is calculated as the sum of the torques Twy=Ta+Tem. Calculations
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were performed at the Institute of Drives and Electric Machines KOMEL using the Ansoft Maxwell 2D program.
The calculated average starting torque characteristics are presented in Fig. 5.
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Fig. 5. Calculated average torque characteristics: asynchronous T, and from magnets Tpy

The model motor was subjected to laboratory tests. Fig. 6 shows the recorded waveforms: stator current, rotor
current, torque, and rotational speed during start-up. Fig. 7 shows the measured synchronous characteristics: stator
current I, power factor cos ¢, and efficiency # as a function of load torque.
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Fig. 6. Recorded waveforms during start-up: stator and rotor currents, load torque, and rotational speed, with shorted slip rings

Asynchronous starting of the model motor, with direct supply from the grid and shorted slip rings, is realized.
The waveforms of current, torque, and rotational speed during start-up are disturbed by the synchronous torque
excited by the permanent magnets, but their average values are similar to those in a squirrel-cage induction motor.
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Fig. 7. Measured characteristics: current, power factor, and efficiency as a function of load torque

Tab. 2 presents the rated parameters of the SUDfL-100B slip-ring induction motor and the permanent magnet
model motor (Glinka T., Bernatt J, 2017).

Table 2. Parameters of the test motor

Motor type SUDf100L-6B
Parameter - -
Induction With permanent magnets
Un 3x400V (50Hz) 3x400V (50Hz)
Is [A] 4.1 3.59
cos ¢ [-] 0.79 0.81
Pn [W] 1500 1700
Tn [NmM] 16.66 16.2
nn [rpm] 860 1000
n [%] 67.1 84

The model motor excited with permanent magnets with asynchronous starting has a sufficiently large starting
torque. It self-synchronizes and, after synchronization, operates as a synchronous motor. This type of motor can
be used for any electric drive that does not require speed control. If speed control is required, permanent magnet-
excited motors can be supplied from inverters, like any induction motor. Compared to an induction motor
performing the same task, the permanent magnet-excited synchronous motor has higher energy efficiency and
power factor.
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Starting the motor with the use of a frequency converter

If several identical machines driven by permanent magnet synchronous motors are installed in a given facility,
installing a central starting system for synchronous motors is advantageous, as shown in Fig. 8 (Bernatt, Gawron
and Glinka, 2021). This is an alternative to the solution where motors with permanent magnets and a starting
winding are used.

The central starting system for permanent magnet excited synchronous motors M consists of an AC-DC-AC
inverter 1, a synchronizer 3, and circuit breakers W. All system components are three-phase. Fig. 8 shows one AC-
DC-AC inverter 1 and a group of four motors M 2. The inverter 1, synchronizer 3, and each of the motors M 2 are
connected by one circuit breaker W to the power grid U1 and by another circuit breaker W to the busbars U2.

The AC-DC-AC inverter 1 should have a frequency f regulation range from a minimum frequency of, for
instance, 3 Hz to 55 Hz. After connection to the inverter, the motor starts with a constant magnetic flux. The AC-
DC-AC inverter 1 starts each motor M 2 separately. Synchronizer 3 can be located in the AC-DC-AC inverter 1
and is an integral part of inverter 1. Synchronous motors M, used in drive systems of working machines, are high-
power and have a rated voltage of 6 kV or 10 kV. The voltage of the power grid U1 from which the motors are
supplied is also 6 kV or 10 kV. Inverters for 6 kV or 10 kV are expensive. For starting motors with a rated voltage
of 6 kV and 10 kV, using a lower voltage inverter is advantageous, as they are much cheaper. This solution
connects the AC-DC-AC inverter 1 to the power grid U1 through an inverter transformer 4. The output voltage of
inverter 1 supplying the busbars U2 should be equal to the rated voltage of the motor M. This is achieved by
connecting the output of inverter 1 to the busbars U2 through transformer 5, as shown in the figure.
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Fig. 8. Connection diagram of the AC-DC-AC inverter, motors M, and synchronizer with the power grid U1 and busbars U2: a) the inverter
is supplied directly from the grid, b) the inverter is supplied through a transformer.
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The starting of each motor M 2 proceeds as follows:

o  Circuit breaker W1 connects the AC-DC-AC inverter 1 to the power grid U1.

e  Circuit breaker W2 connects the inverter 1 to the busbars U2, and the minimum voltage frequency
is set on the inverter 1.

e  Circuit breaker W4 connects the selected motor M2 to the busbars U2, and inverter 1 increases the
voltage frequency to a subsynchronous value, e.g., 49.5 Hz.
Circuit breakers W5 and W6 connect synchronizer 3 to the grid U1 and busbars U2.
The motor is synchronized with the power grid U1 by adjusting the frequency of the inverter 1.

e When the frequency and phase match, circuit breaker W4 is switched off, and circuit breaker W3 is
switched on, and this is the end of the start-up.

The inverter and synchronizer system are ready to start the next motor M. If the next motor is not started,
inverter 1 should be switched off from the grid U1 by circuit breaker W1 and from the busbars U2 by circuit
breaker W2. The Synchronizer 3 should also be switched off by circuit breakers W5 and W6 from the grid U1 and
from the busbars U2.

The presented starting system and starting method guarantee a smooth, shock-free start-up of permanent
magnet-excited synchronous motors. These motors have the highest energy efficiency of all rotating electrical
machines, thus allowing for significant energy savings, which is particularly important in energy-intensive
processes in underground mining operations.

Zero-emission power unit with PMSM motor

The motor in a zero-emission power unit forms the most important element of the whole power and control
system. It is related to its correct selection, which enables an appropriate efficiency increase for the whole power
and control system. In power and control systems, due to trends in electric power units, motor efficiency and the
possibility of energy recuperation more and more often, the use of a synchronous motor with permanent magnets
is foreseen. Values of losses in iron, both in the case of motors with permanent magnets and asynchronous motors
powered from a power electronic converter, are similar due to the similar construction of stator sheet packets. In
motors with permanent magnets, losses in stator copper windings are, however, smaller as these motors require
fewer windings for a phase at the same supply voltage value. However, due to a lack of winding in the rotor and a
synchronous operation, losses in the motor rotor with permanent magnets do not occur in practice. The only source
of losses in the rotor includes only additional losses. The sum of losses in the motor with permanent magnets is
smaller, so its efficiency is higher, which causes its heating to be smaller. Motors with permanent magnets get
more and more popular mainly due to:

e ahigher efficiency in the whole scope of rotation speed change,
a big torque overload capacity,
a wide scope of rotation speed change,
smaller overall dimensions (compared to induction motors and/or DC motors),
an efficient control of rotation speed,
a bigger operational reliability compared to DC motors.

The application of more and more perfect control systems connected with good operational properties of
motors with permanent magnets themselves caused DC motors with mechanical commutators and induction
motors to be put out of service more and more often.

Fig.9. View of a haulage unit part with power unit
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Due to permanent magnets, PMSM motors can generate torque at zero speed. For the operation, they usually
require an inverter to be controlled digitally. Synchronous motors with a permanent magnet are usually used in
high-efficiency and capacity drives. Their characteristic features include a soft rotation motion within the whole
scope of the motor rotation speed, full control of torque at zero speed, and fast acceleration and deceleration.

An example of an efficient application of a zero-emission power unit is the suspended GAD-1 battery haulage
unit, whose part is shown in Fig. 9 (Mroz et al., 2012; Lutynski, 2021).

A successful condition while implementing the haulage unit with a battery supply was to ensure at least an 8-
hour operation without an exchange of a cell battery while keeping the smallest weight of the haulage unit itself.
Due to the limited energy density of traditional battery acid cells, the only way to achieve the assumed objective
was an application of new generation cells and recuperate energy during transport in an inclined working, in the
downhill direction when electric motors work as generators, acting as brakes. The current generated by motors
through frequency converters is directed to the battery. Hence, it is necessary to maintain a certain reserve of
battery capacity for storing additional energy. Energy balance, which is connected with the transport direction of
uphill and downhill loads, is closely related to this problem. Therefore, an estimation of energy balance requires
the following data:

e how the transported loads will change their location level from the place of their loading and
unloading;

¢ how big weights will be transported;

e how long the individual sections of the route will be and what inclination they will have;

e what the drive efficiency will be like during the motor action;

e what the energy recuperation, while braking during a generator action, will be like.

Based on this data, it is possible to determine a permissible level of battery charge resulting from:
e an increase or reduction of the potential energy of the load and haulage unit;
e energy losses for overcoming movement resistance on individual route sections, energy losses
resulting from the efficiency of mechanical devices;
o energy losses as the result of the efficiency of electrical devices.

Therefore, a situation cannot be excluded that the energy balance during a transport operation will be positive.
Such a case can happen when a transport of load on a big inclination is conducted downhill, and its return trip
without any load is uphill. For example, suppose a haulage unit with a load of a weight of 25 t covers the level
difference of 100 m along the distance of about 500 m from the recuperation braking during a trip with a load
downhill. In that case, the recuperation system can deliver about 19 MJ of energy to the battery, but during the
return trip of the unloaded haulage unit of 13t weight — about 15 MJ of energy will be used. In this case, a battery
exchange will not be needed because the energy balance will be positive, reaching +4 MJ. For a comparison of the
amount of energy in the above-mentioned example, the batteries of the GAD-1 haulage unit are capable of storing
570 MJ of energy.

The GAD-1 haulage unit is equipped with four powered trolleys, and each power trolley is equipped with two
power assemblies (Fig. 10).

Fig.10. Construction of the power trolley (on the left) and a single power assembly installed in the power trolley (on the right):
(1-PMSM motor; 2-gear; 3-friction wheel; 4-sprocket; 5-hydraulic cylinder)

The character of the haulage unit operation forced the application of motors at different speeds in individual

powered trolleys, which caused a necessity to supervise a change of the power mode by the control system based
on the appropriate algorithm.
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The power source of the powered trolleys is an accumulator battery of 250 V DC voltage, consisting of three
assemblies of lithium cells of 150 Ah capacity and one — of 200 Ah capacity. Additionally, an induction motor of
a hydraulic pump is powered by the 200 Ah assembly. The energy from the assemblies of batteries, through
flameproof connectors, is supplied to the power module, in which, with the use of eight inverters, 3-phase voltage
of controlled frequency and amplitude powering eight brushless motors with permanent magnets is obtained. The
ninth inverter, which has 188 V voltage and 50 Hz frequency, serves to power the hydraulic pump's induction
motor. During braking, the motors generate energy, which, through the same converters, goes to the battery
assembly. The control system watches over a situation, ensuring that batteries always have a capacity reserve,
enabling an energy return from the braking operation.

The parent control system of the haulage unit, acc. to the block diagram (Fig. 11) (Drwigga, Polnik, Kalita,
2015), has a dispersed structure connected in series by the CAN digital bus. It is characterized by a strong resistance
to disturbances and high reliability, which is obtained through data transmission in the form of a differential voltage
signal and by hardware support for the protocol and error control. Such buses are commonly used in cars. The
CANopen communication protocol, whose advantage includes bus unification, will be implemented. It gives the
possibility of connecting subassemblies of different producers and enables a connection of an application designed
for diagnosing and configuring the CAN bus.
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Fig.11. Block diagram of the parent control system

Management of power distribution in different phases of operation (start-up, trip with changeable loading,
temporary overloads, braking with energy recuperation) and in the conditions of changeable charging state of
battery requires an application of vector control techniques of a multi-motor power system and an appropriate
selection of components parameters as well as an elaboration of security algorithms.

Due to an emission-free operation, a low level of released heat and a relatively silent operation, the suggested
solution is very competitive in relation to commonly used devices of this type with a diesel drive. As a result of
the elimination of exhaust emissions, the work comfort of operators is increased.
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