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Abstract

:

Synchronous homopolar motors (SHMs) with an excitation winding located at the stator and a toothed salient pole rotor are a good alternative to motors traditionally used in traction applications such as induction motors or interior permanent magnet synchronous motors (IPMSM). This study presents the results of a theoretical comparison between an IPMSM and an SHM in a traction application with a constant power speed range of 1:10, which is specific to the mining truck drives, and with a rated power of 370 kW. The considered IPMSM and SHM have the same number of phases, poles and stator slots, and the same outer diameter of the stator lamination. The IPMSM design is optimized using the Nelder–Mead method. The main objectives of optimization are to minimize the average losses in the operating cycle and to limit the required power of the semiconductor inverter. The performance of the optimized IPMSM is compared with the previously obtained performance of the SHM optimized by the same method. Although the average losses in the operating cycle in the compared motors are approximately equal, the losses at high speed for the IPMSM are about two times greater than at low speed with maximum torque, which means that there is a need to intensify the IPMSM cooling system and there is deterioration of reliability. The advantage of the IPMSM is the reduction in the length of the active part by 30%. The advantage of the SHM is that there is 4.6 times lower cost of active materials. In addition, the SHM is more reliable than the IPMSM, as there is no risk of overheating, demagnetization or degradation of permanent magnets over time.
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1. Introduction


Interior permanent magnet synchronous motors (IPMSMs) are widely used in drives of electric and hybrid vehicles [1,2]. They have good performance in traction applications with a fairly wide constant power speed range (usually no more than 1:5) [3,4,5]. Although the magnetic flux of the permanent magnets is not adjustable, the field weakening control strategy provides an extension of the constant power speed range (CPSR), and in contrast to motors with surface-mounted permanent magnet synchronous motors (SMPMSM), it utilizes the reluctance torque in the case of IPMSM design [6].



However, if it is necessary to provide a CPSR wider than 1:5, difficulties arise when using IPMSMs. With the increase in rotational speed, an increasingly stronger field weakening is required. This leads to an increase in losses in copper and steel due to an increase in the amplitude of the armature current [7]. The big losses at high speeds can lead to critical overheating, degradation of properties and demagnetization of permanent magnets. Another disadvantage of IPMSMs is the high price due to the use of expensive rare-earth magnets.



The wound rotor synchronous machine (WRSM) with an excitation winding and magnetless design is more promising than IPMSMs when the drive requires a wide CPSR. Such WRSMs are used in electric vehicles manufactured by BMW and Renault (BMW iX3, Renault Zoe, Renault Fluence models) [8,9,10,11]. The current and magnetomotive force (MMF) of the excitation winding can be changed to implement the field weakening control strategy for WRSMs, which allows for better performance than IPMSMs. However, the WRSMs developed by BMW and Renault use a sliding contact to supply the excitation winding located at the rotor. In open-type air-cooled traction drives (such as drives for subway trains, railway locomotives, mining trucks, etc.), dust and dirt can get on the sliding contact, and this will lead to failure of the electric machine, demanding its maintenance. Therefore, such WRSMs cannot be used in open-type traction drives that require high reliability and a long service life. In addition, the sliding contact requires periodic maintenance and increases the dimensions of the motor [12].



An alternative to WRSMs is the synchronous homopolar machine (SHM), with an excitation winding located and fixed at the stator. Such SHMs are widely used as highly reliable generators in passenger railway cars, as on-board generators for ships and aircraft [13,14], as automotive generators [15] and in welding units [16]. In addition, recently, such SHMs have been used in traction drives [17,18,19,20]. The main advantages of SHMs, in comparison with WRSMs, are the elimination of the sliding contact that feeds the excitation winding on the rotor and high reliability. At the same time, SHMs retain the ability to control the excitation current, which makes it possible to reduce power losses in drives with a wide CPSR compared to IPMSMs.



This paper presents results of a theoretical comparison of an SHM and an IPMSM for the electric drives of hybrid mining dump trucks requiring a large CPSR value of 1:10 (speed control range from 400 to 4000 rpm with a mechanical output power of at least 370 kW). It is shown that, by adjusting the excitation current, it is possible to obtain a reduction in losses for the SHM compared to the IPMSM. A comparison of the cost of active materials for SHM and IPMSM is also presented.



A large number of articles have been devoted to the optimization of IPMSMs and the comparison of IPMSMs with other types of motors in applications of electric vehicles. For example, a comparison between an IPMSM and a permanent magnet-assisted synchronous reluctance motor (PMaSynRM) is presented in [21]. A comparison between an IPMSM and a synchronous reluctance motor (SynRM) is presented in [22]. A comparison between an IPMSM and an induction motor (IM) is presented in [23]. However, since the synchronous homopolar motor (SHM) is not considered as often as a traction drive, according to our best knowledge, the literature still has not covered a comparison between an IPMSM and an SHM in traction applications. Considering this, and the fact that the design of an IPMSM traction drive is usually considered for a CPSR of no more than 1:5 [3,4,5], it can be concluded that this article on the comparison between the IPMSM and the SHM for a traction application with a large CPSR (1:10) is relevant and has scientific contribution.




2. General Design Parameters of IPMSM and SHM


The design of the IPMSM with a single laminated core is well known and uniform along the axis of rotation. For this reason, Figure 1a illustrates the motor in only one plane. The SHM has a design with three laminated stacks shifted relative to each other. For this reason, Figure 1b shows a 3D sketch of the SHM.



The stators of both machines have 54 teeth with open slots. The considered IPMSM and SHM have the same number of phases and poles and the same fundamental harmonics for power supply. The number of poles is 2p = 12, where p is the number of pole pairs in the rotor. The motors use a nine-phase two-layer winding with the number of slots per pole and phase q = 1/2. Nine phases are labeled with digits from 0 to 8 (Figure 1a and Figure 2). The “-” sign means the reverse current direction in the slot layer.



The IPMSM rotor is made of electrical steel lamination and has V-shaped slots where rare-earth magnets are inserted (Figure 1a). Each rotor pole includes two layers of magnets.



The SHM has three sets of stacks on the stator and on the rotor. An excitation winding consisting of two coils is placed between the stator stacks. The rotor has no windings. Each rotor stack has six teeth, and the teeth of adjacent rotor stacks are offset by 30 mechanical degrees.



Figure 2 shows the inverter circuit diagram for powering the considered traction motors. The phases are grouped by three and form three three-phase windings. The considered nine-phase inverter contains three separate three-phase inverters. The SHM also requires a single chopper connected to the DC link to power the excitation winding.



Both multiphase (when the number of phases is greater than three) and multilevel topologies provide the possibility of increasing the converter power rating with a given type and a given power rating of the power switches: the first one does this by increasing the supply voltage, and the second one does this by dividing the current between the phases. The choice of the topology is determined by available power switches and supply voltage. In this study, a nine-phase inverter was chosen to reduce the current in each power module with a given supply voltage compared to the conventional three-phase inverter. This provides better reliability in the event of a partial inverter failure. In addition, the nine-phase inverter provides a better spatial spectrum of the field in the motor air gap than the multilevel invertor does. The control of the traction inverter is performed with a single microcontroller unit with 18 synchronous pulse-width modulated signals. For each three-phase section, the discontinuous space-vector modulation [24] is used.



Figure 3 shows the traction speed–torque curve of the electric drive of the BELAZ 75570 mining truck, limited by the maximum rotational speed and the maximum torque. The constant power speed range spans from 400 to 4000 rpm (1:10). The maximum mechanical power of the machine in the motor operating mode is 370 kW. Both considered motors should satisfy these characteristics.



The design methods and detailed results of the SHM optimization are described in article [17]. In order not to repeat ourselves, in Section 5, we present only the final characteristics of the optimized SHM.




3. IPMSM Optimization Model


3.1. Geometry of the IPMSM


A finite element model was used to evaluate the performance of the IPMSM. Figure 4 shows the computational domain containing two poles. The Nelder–Mead algorithm used for the optimization is well known [25] and is included in the basic MATLAB software package (function “fminsearch”).



Figure 5 shows the main dimensions of the stator and rotor of the IPMSM. The rotor has two layers of magnets at each pole pitch. To simplify the picture, only one layer is shown. The geometry of the rotor was created by the following procedure. First, point 1 is set at angle α and at distance d1 from the outer rotor boundary. D and d2 define the position of point 2. The rectangles 1234 and 1′2′3′4′ are filled with magnets and are determined with magnet thickness hmag. Point 5 is located at a distance of d1 from the outer rotor boundary. Segments 45 and 4′5′ are parallel to the middle line of the pole. Triangles 145, 1′4′5′, 236, 2′3′6′ are filled with air. Parameters d1, d2, and hmag are the same for both magnet layers. Two values of parameters D and α correspond to two layers of the rotor pole. The stator parameters Rout = 331 mm, ε1 = 1 mm and ε2 = 2 mm are not varied during optimization.




3.2. Construction of an Objective Function for Nine-Phase Traction Synchronous Motors


Evaluating the motor performance in a particular driving cycle requires analysis at a large number of operating points, which is computationally expensive, making it difficult to optimize. One solution to reduce computational time is to introduce a substitute driving cycle profile with a small number of discrete operating points [26].



When optimizing the motor, three operating points were considered: the points with speeds of 400 rpm (maximum torque) and 4000 rpm (maximum speed), as well as the point with the geometric averages of speed and torque. These operating points are shown in Table 1 and in Figure 3.



Points 1 and 3 are on the boundaries of the required CPSR. The performance at these boundary points is traditionally evaluated in the design of traction drives, as it can be used to approximate the performance of the drive at all operating points within the CPSR [26]. Operating point 1 is characterized by the minimum torque and maximum electric frequency of the fundamental component of the current, maximum losses in steel and additional losses in the winding due to eddy currents. Operating point 3 is characterized by the minimum electrical frequency and maximum torque and by current and ohmic losses in the winding. Since the traction drive most of the time does not operate near the boundary points, but in the inner part of the CPSR, for a more accurate assessment and better optimization of the average losses, operating point 2 is also introduced, the speed and torque of which are determined as the geometric mean of these characteristics at points 1 and 3.



It is assumed that the motor can operate with equal probability in the subranges 1–2 and 2–3. It is assumed that the average losses in the subranges are equal to the arithmetic mean of the losses at their boundaries (points 1 and 2 and points 2 and 3, respectively). Therefore, as the first optimization objective, the weighted average loss is chosen:


<Plosses> = (Plosses1 + 2 · Plosses2 + Plosses3)/4.



(1)







For comparison with the IPMSM, the SHM (Figure 1b), complying to the requirements shown in Figure 3 and powered by the inverter shown in Figure 2, has been optimized using the Nelder–Mead method to reduce power losses and the inverter-required power. The initial approximation and results of SHM optimization are presented in detail in [17].



The IPMSM design also includes the selection of winding parameters to meet the maximum voltage and current constraints. The alternator of the mining dump truck provides the DC link voltage of 1000 V, which defines the voltage limit. In addition, the IGBT module FF650R17IE4 [27] of the inverter imposes a maximum current limit of 650 A (amplitude). With some margin, the maximum current IPMSM is assumed to be 640 A.



The IPMSM optimization is carried out in two steps. At the first step, in addition to the average losses, the product of the maximum armature current max (Iarm) and the maximum DC-link voltage max (VDC) is minimized. At the second step, the number of turns is selected to meet the voltage and current constraints. In addition, the aim of both steps is to reduce the maximum relative torque ripple max (TR) as well as to control the area of the demagnetized magnets. The objective function for optimizing the IPMSM at the first stage of optimization is:


F = log(<Plosses>) + 3log[max(VDC)] + 3log[max(Iarm)] + 0.06log[max(TR)] + 0.1log(Mmag)+ log [1 + 100exp(Smag/hmag2 − 0.05)],



(2)




where SHmag is the area of demagnetized magnets in the computational region (two poles), and hmag is the thickness of the magnets. With an increase in the area SHmag, the last term of (2) increases rapidly. A 1% reduction in <Plosses> is as valuable as a reduction in voltage V and current I product by one third of a percent and as a reduction in maximum relative torque ripple TR by 16.7%.



In the second optimization step, the dimensions of the stator slot bp = 7.82 mm, hp = 25.74 mm (see Figure 5b) obtained in the first step are rounded to fit the standard rectangular wire sizes of 3 × 1.4 mm [28], which became equal to bp = 7.9 mm, hp = 26.1 mm. At the second step, the parameters bp and hp are not changed, and the objective is:


      F = log  (   〈   P  l o s s    〉   )  + 4 log  [  f  (  max  V  D C   /  V  max    )   ]  + 4 log  [  f  (  max  I  a r m   /  I  max    )   ]  + 0.06 log  [  f  (  max T R  )   ]  + …       … + 0.1 log  [   M  m a g    ]  + log  (  1 + exp  [   (   S  m a g   /  h  m a g  2  − 0.05  )  · 100  ]   )  ,      








where


  f ( x ) =  {    x , x > 1     1 , e l s e     ,    V max  = 1000   V ,    I max  = 640   A .  



(3)







The weight coefficients equal to 4 for the second and third terms are large enough to meet the constraints max (VDC) < Vmax and max (Iarm) < Imax after the optimization. However, if these constraints are met, the second and third terms of the continuous function f become equal to zero. As a result, a “soft constraint” is achieved, which prevents a rapid decrease in the volume of the simplex in the space of parameters.




3.3. Optimization Parameters of IPMSM with V-Shaped Magnetic Poles


The IPMSM parameters are listed in Table 2 and Table 3 and are also shown in Figure 5 and Figure 6. Table 2 shows the parameters fixed during the optimization, and Table 3 reports the parameters varied during the optimization and their initial values. As Figure 4 shows, the current control angle γ is measured from the d-axis of the lowest reluctance toward the q-axis, which is opposite to the magnetization direction of the permanent magnets.



Each winding layer contains Nsec = 7 equivalent turns. Each equivalent turn contains Nx = 2 parallel strands. Figure 6 shows the layout of a stator slot. During the optimization, it was assumed that the width of slot bp and the height of the part of the slot occupied by the winding hp are related to the wire sizes wx and wy as follows:


bp = (wx + Δw) ∙ Nx + ax; hp = 2∙(wy + Δw) ∙ Nsec + ay,



(4)




where ax = 1.2 mm, ay = 1.8 mm, Δw = 0.31 mm are the constants taking into account the width of the slot insulation, layer insulation, impregnation, etc.



Table 4 shows the results of the first step of optimization; in particular, the maximum DC-link voltage is 1097 V, which only slightly exceeds the voltage limit of 1000 V. Therefore, it was decided not to change the number of turns of the winding at the second step of the optimization.





4. Performance Comparison of the IPMSM before and after the Optimization


Table 4 shows a comparison of the IPMSM performances after different optimization steps.



Figure 7 shows the change in the geometry and the flux density plot while optimizing the IPMSM at the third operating point (400 rpm). The thickness of the stator yoke and the shape of the stator slot of the initial IPMSM design are set the same as for the optimized SHM [17]. After the first step of the optimization, the thickness of the stator yoke has significantly increased, which in the case of the IPMSM, is explained by the need to transfer the flux from pole to pole through the yoke. In SHM, the yoke has only the function of distributing the flux before entering the motor housing; thus, it is narrower than that of the IPMSM. The height of the slot decreased significantly, while the width of the slot did not decrease as much. This can be explained by the fact that in order to create the reluctance torque, it is necessary to increase the anisotropy of magnetic conductivity and, in particular, to reduce the parasitic slot leakage flux.



At the second optimization step, the IPMSM geometry remained practically unchanged, since at this step, the design was adapted to the current and voltage constraints and to the standard wire size.



As noted above, both the voltage and the current are the constraints in optimizing the IPMSM. To comply with the current constraint at operating points 2 (1265 rpm) and 3 (400 rpm), the current angle is set close to the MTPA (maximum torque per ampere) curve. In this case, the current vector does not coincide with the d-axis, and the current angle is slightly more than 50 el. degrees at operating point 3 (see Table 3), which indicates the presence of not only the torque created by the permanent magnets, but also the reluctance torque.



As the rotational speed increases, the voltage constraint becomes important for the IPMSM as the back-EMF (electromotive force) and winding reactance increases as well. These components of the motor impedance begin to dominate above the voltage drop across the stator resistance and inverter supply voltage and establish a voltage-independent current. According to Lenz’s law, this current is opposite to the direction of magnetization of the magnets, i.e., it is directed along the q-axis and can interact with the co-directional voltage, transferring electrical power. Therefore, the current control angle at operating point 1 (4000 rpm) is close to zero el. degrees (see Table 3). Operating point 2 occupies an intermediate position between points 1 and 3. At point 2, a strong field weakening is not required, although the current control angle is slightly smaller than at point 1, which indicates some increase in field weakening.



Thus, with an increase in the rotational speed for the IPMSM, the armature current first decreases and then increases to a value close to the asymptotic value (to the short-circuit current). This leads to high losses in copper and steel at high speeds. Apparently, if a wide CPSR is required, IPMSMs are characterized by the presence of a range of speeds, in which the current increases with increasing rotational speed. If the required CPSR is narrower, then such a range may not be present.




5. Performance Comparison of the Optimized SHM and IPMSM


This section discusses the comparison of the characteristics of the considered electrical machines after optimization. Table 5 and Figure 8 show performance comparison between the optimized IPMSM and SHM. The mechanical losses in the IPMSM including friction and ventilation losses are assumed to be the same as for the SHM. The losses in magnets from higher harmonics in IPMSM were neglected since they are small. Table 6 compares the weight and size characteristics and the cost of active materials for the optimized IPMSM and SHM.



We would like to highlight a few points that can be made by comparing the characteristics of the IPMSM and SHM shown in Table 5 and Table 6.



(1) In the case of a wide CPSR, if the current angle is controlled to obtain the maximum motor efficiency, which corresponds to the MTPA strategy, then supply voltage will significantly exceed its limit at high speed. Therefore, at high speed (in this calculation, this is operating point 1 at 4000 rpm), the field weakening strategy must be applied.



Although field weakening at high speeds, which is obtained by increasing the demagnetizing stator winding current, is part of the control strategy for the SHM as well, the optimization results show that an additional reduction in the excitation current is also required. Thus, in the case of the SHM, both the armature current and the excitation current decrease with increasing the speed.



In the case of IPMSM, in which the MMF of the permanent magnets cannot be controlled, the q-axis armature current component is increased to implement field weakening in order to create an MMF opposite to the MMF of the permanent magnets. The application of the field weakening strategy leads to the fact that the armature current of the IPMSM at operating point 1 at 4000 rpm is significantly greater than at operating point 2 at 1265 rpm. The IPMSM power factor at 4000 rpm is even less than 0.5, which, however, does not violate the current and voltage constraints and does not increase the required inverter power. In addition, the high-speed losses for the IPMSM are more than 60 kW, which is significantly higher than for the SHM (38.7 kW), which can lead to overheating of the IPMSM at this operating point.



(2) The IPMSM motor contains expensive rare-earth magnets designed to operate at high temperatures. As a result, Table 6 shows that the total cost of active materials in IPMSM (USD 5351.2) is 4.6 times higher than the cost of materials in SHM (USD 1167).



(3) Without taking into account the length of the winding end parts, the IPMSM takes about 30% less length than the SHM, which is an advantage of the IPMSM. The outer diameter of the stator laminations for the IPMSM and SHM is the same.



(4) The SHM will be more reliable than the IPMSM, as there is no risk of overheating, demagnetization or degradation of permanent magnets over time. In addition, since the motor in the considered application has an open-type air-cooled housing, when using the IPMSM, there is also risk of damage to the protective coating and subsequent corrosion of permanent magnets. The ore dust from the mining area can be stuck to the rotor being magnetized by permanent magnets, which may damage the motor as well. In the SHM, as it has no magnets, such risk is absent [30]. The ore dust from the mining area can be stuck to the rotor being magnetized by permanent magnets, which may damage the motor as well.




6. Conclusions


This study compares the performance of the IPMSM and SHM for the drive of the mining dump truck with a mechanical power of 370 kW and a CPSR of 1:10. For this purpose, both motor designs are pre-optimized using the same technique. The analysis is based on the two-dimensional planar finite element method and on the simplex gradient-free Nelder–Mead optimization method.



The main objectives of optimization are to minimize the average losses in the operating cycle and to limit the required power of the semiconductor inverter (maximum inverter current and maximum DC link voltage). Torque ripple, permanent magnet mass, and demagnetized permanent magnet area are also included into the objective function in order to limit these values. The IPMSM characteristics obtained as a result of the optimization are compared with the SHM characteristics obtained by the authors in their previous study using a similar technique.



Although the average losses in the operating cycle turned out to be approximately equal in the compared motors, however, due to the need for a strong field weakening, the loss at high speed for IPMSM is about two times greater than at low speed with maximum torque, which indicates the need to intensify the IPMSM cooling system. This also means less reliability. At the same time, for the SHM, the loss at high speed does not exceed the loss at the operating point with low speed and maximum torque.



The advantage of the IPMSM is the reduction in the length of the active part by 30%. The advantage of the SHM is a 4.6-times lower cost of active materials. In addition, the SHM will be more reliable than IPMSM, as there is no risk of overheating, demagnetization, or degradation of permanent magnets over time, including other risks related to the use of permanent magnets.
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Figure 1. Sketch of the machine geometry: (a) interior permanent magnet synchronous motor (IPMSM); (b) homopolar synchronous motor (SHM). 
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Figure 2. Nine-phase inverter schematics. The numbers indicate the phases of the nine-phase motor. 
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Figure 3. Traction characteristics of the motor: (a) torque vs. rotational speed; (b) output mechanical power vs. rotational speed. 
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Figure 4. Computational area of the IPMSM. Red arrows show the magnetization directions of permanent magnets. 
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Figure 5. Parameters of the IPMSM: (a) rotor; (b) stator. 
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Figure 6. Stator slot sketch. 
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Figure 7. Modification of the geometry and magnitude of the flux density in the IPMSM during the optimization: (a) initial design; (b) result of the 1st step; (c) final result. 
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Figure 8. Performance comparison of IPMSM and SHM after the optimization for different operating points: (a) total loss; (b) armature ohmic copper loss; (c) armature eddy-current copper loss; (d) stator lamination loss; (e) rotor lamination loss; (f) excitation copper loss, kW; (g) amplitude of the armature phase current; (h) power factor. 
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Table 1. Operating points of the traction motor considered during the optimization.
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	Mode Number
	Torque, N∙m
	Rotational Speed, rpm
	Mechanical Power, kW





	1
	883
	4000
	370



	2
	2793
	1265
	370



	3
	8833
	400
	370
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Table 2. IPMSM parameters fixed during the optimization.
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	Parameter
	Value





	Total length excluding the winding end parts, mm
	382



	Stator core outer radius Rout, mm
	331



	Stator parameter ε1, mm
	1



	Stator parameter ε2, mm
	2



	Rotor parameter d1, mm
	2



	Rotor parameter d2, mm
	2



	Magnet’s remanence, T
	1.1



	Intrinsic coercive force of magnets, kA/m
	750
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Table 3. IPMSM parameters varied during the optimization.
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Parameter

	
Initial Approximation of the 1st Step

	
Initial Approximation of the 2nd Step

	
After the Optimization






	
Stator slot width bp, mm *

	
10

	
7.9

	
7.82




	
Stator slot height hp, mm *

	
44

	
26.1

	
25.74




	
Stator core inner radius Rin, mm

	
266

	
269.5

	
267




	
Air gap, mm

	
2

	
2.30

	
2.5




	
Rotor parameter D, mm (for the first and second layers)

	
20; 50

	
11.6; 38.2

	
8.86;34.5




	
Rotor parameter α, rad (for the first and second layers)

	
0.0938; 0.227

	
0.113; 0.203

	
0.108; 0.189




	
Magnet thickness hmag, mm

	
6

	
6.6

	
6.4




	
Current angle γ, el. grad.

	
Operating point 1 (see Figure 3)

	
5.7

	
4.8

	
4.6




	
Operating point 2

	
51.6

	
35.6

	
38.1




	
Operating point 3

	
51.6

	
54.1

	
53.4








* The parameter was varied only during the first step of the optimization.
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Table 4. Comparison of the IPMSM characteristics after different steps of the optimization.
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Parameter

	
Initial Approximation of the 1st Step

	
Initial Approximation of the 2nd Step

	
After the Optimization






	
Rotational speed, rpm

	
4000

	
1265

	
400

	
4000

	
1265

	
400

	
4000

	
1265

	
400




	
Amplitude of the armature phase current Iarm, A.

	
422

	
254

	
801

	
474

	
278

	
623

	
498

	
275

	
631




	
Efficiency, %

	
80.9

	
95.9

	
94.5

	
86.5

	
96.9

	
93.2

	
86.0

	
97.0

	
93.1




	
Output mechanical power, kW

	
370

	
370

	
370

	
370

	
370

	
370

	
370

	
370

	
370




	
Input electrical power, kW

	
457

	
386

	
391

	
428

	
382

	
397

	
430

	
381

	
398




	
Torque ripple, %

	
55.8

	
24.6

	
12.7

	
7.6

	
6.5

	
2.3

	
2.0

	
2.8

	
3.0




	
Mechanical loss, kW

	
17.57

	
0.65

	
0.05

	
17.57

	
0.65

	
0.05

	
17.57

	
0.65

	
0.05




	
Armature ohmic copper loss, kW

	
4.71

	
1.70

	
16.94

	
13.54

	
4.64

	
23.37

	
14.85

	
4.53

	
23.85




	
Armature eddy-current copper loss, kW

	
20.81

	
1.62

	
0.70

	
4.93

	
0.25

	
0.07

	
5.29

	
0.24

	
0.08




	
Stator lamination loss, kW

	
36.40

	
11.01

	
3.57

	
15.37

	
5.66

	
3.50

	
16.60

	
5.50

	
3.55




	
Rotor lamination loss, kW

	
7.90

	
1.01

	
0.14

	
6.32

	
0.51

	
0.10

	
6.09

	
0.50

	
0.11




	
RMS value of the fundamental component of the phase voltage, V AC

	
459

	
240

	
88

	
392

	
230

	
111

	
314

	
224

	
113




	
Required inverter DC link voltage VDC, V DC

	
1417

	
710

	
223

	
1097

	
571

	
291

	
997

	
566

	
304




	
Required inverter apparent power Sinv, MW *

	
2.95

	
1.78

	
1.63




	
Magnet mass Mmag, kg

	
41.7

	
41.0

	
36.7




	
Ratio Smag/hmag2

	
0.076

	
0.01

	
0.02








* The required apparent power of the inverter is calculated as the following: Sinv = 3 · √3 · VDC · Iarm/2.
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Table 5. Performance comparison of IPMSM and SHM after the optimization.
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Parameter

	
IPMSM

	
SHM




	
Operating Point

	
1

	
2

	
3

	
1

	
2

	
3






	
Rotational speed, rpm

	
4000

	
1265

	
400

	
4000

	
1265

	
400




	
Amplitude of the armature phase current Iarm, A

	
498

	
275

	
631

	
176

	
255

	
601




	
Efficiency, %

	
86.0

	
97.0

	
93.1

	
90.5

	
96.1

	
90.1




	
Output mechanical power, kW

	
370

	
370

	
370

	
370

	
370

	
370




	
Input electrical power, kW

	
430

	
381

	
398

	
408

	
384

	
399




	
Mechanical loss, kW

	
17.57

	
0.65

	
0.05

	
17.57

	
0.65

	
0.05




	
Armature ohmic copper loss, kW

	
14.85

	
4.53

	
23.85

	
2.1

	
4.5

	
25.0




	
Armature eddy-current copper loss, kW

	
6.09

	
0.50

	
0.11

	
6.0

	
2.1

	
1.0




	
Stator lamination loss, kW

	
16.60

	
5.50

	
3.55

	
10.9

	
5.9

	
2.5




	
Rotor lamination loss, kW

	
6.09

	
0.50

	
0.11

	
1.5

	
0.6

	
0.1




	
Excitation copper loss, kW

	
-

	
-

	
-

	
0.5

	
1.5

	
11.9




	
Total loss, kW

	
60.4

	
11.4

	
27.6

	
38.7

	
15.2

	
40.5




	
Average losses according to formula (1)

	
27.7

	
27.4




	
Power factor

	
0.433

	
0.974

	
0.877

	
0.97

	
0.96

	
0.96




	
Line-to-line voltage amplitude, V.

	
997

	
566

	
304

	
988

	
632

	
275




	
Torque ripple, %

	
2.0

	
2.8

	
3.0

	
18.9

	
12.5

	
3.0




	
Excitation current, A

	
-

	
-

	
-

	
5.5

	
9.5

	
26.6




	
Flux density in non-laminated parts of the magnetic core, T

	
-

	
-

	
-

	
0.48

	
0.98

	
1.65
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Table 6. Comparison of calculated characteristics of the IPMSM and SHM after the optimization.
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	Parameter
	IPMSM
	SHM





	Stator lamination mass, kg
	314
	320



	Rotor lamination mass, kg
	237
	231



	Armature copper mass, kg
	22
	68



	Excitation copper mass, kg
	-
	20



	Permanent magnet mass, kg
	36.7
	-



	Stator lamination cost, $
	314
	320



	Rotor lamination cost, $
	237
	231



	Armature copper cost, $
	154
	476



	Excitation copper cost, $
	0
	140



	Permanent magnet cost, $
	4646.2
	0



	Total cost of the laminations, copper and permanent magnets, $ *
	5351.2
	1167



	Total length of the stator lamination, mm
	382
	431



	Total length of the machine excluding the winding end parts, mm
	382
	545 (including spaces for the excitation coils)



	Stator lamination outer radius, mm
	662
	668



	Air gap, mm
	2.25
	2.4







* Note: When calculating the cost of active materials, the following prices were assumed: USD 1/kg for steel, USD 7/kg for copper and USD 126.6 kg for rare-earth permanent magnets [23,29].
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