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Abstract—Surface mounted permanent magnet Vernier (SPM-V) machines, because of their high torque density and multi-pole 

structure, are promising candidates for low speed direct-drive applications. To achieve high torque density, the SPM-V machines 

are generally designed with high gear ratios. Therefore, their operating frequencies can be much higher than those of the 

conventional SPM machines. This potentially increases the alternating current (AC) winding losses, especially those with form-

wound coils proposed for high power applications. This paper investigates the AC losses (including skin effect, proximity effect, 

rotor PM induced and circulating current losses) in form-wound stator coils of a 3 MW direct-drive SPM-V machine with different 

slot/pole number combinations. The study reveals that the SPM-V machines have significantly higher AC winding losses than their 

conventional SPM counterparts for similar operating conditions. To reduce the AC winding losses in SPM-V machines, a novel flux 

shunt concept is proposed along with other conventional techniques such as increasing the number of turns/coil (with terminal 

voltage being kept constant) and parallel strands/turn, providing extra clearance at slot opening, etc. With the loss reduction 

techniques implemented, the SPM-V machines can achieve comparable efficiency but much higher torque density than their 

conventional counterparts. Moreover, the proposed flux shunt was also found to be very effective in reducing the potential risk of 

permanent magnet (PM) irreversible demagnetization, a key issue for SPM-V machines at high power ratings. 

Keywords— AC loss, circulating current, efficiency, form-wound coil, Vernier machine. 

 

I. INTRODUCTION 

IRECT-drive machines have recently gained popularity 

for wind power applications due to numerous 

advantages they offer over geared machines [1]. By 

eliminating the transmission system/gearboxes, direct-drive 

machines can achieve high reliability and overall system 

efficiency. However, high torque requirement at low speed 

may make them bulkier and heavier than their geared 

counterparts. It is widely recognized that permanent magnet 

(PM) machines are the most attractive candidates for direct-

drive applications due to their high power density, efficiency 

and scalability [2]. Although the high cost of rare-earth PM 

materials has been a concern, these machines can still be 

competitive when long-term costs including operation & 

maintenance and design simplifications are considered [3].  

In order to further improve the torque density and to reduce 

the PM material consumption, PM Vernier machines have 

emerged as a potential candidate [4]–[7]. One typical 

example is the surface mounted PM Vernier (SPM-V) 

machines, which have very similar structures to conventional 

surface mounted PM (SPM) machines. They work on the 

principle of flux modulation which enables them to have 

higher tangential airgap flux density to produce higher torque 

[8]. Moreover, they also produce inherently low torque ripple, 

which is desirable for direct-drive applications. However, the 

power factors of the SPM-V machines are often poor due to 

high leakage fluxes, which leads to increased power converter 

cost and also poor overall system efficiency [5], [9], [10]. In 

addition, to maximize the torque, the SPM-V machines are 

often designed with high number of rotor pole pairs and hence 

have higher operating frequency compared to conventional 

SPM machines [11], [12]. The high stator slot leakage fluxes 

combined with the high operating frequency of SPM-V 

machines can result in elevated level of stator winding 

alternating current (AC) losses. Moreover, the SPM-V 

machines often require an open stator slot structure to utilize 

the flux modulation effect, leading to increased fringing 

fluxes generated by rotor PMs and armature currents. This, 

together with the form-wound windings used for multi-MW 

machines, can increase the AC winding losses to an even 

higher level.  

Earlier studies have shown that the efficiency of Vernier 

machines for direct-drive wind application can be comparable 

to that of conventional machines [4], [5], [13]. However, the 

electromagnetic losses used for the efficiency calculation did 

not include the AC winding losses. Irrespective of the 

applications, the AC winding losses in Vernier machines have 

rarely (if not at all) been investigated in literature. It is very 

important to analyze these losses to benchmark the efficiency 

and thermal performance of SPM-V machines in comparison 

with the conventional SPM machines. 

The AC winding losses are generated when time varying 

magnetic fields link with a conductor and the different 

sources of AC winding losses can be classified as [14]–[16]: 

(1) Skin effect: Losses due to non-uniform distribution of 

current density within a conductor created by the high 

frequency time-varying current carried by it. The distribution 

of the current density within the conductor is characterized by 

the skin depth defined as the distance from the outer 

periphery of the conductor at which the current density is 

~0.3678 of the value on the surface [17]. Skin depth (𝛿) is a 

function of the electrical properties of the conductor and the 

operating frequency (𝑓) of the current, described by 𝛿 = √ 𝜌𝜋𝑓𝜇𝜊𝜇𝑟 (1) 

where 𝜌 and 𝜇𝑟 are the resistivity and the relative 

permeability of the conductor, respectively. 𝜇𝜊 is the free 

space permeability (4π × 107 H/m).  

(2) Proximity effect: Losses created in a conductor due to 

currents carried by adjacent conductors. Earlier studies reveal 

that proximity effect is largely contributed by the slot leakage 

fluxes in PM machines [14], [17], [18]. The AC losses due to 

both ‘skin effect’ and ‘proximity effect’ have been 

extensively studied for different PM machine topologies with 

varying slot geometries, winding configurations, conductor 

shapes and current signals [14], [15], [17]–[22]. Most of these 

studies have been carried out for high speed (~10000-20000 

rpm) applications where the AC resistance of the conductor 

D 

mailto:g.li@sheffield.ac.uk


IEEE TRANSACTIONS ON MAGNETICS              2 

increases with operational speed/frequency due to skin effect 

and proximity effect. These losses can also be driven by high 

frequency harmonics in pulse width modulated (PWM) 

signals [20], [23]. However, for simplicity, only the 

fundamental component of power source will be considered 

in this paper.  

(3) Rotor PM induced [14]: Losses in PM machines due to 

the rotating PM fluxes linking with the stationary conductors. 

These losses can be significant for open slot PM machines 

[14], [15], [17] due to significant fringing fluxes near stator 

tooth tips.  

(4) Circulating current: Losses due to circulating currents 

in windings with multiple parallel strands per turn. Generally, 

the parallel strands of each turn are short-circuited or brazed 

at the end of each coil. When a time-varying magnetic field 

links with this short-circuited path, a circulating current is 

generated [17]. These losses can be significant for high-speed 

applications where multiple parallel strands are used as a 

solution to mitigate the losses due to skin and proximity effect 

[16], [17]. 

This paper presents a systematic study of AC winding 

losses in a 3 MW direct-drive SPM-V machine with form-

wound coils. The study considers all sources of AC winding 

losses such as skin effect, proximity effect, rotor PM induced 

and circulating current. The losses have been compared with 

those of a conventional SPM machine with similar operating 

conditions. Different slot/pole number combinations have 

been considered for the SPM-V machines to achieve optimal 

efficiency. Additionally, the paper also presents various 

solutions through analysis to mitigate the high AC winding 

losses in the SPM-V machines. 

II. BASIC FEATURES OF VERNIER MACHINES 

The one pole pair 2D finite element analysis (FEA) models 

for the 3 MW conventional SPM and SPM-V machines are 

shown in Fig. 1. For Vernier machines to utilize the flux 

modulation/gearing effect, the slot/pole number combination 

follows the rule [11], [12] 𝑃𝑟 = 𝑁𝑠 ± 𝑃𝑠  (2) 

where 𝑁𝑠 is the number of stator slots, 𝑃𝑟 is the rotor pole pair 

number and 𝑃𝑠 is the stator winding pole pair number. 

  
(a) (b) 

Fig. 1 One pole pair 2D FEA models. (a) Conventional SPM machine with 𝑁𝑠 = 480, 𝑃𝑟 = 80, 𝑃𝑠 = 80, and (b) SPM-V machine with 𝑁𝑠 = 480, 𝑃𝑟 =400, 𝑃𝑠 = 80.  

In a Vernier machine, its fundamental (𝑃𝑠 th order) armature 

Magneto-Motive Force (MMF) interacts with the 

fundamental component of the airgap permeance (𝑁𝑠 th order, 

created by open stator slots) to produce a modulated airgap 

flux density component of (𝑁𝑠 ± 𝑃𝑠)th order. In addition, the 

(𝑁𝑠 ± 𝑃𝑠)th order is also a slot harmonic component of the 

armature field. Unlike the conventional SPM machines, the 

rotor pole pair number (𝑃𝑟) for the SPM-V machines is 

selected such that it matches with the modulated/slot 

harmonic order (2). Therefore, in the example shown in Fig. 

1, 𝑃𝑟 for the SPM-V machine is 400, which matches with the 

difference between the slot number (𝑁𝑠 = 480) and the stator 

winding pole pair number (𝑃𝑠 = 80). It is observed that by 

harmonically coupling the fields in the SPM-V machines, a 

significantly higher tangential airgap flux density can be 

produced compared to the conventional SPM machines [8]. 

This enables the SPM-V machines to produce higher torque. 

The ratio of the harmonic order of the modulated flux density 

to that of the fundamental armature flux density is defined as 

the gear ratio (𝐺𝑟) of the SPM-V machines. Therefore, the 

gear ratio is given by 𝐺𝑟 = 𝑁𝑠 ± 𝑃𝑠𝑃𝑠 = 𝑃𝑟𝑃𝑠 (3) 

SPM-V machines are generally designed with higher gear 

ratios to achieve higher torque [11]. However, a higher gear 

ratio would mean a high number of rotor pole pairs and 

thereby increased PM leakage flux. Therefore, for SPM-V 

machines, higher torque is often achieved at the cost of poor 

power factor.  

The operating frequency (𝑓) of the SPM-V machines is 

given by  𝑓 = 𝑃𝑟𝜔𝑟 2𝜋⁄  (4) 

where 𝜔𝑟 is the rotor mechanical speed in rpm. It is worth 

noting that for a similar stator structure as shown in Fig. 1 and 

the same rotor speed, the operating frequency of the SPM-V 

machines will be 𝐺𝑟 times higher than that of the conventional 

SPM machine. This can potentially increase the winding AC 

losses in the SPM-V machines. Similarly, unlike the 

conventional SPM machines, the SPM-V machines also 

require an open stator slot structure to utilize the modulation 

effect, irrespective of the type of winding (form or random 

wound). The open stator slots increase the fringing fluxes 

linking with the stator winding and thereby increase the AC 

winding losses. Therefore, it is important to analyze the AC 

winding losses for SPM-V machines with different slot/pole 

number combinations. This helps to identify the optimal 

slot/pole number combination for the SPM-V machine 

topology for the direct-drive wind application. 

III. MODELLING AND VALIDATION OF AC LOSSES 

A. Slot/Pole Number Combinations 

A 3 MW direct-drive conventional SPM machine with an 

outer rotor as shown in Fig. 1(a) is chosen for benchmarking 

the performance of SPM-V machines. The magnetic 

periodicity of the SPM-V machine is equal to the modulated 

field or stator winding pole pairs (𝑃𝑠), which requires a 6 slot 

model for a 3-phase machine similar to the conventional SPM 

machine. 

TABLE I. KEY PARAMETERS FOR CONVENTIONAL SPM MACHINE 

Rated Power (MW) 3.0 Stack length (mm) 1200 

L-L voltage (Vrms) 690 Magnet material NdFeB 

Phase current (Arms) 2694 Magnet volume (m3) 0.227 

Rotor speed (rpm) 15 Magnet remanence (T) 1.3 

Rotor outer diameter 

(mm) 
5000 

Copper conductivity 

(S/m) 
5.77e7 

Air gap length (mm) 5 Slot fill factor 0.6 
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OPERA software package has been used for the finite 

element modeling and analysis presented in this paper. The 

key parameters of the conventional SPM machine are listed 

in TABLE I. An outer rotor topology is selected as it is more 

favorable for direct-drive applications [24]. To accommodate 

form-wound coils, the stator is designed with open slots. The 

machine has integer slot windings with slots/pole/phase equal 

to 1. For a fair comparison, the SPM-V machines are 

designed with the same rotor outer diameter, magnet volume 

and DC copper loss (for the active length). It is also worth 

noting that, for the analyses in this paper, all the machines are 

globally optimized for maximum torque using the OPERA 

optimizer tool [uses a combination of deterministic 

(sequential quadratic programming) and stochastic method 

(genetic algorithms, simulated annealing)]. The previous 

studies have found that the power factors of MW direct-drive 

SPM-V machines designed with a gear ratio equal to 5 are 

quite low (~0.4-0.5) [25]. Selecting a higher gear ratio will 

further lower the power factor. Hence, a gear ratio of 5 has 

been chosen for this study which is also the minimal number 

to realize an integer slot winding for the SPM-V machines. 

For this gear ratio, different slot/pole number combinations 

are possible as long as they satisfy (2). Some possible 

slot/pole number combinations chosen for this study are 

given in TABLE II. The operating frequencies of these 

machines as highlighted in TABLE II are proportional to the 

rotor pole pair numbers. It can be observed that, with similar 

stator structures, the frequencies of the SPM-V machines are 

5 times higher than those of the conventional SPM machines. 

Due to the poor power factor, the SPM-V machines generate 

much higher terminal voltage than the conventional SPM 

machines for the same number of turns/phase. Hence to 

maintain the same terminal voltage (690 V), the number of 

turns/phase for the SPM-V machines (as shown in TABLE II) 

needs to be much lower than that of the conventional SPM 

machines.  

B. Modelling of Stator Winding AC losses 

The stator windings, as mentioned before, are designed 

with form-wound coils, generally used for high power 

applications as they are necessary to increase the slot fill 

factor and simplify the winding process. In addition, 

rectangular conductors not circular conductors have been 

used as the former generally achieves higher slot fill factor. 

The stator slot layout used for this study is shown in Fig. 2. 

Having the same terminal voltage allows using the same 

ground wall insulation thickness, assumed as 1 mm, for both 

the conventional SPM and SPM-V machines. The number of 

parallel circuits in each phase is adjusted so that the numbers 

of turns/coil for both the SPM-V and the conventional SPM 

machines are as close as possible (see TABLE II). Each turn 

of the coil is assumed to have two parallel strands. The 

numbering of the strands in the slot is shown in Fig. 2 with 

strand number 1 being located nearest to the airgap. To 

consider the skin effect in the strands, dense mesh with at 

least 4 layers of elements is placed in the skin depth. The turn 

insulation is neglected for simplifying the model. However, 

assigning separate conductor numbers to each strand in 

OPERA software allows the eddy currents to be confined 

within the strands. 

 
Fig. 2 Example of slot layout of the investigated machine.  

A 10 mm clearance is provided at the top of the slot near 

the airgap to accommodate slot wedges. The conductivity of 

copper is assumed to be 5.77e7 S/m (at 20C) and any 

temperature dependence is not considered in this study for 

simplicity. However, it is worth noting that with higher 

temperature, the copper resistance will increase and 

associated effects on the DC and AC losses might need to be 

considered. Similarly, the AC winding losses due to end 

effects such as end-winding flux, axial flux from PMs, etc. 

have not been considered in this study. However, end winding 

resistance and inductance [26] have been considered for the 

DC and circulating current losses (connected as an external 

circuit).  

An example of the circuit schematic of one coil (with 2 

parallel strands and 11 turns/coil) for estimating the 

circulating current is shown in Fig. 3. The parallel strands are 

assumed to be short-circuited/brazed at the end of each coil. 

For this study, no transposition of strands is employed.  

 
Fig. 3 An example of the circuit schematic of one coil with 2 parallel strands 

and 11 turns/coil. The parallel strands of each coil are short-circuited at the 

end of the coil. 

C. Validation of FE Modelling  

The modelling approach used in this paper is validated by 

comparing the AC winding losses against those presented in 

[27], wherein the open-circuit AC winding losses in a 12-

slot/8-pole SPM machine with inner rotor have been 

calculated by both 2D FE and analytical models. The 

comparison of the 2D FE models along with the open-circuit 

flux distributions are shown in Fig. 4. The open-circuit AC 

winding losses for a winding configuration with 4 radial and 

4 circumferential layers (as shown in Fig. 4) for different 
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TABLE II. DETAILS OF SLOT/POLE NUMBER COMBINATIONS AND STATOR WINDING CIRCUIT 

Machine Type 
Stator slot 

number (𝑵𝒔) 

Rotor pole 

pair (𝑷𝒓) 

Stator 

winding pole 

pair (𝑷𝒔) 

Operating 

frequency 

(Hz) 

Turns/phase Turns/coil 

Number of 

parallel 

circuits 

Conventional 480 80 80 20 56 14 20 

Vernier 192 160 32 40 22 11 16 

Vernier 240 200 40 50 22 11 20 

Vernier 360 300 60 75 22 11 30 

Vernier 480 400 80 100 22 11 40 
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speeds are compared in Fig. 5. The AC winding losses 

calculated using the 2D FE modelling in this paper are found 

to be in very good agreement with those obtained in [27]. 

  
(a) (b) 

Fig. 4 Comparison of open-circuit flux distribution of a 12slot/8pole SPM 

machine predicted by (a) 2D FE modelling in [27] (b) 2D FE modelling used 

in this paper. 

 
Fig. 5 Comparison of FE results for open-circuit AC winding losses with 

increasing machine speed for a 12-slot/8-pole SPM machine [27] with each 

coil having 4 radial and 4 circumferential layers.  

IV. 2D FE RESULTS FOR AC WINDING LOSSES 

The calculated skin depth using (1) for the designs 

mentioned in TABLE II along with their strand thicknesses 

and widths are shown in TABLE III. It can be observed that 

the skin depth is comparable to the strand dimensions and 

hence the losses associated with ‘skin effect’ will be 

negligible for this study.  

TABLE III. SKIN DEPTH FOR WINDING STRANDS  

 

The 2D FE non-linear transient analysis has been 

performed for three different operating conditions: 

• ‘Open-circuit’ analysis with only PM excitation. In this 

analysis, AC winding losses are mainly due to ‘rotor 

PM induced’ and ‘circulating current’ components. 

• ‘Armature only’ analysis with only armature 
excitation. In this analysis, the winding loss will have 

components of ‘proximity effect’ losses, DC losses 

(due to rated current) and circulating current losses. 

• ‘Rated load’ analysis with both PM and armature 
current excited. In this analysis, all the loss 

components will contribute to the AC winding losses. 

Other losses like PM eddy current losses, stator and rotor 

core losses are also included for rated load case to estimate 

the efficiency of the machines. Since the SPM-V machines 

are found to have high PM eddy loss, each PM is segmented 

with 4 circumferential segments to reduce the PM eddy 

current loss for this study.  

A. Open-Circuit Analysis  

The comparison of winding losses under open-circuit 

condition between the conventional SPM and SPM-V 

machines is shown in Fig. 6. The losses presented are for the 

entire machines. The winding losses for the SPM-V machines 

become significantly higher (maximum is 99 kW) towards 

lower slot/pole numbers compared to the conventional SPM 

machine (0.3 kW). The winding loss is mainly contributed by 

the ‘Rotor PM induced’ component. Whereas the ‘circulating 
current’ loss component is negligible. However, both loss 
components show an increasing trend towards lower slot/pole 

numbers. This is due to the large slot opening at low slot/pole 

numbers and thereby higher PM fringing fluxes linking with 

the windings.  

 
Fig. 6 Comparison of winding losses under open-circuit condition between 

the conventional SPM and SPM-V machines with different slot/pole number 

combinations. Ns for the corresponding Pr are given in TABLE II. 

 
(a) 

 
(b) 

 
(c) 

Fig. 7 Comparison of open-circuit flux distributions. (a) Conventional SPM 

machine, (b) SPM-V machine with 𝑃𝑟 = 400 and (c) SPM-V machine with  𝑃𝑟 = 160. The rotor position is selected such that the phase A winding has 

maximum flux linkage. 

The open-circuit flux distributions of the highest and the 

lowest slot/pole number combination of SPM-V machines in 

comparison with the conventional SPM machine are shown 

in Fig. 7. It can be observed that at low slot/pole numbers, 

there is more PM leakage/fringing flux linking with the top 

conductors nearest to the airgap resulting in higher AC 

winding losses. 

The comparison of current density distributions within one 

coil side of phase A (at the position where the winding loss is 

maximum) between the conventional SPM and two SPM-V 
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Strand 

thickness, 𝑺𝒕 (mm) 

Strand 

width, 𝑺𝑾 (mm) 

Skin 

depth, 𝜹 

(mm) 

Conventional 80 4.82 6.3 14.8 

Vernier 160 5.0 20 10.5 

Vernier 200 5.45 15 9.4 

Vernier 300 5.45 8.63 7.7 

Vernier 400 5.95 6.27 6.6 
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machines (𝑃𝑟 = 400 and 𝑃𝑟 = 160) is shown in Fig. 8. The 

current density is contributed by the rotor PM induced and 

circulating currents. It can be observed that the current 

density is highly concentrated at the first few turns of the coil 

nearest to the airgap with a maximum value of 27.14 A/mm2 

for 𝑃𝑟 = 160. The average loss in each strand per turn in a 

slot is shown in Fig. 9. Again, the trend shows a high loss 

concentration in strands near the airgap (or slot opening).  

  

 

(a) (b) (c) 

Fig. 8 Current density distributions within one coil side of phase A (at 

maximum winding loss position). (a) Conventional SPM machine. (b) SPM-

V machine with 𝑃𝑟 = 400. (c) SPM-V machine with 𝑃𝑟 = 160. 

 
Fig. 9 Trend of open-circuit average losses in each strand per turn in a slot. 

Strand 1 is nearest to the airgap. 

To explain the above observations, the eddy-current loss 

per unit volume in a solid conductor can be used, which can 

be calculated by [28] 𝑃𝑣 = 𝜋2𝑓2𝐵𝑚2𝑤26𝜌  (5) 

where 𝐵𝑚 is the maximum instantaneous flux density 

impinging on the conductor, 𝑓 is the frequency, 𝑤 and 𝜌 are 

the width (perpendicular to the direction of 𝐵𝑚) and 

resistivity of the conductor, respectively. 

 
Fig. 10 Schematic of a solid conductor (length-𝑙, width-𝑤, thickness-ℎ) 

carrying eddy current, 𝑖𝑒𝑑𝑑𝑦, due to a magnetic flux density 𝐵 impinging 

perpendicular to the width. 

It can be observed from (5) that besides the flux linking 

with the conductors, the AC winding losses are also ∝ 𝑓2𝑤2. 𝑓 of the SPM-V machines as shown in TABLE II are higher 

than the conventional SPM machines, especially towards 

higher slot/pole numbers. Moreover, it can be observed from 

TABLE III that 𝑤 significantly increases towards the lower 

slot/pole number. The high PM fringing flux along with 2 

times higher 𝑓 and 3 times wider 𝑤 makes the winding loss 

significantly higher in the SPM-V machines at the lowest 

slot/pole number compared to the conventional SPM 

machines. 

B. Armature Only Analysis  

The comparison of winding losses between the 

conventional SPM machines and SPM-V machines with only 

3-phase sinewave armature currents excited are shown in Fig. 

11. It is to be noted that as this is a current-fed model, the 

same rated current is forced in the circuit despite any increase 

in AC resistance. The ‘circulating current’ and the DC loss 
contributions can be calculated from the known currents and 

resistance values. ‘Proximity effect’ loss component can then 
be segregated from the total predicted loss. The SPM-V 

machines again show significantly higher winding losses 

with a maximum of 361.9 kW at the highest slot/pole number 

(𝑃𝑟 = 400) compared to the conventional SPM machine 

(54.5 kW). Contrary to the trend of ‘rotor PM induced’ losses 

under open-circuit condition, the ‘proximity effect’ loss 

component shows an increasing trend towards higher 

slot/pole numbers for the SPM-V machines. The DC loss 

including end winding loss is almost constant for all the 

machines (ranging from 46 kW to 49 kW). The ‘circulating 
current’ loss component is found to be negligible with a 

maximum value of 0.3 kW for the SPM-V machines with the 

lowest slot/pole number (𝑃𝑟 = 160). 

 
Fig. 11 Comparison of winding losses with only armature current excited 

between the conventional SPM and SPM-V machines with different slot/pole 

number combinations. 

The flux distributions with only armature currents excited 

for the conventional SPM machines and the SPM-V machines 

with 𝑃𝑟 = 400 and 𝑃𝑟 = 160 are shown in Fig. 12. It can be 

observed that at high slot/pole number, the slot leakage flux 

is very dominant as highlighted in Fig. 12(a) and (b). This is 

due to the relatively larger magnetic airgap length compared 

to the slot width. Although the conventional SPM machine 

also has high slot leakage fluxes due to similar stator 

structure, its operating frequency will only be 1/5th that of the 

SPM-V machines.  
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(b) 

 
(c) 

Fig. 12 Comparison of flux distributions with only armature currents excited. 

(a) Conventional SPM machine. (b) SPM-V machine with 𝑃𝑟 = 400. (c) 

SPM-V machine with 𝑃𝑟 = 160. 

To verify the significantly high AC winding loss in the 

SPM-V machine with 𝑃𝑟 = 400, the losses are approximately 

calculated using (5). The losses of the conventional SPM 

machine are used as reference. Some assumptions are made 

here to simplify the analyses, i.e. the dominant source of loss 

is the stator slot leakage flux and the flux magnitude is 

approximately the same for these two machines. These 

assumptions are deemed as acceptable as both machines have 

a very similar stator structure. Also, the direction of slot 

leakage fluxes is assumed to be perpendicular to the slot wall. 

Therefore, the AC winding loss (𝑃𝑣𝑒𝑟(𝑃𝑟=400)) in the SPM-V 

machine with 𝑃𝑟 = 400 is given by 𝑃𝑣𝑒𝑟(𝑃𝑟=400) = 𝑃𝑐𝑜𝑛 × (𝑓𝑣𝑒𝑟𝑓𝑐𝑜𝑛)2 (𝑤𝑣𝑒𝑟𝑤𝑐𝑜𝑛)2
 = 7.8 × (10020 )2 (5.954.82)2

 = 297.15 𝑘𝑊 

(6) 

where 𝑃𝑐𝑜𝑛 is the AC winding loss of the conventional SPM 

machine, 𝑓𝑣𝑒𝑟 and 𝑓𝑐𝑜𝑛 are the operating frequencies (as 

highlighted in TABLE II) of the SPM-V machine (with 𝑃𝑟 =400) and conventional SPM machine, respectively. 𝑤𝑣𝑒𝑟 and 𝑤𝑐𝑜𝑛 are the strand thicknesses (as highlighted in TABLE III) 

of the SPM-V machine (with 𝑃𝑟 = 400) and the conventional 

SPM machine, respectively. The calculated loss is close to 

that predicted by 2D FEA (315.2 kW). This gives more 

confidence in the adopted methodology and also supports the 

reasoning behind high AC winding losses in SPM-V 

machines with high slot/pole numbers.  

For the SPM-V machines with low slot/pole number 

combinations, the slot leakage flux is negligible due to their 

large slot opening. However, they have a high fringing flux 

component that links with the top conductors (near to airgap) 

compared to the SPM-V machines with high slot/pole number 

combinations, as shown in Fig. 12(c). The average strand 

losses (excluding DC loss) at different strand numbers (with 

strand number 1 nearest to the airgap) in a slot are shown in 

Fig. 13. Similar to open-circuit losses, the trend of strand 

losses with only armature currents excited also shows a high 

concentration of losses in the top conductors near the airgap. 

The strand losses at high slot/pole numbers show a rather 

constant decreasing trend towards the slot bottom. This is 

because, the slot leakage fluxes, which is the main source of 

winding losses at high slot/pole numbers, also have a 

uniformly decreasing magnitude towards the slot bottom. 

However, for low slot/pole numbers, the losses are mainly 

driven by the fringing fluxes which are concentrated in the 

strands near the airgap. Hence, a sharper decrease of losses is 

observed in the first few turns. After that, the decrease tends 

to slow down. Unlike the open-circuit losses, the armature 

only losses penetrate further down to the conductors near the 

slot bottom. 

 
Fig. 13 Trends of average strand losses in a slot with only armature currents 

excited. Strand 1 is nearest to the airgap.  

C. Rated Load Analysis  

The rated load analysis combines the effects of PM and 

armature fields. The comparison of winding losses between 

the conventional SPM and SPM-V machines under rated load 

is shown in Fig. 14. The losses are found to be almost equal 

to the summation of the losses under open-circuit and 

armature only analyses. The maximum winding loss, around 

362.6 kW, is in the SPM-V machines with 𝑃𝑟 = 400. This 

loss is significantly higher compared to the total winding loss 

(55.5 kW) in the conventional SPM machine. The minimum 

winding loss (148.8 kW) is achieved by the SPM-V machines 

with 𝑃𝑟 = 200. However, it is still almost 3 times that of the 

conventional SPM machine.  

 
Fig. 14 Comparison of winding losses under rated load condition between 

the conventional SPM and SPM-V machines with different slot/pole number 

combinations. 

The average torques for the SPM-V machines with 

different slot/pole numbers are compared against the 

conventional SPM machines, as shown in Fig. 15. The 

average torque is found to be increasing towards lower 

slot/pole numbers. With lower winding losses and higher 

average torque, the lower slot/pole numbers would be better 

choices for the SPM-V machines.   

 
Fig. 15 Comparison of average torques between the conventional SPM and 

SPM-V machines with different slot/pole number combinations. 
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Fig. 16 Comparison of electromagnetic losses at rated load between the 

conventional SPM and SPM-V machines with different slot/pole number 

combinations. 

The electromagnetic losses required to evaluate the 

machine efficiency are compared in Fig. 16. This shows that 

the winding losses (DC+AC) are significantly higher than 

other electromagnetic losses for the SPM-V machines and 

therefore cannot be neglected. It is interesting to note that 

although the operating frequencies of the SPM-V machines 

are higher, the core loss is not proportionally higher (~1.3 

times) than that of the conventional SPM machines. This is 

because, due to high inter-pole leakage fluxes, less PM fluxes 

penetrate into the stator core. The efficiency of the machines 

with and without considering the AC winding losses is shown 

in Fig. 17. Without considering the AC winding losses, the 

highest efficiency achieved by the SPM-V machines with 𝑃𝑟 = 160 can be comparable to the conventional SPM 

machine. However, the AC winding losses have markedly 

reduced the efficiency of the SPM-V machines, especially at 

high slot/pole number. The highest efficiency (94.7%) is 

achieved by the SPM-V machine with 𝑃𝑟 = 200. 

 
Fig. 17 Comparison of efficiencies with and without considering the AC 

winding losses at rated load between the conventional SPM and SPM-V 

machines with different slot/pole number combinations. 

The efficiency of the SPM-V machines is significantly 

reduced due to the AC winding losses and hence requires loss 

reduction techniques to be competitive against the 

conventional SPM machines. Some of the existing techniques 

like increasing the number of turns and strands [17], [18], 

[21], placing the conductors away from slot opening [16], 

[22], etc. are investigated in this paper. Section V discusses 

in detail the effectiveness of these techniques in reducing the 

AC winding losses in the SPM-V machines. 

V. EFFECT OF CONVENTIONAL AC WINDING LOSS 

REDUCTION TECHNIQUES  

This section investigates the effect of the following 

parameters on the winding loss of the SPM-V machines: 

• Turns/coil: The number of turns/coil effectively 

changes the strand thickness and thereby influences 

the winding losses caused by the fluxes such as slot 

leakage fluxes which are mostly perpendicular to slot 

wall. 

• Parallel strands/turn: The number of strands/turn 

changes the strand width and therefore can influence 

the winding losses caused by the fluxes like fringing 

fluxes penetrating in the radial direction.  

• Extra clearance near slot opening: Providing extra 

clearance at the slot opening can protect the first few 

strands, which experience maximum losses due to 

fringing fluxes. Since the slot depth is not changed, the 

conductors become thinner and this further reduces 

the AC winding losses. However, the DC winding 

losses will increase with the reduced conductor cross-

sectional area. 

A. Effects of Number of Turns/Coil  

To demonstrate the effectiveness of number of turns/coil 

in reducing the AC winding loss, the slot leakage flux and the 

resultant eddy current directions are shown in Fig. 18. The 

slot leakage fluxes in X-axis create eddy current in Y-Z plane 

as highlighted by the yellow contours. To reduce the 

magnitude of this eddy current, the coil should be segmented 

either in Y or Z-axis. Segmenting the coil in Z-axis or along 

the axial length of the machine is impossible as a continuous 

conductor is required. Segmenting in Y-axis effectively 

points towards increasing the number of turns/coil. 

Therefore, increasing the number of turns/coil can be 

effective to reduce the AC winding losses created by the X-

axis fluxes like slot leakage fluxes. 

 
Fig. 18 Direction of eddy current in strands due to slot leakage fluxes created 

by armature current only. 

For this sensitivity analysis, the number of turns/coil is 

firstly increased from 11 to 22 without changing the series 

turns/phase to maintain the same terminal voltage level. This 

is achieved by doubling the parallel circuits (in TABLE II) of 

every SPM-V machine. Thereafter, the number of turns/coil 

is progressively reduced to a minimum value of 11. While 

doing this, the strand thickness progressively increases and 

accordingly the current carried by the strands increases to 

maintain the same DC copper loss and average torque. 

Although the terminal voltage reduces (not a desirable 

choice) proportionally to the turns/coil, these results can be 

useful for the parameter sensitivity analysis. It is worth noting 

that the slot fill factor has been kept constant while changing 

the number of turns/coil. 

With only armature currents excited, the trends of AC 

winding losses (excluding circulating current and DC 

winding losses) with increasing number of turns/coil for the 

SPM-V machines with different slot/pole number 

combinations are shown in Fig. 19. The AC winding losses 

are represented as a normalized value. 11 turns/coil is taken 
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as reference for each slot/pole number combination. It can be 

observed that for high slot/pole numbers, increasing the 

number of turns/coil is very effective in reducing the AC 

winding losses. This is because the main source of winding 

losses is slot leakage fluxes which are mostly perpendicular 

to slot wall. Increasing the turns/coil from 11 to 22 could 

reduce the AC winding loss by 75% for both 𝑃𝑟 = 400 and 𝑃𝑟 = 300. If the slot leakage flux was the sole reason for the 

AC winding losses, the normalized loss curves would all 

overlap each other like 𝑃𝑟 = 400 and 𝑃𝑟 = 300. However, 

due to the dominant fringing flux towards lower slot/pole 

number, the normalized curve deviates from the expected 

trend. Since the fringing fluxes change from circumferential 

direction to radial direction, the effectiveness of increasing 

turns/coil to reduce the AC winding losses diminishes (to 

41%) for low slot/pole numbers.   

 
Fig. 19 Trends of AC winding losses with increasing number of turns/coil 

for different slot/pole numbers of the SPM-V machines with only armature 

currents excited. 

The trend of normalized AC winding loss with turns/coil 

can also be analytically calculated using (5) assuming the 

value to be equal to 1 at 11 turns/coil. The losses will be 

proportional to the square of the strand thickness assuming 

the flux to be perpendicular to slot wall. It is observed that the 

analytically calculated values perfectly match with the 

normalized curves of the SPM-V machines with 𝑃𝑟 = 400 

and 𝑃𝑟 = 300, as shown in Fig. 19.  

The circulating current loss was found to be unaffected by 

the number of turns/coil. Since the copper loss is maintained 

the same for different numbers of turns/coil, the DC loss also 

remains unchanged for a given slot/pole number.  

The trends of open-circuit AC winding losses with 

turns/coil for SPM-V machines with different slot/pole 

number combinations are shown in Fig. 20. It can be observed 

that at low slot/pole numbers, where the open-circuit AC 

winding losses are significant, increasing the turns/coil is not 

effective. However, at high slot/pole numbers, it is found to 

be effective (it can reduce AC winding loss by 24%) but the 

loss magnitudes themselves are very much negligible. 

Therefore, in general, it can be concluded that increasing the 

number of turns/coil is an effective way to reduce the AC 

winding losses due to the slot leakage fluxes. 

 
Fig. 20 Trends of open-circuit AC winding losses with increasing number of 

turns/coil for SPM-V machines with different slot/pole numbers. 

B. Effects of Number of Parallel Strands/Turn  

The induced eddy current distribution in the strands due to 

magnetic fluxes in Y-axis is shown in Fig. 21.  

 
Fig. 21 Schematic showing the distribution of induced eddy currents in the 

strands due to Y-axis fluxes. 

The magnitude of eddy currents generated in X-Z plane 

can be reduced by segmenting the conductors either in X or 

Z-axis. The possible direction of segmentation is in X-axis 

which is equivalent to having more parallel strands/turn. 

Therefore, having more parallel strands/turn can be effective 

in reducing the winding losses generated by fluxes in Y-axis 

(or in radial direction). This means that they can be effective 

in reducing the losses towards lower slot/pole numbers which 

have more fringing flux components. 

The number of parallel strands/turn is increased from 1 

(single strand) to 4 in the baseline design (TABLE II) to 

investigate their effect on the winding losses. No 

transposition of parallel strands has been considered in this 

analysis. Hence, all the parallel strands of a turn are in the 

same vertical position with respect to the slot depth. The 

variation of open-circuit AC winding loss (excluding 

circulating current loss) against increasing number of parallel 

strands/turn is shown in Fig. 22(a). The AC winding losses 

are represented as a normalized value with the losses of 1 

strand/turn taken as reference for each slot/pole number. It 

can be observed that a sharp decrease of AC winding losses 

(55-67%) happens when the parallel strands are increased 

from 1 to 2. Beyond 2, the rate of reduction reduces (to 10-

20%). This trend matches the conclusion of a similar study 

conducted for a conventional SPM machine [27]. 

The trend of normalized AC winding losses with the 

number of parallel strands/turn can also be analytically 

calculated using (5). The calculation assumes the magnetic 

field distribution to be unaffected across different parallel 

strands/turn and they are perpendicular to the strand width. 

Both the analytical and 2D FE results match well, as shown 

in Fig. 22(a).  

The variation of AC winding loss against the number of 

parallel strands/turn with only armature currents excited is 

shown Fig. 22(b). For high slot/pole numbers, increasing the 

parallel strands/turn is not effective as the dominant source of 

losses is the armature slot leakage fluxes, the direction of 

which is almost parallel to the strand width. However, at 

lower slot/pole numbers, the armature fringing flux increases 

and therefore increasing parallel strands/turn becomes 

effective in reducing the AC winding losses. Again, 

increasing the parallel strands/turn from 1 to 2 is found to be 

most effective. With 4 parallel strands/turn, the losses could 

0

0.2

0.4

0.6

0.8

1

1.2

10 12 14 16 18 20 22 24

N
o
m

rl
a

iz
ed

  A
C

 w
in

d
in

g

lo
ss

 

Number of turns/coil

Pr=160 Pr=200

Pr=300 Pr=400

Analytical

Armature current 

only

0

0.2

0.4

0.6

0.8

1

1.2

10 11 12 13 14 15 16 17 18 19 20 21 22 23

N
o

rm
a

li
ze

d
  A

C
 W

in
d

in
g

 

lo
ss

Number of turns

Pr=160 Pr=200

Pr=300 Pr=400

Open circuit

X

Y
Z

Direction of open 

circuit flux into the 

conductor

Direction of eddy 

current in the 

conductor

Stator core

Stator winding 

with two 

parallel strands



IEEE TRANSACTIONS ON MAGNETICS              9 

be reduced by 57% and 23% for 𝑃𝑟 = 160 and 𝑃𝑟 = 200 

compared to 1 strand/turn, respectively. 

 
(a) 

 
(b) 

Fig. 22 Variations of AC winding loss against increasing number of parallel 

strands/turn for SPM-V machines with different slot/pole numbers. (a) Open-

circuit. (b) Armature currents only conditions. 

Although the circulating current losses are negligible 

compared to the AC winding losses, it would be interesting 

to know their trend with increasing number of parallel 

strands/turn. As shown in Fig. 23, it is observed that the 

circulating current losses show an increasing trend with the 

number of parallel strands/turn. This rate of increase is higher 

towards lower slot/pole numbers. The circulating current 

losses for the SPM-V machine with 𝑃𝑟 = 160 and 4 parallel 

strands/turn can be almost 3.6 times (4.2 kW) higher than that 

compared to 2 strand/turn. A very similar trend of circulating 

current loss is observed with only armature current excited. 

A maximum circulating current loss of 1 kW is observed for 

the SPM-V machine with 𝑃𝑟 = 160 and 4 parallel 

strands/turn. Although the circulating current losses are found 

to be significantly increasing with the number of parallel 

strands/turn, the absolute magnitudes are still negligible 

compared to the total AC winding loss. 

 
Fig. 23 Variations of open-circuit circulating current loss against increasing 

number of parallel strands/turn for the SPM-V machines with different 

slot/pole numbers. 

C. Effects of Extra Clearance in Slot Opening 

The study of winding losses reveals that the majority of the 

losses are concentrated in the top conductors near the stator 

slot opening. Hence, it would be beneficial to provide extra 

clearance (ℎ𝑒𝑥𝑡) besides the top clearance (10 mm for wedge) 

as shown in Fig. 24. However, it is to be noted that the slot 

depth (ℎ𝑠) remains unchanged. This would mean that the 

strand thickness reduces and therefore, assuming a constant 

rated current, the DC winding losses will increase. However, 

thinner conductors would also help to reduce the AC winding 

losses. Therefore, a tradeoff between the AC losses and DC 

losses could be achieved.  

 
Fig. 24 Schematic showing the extra clearance (ℎ𝑒𝑥𝑡) in the slot opening. 

To normalize the magnitude of the extra clearance for 

different slot/pole numbers, ∆ℎ𝑒𝑥𝑡 is represented as a 

percentage of ℎ𝑠 given by  ∆ℎ𝑒𝑥𝑡 = ℎ𝑒𝑥𝑡ℎ𝑠 × 100 (7) 

The variations of the total winding loss (including the DC 

loss) against ∆ℎ𝑒𝑥𝑡 for SPM-V machines with different 

slot/pole numbers under rated load are shown in Fig. 25. The 

total winding losses are represented as a normalized value 

with the losses at ℎ𝑒𝑥𝑡 = 0 for each slot/pole number being 

used as reference. It can be observed that for low slot/pole 

numbers, a small increase in the extra clearance shows a 

significant reduction in the total winding loss. This is mainly 

because of the reduced fringing flux linkage within the top 

strands. The comparison of the flux distribution in the slot at ∆ℎ𝑒𝑥𝑡 = 0 and ∆ℎ𝑒𝑥𝑡 = 15 for the SPM-V machine with 𝑃𝑟 =160 is shown in Fig. 26. This clearly shows the reduced 

fringing flux linking the top strands due to the extra clearance. 

At ∆ℎ𝑒𝑥𝑡 = 15, the total winding loss could be reduced by 

55% for the SPM-V machine with 𝑃𝑟 = 160. Beyond ∆ℎ𝑒𝑥𝑡 = 15, the clearance is less effective in reducing the 

winding losses as the rate of increase in DC loss is more 

significant than the rate of decrease in AC loss, as shown in 

Fig. 27(a). However, for high slot/pole numbers, the winding 

losses decrease linearly with an increase in ∆ℎ𝑒𝑥𝑡, as shown 

in Fig. 27(b). This is largely due to the reduced strand 

thickness which is effective in reducing the losses due to the 

dominant slot leakage fluxes. Due to relatively higher AC 

winding losses than DC losses, the clearance is found to be 

effective across a wider range of ∆ℎ𝑒𝑥𝑡. At ∆ℎ𝑒𝑥𝑡 = 15, the 

total winding losses could be reduced by 36% for the SPM-V 

machine with 𝑃𝑟 = 400. 

 
Fig. 25 Variations of total stator winding losses (including DC loss) against ∆ℎ𝑒𝑥𝑡 under rated load condition. 
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(a) (b) 

Fig. 26 Comparison of flux distributions in the slot in SPM-V machine with 𝑃𝑟 = 160. (a) ∆ℎ𝑒𝑥𝑡 = 0. (b) ∆ℎ𝑒𝑥𝑡 = 15.  

 
(a) 

 
(b) 

Fig. 27 Variations of AC and DC winding losses against ∆ℎ𝑒𝑥𝑡 for the SPM-

V machines with (a) 𝑃𝑟 = 160 and (b) 𝑃𝑟 = 400. 

VI. EFFECT OF PROPOSED FLUX SHUNT CONCEPT 

This section proposes a novel flux shunt concept to reduce 

the AC winding losses in the SPM-V machines. The flux 

shunt is located near the slot opening (every slot) as shown in 

Fig. 28.  

 
Fig. 28 Slot layout with the proposed flux shunt with relevant dimensions. 

The flux shunt investigated in this paper has the same 

material and lamination direction as the stator iron core. 

Hence, the flux shunt is very similar to the tooth tips in 

conventional SPM machines with semi-close slots. However, 

for large machines, the semi-closed slot makes it difficult to 

install form-wound coils with large conductors. Hence, a 

separate flux shunt is proposed in this paper. One of the 

possible assemblies of the flux shunt is shown in Fig. 29(b). 

The proposed flux shunt can be integrated into the non-

magnetic wedge and then inserted into a semi circular groove 

in the stator tooth from one side of the stator core. The 

existing conventional assembly with a non-magnetic wedge 

is shown in Fig. 29(a). 

  
(a) (b) 

Fig. 29 Schematic of slot layout. (a) With conventional non-magnetic wedge. 

(b) With flux shunt integrated into the non-magnetic wedge. 

The main objective of the flux shunt is to bypass the 

fringing fluxes, linking with the conductors near the slot 

opening, through the flux shunt and thus reduce the AC 

winding losses. From the previous analyses, it is found that 

the fringing fluxes are the main source of AC winding losses 

of the SPM-V machines with lower slot/pole numbers. Hence 

the flux shunt concept is intended to reduce the AC winding 

losses towards lower slot/pole numbers where the SPM-V 

machines exhibit high torque capability. The positions and 

dimensions of the flux shunt for each slot/pole number are 

optimized using the variables highlighted in Fig. 28. The 

optimization is performed to achieve maximum torque and 

minimum AC winding losses. The analysis is carried out in 

the baseline design with 11 turns and 2 parallel strands per 

coil as presented in TABLE II.  

A. AC Winding Losses   

The comparison of the AC winding losses (due to the ‘rotor 
induced and proximity effect’ component only) under rated 

load between different slot/pole number combinations of the 

SPM-V machines with and without flux shunt is shown in 

Fig. 30(a).  

 
(a) 

 
(b) 

Fig. 30 Comparison of AC winding losses under rated load condition for 

different slot/pole number combinations of the SPM-V machines with and 

without flux shunt. (a) Loss due to ‘rotor induced and proximity effect’. (b) 
Loss due to circulating current. 
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It is observed that the flux shunt is very effective in 

reducing the losses towards lower slot/pole numbers with 

almost 66% and 32% reduction for 𝑃𝑟 = 160 and 𝑃𝑟 = 200, 

respectively. However, as expected, the flux shunt has 

negligible impact on AC losses for high slot/pole numbers. 

Although the magnitude of circulating current losses is 

negligible in the investigated machines, the flux shunt is 

found to be very effective in reducing these losses, as shown 

in Fig. 30(b). The comparison of flux distribution under rated 

load condition for the SPM-V machine with 𝑃𝑟 = 160 and 

with and without flux shunt is shown in Fig. 31. The 

bypassing of the fringing flux through the flux shunt can be 

easily observed in Fig. 31(b).  

  
(a) (b) 

Fig. 31 Comparison of flux distributions in the slot in SPM-V machine with 𝑃𝑟 = 160. (a) Without flux shunt. (b) With flux shunt.  

B. Torque and Power Factor 

The flux shunt near the slot opening can alter the airgap 

permeance and may affect the torque. The comparison of 

open circuit radial airgap flux density and their spectra, with 

and without flux shunt, for the SPM-V machine with 𝑃𝑟 =160 is shown in Fig. 32.  

 
(a) 

 
(b) 

Fig. 32 Comparison of open-circuit radial airgap flux densities with and 

without flux shunt for an SPM-V machine with 𝑃𝑟 = 160. (a) Waveform and 

(b) Spectra. 

The comparison of average torque with and without flux 

shunt, for different slot/pole numbers of the SPM-V 

machines, is shown in Fig. 33. The torque is found to be 

reduced by 3.7% and 3% for 𝑃𝑟 = 160 and 𝑃𝑟 = 200, 

respectively. These reductions in torque are marginal 

compared to the benefits achieved in AC winding loss 

reduction. It is interesting to note that the toque slightly 

increases for 𝑃𝑟 = 400. This is due to the aforementioned 

increase in the fundamental airgap flux density. At high 

slot/pole numbers, this fundamental component dominates 

the average torque contribution compared to the modulated 

ones.  

 
(a) 

 
(b) 

Fig. 33 Comparison of torque of SPM-V machines with and without flux 

shunt. (a) Average torque for different slot/pole numbers. (b) Torque 

waveforms for 𝑃𝑟 = 160. 

TABLE IV. PERFORMANCE COMPARISON WITH AND WITHOUT FLUX SHUNT FOR 

DIFFERENT SLOT/POLE NUMBERS OF THE SPM-V MACHINES 

Rotor 

pole pair 

Presence of 

flux shunt 

Torque 

ripple (%) 

Cogging 

torque (%) 

Power 

factor 160 
Without shunt 4.63 3.21 0.49 

With shunt 3.37 3.7 0.44 200 
Without shunt 3.62 0.71 0.45 

With shunt 2.67 2.1 0.41 300 
Without shunt 1.76 1.46 0.39 

With shunt 2.38 2.19 0.37 400 
Without shunt 0.82 0.66 0.32 

With shunt 0.97 0.68 0.3 

 
Fig. 34 Comparison of d-axis inductance with and without flux shunt for the 

SPM-V machine with 𝑃𝑟 = 160. 

As an example, the comparison of torque waveforms of 

the SPM-V machines with 𝑃𝑟 = 160 and with and without 

flux shunt is shown in Fig. 33(b). It can be observed that the 

torque ripple is reduced by using the flux shunt. The 

comparison of torque ripple, cogging torque and power 

factor, with and without flux shunt, for different slot/pole 

numbers of the SPM-V machines, is shown in TABLE IV. 

Because of increased PM flux due to the introduced flux 

shunt, the cogging torque is found to increase. However, for 

lower slot/pole numbers, the flux shunt helps reduce the 

saturation and thereby the overall torque ripple. It also 

reduces the power factor by around 10%. This is mainly due 
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to the fact that the flux shunt is found to increase the 

synchronous inductance, as shown in Fig. 34. Here, the SPM-

V machine with 𝑃𝑟 = 160 is selected as an example. 

C. Efficiency 

The impact of flux shunt on the overall efficiency of the 

SPM-V machines is shown in Fig. 35(a). The significant 

reduction in AC winding losses has helped to improve the 

efficiency by 1.8% and 0.6% for 𝑃𝑟 = 160 and 𝑃𝑟 = 200, 

respectively. However, although the introduction of flux 

shunt does not affect the PM eddy current losses, the iron core 

losses are found to be increased by 8-12%, as shown in Fig. 

35(b). 

 
(a) 

 
(b) 

Fig. 35 Comparison of efficiency and iron core loss for different slot/pole 

numbers of the SPM-V machines with and without flux shunt. (a) Efficiency. 

(b) Iron core loss (including stator and rotor cores and flux shunt iron losses).   

The increase in iron core loss is largely contributed by the 

stator iron core loss due to the higher penetration of PM flux. 

Whereas the losses in the flux shunt itself and its impact on 

rotor iron core losses are found to be negligible.  

D. Demagnetization 

It has been revealed that irreversible demagnetization is a 

critical problem for SPM-V machines for high power ratings, 

especially towards lower slot/pole numbers [30]. Hence, it 

would be important to investigate the impact of flux shunt on 

the demagnetization performance. The analysis is carried out 

for a 3-phase symmetrical short circuit condition and the 

approach adopted in this paper is the same as that presented 

in [30]. 

The risk of irreversible demagnetization is high for SPM-

V machines with low slot/pole number because of their high 

phase inductance. Hence, as an example, the SPM-V machine 

with 𝑃𝑟 = 160 has been chosen to show the effect of flux 

shunt on demagnetization performance. The comparison of 

the d-axis current with and without flux shunt is shown in Fig. 

36. The peak value of d-axis current (𝐼𝑑,𝑝𝑒𝑎𝑘) is marginally 

reduced by 6.5% with the flux shunt due to their higher 

synchronous inductance. The flux density distribution in the 

magnet and the flux distribution in the machine at  𝐼𝑑,𝑝𝑒𝑎𝑘 are 

compared for machines with and without flux shunt, as shown 

in Fig. 37. Here the rotor position is at d-axis where maximum 

demagnetization occurs. The flux density below the knee 

point (0.12 T), where the demagnetization occurs, is shown 

using a coloured map. It can be observed that the flux shunt 

helps to alleviate the risk of irreversible demagnetization in 

the SPM-V machines. 

 
Fig. 36 Comparison of d-axis current under 3-phase short circuit with and 

without flux shunt for the SPM-V machine with 𝑃𝑟 = 160. 

 
(a) 

 
(b) 

Fig. 37 Comparison of d-axis flux distribution in the machine and the flux 

density distribution in the magnet at 𝐼𝑑,𝑝𝑒𝑎𝑘 for the SPM-V machine with 𝑃𝑟 =160. (a)Without flux shunt. (b) With flux shunt. The coloured region in the 

magnet indicates the demagnetized region. 

In summary, the above study reveals that the effectiveness 

of a particular loss reduction technique depends on the 

slot/pole number combinations for the SPM-V machines. The 

AC losses characteristics would also vary according to the 

operating conditions and the type of windings used. Hence, 

the loss reduction techniques discussed above should be 

carefully selected and optimized according to the specific 

applications. The following major deductions can be made 

from the above study: 

• For designs with high slot leakage fluxes (usually for 

high slot/pole numbers), it is better to use thinner 

conductors by either increasing the number of 

turns/coil or by providing extra clearance. Increasing 

the number of parallel strands/turn and a flux shunt 

may not be effective. 

• For designs with high fringing fluxes (usually for low 

slot/pole numbers), it is better to apply techniques like 

increasing the parallel strands/turn, using a flux shunt 

and providing extra clearance that can effectively 

reduce the losses in the top conductors near the slot 

opening. 
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VII. LOSS COMPARISON FOR FINAL DESIGN 

For the final performance comparison, the SPM-V 

machines with 22 turns/coil and 4 parallel strands/turn have 

been selected. The number of turns/phase for the SPM-V 

machines has been kept constant as 22, which is similar to the 

baseline design discussed in TABLE II. The maximum value 

of extra clearance (ℎ𝑒𝑥𝑡) that can be used is also limited by 

the minimum strand thickness (2 mm) considering the 

practical manufacturing challenges. Therefore, the extra 

clearance has been chosen as 15%, beyond which the strand 

thickness is below 2 mm for 𝑃𝑟 = 160, as shown in Fig. 38. 

The flux shunt has been used only for the lower slot/pole 

number SPM-V machines, i.e. 𝑃𝑟 = 160 and 𝑃𝑟 = 200, as 

they have limited effect on AC winding loss reduction for 

high slot/pole numbers. 

 
Fig. 38 Reduction of strand thickness with increasing ∆ℎ𝑒𝑥𝑡 for different 

slot/pole numbers of SPM-V machines. 

The final stator winding losses for the SPM-V machines 

with different slot/pole number combinations in comparison 

with the conventional SPM machines under rated load 

condition are shown in Fig. 39.  

 
Fig. 39 Comparison of final winding losses under rated condition between 

conventional SPM and SPM-V machines with different slot/pole numbers. 

It can be observed that the loss reduction techniques are 

very effective in reducing the AC winding losses of the SPM-

V machines. The minimum value of the AC winding loss 

achieved by the SPM-V machines with 𝑃𝑟 = 160 is 5.5 kW 

(reduced by 96.3% from 149.6 kW), which is lower than that 

(8.7 kW) of the conventional SPM machine. For the highest 

slot/pole number combination (𝑃𝑟 = 400), the AC winding 

loss was reduced by 86% from 315.9 kW to 44.3 kW.The 

electromagnetic losses after implementing the loss reduction 

techniques are compared in Fig. 40(a). The minimum value 

of total loss (112.6 kW) for the SPM-V machine is achieved 

for 𝑃𝑟 = 200, which is still 34% higher than that (83.8 kW) 

of the conventional SPM machine. However, due to the 

higher torque produced by the SPM-V machine, the optimal 

efficiency achieved (96.9%) at 𝑃𝑟 = 160 is comparable to 

that of the conventional SPM machine, as shown in Fig. 

40(b). It is worth noting that although the SPM-V machines 

with lower slot/pole numbers are emerging as a better choice 

in terms of efficiency, they may still have higher copper 

loss/surface area (slot wall area) that brings forth cooling 

challenges. Similarly, the impact of high PM eddy loss 

towards lower pole numbers would also need careful 

investigation. 

 
(a) 

 
(b) 

Fig. 40 Comparison of electromagnetic losses and efficiency. (a) 

Electromagnetic losses. (b) Efficiency between the conventional SPM and 

SPM-V machines with different slot/pole number combinations. ‘Efficiency-

baseline’ refers to the efficiency of the SPM-V machines designs with 11 

turns and 2 parallel strands/turn. ‘Efficiency-new’ refers to efficiency after 
implementing the loss reduction techniques. 

VIII. CONCLUSION 

The AC winding losses for the 3 MW SPM-V machines 

with different slot/pole number combinations have been 

investigated. The losses have been benchmarked against a 

conventional SPM machine. The study shows that the total 

AC winding losses for the SPM-V machines, especially 

towards high slot/pole numbers (315.9 kW), are significantly 

higher than the conventional SPM machines (8.7 kW). This 

is mainly due to their high operating frequencies at high 

slot/pole numbers. Whereas, at low slot/pole numbers, the AC 

winding losses (149.6 kW) are driven by high PM and 

armature fringing fluxes due to their large slot openings. A 

novel flux shunt concept has been proposed to reduce the AC 

winding losses in the SPM-V machines, which is found to be 

very effective towards lower slot/pole numbers. Moreover, 

the effectiveness of other conventional AC winding loss 

reduction techniques such as increasing the number of 

turns/coil and parallel strands/turn, providing extra clearance 

in slot opening have also been studied. It is found that by 

implementing these techniques, the efficiencies of the SPM-

V machines can be significantly improved and can be 

comparable to that of the conventional SPM machines. 

Moreover, the proposed flux shunt concept has the potential 

to reduce the risk of irreversible demagnetization in the SPM-

V machines.  
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