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Abstract:



Typically, a geared drive system is used to connect an induction motor of 1500 rpm with a Raymond Pulverizer of 105 rpm in mining applications. This system suffers from low efficiency and a heavy motor drive. This paper proposes a novel design of a 75 kW, 72/48 switched reluctance motor (SRM) for a low-speed direct-drive as for mining applications. The paper is focused on the design and comparative evaluation of the proposed machine in order to replace a geared drive system whilst providing a high torque low-speed and direct-drive solution. The machine performance is studied and the switching angle configuration of the machine is also optimised. The efficiency of the whole drive system is found to be as high as 90.19%, whereas the geared induction motor drive provides only an efficiency of 59.32% under similar operating conditions. An SRM prototype was built and experimentally tested. Simulation and experimental results show that the drive system has better performance to substitute the induction motor option in mining applications.
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1. Introduction


Direct-drive motor systems are highly demanded in high-torque low-speed applications as they have high efficiency and high reliability. Induction motor (IM) drives mostly act as a driving force in industry and connect to the load through a mechanical reduction mechanism, such as a belt, a pulley or a gear. In general, IMs are not operated with low-speed and high torque in the absence of reduction mechanism [1]. The Raymond Pulverisers are widespread in the mining industry for speed in powder generation, and chemical processing is present by Raymond Pulveriser operated at a low-speed of 105 rpm, and requires a torque of 7 kN·m [2]. Therefore, the motor drive should match this load profile via a gear mechanism for changing the rotating direction and keeping a constant torque at low speed as shown in Figure 1. The features of a conventional IM drive used in the Raymond Pulveriser are given in Table 1 [3].


Figure 1. The existing gear drive system used in Raymond Pulverizing.
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Table 1. The features of conventional induction motor drive in the Raymond Pulveriser.







	
Parameter

	
Value

	
Parameter

	
Value






	
Power [kW]

	
75

	
Weight [Kg]

	
678




	
Voltage [V]

	
400

	
The gear system outer diameter [mm]

	
1000




	
Current [A]

	
128

	
The gear system stack length [mm]

	
340




	
Frequency [Hz]

	
50

	
The output speed of a gear system [rpm]

	
105




	
Power factor at full load

	
[image: ]

	
The efficiency of a gear system [%]

	
[image: ]




	
Rate Speed [rpm]

	
1488

	
The total weight of a gear drive system [kg]

	
1050




	
Rate torque [N·m]

	
481

	
The total efficiency of a gear drive system [%]

	
[image: ]




	
Efficiency at full load [%]

	
[image: ]

	

	










The total efficiency of the conventional drive system is [image: ], resulting from multiplying the efficiency of the gear system ([image: ]) and the motor ([image: ]). The drive mechanism of a Raymond Pulveriser can be classified as geared drive and direct-drive, as shown in Table 2 (see [4,5,6]). The gear drive system has been the mechanism used widely; the motor output torque is conveyed by a gear. However, the gear drive system has some drawbacks such as low efficiency, high noise, and vibration created by the mechanical decline mechanism [7]. On the contrary, a direct-drive system has a preference for high reliability and high dynamic accuracy, thus eliminating the problems associated with the gear mechanism [7,8,9,10]. Direct-drive motors are generally employed in servo applications where high performance is expected. The development of a low-speed direct-drive for the wet grinding application by using an External-Rotor Synchronous Reluctance Motor was presented [11]. A direct-drive robot consisting of a mechanical arm of electrical motors directly coupled to the joints was described [12].



Table 2. The drive mechanism of the Raymond Pulveriser.







	
Construction

	
Geared Drive System

	
Direct-Drive System






	
Gear Ratio

	
About 14.28:1

	
—–




	
Balance

	
Poor

	
Good




	
Noise

	
High

	
Low




	
Efficiency

	
Low

	
High




	
Reliability

	
Moderate

	
High




	
Lubrication System

	
Significant

	
No Significant




	
Maintainability

	
Longer time

	
Short time




	
Motor

	
Induction Motor

	
Brushless DC

	
Switched Reluctance Motor




	
Torque

	
Small

	
Larger

	
Larger




	
Cost

	
Cheap

	
Expensive

	
Cheaper




	
Weight

	
Medium

	
Medium

	
Larger




	
Limiting thermal

	
Winding insulation

	
Winding insulation andpermanent magnet

	
Winding insulation




	
Coolant system

	
Stator and rotor

	
Stator and Rotor

	
Stator (Only)










As the industrial standards continue to improve, high-efficiency motor drives are gaining popularity in mining industry. As a first step, direct-drive systems can eliminate some troublesome mechanical components so as to improve the energy efficiency, as well as noise, vibration and maintenance. As previously mentioned, the conventional drive system used in Raymond Pulverizing provides only an efficiency of [image: ]; this is very low efficiency. Moreover, the drives used conventionally for this type of application can not start up to full load. As energy savers, high efficiency is becoming very significant, as low noise and vibration. As a result, direct-drive motors systems have become attractive for Raymond Pulverizing appliances. The proposed motor works on the principle of direct-drive Raymond Pulverizing, which is indicated in Figure 2.


Figure 2. Proposed motor founded direct-drive Raymond Pulverizing.
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As the industrial standards continue to improve, high-efficiency motor drives are gaining popularity in the mining industry. As a first step, direct-drive systems can eliminate some troublesome mechanical components so as to improve the energy efficiency, as well as noise, vibration and maintenance. In industry, the widely used motors for such applications are induction motors, and permanent magnet synchronous motors (PMSMs). However, they both have their advantages and drawbacks [7]. Switched reluctance machines (SRMs), as an alternative, have features such as high torque at low speed, cheapness and reliability. These make them attractive in safety-critical applications [13,14]. SRMs have the potential to replace induction motors in Raymond Pulveriser applications, as they can work at higher temperatures and increased robustness [13,14,15,16,17]. As SRMs do not use PMs on their rotor, the cost of these motors is significantly lower [15,16]. This work is focused on developing high torque motor drive systems for environmentally hazardous mining applications based on the finite element method. Extensive work has been done on the machine performance analysis under various operating conditions.




2. Design of a Switched Reluctance Motor


In order to develop design, the geometrical configuration of the motor, phase number, stator and rotor tooth numbers, and winding are considered. Unlike conventional AC and DC motors, SRMs work under a different torque output principle. Torque production in an switched reluctance motor is based on an energy conversion process. When one phase of the motor is excited, the energy from the power input is transferred to the phase winding. Part of the energy, which is also known as the co-energy, is utilized to produce the mechanical power in the rotor and rotating part to shift to a state of maximum inductance, which coincides with the position of minimum reluctance [18,19,20,21]. For a motor that rotates at constant speed with voltage supplied to the position whose phase is not aligned, the equation of voltage is given by


[image: ]



(1)




where [image: ] is the supply voltage, [image: ] is the rotor position and [image: ] is the angular speed. i, L and R are the current, inductance and resistance of the phase, respectively. Prior to reaching saturation, the instantaneous electromagnetic torque can be simplified to [18].


[image: ]



(2)







However, the instantaneous torque is not necessarily constant. Torque of the SRM is related to the difference of the inductances. The computation of the average torque is based on the number of energy conversion loops per revolution. That is, the number of strokes per revolution, the average torque over a revolution is specified by [18,19,20,21]:


[image: ]



(3)







The co-energy is represented by W, which is an area between the fully aligned rotor position to the fully unaligned rotor position, one in the conversion loops’ profile of the energy. The number of rotor poles [image: ] and the phase numbers q can be related to the stroke numbers per revolution S, as follows [18,19,20]:


[image: ]



(4)






[image: ]



(5)




where [image: ] is the number of stator poles. Then, the stroke angle is the minimum conduction angle, which is given as follows:


[image: ]



(6)







Generally, torque ripple and an average of the torque can be calculated from Equations (7) and (8). In addition, the difference between the maximum and minimum torque as the ratio of the average torque is defined as torque ripple:


[image: ]



(7)






[image: ]



(8)







The passing frequency of the rotor pole is equal to the fundamental frequency of the current in each phase, which is given by


[image: ]



(9)




[image: ] is the rotor speed [rpm].



SRM has numerous combinations of the stator and the rotor poles number. Therefore, the advantages and drawbacks have been scouting in detail [18,19,20]. For SRM, the relation between the pair number of magnetic pole p, numbers of the poles and number of electrical phases q can be expressed as [22]:


[image: ]



(10)







An advantage of the machines having a larger pole number is a smaller stroke angle, leading to a high average torque, a lower torque ripple and shorter end-windings [16,23]. However, the core loss can be higher, with the increased frequency. Therefore, a three-phase 72/48 SRM with the topology is proposed in this paper. This is based on a 6/4 SRM configuration with the multiplication of 12; the winding coils around twenty-four stator poles form a phase. The inductance duty cycle of the stator and the rotor is 90[image: ] and 7.5[image: ], respectively. The angular rate of inductance changes for the 72/48 SRM is twelve times of a 6/4 equivalent. This configuration has short end-windings and short flux paths minimizing the copper loss as well as acoustic noise [18,19,20,21]. [image: ] SRM is possibly the widespread configuration for three-phase machines in a mining application. In this design, the generated torque is greater than 7 kN·m and the rated machine speed is 105 rpm as shown in Table 1.



The empirical formula as obtained from the previous technical literature, as well as designed experience, resulted in the design process [13,14,15,16]. Two approaches can be used: the first one is presented in [15] while another one is proposed by [16,17]. Regarding the similar method of calculation for these two approaches, both of these are based on the output equations that are given here:


[image: ]



(11)






[image: ]



(12)




where T is the torque and [image: ] is the power developed, K is coefficient of the output , [image: ] is the duty cycle, and [image: ] is the efficiency. [image: ] and B are the specific electric and magnetic loading. [image: ] is a variable dependent on the operation point of the motor [15,16,17]. For defining prime dimensions, the length of stack [image: ] should be multi-, or submultiple of a parameter called bore diameter [image: ] [13].



This work provides a detailed description of the proposed design of switched reluctance motor low speed direct drive (SRMLSDD). The goal of the design was to analyze and modify the motor geometry to improve average torque, maximum efficiency and trying to reduce torque ripple. In two steps, the design method, step 1, is the general size equation for [image: ] SRM. Then, the initial design parameters of the specified [image: ] SRM have been decided. Step 2 includes optimization of the parameters such as the back irons, arcs of pole and heights of the pole on the performance of [image: ] SRM. Moreover, the geometrical dimensions of the final design for the specified SRMLSDD are obtained.



2.1. Step 1 Initial Design


The design of SRMLSDD has the same volume of the gear system employed in Raymond Pulverizing. Therefore, the stator outer diameter and a stack length of the SRMLSDD are set as 1000 mm and 340 mm, respectively (see Table 1). The discussion of more choices of design will be carried out in this part such as outer rotor diameter, the thickness of the yoke, air gap, pole arcs, and heights of the pole for example, Equation (11), in order to determine the rotor out diameter [image: ], specifically the stake length 340 mm and the output torque 7 kN·m. In this paper, [image: ] kN·m[image: ] is mentioned, which is a specific value of high performance industrial with liquid cooling [19]. However, the rotor diameter can be obtained from Equation (11) as [image: ] = 798 mm. For subsequent determining of the configuration and the outer dimensions of the SRMLSDD, we need to pay attention to it is internal dimensions. The torque and power density of the motor are affected by the length of the air gap. The tolerance of the manufacturing is dependent on this parameter. Therefore, the air gap is adopted g = 1 mm. The pole arcs [image: ] and [image: ] selection have some limitations [16] as follows:


[image: ]



(13)







In this paper, [image: ] = [image: ][image: ] and [image: ] = [image: ][image: ] are selected to satisfy the constraints on Equation (13). Therefore, Equations (14) and (15) give rise to the pole width of the rotor and stator given by [15,16].


[image: ]



(14)






[image: ]



(15)







The results are [image: ] = [image: ] mm and [image: ] = [image: ] mm. Reducing acoustic noise is achieved by minimization of the additional factors of vibration and maximum flux density; this factor is determined by the stator yoke thickness [image: ] [13,16]. The SRM’s first mode frequency can regulate the vibration and acoustic noise. It is dependent on [image: ] as described by [13].


[image: ]



(16)




[image: ] is the outer diameter of the stator lamination stack, E is the modulus of elasticity, [image: ] is the Poisson ratio, and [image: ] is the mass density of the lamination material. Therefore, higher thickness [image: ] is advantageous and it increases the first mode frequency and gives higher mechanical strength, both of which are beneficial to reduce acoustic noise and vibration. It could have a value of the range satisfying the minimize vibration and robust mechanics:


[image: ]



(17)







Thereby, it is advised to choose a value that is higher than [image: ] [13]. The [image: ] can be achieved by:


[image: ]











It is necessary that the stator slot depth [image: ] should be large enough to increase the winding area but decreases the copper loss [image: ], which is determined by:


[image: ]



(18)







The mechanical integrity of the rotor and the operating flux density depend on the rotor yoke thickness [image: ]. For rotor flux saturation, [image: ] should be within a range:


[image: ]



(19)







In this paper, the [image: ] is chosen as:


[image: ]











For achieving low inductance at the totally unaligned, the rotor slot depth [image: ] must be 20 to 30 times of the length of the air gap [13]:


[image: ]



(20)







Here, the [image: ] is chosen as:


[image: ]











For holding the rotor’s lateral stiffness, the shaft diameter [image: ] should have a maximum length. It can minimize acoustic noise as the first critical speed increases [13,18]. [image: ] is hereby determined from the rotor dimensions discussed above


[image: ]



(21)







The winding’s number of turns considerably affects the performance of the machine. The fact that it is given by this calculation is very significant, created on the basic of the phase-winding voltage calculation. The number of turns around each stator pole [image: ] is given by [15,17].


[image: ]



(22)







The converter is powered by a 510-Vdc power supply. The [image: ] is the saturation flux, which is selected as [image: ] T for ferromagnetic material M19-29gauge. Then, from Equation (22), the [image: ] of the proposed SRM design are obtained as 12 turns.



The slot fill factor [image: ] indicates the ratio of the total cross-section area of the conductors to the total slot area, which includes the slot liners, slot separators, conductors, and insulations. The [image: ] is defined as the linear current density around the air gap circumference, as the [image: ] is restricted by [image: ] and [image: ]. The relationship of [image: ] and the current density J is given by [19]:


[image: ]



(23)




where [image: ] the ratio of the tooth width to the slot-pitch. The initial design parameters of the proposed 72/48 SRM have been decided and are hereby given in Table 3.



Table 3. The initial design parameters of the specified [image: ] SRM.







	
Parameter

	
Value

	
Parameter

	
Value






	
Number of stator poles

	
72

	
Stack length [mm]

	
340




	
Number of rotor poles

	
48

	
Air gap length [mm]

	
1




	
Stator out diameter [mm]

	
1000

	
Rotor out diameter [mm]

	
798




	
Stator pole arc angle [deg]

	
2.95

	
Rotor pole arc angle [deg]

	
3.05




	
Stator pole width [mm]

	
20.59

	
Rotor pole width [mm]

	
21.23




	
Stator yoke thickness [mm]

	
15.45

	
Rotor yoke thickness [mm]

	
15.71




	
Stator slot depth [mm]

	
84.55

	
Rotor slot depth [mm]

	
29




	
Number of turns per pole [Turns]

	
12

	
Shaft diameter [mm]

	
708.58




	
Number of coils per slot

	
2

	
Slot fill factor [%]

	
56.3











2.2. Step 2 Optimization of the Parameters


The next major parameters such as [image: ], [image: ], [image: ], [image: ], [image: ] and [image: ] are optimized against the machine performance whilst fixing the stator and rotor outer dimensions, stack lengths, and the air gap. Furthermore, this paper proposes design methodology to increase the average of the torque [image: ] and reduce torque ripple [image: ]. At first, we check which parameters influence the [image: ] and [image: ]. Figure 3 shows the average torque, and torque ripple profile characteristics with parameters independently change, where only one parameter is changed and other parameters are kept constant with a fixed control strategy, as shown in Figure 3. The values of the control strategy are input voltage 510 V and hysteresis control central current 700 A. The current is controlled by hysteresis current control in order to be kept around a central value of 700 A. The influence of the major parameters on the motor is given by [20]:


[image: ]



(24)






[image: ]



(25)




where T, W , [image: ], and [image: ] are the torque, co-energy, flux linkage and rotor position, respectively. The package of SPEED inclusive of the PC-based switched reluctance drive analysis (PC-SRM) and a finite-element analysis (PC-FEA) are utilized to carry out optimization processes for [image: ] SRM. As shown in Figure 3, parameters such as [image: ], [image: ], [image: ], [image: ], [image: ], and [image: ] have the significant impact for the [image: ] and [image: ]. These parameters are relevant to magnetic resistance and have a lot of impact on [image: ] characteristics. Figure 3a shows the investigation of the influence of the stator pole arc angle on the average torque, and torque ripple, for stator pole arc angle in the range (2.7[image: ] to 3[image: ]). Similarly, Figure 3b–d show the variations in the average torque, and torque ripple, in the rotor pole arc angle in the range (2.95[image: ] to 3.2[image: ]) and present effects of stator yoke thickness (10 to 30 mm) and rotor yoke thickness (15 to 25 mm) on the average torque and torque ripple. Simulations were run by changing the number of turns between (three to seven turns). Figure 3e shows that the highest average torque may be obtained with 15 turns per coil. Below this value, the torque is lower due to the fact that the magnetomotive force is lower for the lower number of turns and the same current. For higher number of turns, the average torque is limited by two phenomena: the time for the current to rise up to peak value and the back electromotive force. These two limitations reduce the root mean square value of the current, and are more pronounced with a high number of turns. Figure 3f shows that the shaft diameter has a considerable effect on torque ripple and torque. However, in practice, [image: ] cannot be optimized based on this result because the shaft diameter should be a certain value from the point of reducing noise and vibration. The mechanical limitation of the shaft diameter can be calculated by using Equations (16) and (26). The minimum diameter of the shaft [image: ] can be calculated as


[image: ]



(26)




where [image: ] and [image: ] are the maximum of the shear stress and torque, respectively.


Figure 3. Variations of the torque and torque ripple when parameters changed independently. (a) [image: ]; (b) [image: ]; (c) [image: ]; (d) [image: ]; (e) [image: ]; (f) [image: ].
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Standard optimization is done by the method in which each parameter changed one by one. However, changing parameters simultaneously is an ideal optimization, when analysis time is acceptable. As a compromise, preferential parameters such as [image: ], [image: ], [image: ], [image: ], and [image: ], are changed simultaneously. The torque ripple and torque profile when changing the preference parameters simultaneously are displayed in Figure 4. The optimal values of the preferential parameters are [image: ] = [image: ][image: ], [image: ] = [image: ][image: ], [image: ] = 18 mm, [image: ] = 20 mm, and [image: ] = 15 Turns. Then, the other parameters are obtained through Equations (14) to (20), respectively. The geometrical dimensions of the final design of the specified [image: ] SRM are detailed in Table 4.


Figure 4. Variations of the torque and torque ripple when changing the preference parameters simultaneously. (a) [image: ] and [image: ]; (b) [image: ] , [image: ] and [image: ]; (c) [image: ] and [image: ]; (d) [image: ] , [image: ] and [image: ].
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Table 4. The geometrical dimensions of the final design of the specified [image: ] SRM.







	
Parameter

	
Value

	
Parameter

	
Value






	
Number of stator poles

	
72

	
Stack length [mm]

	
340




	
Number of rotor poles

	
48

	
Air gap length [mm]

	
1




	
Stator out diameter [mm]

	
1000

	
Rotor out diameter [mm]

	
798




	
Stator pole arc angle [deg]

	
2.85

	
Rotor pole arc angle [deg]

	
3.15




	
Stator pole width [mm]

	
19.89

	
Rotor pole width [mm]

	
21.93




	
Stator yoke thickness [mm]

	
18

	
Rotor yoke thickness [mm]

	
20




	
Stator slot depth [mm]

	
82

	
Rotor slot depth [mm]

	
39




	
Number of turns per pole [Turns]

	
15

	
Shaft diameter [mm]

	
680




	
Number of coils per slot

	
2

	
Slot fill factor [%]

	
70.3










The arc angle of the stator pole is lower compared to the initial model. Therefore, the optimum design has greater [image: ], thus increasing the [image: ]. Increasing the [image: ] of the windings is one of the solutions to decreasing the losses, which also enhances the heat transfer performance [24]. Figure 5 displays an evaluation of the energy loop profile (flux-linkage vs. current) of the initial and optimized design. The rate of change inductance of optimization design near unaligned position goes fast as compared to the initial design; as a result, the torque of the initial is low in this region. The inductance stays almost constant at the fully overlapping of stator and rotor poles. It is clear that the area of the energy conversion loop of optimization designed is larger than the initial design. Therefore, the final design will be given a higher torque up to 7 kN·m and lower torque ripple. Meanwhile, the diagram of optimization design of the prototype [image: ] SRM is presented in Figure 6.


Figure 5. Comparison of the energy conversion loop [image: ] characteristics’ curves in two designs.



[image: Energies 11 00192 g005]





Figure 6. The construction of prototype [image: ] SRM.
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3. Investigation of Losses


The losses in electrical machines can be classified by the spatial distribution of heat sources. The calculations of copper, core, and mechanical loss are specific in the subsequent parts.



3.1. Stator Copper Loss


For non-overlapping currents, the current waveform of each phase is a rectangular wave, and the total copper loss in the stator is given as [13]:


[image: ]



(27)




where [image: ] is the peak value of the phase current and [image: ] is the resistance per phase. For the overlapping currents in the stator, the total copper loss is obtained as:


[image: ]



(28)




where [image: ] and [image: ] are the rise and fall times of the current, respectively. The duration of the varying stage inductance is given by:


[image: ]



(29)







The time duration of varying phase inductance depends on the speed. Similarly, the copper loss is also determined by the speed.




3.2. Core Loss


The core loss forecast is a significant part of the design strategy of the machine. In the SRM, core loss is difficult to predict because of the change in flux densities caused by the different frequencies in the stator segments. In addition, this loss depends on the form of the current waveforms in the different portions of the magnetic circuit. Therefore, a proper appreciation of the core loss in SRM would require frequency and flux density decomposition in each portion [13,14,15]. The core loss in an SRM encompasses hysteresis, eddy current, and excess loss. Thus, the core loss is obtained using the Bertotti modified equation as [25,26,27]:


[image: ]



(30)




The parameters a and b are the constant, B is flux density, and f is the frequency, while: [image: ], [image: ], and [image: ] are, respectively, hysteresis, eddy current, and excess coefficients.




3.3. Mechanical Loss


The loss [image: ] represents energy lost in bearing friction and rotating parts. Mechanical loss [image: ] depends on the properties of the lubricant, type of bearing, the load on bearing and the shaft speed. Moreover, it consists of the windage losses [image: ] due to the rotation of the moving machine portion in the air gap, and the bearing friction losses [image: ] in bearings on the motor rotation:


[image: ]



(31)







There are many empirical equations that have determined the mechanical losses giving various degrees of accuracy [25,28,29,30]. The bearing friction and windage losses of [image: ] SRM can be calculated as:


[image: ]



(32)




[image: ] is friction coefficient, [image: ] and [image: ] are bearing load, the inner diameter of the bearing [28,30]:


[image: ]



(33)




[image: ] is a roughness coefficient, [image: ] is the torque coefficient and [image: ] is the density of the coolant. Equation (33) shows that the windage losses are divided into two parts of the losses such as in the air gap and the end surfaces of the rotor. The torque coefficient [image: ] depends on the Couette Reynolds number. It is specified by measurements [28].





4. Converter Topology and Optimization Turn-on and Turn-off Angle


The power converter is a power source unit that realizes the order for the controller to energize each phase of the motor at proper times. Based on the application, the choice of converter topology is a significant issue. The SRM converter has certain requirements, which are given in [31,32]. The optimum behavior of the SRM based on the convenient situation of the currents related to the rotor status. An appropriate selection of the turn-on and turn-off angles (switching angles) is required for a high performance of the SRM [33]. This portion aims to define the optimal switching angles required for achieving the goals of maximum torque, maximum efficiency, and smallest torque ripple for the SRM. For optimal performance, both angles of switching should be preceded to energize the windings of the phase in the zone of low inductance to decay the current to zero, before the rotor passes the fully aligned position. The proposed is sophisticated for the 3-phase, 72/48 SRM, which has a 24-pole magnetic field per phase; the angle between aligned and unaligned positions is [image: ][image: ]. The switching angles can be utilized to dominance the copper loss, average of the torque, and torque ripple for a stable working of the SRM. A considerable number of approaches to optimize switching angles have been documented in earlier works [33,34,35]. The conduction angle is the difference between switching angles. The pole geometry of the prototype SRM has specific essential angles such as pole pitch, aligned rotor position, unaligned rotor position and stroke angle in Equation (6). The values of these angles for the prototype 72/48 SRM are presented in Table 5.



Table 5. Values of the essential angles for the prototype [image: ] SRM.







	
Angle [deg]

	
Values






	
stroke angle

	
[image: ]




	
Stator pole pitch

	
5




	
Rotor pole pitch

	
[image: ]




	
Aligned rotor position

	
[image: ]




	
Unaligned rotor position

	
[image: ]




	
The electrical period

	
[image: ]










From the previous descriptions and calculations, the limitations of the switching angles are given as follows:


[image: ]



(34)






[image: ]



(35)




where [image: ], [image: ] and [image: ] are the aligned, unaligned angles, and the stator pole pitch, respectively.



According to the performance requirements of the [image: ] SRM, we recommend the application of Equations (34) and (35) to obtain the optimum values of switching angles. The efficiency, torque and torque ripple for turn-on angles in the range of [image: ][image: ] to 5[image: ] turn-off angles in the range of 5[image: ] to [image: ][image: ] are presented in Figure 7. In addition, the optimum values of the turn-on angle [image: ][image: ] and turn-off angle [image: ][image: ] are shown in Figure 7. These optimal firing angles have confirmed the achievement of the required goals. The values of efficiency, torque and torque ripple at the optimal firing angles are provided in Table 6. The calculation of the optimal value of the [image: ] and [image: ] after the [image: ] and before the [image: ] respectively. Moreover, the sequence of the optimal [image: ] , [image: ] , [image: ] and [image: ] for the three phase [image: ] SRM is listed in Table 7.


Figure 7. The performance of the [image: ] SRM versus firing angles. (a) efficiency; (b) torque; (c) torque ripple.
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Table 6. The [image: ] SRM performance at optimal firing angles.







	
Parameters

	
Values






	
Efficiency [%]

	
[image: ]




	
Torque [kN·m]

	
[image: ]




	
Torque ripple [%]

	
[image: ]










Table 7. The optimal [image: ] , [image: ] , [image: ] and [image: ] of three phase [image: ] SRM.







	
Phase

	
[image: ] [deg]

	
[image: ] [deg]

	
[image: ] [deg]

	
[image: ] [deg]






	
Phase A

	
3.75

	
7.5

	
3.87

	
6.37




	
Phase B

	
6.25

	
10

	
6.37

	
8.87




	
Phase C

	
8.75

	
12.5

	
8.87

	
11.37











5. Static Characteristics of the SRM


The static characteristics of the SRM are discussed in detail. The calculation of the static torque curve is a useful application [36]. The phase winding is excited near the unaligned position to reach a desirable current quickly and cut off before the aligned position to avoid a negative torque. The angle of [image: ][image: ] refers to the fully unaligned position and the angle of [image: ][image: ] represents the fully aligned position. Torque versus currents from 50 A to 212 A and positions, determined by the finite element analysis (FEA), are illustrated in Figure 8. The torque file proves that position range from [image: ][image: ] to 7[image: ] generates the peak torque. The torque approaches near zero both around aligned and unaligned position.


Figure 8. Torque curves of a [image: ] SRM versus rotor position for range currents.
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A 2D finite element models for the proposal machine is developed to obtain its electromagnetic characteristics. The flux density distribution in the machine at rated speed 105 rpm and rated load 7.28 kN·m can be seen in Figure 9. The machine flux density of the stator slot reaches the highest amount when the phase winding energized. Saturation will show up as the flux density rises to [image: ] T, for the material used overall in normal conditions without causing overheating issues.


Figure 9. The distributions of the flux density of a [image: ] SRM as obtained from the 2D finite element models.
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6. Simulation Results


The displaying technique for the switched reluctance drive (SRD) system is based on ANSYS MAXWELL and SIMPLORER (version 17). A 75-kW three-phase 72/48 SRM was designed as a prototype. The performance of the motor is obtained using ANSYS MAXWELL, and the asymmetrical half-bridge power converter circuit and control circuit, which is modelled in SIMPLORER as shown in Figure 10. The converter contains six insulated gate bipolar transistors (IGBTs). The stator windings are connected between upper and lower switches. Six diodes are necessary to provide a return path for return current. The power converter is fed from a 510 V DC source. The drive is controlled by current hysteresis and voltage pulse width modulation (PWM) methods. Information about the position of the rotor is a key issue to control the system. A good torque control scheme requires the knowledge of rotor inductance profile. The hysteresis control is like a simple and fast response with the switching frequency of 350 kHz.


Figure 10. Switched reluctance drive system.
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All the techniques of the SRM were formulated on the monitoring insulated gate bipolar transistor (IGBT) that implements the trigger logic depending on the different phases. If the single-phase winding of the motor is turned on, the windings of each phase are repeatedly turned on once every [image: ][image: ]. At the beginning, current chopper control of the phase A is implemented with a turn-on angle of [image: ][image: ] and a turn-off angle of [image: ][image: ], the sequence of phase B and C is described in Table 7. The designed [image: ] SRM was implemented, and the instantaneous values of the current and electromagnetic torque were determined at the operating point. The electromagnetic torque and phase currents were specified as functions of the rotor position, as shown in Figure 11 and Figure 12. Averages of the torque and DC current were obtained as [image: ] kN·m and 174 A, respectively.


Figure 11. Torque versus rotor position.
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Figure 12. Current versus rotor position.
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The applied domain of the switching angles is governed by the inductance outline. The inductance of a stator phase is minimal in the unaligned status and maximal in the aligned status, as shown in Figure 13.


Figure 13. Inductance versus rotor position.
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7. Experimental Setup and Its Verification


The aim of this experiment is to validate the suggested method. To confirm the developed design and computation methods, [image: ] SRM was designed and a prototype was manufactured, as shown in Figure 14. The design specifications, which are characterized by the proposed method, are summarized in Table 4.


Figure 14. Construction of prototype [image: ] SRM fabrication. (a) the stator and winding fabrication; (b) the rotor and shaft fabrication.
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The measurement results were compared with the steady-state analytical and simulation results to verify the previous calculations. It should be noted that the [image: ] SRM was designed for a rated speed of 105 rpm. Furthermore, the continuous output phase (DC) current rating of the power converter was 174 A, and a DC bus voltage of 510 V was used to energize the [image: ] SRM. The experimental platform for [image: ] SRM is developed and shown in Figure 15.


Figure 15. The experimental platform for the [image: ] SRM system.
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The experimental platform of Figure 15 consists of:

	(A)

	
Three-Phase Power Quality Analyzer Fluke 434,




	(B)

	
Digital Oscilloscope (Measured Current),




	(C)

	
Digital Oscilloscope (Measured Voltage),




	(D)

	
Power Supply and Control System,




	(E)

	
[image: ] Prototype SRM,




	(F)

	
The Load Disc is Connected Directly to SRM.









To carry out these experiments, several types of equipment such as a three-phase power quality analyzer (Fluke 434) and an oscilloscope using a Hall sensor are utilized to record the input and output. The speed is measured using an optical digital tachometer (DT2235A, Shenzhen Sanpo Instrument Co., Ltd, Shenzhen, Guangdong Province, China). The resulting pulse-width modulation waveforms from the experiment are shown in Figure 16. Resulting three-phase current waveforms for the no-load and load tests are shown in Figure 17. There is an excellent symmetry between the three phases, as the current waveform shapes are similar to each other. This illustrates that there is a good agreement between the experimental results and the simulation results as shown in Figure 12. Therefore, the simulation provides sufficient confidence to predict the performance of the proposed SRM. Table 8 lists the experimental results at different loading conditions. A three-phase power analyser Fluke 434 is utilized for measuring the total harmonic distortion (THD) and K factor of the supply current as shown in Figure 18.


Figure 16. Pulse width modulation waveform.
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Figure 17. Current waveform of prototype [image: ] SRM (a) no load; (b) load.
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Figure 18. The total harmonics distortion and K factor of the supply current for [image: ] SRM.
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Table 8. Experimental results for loading tests.







	
Parameters

	
Test (1)

	
Test (2)

	
Test (3)

	
Test (4)

	
Test (5)

	
Test (6)

	
Test (7)






	
Speed [rpm]

	
105

	

	

	

	

	

	




	
DC Voltage [V]

	
510

	

	

	

	

	

	




	
DC Current [A]

	
[image: ]
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Total Loss [kW]
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Torque [kN·m]
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Efficiency [%]
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Table 9 includes a comparison between the experimental results of proposed SRM, catalog data onto induction motor 2SIE 280 S4 and gear drive system. It can be seen that the proposed design gives a higher torque and better performance for mining applications.



Table 9. Performance/cost comparison of 72/48 SRM and induction motor 2SIE 280 S4 in the Raymond Pulverizing application.







	
Parameters

	
72/48 SRM

	
IM (2SIE 280 S4)

	
Gear Drive System






	
Power [kW]

	
75

	
75

	
75




	
Rate speed [rpm]

	
105

	
1488

	
105




	
Torque [kN·m]

	
7.28

	
0.481

	
7




	
Efficiency at full load [%]

	
90.19

	
94.2

	
59.32




	
Weight [kg]

	
1180

	
678

	
1050




	
Price of motor [USD]

	
12,000

	
9000

	
1350











8. Conclusions


This paper has presented a high-performance 72/48 SRM for mining application. The machine design and optimization help to develop the motor geometry in order to improve the average torque and minimize torque ripple. The developed machine is experimentally tested to verify machine models and simulation results. The proposed machine could increase the torque up to 7.28 kN·m with a high efficiency of 90.19%, whereas the geared drive system provides only an efficiency of 59.32% under similar operating conditions. Experimental and simulation results have confirmed that the SRM can be used as a substitute for the induction motor drive in mining (Raymond Pulveriser) applications. The proposed work exhibits a promising agreement with simulation as well as experimental results.
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