

  energies-18-05043




energies-18-05043







Energies 2025, 18(19), 5043; doi:10.3390/en18195043




Article



The Evaluation of the Effect of Power Circuit Configuration Changes on the Level of Harmonics Generated by the Hoisting Machine Drive System



Tomasz Siostrzonek * and Zbigniew Mikoś





Department of Power Electronics and Automation of Energy Transformation Systems, AGH University of Krakow, 30-059 Krakow, Poland









*



Correspondence: tsios@agh.edu.pl







Citation: Siostrzonek, T.; Mikoś, Z. The Evaluation of the Effect of Power Circuit Configuration Changes on the Level of Harmonics Generated by the Hoisting Machine Drive System. Energies 2025, 18, 5043. https://doi.org/10.3390/en18195043



Academic Editors: Tek Tjing Lie and José Matas



Received: 23 July 2025 / Revised: 8 September 2025 / Accepted: 18 September 2025 / Published: 23 September 2025



Abstract


The quality of electrical energy in mining plants is still a topic that is not directly linked to occupational safety and the efficiency of the mining process. Modernisation of hoisting machines should be carried out, taking into account the impact of such a drive on the mine’s power grid. A hoisting machine is one of the largest consumers of electricity in this grid and, as such, can pose a real threat to its proper functioning. The aim of the study was to determine the impact of the hoisting machine drive system on the mine network after a thorough modernisation process. Measurements were taken before and after the process. The assessment was carried out in two aspects, i.e., the measurement results obtained after the modernisation were compared with the applicable regulations. The second approach was to compare the results before and after modernisation. In the authors’ opinion, this second approach is a way of preventing potential phenomena that may occur in the network as a result of the operation of the power electronic system and should complement the analysis described in the regulations. The assessment of the current operation of the system in relation to the previous one makes it possible to evaluate the correctness of the solution applied and may provide guidelines for further steps in the event of a failure or unsafe events.
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1. Introduction


Despite the continuing unfavourable economic conditions for Polish hard coal mining for energy purposes, modernisation projects for equipment are underway. Additionally, mining companies extracting other raw materials must undertake investment processes involving the replacement or construction of new hoisting machines. To continue exploiting deeper deposits, a major modernization of mining shaft hoists, i.e., infrastructure related to vertical transport, is necessary.



When it is necessary to increase the mining capacity of a mine, the modernisation of the entire shaft hoisting system must be considered. This is also the case when existing shafts are deepened.



In recent years, there has been a dynamic increase in the use of power electronic converters in various devices. These include both household appliances and industrial equipment. Each of these devices has its own advantages and disadvantages due to its specific operation. One of the main disadvantages of these devices is their significant impact on the power supply network and other devices operating within it. When analysing power quality issues, these devices are considered to be the main source of problems. They affect changes in the effective voltage values in networks and waveform distortions, introducing so-called higher harmonics into the network.



It is therefore very important to limit the negative impact of these devices through design measures or to use additional systems to reduce these inconveniences.



Currently, distribution system operators are increasingly forcing consumers to ensure adequate voltage quality in the network. This is important from the point of view of other network users.



The modernisation of a mining shaft hoist primarily involves changes to the drive system. Due to continuous technological advancements in the field of power electronic converters, decisions regarding the type of motor and converter systems must be made with great care. It is also necessary to precisely determine the electrical quality parameters of the new system to prevent undesirable phenomena in the mine’s electrical network.




2. The Hoisting Machine


A mining shaft hoist is one of the most important pieces of equipment in mining plants. Due to its essential function in the technological process, it is classified as basic equipment in mining operations. It consists of [1]:




	
Hoisting machine,



	
Hoisting vessels (skips, cages),



	
Rope wheels or sheaves,



	
Compensating, guide and buffer rope suspensions,



	
Hoisting vessel suspensions,



	
Shaft signalling and communication system.








It provides a transport link between the surface and the underground parts of the mine. Depending on the type of rope drive (the element that converts the rotary motion of the hoist into the forward motion of the skip in the shaft), hoisting machines are divided into drum hoists and Koepe hoists. In a machine with a drive wheel (Koepe wheel), the hoisting rope is passed over the Koepe wheel, and the movement of the vessels attached to the ends of the rope is achieved by appropriate friction coupling between the rope and the rope drive. The Koepe wheel system is very widespread due to the possibility of using multi-rope systems, which significantly improves the safety of the device.



A block diagram of the Koepe wheel system is shown in Figure 1.



The disadvantage of this solution is the need to perform non-destructive testing of the hoisting ropes due to the inability to cut the rope. In addition, in order to balance the forces in the ropes, so-called equalising ropes are used, suspended under both vessels. The kinematic system is fully balanced and the technical parameters of the drive can be calculated only on the basis of the static overload resulting from the weight of the transported material/excavated material/people.



In addition to the mechanical parts of the drive system, the motor and converters used to power and control the rotational speed of the drive perform a basic function in this system. The motor parameters are calculated based on the assumed load resulting from the process parameters and the driving cycle shown in Figure 2.



The technical data of the converter and converter transformers are determined based on the motor rating data and the assumed operating conditions.



Currently, over 90% of hoisting machines in Poland use PW series DC motors manufactured by DFME. AC motors have recently become an alternative to DC motors. These can be cage induction motors or synchronous motors. In the case of the former, a gearbox is required due to the relatively high speed of the motor. In the case of a synchronous motor, it can be designed as a slow-speed motor with a larger number of pole pairs. Regardless of the type of motor used, its power supply is provided by a dedicated static converter system of the appropriate type. It is the configuration of the converter that determines the level of impact of the drive system on the power supply network and potential power quality problems [2,3,4,5,6,7,8,9,10,11,12,13,14,15].




3. DC Motor Power Supply Systems


The drive of a hoisting machine requires regulation of the motor speed and the value and direction of the torque. In Polish mining, slow-speed, separately excited DC motors driving a rope wheel directly are most commonly used to drive hoisting machines.



The methods of controlling the motor torque result from the equations describing such a motor. Assuming, for simplicity, the linearity of the motor’s magnetic circuit, the following relationships can be written in a steady state (1–4) [16]:


    U   t   =   R   t   ·   I   t   + ω · Φ  



(1)






    U   f   =   R   f   ·   I   f    



(2)






   Φ =   k   f   ·   I   f     



(3)






   T =   k   m   · Φ ·   I   t     



(4)




where:




	
Ut, Uf—armature voltage, excitation voltage,



	
It, If—armature current, excitation current,



	
Rt, Rf—armature resistance, excitation resistance,



	
ω—rotor angular velocity,



	
Φ—excitation flux,



	
T—electromagnetic torque of the motor,



	
kf, km—special indicator of the motor.








Assuming a constant (usually rated) motor current, Equations (1)–(4) show that in order to control the motor torque, it is necessary to be able to control the armature current. However, the armature voltage is practically proportional to the rotor angular velocity, because for larger motors, inequality (5) occurs.


  ω · Φ ≫   R   t     · I   t    



(5)







Hence, it can be concluded that the armature voltage is practically proportional to the motor speed (6).


    U   t   ∼ ω  



(6)







The need to control the motor armature current means that the motor is usually powered from the mains via a controlled thyristor rectifier, which is the voltage source. The rectifier control system ensures the flow of the set current by regulating the output voltage of the rectifier.



3.1. The Power Supply Systems of DC Hoisting Motors—6-/12-Pulse System


Hoist motors are high-power motors. Table 1 presents the basic data of selected DC hoist motors to give an idea of the voltages and currents that must be provided by the power supply rectifiers.



3.1.1. Three-Phase Single Thyristor Bridge


Figure 3 shows a three-phase thyristor bridge, which is a basic structure in the power supply circuit of a hoist motor.



Due to the high power of the motor, the thyristor bridge is powered from a medium voltage network (usually 6 kV) via a transformer. The secondary voltage of the transformer is selected so that the average rectified voltage matches the motor armature voltage.



The average rectified voltage of the thyristor bridge depends on the bridge supply voltage and the thyristor firing delay angle according to Equation (7) [17,18].


    U   d   =    3  2    π      U   p     cos   α =   U   d 0     cos   α      



(7)




where:




	
Ud—average value of rectified voltage,



	
Up—rms value of phase-to-phase voltage,



	
α—thyristor trigger delay angle calculated from the point of natural commutation,



	
Ud0—average value of the rectified voltage of the diode bridge (α = 0).








The triggering delay angle of the thyristors must satisfy the following relation:


    α   m i n   < α <   α   m a x   = π −   β   m i n    



(8)




where:




	
αmax—maximum angle-dependent bridge trigger delay angle βmin,



	
βmin—the minimum trigger advance angle of the thyristors in the bridge in order to prevent inverter overturns, which defines the maximum permissible trigger delay angle of the converter (in practice, the angle of the minimum trigger advance angle of the thyristors in the bridge in order to prevent inverter overturns) and the maximum permissible trigger delay angle of the converter (in practice, the angle of the βmin takes values in the interval π/9 ÷ π/6 (20° ÷ 30°)),



	
αmin—minimum bridge trigger delay angle.








Theoretically, αmin can take the value zero, but in practical solutions, βmin is often used. This gives a symmetrical control range relative to the trigger delay angle around π/2. In addition, it slightly reduces the range of rectified voltage regulation, because for small angles in the range 0 ÷ π/6, the cosine function does not change its value significantly.



Therefore, the range of trigger delay angles for bridge thyristors is practically from π/6 to 5π/6 [17].



Figure 4 shows the following sequences:




	
uA, uB, uC,—the phase voltages of the power source (waveform a),



	
uAB, uBC, uCA,—the phase-to-phase voltages of the power source (waveform b),



	
ud—rectified voltage (waveform b),



	
id—rectified (load) current (waveform c),



	
iA, iB, iC,—phase currents of the power source (d waveforms).








During one period of the bridge supply voltage, there are six bridge pulses (Figure 4). The following thyristor pairs conduct in sequence: T1-T2, T2-T3, T3-T4, T4-T5, T5-T6 and T6-T1. The principle of operation of the bridge causes a variable component with a frequency of 300 Hz, i.e., six times higher than the mains supply frequency, to appear in the rectified voltage in addition to the constant component Ud. The load current is practically constant due to the inductance of the direct current circuit.



The phase currents supplying the bridge are not sinusoidal. Assuming a constant bridge load current, the phase currents are rectangular in nature with no constant component. The non-sinusoidal shape of the bridge supply current causes harmonics of the following orders to appear in the source phase currents:


  h = 1 ± 6 m    



(9)




where:




	
m = 0; 1; 2; 3; …








By substituting successive values of m, it can be seen that harmonics of the following orders appear in the currents of the three-phase bridge power supply: 1, −5, 7, −11, 13, −17, 19, −23, 25, etc. A negative harmonic order value means that the currents of a given harmonic form a three-phase system of opposite sequence. The magnitude of a given current harmonic depends on the rectified current and the bridge trigger delay angle.



It can also be shown that the first harmonic of the phase current of the source is delayed relative to the phase voltage by approximately the trigger delay angle α. This means that the thyristor bridge loads the network with a reactive current of an inductive nature, depending on the trigger delay angle α. Ignoring the commutation phenomenon, the bridge rectifier loads the network with reactive power from the first harmonic of the current Q1 according to Equation (10).


  Q 1 =   U   d 0   ·   I   d   ·   sin   α    



(10)




where:




	
Ud0—average value of the rectified voltage of the diode bridge (α = 0),



	
Id—average value of rectified current,



	
α—bridge trigger delay angle.








For this reason, the highest reactive power load from the first harmonic of the current occurs at a trigger delay angle of π/2, and the lowest at angles αmin and αmax.




3.1.2. The Three-Phase Dual Thyristor Bridge


Due to the high power of the traction motors and the associated supply voltage (typically 800 V), it is advisable to use a composite converter consisting of two thyristor bridges connected in series, as shown in Figure 5.



Each bridge of the double converter is powered from a separate transformer (Figure 5a) or from separate secondary windings of a three-winding transformer (Figure 5b). The arrangement shown in Figure 5a is used in hoisting machines. The secondary winding voltages of the transformers are equal. To ensure the required rectified voltage Ud, each bridge can be supplied with half the voltage that would be necessary if a single bridge were used. This allows the use of thyristors with a lower maximum operating voltage (lower voltage class).



A double bridge converter powered by two transformers is more advantageous due to the reliability of the hoist motor power supply. In the event of a single transformer failure, it is possible to operate with a single bridge without having to limit the motor supply current (and therefore the motor torque) with a 50% reduction in the supply voltage (and thus with reduced speed).



If the supply voltages of the bridges are equal, the average rectified voltage of such a converter is described by Equation (11).


    U   d   =   U   d 1   +   U   d 2   =   U   d 0       cos     α   1     +   cos     α   2        



(11)




where:




	
Ud—average value of rectified voltage,



	
Ud1, Ud2—average value of the bridge rectified voltage 1 i 2,



	
α1, α2—bridge trigger delay angles 1 i 2,



	
Ud0—the mean value of the rectified voltage of a single diode bridge (i.e., for α = 0).








Harmonics of the following orders appear in the mains current feeding the dual converter:


  h = 1 ± 6 m  



(12)




where:




	
m = 0; 1; 2; 3; …








Equation (12) is the same as (9), which means that in general, a double bridge converter generates current harmonics of the same orders as a single bridge, i.e., orders: 1, −5, 7, −11, 13, −17, 19, −23, 25, etc.



Ignoring the commutation phenomenon, the reactive power Q1 from the first harmonic of the mains current is expressed by relation (13):


  Q 1 =   U   d 0   ·   I   d   ·     sin     α   1     +   sin     α   2        



(13)




where:




	
Ud0—average rectified voltage of a single diode bridge,



	
Id—average value of rectified current,



	
α1, α2—trigger delay angles of the thyristor bridge 1 i 2.








Additional benefits (apart from the possibility of using lower voltage class thyristors) of using a dual converter can be achieved by using appropriate control strategies: simultaneous or sequential.





3.2. The Common Control, 12-Pulse System


Common control consists of controlling the same thyristor firing delay angles in both bridges of the double converter (11).


    α   1   =   α   2   = α  



(14)







The principle of joint control is illustrated in Figure 6.



Using (8) and (10), the average value of the rectified voltage Ud and the reactive power Q1 from the first harmonic of the supply current are, respectively:


    U   d   = 2 ·   U   d 0   ·   cos   α    



(15)






  Q 1 = 2 ·   U   d 0   ·   I   d   ·   sin   α    



(16)







If the supply voltages of the individual thyristor bridges are offset by 30° from each other, a 12-pulse system is obtained. An offset of 30° between the voltages supplying the individual bridges can be achieved by using two transformers with different connection groups (e.g., Dd0 and Dy11) or a three-winding transformer with connection group Yy0d11.



In a 12-pulse rectifier, a variable component with a frequency of 600 Hz (i.e., 12 times higher than the supply voltage frequency) appears in the rectified voltage and has a lower value compared to a 6-pulse bridge.



In the supply current, harmonics disappear for odd values of m according to (9). Therefore, a double bridge converter controlled jointly and supplied with voltages shifted by 30° introduces a current containing harmonics of the following orders into the supply network:


  h = 1 ± 12 m    



(17)




where:




	
m = 0; 1; 2; 3; …








By substituting successive values of m, it can be seen that harmonics of order appear in the source currents feeding the three-phase bridge: 1, −11, 13, −23, 25, etc.




3.3. The Sequential Control


This mode of operation of the complex system controls individual bridges according to the following algorithm:



1. In the first control interval (range) (Figure 7), the trigger delay angle of one bridge is constant and equal to α1min. Then, the voltage is regulated by changing the trigger delay angle of the second bridge from α2min to α2max.



2. In the second interval, the trigger delay angle of the second bridge remains constant and equal to α2max, and the voltage is regulated by changing the trigger delay angle of the first bridge from α1min to α1max.



The average rectified voltage of the double-controlled bridge converter is described by Equation (8).



The following harmonics appear in the supply current of the double-controlled converter [3]:


  h = 1 ± 6 m  



(18)




where:




	
m = 0; 1; 2; 3; …








Equation (15) is the same as (9), which means that in a double sequence-controlled bridge converter, the same harmonics of the same order are generated in the supply current as in a single bridge, i.e., 1, −5, 7, −11, 13, −17, 19, −23, 25, etc.



Sequential control does not cause the disappearance of harmonics of orders −5, 7, −17, 19, etc., in the supply current, as is the case with common control when the bridges are supplied with voltages shifted by 30°. It can be shown that sequence control with bridge supply voltages shifted by 30° reduces the harmonic content in the supply current compared to a single bridge with the same rectified voltage and load current.



The advantage of sequence control is the reduction in reactive power from the first harmonic of the load current in the supply network. In the first and second control intervals, the reactive power is as follows:


  Q 1 =   U   d 0   ·   I   d   ·     sin     α   1 m i n     +   sin     α   2        



(19)






  Q 1 =   U   d 0   ·   I   d   ·     sin     α   1     +   sin     α   2 m a x        



(20)







For minimum and maximum trigger delay angles, the sine function has a low value. This means that, for a given average rectified voltage, the sum of the sine functions in Equations (16) and (17) is less than the factor 2sin(α) in Equation (13) for common control.




3.4. The Torque Reversal


The nature of the hoisting machine’s operation requires the drive system to be capable of generating torque in both directions regardless of the direction of rotation, i.e., to enable both motor and generator operation of the hoisting motor in both directions of rotation. Therefore, the drive must be capable of operating in four quadrants of the speed–torque coordinate system, as shown in Figure 8.



Each operating state of the drive can be characterised by a pair of coordinates: (speed, torque), which corresponds to a point in the coordinate system in Figure 8.



If the speed and torque signs are the same, the motor drives the line drive (motor operation). Operation in quadrant I means motor operation at positive speed, in quadrant III at negative speed. Energy is transferred from the network to the machine. The motor power converter operates as a rectifier.



If the speed and torque signs are different, the drive motor brakes the load (generator operation). The motor then operates as a generator, converting mechanical energy into electrical energy that can be fed back into the network. Operation in quadrant II means generator operation at positive speed, in quadrant IV—at negative speed. The motor power converter operates as an inverter.



A double-cage hoist can be used as an example. When lifting the load with cage 1, the operating point of the drive is in quadrant I, and when lifting the load with cage 2, it is in quadrant III. The drive is in motor mode. The energy taken from the grid is converted into the potential energy of the load. When lowering the load with cage 1, the operating point of the drive is in quadrant II, and when lowering the load with cage 2, it is in quadrant IV. The drive operates as a generator and acts as a brake. The potential energy of the load is converted into electrical energy and can be returned to the mains.



According to Equation (4), the electromagnetic torque of a separately excited DC motor depends on the flux (and therefore indirectly on the excitation current) and on the armature current. The direction of the electromagnetic torque depends on the direction of the excitation flux, i.e., the excitation current, and the direction of the armature current.



The direction of the current can be changed by using reverse bridge converters. They consist of two bridges connected in opposite parallel, as shown in Figure 9.



Only one bridge can operate at a time. Controlling two bridges simultaneously leads to a short circuit. The direction of current flow in the load depends on the bridge selection. The voltage (and indirectly the current) is regulated by the bridge trigger delay angle. Each of the bridges in Figure 9 can be a double bridge converter controlled simultaneously or sequentially.



Due to the need to control the direction and value of the torque and speed of the hoist motor, two power supply configurations are used:




	
Configuration 1. The armature circuit is powered from a reversible converter and the excitation circuit from a non-reversible converter (Figure 10). The direction and value of the motor excitation flux are constant in this configuration. The converter in the excitation circuit maintains the rated excitation current (If = Ifn). The direction and value of the motor torque are regulated by a reverse converter in the armature circuit by adjusting the armature current Ia. It can be concluded that in this configuration, the direction and value of the motor torque are regulated by a reverse converter in the armature circuit.








Figure 11 shows the control principle of the converters in the armature and excitation circuits in each quadrant of the coordinate system (speed-momentum).



Regardless of the operating point of the drive, the excitation current If is equal to the rated value (If = Ifn). In order to generate positive torque by the motor (quadrants I and II), branch 1 of the converter (Figure 10) operates, controlling the armature current Ia, which is equal to the current Ia1. To generate negative torque (quadrants III and IV), the armature current Ia, equal to the current −Ia2, is controlled by branch 2 of the converter.



The armature voltage depends on the rotational speed and its sign is the same as the sign of the armature current in quadrants I and III (motor operation) or opposite in quadrants II and IV, which corresponds to generator operation.




	
Configuration 2. The armature circuit is powered by a non-reversible converter and the excitation circuit by a reversible converter (Figure 12). The direction of the excitation flux is selected by controlling one of the two bridges of the anti-parallel circuit in the excitation circuit, and the value of the motor excitation flux is constant in this configuration, maintained at the rated value. The motor torque is regulated by a non-reversible converter in the armature circuit. It can be concluded that in this configuration, the direction of the motor torque is selected by a reversible converter in the excitation circuit, and the torque value is regulated by adjusting the current with a non-reversible converter in the armature circuit.








Figure 13 shows the control principle of the converters in the armature and excitation circuits in each quadrant of the velocity–momentum coordinate system.



Regardless of the operating point of the drive, the torque module is controlled by the armature current converter Ia. The torque sign is controlled by the direction of the excitation current If, whose absolute value is equal to the rated excitation current Ifn. In order to generate positive torque, branch 1 of the excitation converter operates (then If = If1 = Ifn); for negative torque, branch 2 of the excitation converter operates (then If = −If2 = −Ifn).



When comparing both configurations, the power ratings of individual converters must be taken into account. The rated power of the motor, i.e., the converter supplying the armature circuit, is in the range of 1–5 MW. For this reason, the converter in the armature circuit is usually a double bridge converter (reversible or non-reversible). When selecting the stator circuit converter, the current overload capacity of the motor (usually twice the rated current) must be taken into account.



The rated power of the motor excitation circuit is between 10 and 20 kW. The converter in the excitation circuit is usually a bridge converter (reversible or non-reversible). Due to the high time constant of the motor excitation, the excitation converter is designed to provide a voltage two to three times higher than the rated excitation voltage of the motor. This allows for faster current changes in the excitation circuit and, consequently, changes in the flux. This is particularly important in a two-power supply system configuration.





4. Case Study—Modernisation of a Hoisting Machine


Measurements and analysis of the impact of the hoisting machine on the mine’s power supply network were carried out for a shaft hoist operating in one of the underground mines.



The aim of the modifications was to increase the efficiency of the process line and increase the efficiency of the entire plant.



4.1. Layout Before Modernisation


The shaft in which the machine was installed is a mining shaft.



The machine was built as a double-rope machine with a Koepe wheel with a diameter of 5 m. The external DC motor, with a power of 1450 kW, was powered by thyristor converters.



The parameters of the system operated before modernisation are given in Table 2.



Figure 14 shows a schematic diagram of the system. The hoist motor was powered by two converter transformers (Tr1 and Tr2) with a power rating of 1 MVA each and Yyn0 and Dyn5 connection groups.



It was a serial connection of two six-pulse circuits (C1, C2). This resulted in a twelve-pulse effect on the power supply network. The direction of motor rotation was changed by changing the direction of current flow in the excitation. To make this possible, the excitation circuit converter (C3) was bidirectional, i.e., constructed from two oppositely controlled bridges.



The drive could operate at full load and rated pulling speed. In the event of a failure of one of the main circuit converters (C1 or C2), it was possible to operate at half speed and full load. The system then operated as a six-pulse system.




4.2. Machine After Modernisation


The modernisation consisted of completely replacing the hoisting machine’s drive system, thereby increasing its extraction capacity. The diameter of the drive wheel was reduced to 4.2 m. A separately excited DC motor was powered by a static converter system in the armature circuit (C11, C12, C21, C22) and excitation (C3) circuit. The diagram of the system is shown in Figure 15.



The direction of rotation is changed by reversing the direction of the current in the armature circuit. This is a fundamental difference from the pre-modernisation system. Currently, a non-reversible converter (C3) is used in the excitation circuit.



The armature circuit is powered by four converters in a series-parallel configuration. This ensures that the required current is achieved (parallel connection of two converters in each branch). Each pair of converters connected in parallel is powered by a separate converter transformer with the appropriate connection group. The series connection of the converter pairs ensures the correct supply voltage to the motor and also provides a 12-pulse drive response to the supply network. In the event of a converter failure, the system can operate as a 6-pulse system. The drive speed is limited to half the rated speed, which is the result of halving the supply voltage. The parameters of the new device are presented in Table 3.




4.3. Measurements of the Impact of the Winding Machine System on the Mine’s Electricity Network


Dedicated measuring devices compliant with standard [19] are used to assess the impact of devices on the quality parameters of electricity in electrical networks. Class A mobile recorders—Fluke 1760 [20]—were used to perform the measurements. Dedicated PQ Analyze v1.9.4 software was used for the analysis. The choice of the measurement location is very important. For this purpose, a preliminary analysis of the mine network structure and information on other devices operating in the network is necessary. If it is necessary to determine the negative impact of the hoist drive system on the power supply network, measurements can be limited to the power supply point of the switchboard from which the machine is powered. In the case described, in addition to determining the potential impact of the machine on the power supply network, it was also necessary to determine the level of distortion at the main power supply point of the mine. Figure 16 shows a diagram with the measurement points marked.



Point P1 is the main power supply for the mine. The measuring device was placed in the power supply field of the main switchboard. Point P2—measurement in the power supply field of the hoist switchboard. The configuration of the measuring points made it possible to observe the impact of the hoist locally, as well as the impact of its operation on the main power supply of the mine. Point P1 was selected because the regulations in force in Poland specify the method of settlement between the distribution system operator and the customer at the connection point. For this facility, the point of interest is P1. Point P2 is the place where it is possible to obtain readings directly from the drive system of the hoisting machine, undisturbed by the operation of other devices.




4.4. Discussion of the Results


The assessment of the impact of the drive system of a hoisting machine on the power supply network is performed on the basis of applicable regulations [21]. These regulations specify the permissible levels of waveform distortion, i.e., the amplitudes of individual higher harmonics in voltage waveforms. The basic assessment criterion is the THD coefficient. Depending on the voltage level at the measurement point, different permissible distortion levels apply. However, it should be noted that from the point of view of the energy consumer, they must comply with the conditions specified in the connection agreement, i.e., the conditions specified in [21] are set for the main supply point. At other points in the plant network, the limits specified in the regulation are used as indicators of whether the network is at risk of adverse phenomena or whether the operation of equipment may be disrupted.



For the case described, the THD was measured at two points: P1 and P2. Prior to the modernisation, the limits specified in the regulations were not exceeded in either case. It should be noted that the limit for point P1 is different from that for point P2 (Figure 17). This results directly from the criteria specified in [21].



The THD limits at the connection point were slightly exceeded. This raised the question of whether the waveform distortions were the result of the modernisation or the operation of other devices in the mine network. As is well known, mine networks are subject to constant change due to the progress of work. It had to be assumed that between the measurements taken before and after the modernisation, there were changes in the installed equipment or the structure of the network. To this end, an analysis of changes in individual voltage harmonics at points P1 and P2 was carried out. The detailed results are presented in Table 4 and Table 5. In the columns concerning the state after modernisation, harmonics that increased in relation to the state before modernisation are marked.



Despite a relative increase in the levels of individual harmonics at point P2, they did not exceed the values permitted by regulations. However, there was a several-fold increase in the values of some voltage harmonics at point P1, e.g., harmonics: 13, 23, 25. At this point, the permissible values were also not exceeded.



To confirm the impact of the drive system on the quality of electricity supply at the connection point, the harmonic current spectrum at points P1 and P2 was analysed. The measurement results are presented in Table 6 and Table 7.



As with voltage harmonics, Table 6 shows the values that increased compared to the pre-modernisation state. At point P1, the increase was insignificant for several harmonics. At point P2, the values of almost all harmonics increased after modernisation. Table 7 shows their percentage increase. The largest increase was recorded for harmonic 7. After modernisation, the increase compared to the previous state was 485%.



Figure 18 and Figure 19 show the voltage harmonic spectrum at points P1 and P2 after the upgrade. Figure 20 and Figure 21 show the current harmonic spectrum. Comparing Figure 19 and Figure 20 with Figure 18, the influence of the 12-pulse hoist machine system on the voltage harmonic spectrum at the mine’s power supply point is very clearly visible. In addition to the characteristic harmonics, i.e., 11, 13, 23, 25, harmonics 19, 5 and 7 are also clearly visible. Table 7 shows that after modernisation, an average four-fold increase in harmonics 5 and 7 was recorded, which will directly affect their occurrence in the voltage spectrum at the power supply point.





5. Conclusions


Problems with the quality of electricity supply in mine networks have been discussed in certain aspects in [10,11,22,23,24,25,26,27,28]. However, they did not refer to such a detailed analysis of a specific case. The system solutions for complex converters described in Section 3 affect the impact of such a device on the mine’s power grid. Until now, most hoisting machines in Poland have used systems that reverse through the excitation circuit. Section 5 of the article presents the results of measurements and analyses of the drive systems of hoisting machines in both variants, i.e., before modernisation, the system operated according to Configuration 2 (Section 3.4), and after modernisation, according to Configuration 1.



The cost of the power circuit in configuration 1 is higher (difference compared to configuration 2:2%), but this arrangement has better dynamic properties because full motor torque control is achieved by regulating the current in the armature circuit, which has relatively low time constants.



Configuration 2 requires a less complex, non-reversible high-power converter and a reversible excitation converter with relatively low power. Hence, the cost of Configuration 2 is lower, but it has poorer dynamic properties compared to Configuration 1. This is due to the large time constant of the excitation circuit, which prevents a rapid change in the direction of the motor torque, despite forcing the excitation voltage.



Furthermore, in Configuration 1, speed control generating the torque reference signal and motor torque control (field current) are entirely performed by the converter control and regulation system in the field circuit. The excitation current control and regulation system is designed to maintain a constant excitation current. In this configuration, both control systems operate independently of each other (with the exception of safety devices). No interaction between the two control systems is necessary.



In Configuration 2, the speed control block is the same as in Configuration 1, but the torque reference signal affects the control systems of both converters. The torque reference module signal is the setpoint value of the armature current in the converter control system in the motor armature circuit. The torque reference signal is used in the excitation converter control system to select the converter branch that determines the direction of the excitation current and, consequently, the torque generated by the motor.



In summary, it can be concluded that the control system in Configuration 2 of the motor power supply is more complex due to the need for mutual interaction between the control systems of both converters. It is necessary to select a larger number of parameters and to tune the entire regulation and control system.



The modernisation of the hoisting machine system in the described case was aimed at increasing the mining capacity of the plant. As a result of the analyses, it was decided to change the power system, i.e., the direction of motor rotation will be changed by changing the direction of the current in the armature circuit (Configuration 1). Due to the use of high-power reversing converters in this circuit, the potential impact of such a system on the power supply network was considered.



Electrical energy quality measurements were carried out to confirm that the new system would not increase the impact on the power supply network. In accordance with Polish regulations, the system was assessed in terms of basic energy quality indicators and no impact of the system on the power supply network was found from the point of view of the main power supply point. During the operation of the system, a number of negative phenomena occurred, which significantly affected the continuity of the technological process and the safety of the crew. After a detailed analysis, parts of which are included in chapter five, it was concluded that in the case of modernisation processes, the following should be done:




	
Comparative analysis between the states before and after modernisation should be carried out,



	
The analysis of distortions should not be based solely on the THD analysis, but should include a detailed analysis of the harmonic spectrum of the machine current and the effects in the form of the harmonic spectrum of the voltage at the main power supply point.








Based on the analyses carried out, it was demonstrated that the absence of exceedances of the limits for individual harmonics specified in the regulations is not a sufficient condition for concluding that the system has no negative impact on the power supply network. As in the case described, the modernisation led to a several-fold increase in the levels of individual harmonics compared to the previous state, yet the system remained within the limits of compliance with the applicable regulations.



This undoubtedly gives rise to a discussion on the applicable indicators and the arbitrary determination of the level of impact of the system on the power supply network [29].
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Figure 1. Block diagram of a hoisting machine. 
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Figure 2. Travel diagram of the hoisting machine. 
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Figure 3. Thyristor bridge: (a) electrical diagram; (b) simplified diagram (single-line diagram). 
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Figure 4. Voltage and current waveforms in a thyristor bridge, (a) phase voltages; (b) phase-to-phase voltages; (c) DC current; (d) phase currents. 
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Figure 5. The double bridge converter is powered by (a) two double-winding transformers; (b) three-winding transformer. 
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Figure 6. Controls common to the tripping angle of the double converter bridges. 
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Figure 7. Order control of the tripping angle of the double converter bridges. 
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Figure 8. Drive operation in the speed–torque coordinate system. 
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Figure 9. Reverse bridge converter: (a) electrical diagram; (b) simplified diagram (single line diagram). 
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Figure 10. Configuration 1 of the extraction engine supply system. Torque reversal in the armature circuit. 
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Figure 11. Principle of control of converters in Configuration 1 of the hoisting engine supply system. 
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Figure 12. Configuration 2 of the extraction engine supply system. Torque reversal in the excitation circuit. 
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Figure 13. Principle of converter control in a 2-circuit hoist motor power supply configuration. 
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Figure 14. General diagram of the drive before modernization. 
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Figure 15. Diagram of the power circuit of the hoisting machine after modernization. 
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Figure 16. Location of measuring devices. 
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Figure 17. THD coefficient at measurement points: (a) P1; (b) P2. 
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Figure 18. Voltage harmonic spectrum in P1 measure point, after modernization. 
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Figure 19. Voltage harmonic spectrum in P2 measure point, after modernization. 
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Figure 20. Current harmonic spectrum in P2 measure point, after modernization. 
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Figure 21. Current harmonic spectrum in P1 measure point, after modernization. 
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Table 1. Basic rating data for selected hoist motors.
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	Parameter
	Unit
	PW 102
	PW 105
	PW 106





	Power
	kW
	2400
	2400
	3600



	Armature voltage
	V
	800
	800
	800



	Armature current
	A
	3250
	3310
	4820



	Rotational speed
	rad/s
	9.42
	4.92
	7.33



	Moment at rated armature current
	kNm
	255
	488
	492



	Working current overload
	-
	2
	2
	2



	Excitation voltage

(series/parallel connection of windings)
	V
	182/91
	182/91
	172/86



	Excitation current

(series/parallel connection of windings)
	A
	87/174
	108/216
	102/204



	Excitation surge voltage

(series/parallel connection of windings)
	V
	550/275
	550/275
	520/260



	Mass
	Mg
	36.5
	55.5
	56.5










 





Table 2. Machine parameters before modernization.
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	Parameter
	Value





	Motor type
	PW-101



	Power
	1450 kW



	Supply voltage (armature)
	800 V



	Rated current (armature)
	2000 A



	Excitation current
	144 A



	Rotational speed
	61 obr/min



	Speed (hoisting)
	16 m/s



	Payload
	7.5 Mg



	Depth
	489 m










 





Table 3. Parameters after modernization.
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	Parameter
	Value





	Motor type
	PW-124



	Power
	2200 kW



	Supply voltage (armature)
	853 V



	Rated current (armature)
	2810 A



	Excitation current
	225 A



	Rotational speed
	54.57 obr/min



	Speed (hoisting)
	12 m/s



	Payload
	12.5 Mg



	Depth
	489 m










 





Table 4. Voltage harmonics before and after retrofit at point P1.
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Voltage Harmonic; P1




	

	
Before

	
After

	




	
Harmonic Order

	
L1

CP95 [%]

	
L2

CP95 [%]

	
L3

CP95 [%]

	
L1

CP95 [%]

	
L2

CP95 [%]

	
L3

CP95 [%]

	
Limit






	
2

	
0.02

	
0.01

	
0.02

	
0.03

	
0.03

	
0.03

	
1.5




	
3

	
0.27

	
0.21

	
0.04

	
0.21

	
0.14

	
0.17

	
2




	
4

	
0.02

	
0.01

	
0.01

	
0.02

	
0.02

	
0.02

	
1




	
5

	
0.20

	
0.17

	
0.17

	
0.18

	
0.16

	
0.14

	
2




	
6

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.5




	
7

	
0.40

	
0.39

	
0.40

	
0.35

	
0.34

	
0.34

	
2




	
8

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.5




	
9

	
0.03

	
0.02

	
0.02

	
0.04

	
0.03

	
0.05

	
1




	
10

	
0.01

	
0.01

	
0.01

	
0.02

	
0.02

	
0.01

	
0.5




	
11

	
0.12

	
0.12

	
0.11

	
1.12

	
1.11

	
1.07

	
1.5




	
12

	
0.01

	
0.01

	
0.01

	
0.02

	
0.01

	
0.02

	
0.5




	
13

	
0.05

	
0.05

	
0.05

	
0.72

	
0.74

	
0.75

	
3




	
14

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.5




	
15

	
0.02

	
0.02

	
0.02

	
0.02

	
0.02

	
0.03

	
0.5




	
16

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.5




	
17

	
0.04

	
0.03

	
0.03

	
0.07

	
0.08

	
0.07

	
1




	
18

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.5




	
19

	
0.04

	
0.03

	
0.03

	
0.21

	
0.23

	
0.22

	
1




	
20

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.01

	
0.5




	
21

	
0.01

	
0.02

	
0.01

	
0.03

	
0.04

	
0.04

	
0.5




	
22

	
0.01

	
0.01

	
0.01

	
0.02

	
0.02

	
0.01

	
0.5




	
23

	
0.03

	
0.07

	
0.06

	
0.70

	
0.70

	
0.68

	
0.7




	
24

	
0.01

	
0.01

	
0.01

	
0.02

	
0.02

	
0.02

	
0.5




	
25

	
0.08

	
0.10

	
0.11

	
0.59

	
0.62

	
0.61

	
0.7











 





Table 5. Voltage harmonics before and after retrofit at point P2.






Table 5. Voltage harmonics before and after retrofit at point P2.





	
Voltage Harmonic; P2




	

	
Before

	
After

	




	
Harmonic Order

	
L1

CP95 [%]

	
L2

CP95 [%]

	
L3

CP95 [%]

	
L1

CP95 [%]

	
L2

CP95 [%]

	
L3

CP95 [%]

	
Limit






	
2

	
0.03

	
0.03

	
0.02

	
0.03

	
0.03

	
0.03

	
2




	
3

	
0.16

	
0.23

	
0.15

	
0.45

	
0.22

	
0.40

	
5




	
4

	
0.03

	
0.03

	
0.02

	
0.02

	
0.02

	
0.02

	
0.5




	
5

	
0.17

	
0.18

	
0.14

	
0.27

	
0.16

	
0.15

	
6




	
6

	
0.03

	
0.03

	
0.02

	
0.01

	
0.01

	
0.01

	
0.5




	
7

	
0.42

	
0.46

	
0.45

	
0.38

	
0.35

	
0.34

	
5




	
8

	
0.06

	
0.05

	
0.04

	
0.01

	
0.01

	
0.01

	
0.5




	
9

	
0.10

	
0.14

	
0.08

	
0.07

	
0.03

	
0.03

	
1.5




	
10

	
0.09

	
0.06

	
0.05

	
0.01

	
0.02

	
0.02

	
0.5




	
11

	
0.98

	
1.12

	
1.06

	
1.08

	
1.12

	
1.14

	
3.5




	
12

	
0.04

	
0.05

	
0.07

	
0.01

	
0.02

	
0.01

	
0.5




	
13

	
0.88

	
0.66

	
0.80

	
0.74

	
0.73

	
0.76

	
3




	
14

	
0.07

	
0.06

	
0.06

	
0.01

	
0.01

	
0.01

	
0.5




	
15

	
0.12

	
0.19

	
0.13

	
0.04

	
0.02

	
0.02

	
0.5




	
16

	
0.07

	
0.07

	
0.04

	
0.01

	
0.01

	
0.01

	
0.5




	
17

	
0.15

	
0.17

	
0.14

	
0.07

	
0.07

	
0.08

	
2




	
18

	
0.06

	
0.05

	
0.03

	
0.01

	
0.01

	
0.01

	
0.5




	
19

	
0.16

	
0.14

	
0.17

	
0.22

	
0.21

	
0.23

	
1.5




	
20

	
0.10

	
0.07

	
0.06

	
0.01

	
0.01

	
0.01

	
0.5




	
21

	
0.13

	
0.19

	
0.10

	
0.04

	
0.03

	
0.04

	
0.5




	
22

	
0.13

	
0.09

	
0.05

	
0.01

	
0.02

	
0.02

	
0.5




	
23

	
0.48

	
0.56

	
0.53

	
0.69

	
0.70

	
0.72

	
1.5




	
24

	
0.06

	
0.08

	
0.08

	
0.02

	
0.02

	
0.02

	
0.5




	
25

	
0.52

	
0.44

	
0.45

	
0.61

	
0.61

	
0.64

	
1.5











 





Table 6. Current harmonics before and after retrofit at point P1.






Table 6. Current harmonics before and after retrofit at point P1.





	
Current Harmonic; P1




	

	
Before

	
After




	
Harmonic Order

	
L1

CP95 [%]

	
L2

CP95 [%]

	
L3

CP95 [%]

	
L1

CP95 [%]

	
L2

CP95 [%]

	
L3

CP95 [%]






	
2

	
0.30

	
0.20

	
0.31

	
0.10

	
0.15

	
0.13




	
3

	
0.44

	
0.59

	
0.66

	
0.44

	
0.40

	
0.30




	
4

	
0.14

	
0.11

	
0.14

	
0.04

	
0.04

	
0.05




	
5

	
0.61

	
0.70

	
0.65

	
0.40

	
0.31

	
0.46




	
6

	
0.11

	
0.08

	
0.11

	
0.03

	
0.03

	
0.03




	
7

	
0.34

	
0.46

	
0.35

	
0.36

	
0.33

	
0.32




	
8

	
0.18

	
0.12

	
0.16

	
0.02

	
0.02

	
0.02




	
9

	
0.25

	
0.19

	
0.36

	
0.06

	
0.04

	
0.04




	
10

	
0.21

	
0.11

	
0.16

	
0.03

	
0.03

	
0.03




	
11

	
2.07

	
2.31

	
2.45

	
2.29

	
2.32

	
2.30




	
12

	
0.09

	
0.14

	
0.11

	
0.03

	
0.02

	
0.02




	
13

	
1.58

	
1.46

	
1.20

	
1.27

	
1.30

	
1.34




	
14

	
0.12

	
0.10

	
0.10

	
0.02

	
0.02

	
0.02




	
15

	
0.19

	
0.22

	
0.31

	
0.03

	
0.03

	
0.03




	
16

	
0.10

	
0.06

	
0.10

	
0.02

	
0.02

	
0.02




	
17

	
0.21

	
0.19

	
0.24

	
0.12

	
0.13

	
0.12




	
18

	
0.07

	
0.04

	
0.07

	
0.02

	
0.02

	
0.02




	
19

	
0.20

	
0.23

	
0.19

	
0.32

	
0.33

	
0.34




	
20

	
0.12

	
0.07

	
0.09

	
0.02

	
0.02

	
0.02




	
21

	
0.14

	
0.12

	
0.22

	
0.02

	
0.04

	
0.03




	
22

	
0.14

	
0.06

	
0.10

	
0.02

	
0.02

	
0.02




	
23

	
0.48

	
0.56

	
0.60

	
0.68

	
0.70

	
0.70




	
24

	
0.07

	
0.08

	
0.09

	
0.02

	
0.02

	
0.02




	
25

	
0.49

	
0.43

	
0.42

	
0.54

	
0.55

	
0.56











 





Table 7. Current harmonics before and after retrofit at point P2.






Table 7. Current harmonics before and after retrofit at point P2.





	
Current Harmonic; P2




	

	
Before

	
After

	
Increase




	
Harmonic Order

	
L1

CP95 [%]

	
L2

CP95 [%]

	
L3

CP95 [%]

	
L1

CP95 [%]

	
L2

CP95 [%]

	
L3

CP95 [%]

	
L1

[%]

	
L2

[%]

	
L3

[%]






	
2

	
0.89

	
0.97

	
0.91

	
2.32

	
1.93

	
1.59

	
262

	
200

	
175




	
3

	
1.86

	
1.76

	
1.64

	
1.68

	
2.13

	
2.59

	

	
121

	
158




	
4

	
0.55

	
0.54

	
0.61

	
1.26

	
1.08

	
0.86

	
228

	
199

	
141




	
5

	
2.19

	
1.85

	
2.13

	
8.11

	
8.71

	
8.66

	
371

	
471

	
406




	
6

	
0.40

	
0.41

	
0.51

	
0.48

	
0.66

	
0.76

	
118

	
162

	
149




	
7

	
1.39

	
0.84

	
1.25

	
3.73

	
4.06

	
3.92

	
268

	
485

	
313




	
8

	
0.56

	
0.64

	
0.52

	
0.47

	
0.65

	
0.76

	

	
102

	
145




	
9

	
0.52

	
1.00

	
0.95

	
0.64

	
0.68

	
0.88

	
122

	

	




	
10

	
0.59

	
0.69

	
0.46

	
0.46

	
0.60

	
0.70

	

	

	
151




	
11

	
7.12

	
7.14

	
7.71

	
10.64

	
10.70

	
10.39

	
149

	
150

	
135




	
12

	
0.38

	
0.27

	
0.46

	
0.46

	
0.68

	
0.80

	
118

	
257

	
176




	
13

	
4.76

	
4.52

	
4.17

	
5.85

	
6.07

	
5.84

	
123

	
134

	
140




	
14

	
0.40

	
0.43

	
0.38

	
0.44

	
0.59

	
0.70

	
109

	
136

	
185




	
15

	
0.65

	
1.01

	
1.09

	
0.44

	
0.58

	
0.69

	

	

	




	
16

	
0.31

	
0.45

	
0.29

	
0.43

	
0.59

	
0.71

	
138

	
131

	
246




	
17

	
0.80

	
1.04

	
0.92

	
1.48

	
1.62

	
1.62

	
186

	
156

	
176




	
18

	
0.21

	
0.35

	
0.25

	
0.43

	
0.59

	
0.70

	
206

	
167

	
277




	
19

	
0.78

	
0.66

	
0.83

	
1.30

	
1.39

	
1.52

	
165

	
210

	
183




	
20

	
0.47

	
0.48

	
0.32

	
0.46

	
0.62

	
0.74

	
98

	
130

	
234




	
21

	
0.36

	
0.77

	
0.71

	
0.47

	
0.63

	
0.74

	
130

	

	
105




	
22

	
0.47

	
0.59

	
0.27

	
0.49

	
0.66

	
0.77

	
104

	
112

	
285




	
23

	
2.19

	
2.17

	
2.58

	
3.75

	
3.79

	
3.68

	
171

	
174

	
142




	
24

	
0.30

	
0.30

	
0.35

	
0.49

	
0.69

	
0.80

	
162

	
227

	
228




	
25

	
2.02

	
1.74

	
1.46

	
2.73

	
2.83

	
2.76

	
136

	
162

	
189
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