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3.4.1 Vertical coils 

If the coils arranged into the slot shown in Fig. 3.1(b) belong to the same phase, there is 
only a self-inductance component given by (see Appendix A) 

 = (2 ) , (3.16)

where  is 

 =
3

+
2( ) ln +

2
 . (3.17)

In the case when the coil sides in the slot belong to different phases as shown in Fig. 3.2, 
there are self- and mutual inductance components given by 

 =  (3.18)

 =  (3.19)

= = =  , (3.20)

where 1, 2, and M are derived in Appendix A and can be written as  
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6
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Fig. 3.2. Coil side distribution of two different phases in a slot considering a vertical coil 
arrangement.  
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The slot leakage inductance for the phase winding considering the coils arranged into the 
slots as shown in Fig. 3.2 is given by Eq. (3.24), and is derived in Appendix A:    

 =
4

 , (3.24)

where uv is the permeance factor of the slot leakage flux for a double-layer winding 

=
3

+
2( ) ln +

2
 , (3.25)

with 

=
5 + 3

8
 (3.26)

and 

=
1 +

2
, (3.27)

where  is defined as 

= cos 2
/

 (3.28)

and  is the phase shift between the currents of the coil sides in the slot. For a single-layer 
winding = 1. 

3.4.2 Horizontal coils 

If the coil sides arranged into the slot belong to the same phase, the self-inductance 
expression is equal to Eq. (3.16). However, if the coil sides in the slot belong to different 
phases as shown in Fig. 3.3, 1, 2, and M are given by 

 = = =
3

+
2( ) ln +

2
 . (3.29)

The slot leakage inductance for the phase winding considering the coils arranged into the 
slots as shown in Fig. 3.3 is given by Eq. (3.30), and is derived in Appendix A 

 =
4

 , (3.30)

where uh is given by 



3.4 Slot leakage inductance 

 
 

63 

=
3

+
2( ) ln +

2
, (3.31)

and 

=  (3.32)

3.4.3 Slot leakage inductance from q = 0.25 to q = 0.5 

The slot leakage inductance can be written in terms of the number of slots per pole and 
phase (q), the pole pitch expressed in the number of slots (yQ), and the coil pitch expressed 
in the number of slots (W) for a given combination of slots and poles from q = 0.25 to q 
= 0.5.  

Defining t’ as the G.C.D(Qs,2p), the winding arrangement will have  slots 
with coil sides of the same phase, and 2  slots with coil sides of different phases 
per each 2 /  pole of the machine. The variables q’, ’, and W’ are given by 

 =
2

  (3.33)

 =
2

 (3.34)

 =
2

 , (3.35)

For the DW, t’ is always equal to 2p, whereas for the TCW, t’ can take different values 
depending on the slot and pole combination. Furthermore, for the TCW, the coil pitch is 
equal to 1.  

 
Fig. 3.3.  Coil side distribution of two different phases in a slot considering a horizontal coil 
arrangement.  
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For the vertical coil arrangement, the slot leakage inductance is written as 

 =
4
3

1
4

+ 4  , (3.36)

where hs is defined as the slot head leakage permeance factor  

= ln +
2

 . (3.37)

Considering Eq. (3.33) to Eq. (3.35), it is possible to write Eq. (3.36) as 

 = 2
4
3

1
4

+ 2 4  , (3.38)

and taking into account that the number of conductors per coil side is related to the 
number of turns per phase by 

=
2

. (3.39)

The slot leakage inductance for the phase winding can be written as 

=
4

3
1

3
16

+ 4 1
4

. (3.40)

The expression given by Eq. (3.40) is equivalent to the expression presented in (Wallace 
et al., 2012) for the DW, and therefore, it can be used to estimate the slot leakage 
inductance for the DL-TCW and the DL-DW.  

For the horizontal coil arrangement, the corresponding slot leakage inductance for the 
phase winding is given by 

 =
4

3
1

4
+ 4 1

4
 . (3.41)

3.4.4 Discussion 

To compare the slot leakage inductance of horizontal coils with that of vertical coils for 
the TCW, we can assume a rectangular slot geometry ( hs = 0). Dividing Eq. (3.41) by 
Eq. (3.40) results in 
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=
1 4

1 3
16

 , (3.42)

 

Table 3.1. Slot leakage flux factors from q = 0.25 to q = 0.5. 

        2p 
   Qs 

4 6 8 10 12 14 16 18 20 

6 
q 
yQ 

ku 

1/2 
3/2 

0.923 
 

1/4 
3/4 

0.923 
      

9 
q 
yQ 

ku 
 

1/2 
3/2 

0.923 

3/8 
9/8 

0.978 

3/10 
9/10 
0.978 

1/4 
3/4 

0.923 
    

12 
q 
yQ 

ku 
  

1/2 
3/2 

0.923 

2/5 
6/5 

0.966 
 

2/7 
6/7 

0.966 

1/4 
3/4 

0.923 
  

15 
q 
yQ 

ku 
   

1/2 
3/2 

0.923 
 

5/14 
15/14 
0.987 

5/16 
15/16 
0.987 

 
1/4 
3/4 

0.923 

18 
q 
yQ 

ku 
    

1/2 
3/2 

0.923 

3/7 
9/7 

0.952 

3/8 
9/8 

0.978 
 

3/10 
9/10 
0.978 

21 
q 
yQ 

ku 
     

1/2 
3/2 

0.923 

7/16 
21/16 
0.948 

 
7/20 

21/20 
0.991 

24 
q 
yQ 

ku 
      

1/2 
3/2 

0.923 
 

2/5 
6/5 

0.966 

27 
q 
yQ 

ku 
       

1/2 
3/2 

0.923 

9/20 
27/20 
0.943 

              Unbalanced magnetic pull. 
              The number of poles is a multiple of phase number; unsymmetrical phase coil. 
             High value of the main winding factor (kwp > 0.9). 
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where ku is defined as the slot leakage flux factor. Considering that for the tooth coil 
winding W = 1, the slot leakage flux factor is written as 

=
16 4 1
16 3 1

 . (3.43)

The values of the slot leakage flux factor for different slot and pole combinations are 
shown in Table 3.1. The minimum value of ku is 0.923 with q = 0.25 or q = 0.5. This 
means that the slot leakage inductance of vertical coils is 8 % lower compared with the 
horizontal coil distribution. The difference between the inductance expressions for slot 
and pole combinations with a high value of the main winding factor varies approximately 
between a minimum value close to zero and a maximum value of 8 %.   

For q < 0.25 and q > 0.5, the factor ku can be obtained by dividing Eq. (3.30) by Eq. 
(3.24). Assuming a rectangular slot geometry, the slot leakage flux factor is 

 =
4 + 4
5 + 3

 . (3.44)

Equation (3.44) is also valid from q = 0.25 to q = 0.5. 

3.5 Tooth tip leakage inductance 

The tooth tip leakage inductance, also known as zig-zag leakage inductance, is produced 
by the flux travelling between adjacent slots through the air gap. This leakage inductance 
can be calculated considering the tooth tip leakage permeance factor. Different 
expressions for the tooth tip permeance factor can be found in the literature (Wallace et 
al., 2012; Richter and Brüderlink, 1964; Voldek, 1974). Considering the Richter 
expression  

 =
5  

5 + 4
 , (3.45)

the tooth tip leakage inductance is given by  

The tooth tip leakage inductance for q = 0.25 to q = 0.5 can be written as  

tt  =
4

ef tt  (3.46)

tt  =
4

ef tt 1
( )

4
 . (3.47)
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3.6 End-winding leakage inductance 

The end-winding leakage inductance produced by the end-winding connection can have 
a significant effect on the total leakage inductance in the AFPM machines. As a result of 
the relatively short length of the stack, which is limited by the diameter ratio, the length 
of the end winding can be large compared with the total length of the coil as shown in 
Fig. 3.4. Considering the trapezoidal geometry of the coils in the AF machines, the end-
winding connections at the outer and inner diameters have different sizes, and therefore, 
the analytical expression for RF machines cannot be applied without making some 
adjustments.   

According to (Gieras et al., 2008), the end-winding leakage inductance for AF machines 
can be estimated by the following expression 

 = 4 , w,in + , w,out  , (3.48)

where ,  is the length of the inner end winding, ,  is the length of the outer end 
winding, and , , ,  are the permeance factors of the inner and outer end windings, 
respectively, given by 

,  = 0.17 1
2 ,

ew,in
 (3.49)

 

 

Fig. 3.4. End-winding geometry for a DL-TCW. 
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,  = 0.17 1
2 ,

ew,out
 , (3.50)

where ,  is the inner coil span and ,  is the outer coil span. 
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4 Power losses 
Owing to the structural characteristics of electrical machines, power losses play a critical 
role in the machine operation. Electrical machines are typically manufactured as semi-
enclosed or totally enclosed configurations to protect the winding, bearings, and other 
parts of the machine from ambient factors, such as moisture, abrasion, and mechanical 
damage. These factors affect the power dissipation capacity of the machine, and therefore, 
a complex cooling system must be used. To avoid the problem of power dissipation, 
thermal modelling of electrical machines is necessary, and therefore, detailed knowledge 
of loss distributions is required (Wrobel et al., 2016).  

4.1 Winding losses 

From the design point of view, winding losses can be estimated by 

 = 3 , (4.1)

where RAC is the electrical resistance of the phase winding for a given working 
temperature, and I is the phase current in RMS. The resistance expression for a low-speed 
machine is given by 

 = R
Cu c

c
 , (4.2)

where  is the resistivity of the conductor at a given temperature, Sc is the cross-
sectional area of the conductor, kR is the skin effect factor (Pyrhönen, Jokinen, and 
Hrabovcová, 2008) and lc is the total length of the conductor, given by 

 2 e + ew,in + ew,out  . (4.3)

4.2 Core power losses 

Core losses produced in the rotor and stator cores are computed by the 2D FEA using a 
commercial package (Flux by Cedrat). According to the model used by the software 
(based on Bertotti’s method), the iron losses per unit volume can be divided into 
hysteresis losses, , classical eddy current losses , and excess losses  

= + +  . (4.4)

Writing Eq. (4.4) in terms of average power over an electrical period T results in 
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= +
1

12
d ( )

d
+

d ( )
d

.  

d  , (4.5)

where kFe is the lamination stack factor, kh is the hysteresis loss coefficient, and ke is the 
loss in the excess coefficient. The coefficients kh and ke can be determined from the 
measurement loss curve of the magnetic steel manufacturer data. Figure 4.1 compares the 
measurement-specific iron losses of laminated steel M400-50A provided by the 
manufacturer with the analytical prediction considering the estimated coefficient kh and 
ke for three different frequencies of Table 4.1. This frequency range is selected around the 
nominal frequency (125 Hz) to ensure a good estimation of iron losses in the machine 
using Bertotti’s method (Juergens et al., 2015). 

Table 4.1. Iron loss coefficients obtained from the manufacturer data. 

Frequency (Hz) kh   ke   

50 125.85 0.765 

100 165.48 0.361 

200 185.47 0.311 

 

 

Fig. 4.1. Specific iron loss of laminated steel M400-50A. 
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The average power dissipated in a volume region V is obtained from 

= d . (4.6)

4.3 Rotational losses 

Rotational losses, also defined as mechanical losses, can be divided into windage losses 
, ventilation losses , and bearing losses  

= + + . (4.7)

According to (Gieras et al., 2008), the windage losses for a disk-type rotating machine 
can be estimated by 

=
1

64
 , (4.8)

where Dsh is the shaft diameter,  is the specific density of the coolant medium, and CM 
is the torque coefficient, which depend on the tip Reynolds number (Pyrhönen, Jokinen, 
and Hrabovcová, 2008) 

=
3.87

.  ,             < 3 × 10  (4.9)

=
3.87

.  ,             > 3 × 10 . (4.10)

The tip Reynolds number for a rotating disc is given by 

=
4

 , (4.11)

where µ is the dynamic viscosity of the coolant. Considering an air-cooled AFPM 
machine, , ° = 1.2 kg/m3 and , ° = 1.8 × 10  Pa s. 

The bearing losses for small machines can be estimated using the expression given in 
(Gieras et al., 2008): 

=
3

100
 , (4.12)

where = 1 to 3 and  is the mass of the rotating part.  
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The bearing losses calculated by Eq. (4.12) take into account the radial load over the 
bearing produced by the weight of the rotor structure, the permanent magnets, the 
lamination steel layer, and the shaft. On the other hand, in an axial flux machine, the axial 
load over the bearing produced by the magnetic attraction of permanent magnets and the 
stator steel should be considered. The axial force can be compensated for in a two-stator 
one-rotor topology and reduced to zero by aligning the rotor with the symmetry plane of 
the machine. However, a perfect alignment is difficult to reach, and a net axial force over 
the bearing is present. For example, Fig. 4.2(b) shows the axial force for a two-stator one-
rotor AFPM machine of Fig. 4.2(a) considering the data of Table 4.2. A small 

 
(a) 

 
(b) 

Fig. 4.2. Axial force in an AFPM machine; (a) schematic illustration, (b) axial net force over the 
rotor as a function of the position of the rotor with respect to the symmetry plane. 
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displacement of 0.1 mm in the axial direction (z-axis) produces a net axial force of 610 
Nm equivalent to 61 kgF, and a displacement of 1 mm produces a net axial force of 6400 
Nm equivalent to 650 kgF. 

The ventilation losses depend on the cooling fan system. In our case, the prototype is 
designed without a cooling fan, and therefore,  = 0. 

4.4 Permanent magnet losses 

The losses in the PMs of synchronous machines are produced by the flux density variation 
over the entire volume of the magnet. In rotational electrical machines it is possible to 
identify three different main sources of flux density variation: the permanence harmonics 
produced by the irregular surface of the stator because of the slot opening, the current 
linkage harmonics produced by the discrete distribution of the current in the stator slots, 
and the time harmonics related to the inverter used to supply the machine. Because of the 
relatively high conductivity of sintered rare-earth PM materials, the dominant mechanism 
of loss production is the eddy current effect. Hysteresis losses also occur in PMs as shown 
in (Fukama et al., 2005), but according to (Pyrhönen et al., 2015), the hysteresis losses in 
sintered NdFeB PM can be negligible in correctly designed machines.  

In the past, the study of eddy current losses in the PMs was often neglected because of 
the use of a distributed winding configuration in the stator, which produces almost a 
sinusoidal current linkage distribution rotating in synchronism with the rotor (Toda et al., 
2004). However, because of the increasing adoption of TCW, the eddy current losses have 

 
Fig. 4.3. Linear current density and current linkage for a 12-slot 10-pole machine with a double-
layer winding at rated current. 
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received growing interest over the last 20 years. The TCW machines produce strong 
current linkage harmonic components rotating at different speeds with respect to the rotor. 
Several analytical and numerical techniques can be found that focus on the eddy current 

 
Fig. 4.4. Harmonic analysis of a 12-slot 10-pole machine with a double-layer winding, rotating at 
1500 rpm at rated current. 
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Fig. 4.5. Harmonic analysis of loss density in the permanent magnet, the machine rotating at 1500 
rpm at rated current. 
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losses in PMs. The analytical approaches differ in terms of assumptions made to simplify 
the mathematical solution of problems, at the cost of the model accuracy. Using the 
principle of superposition, the sources of eddy losses are studied separately. Some 
analytical approaches focus on the effects of permeance harmonics (Markovic and 
Perriard, 2008; Alberti et al., 2008, Wills and Kamper, 2010; Alexandrova et al., 2010; 
Fang et al., 2012; Sharkh et al., 2011; Wu et al., 2012; Pyrhönen et al., 2014), whereas 
other approaches concentrate on the effect of the armature reaction (Atallah et al., 2000; 
Ishak et al., 2005; Bianchi et al., 2007, Bianchi et al., 2010; Wang et al., 2010; Huang et 
al. 2010; Mirzaei et al., 2012; Pyrhönen et al., 2014). Nevertheless, in this doctoral 
dissertation, the analysis of eddy current losses was made mainly by the FE computation. 
This is due to the fact that the geometry applied to reduce the losses in the PMs (Jara et 
al., 2016) has saturated areas and a complex shape, which complicates an analytical 
analysis. Alternatively, the analytical models described in (Alberti et al., 2008) and 
(Bianchi et al., 2007) were used in the first stage during the dimensioning of the machine 
to estimate the losses caused by the slotting effect and the current linkage, respectively. 
The analytical model is based on a linear representation of the machine along a cylindrical 
cutting plane at the mean diameter, at which Maxwell’s equations are solved (Alberti et 
al., 2008). 

For instance, we can consider the data of Table 4.2 to draw the linear current density 
given by Eq. (3.3) of a double-layer 12-slot 10-pole machine as shown in Fig. 4.3.  

The current linkage is obtained by (Ponomarev et al., 2013) 

 
Fig. 4.6. Harmonic analysis of the slotting effect of a 12-slot 10-pole machine with a double-layer 
winding, the machine rotating at 1500 rpm at no load. 
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( ) = ( ) . (4.13)

The harmonic components of current linkage and linear current density are presented in 
Fig. 4.4. The angular velocity of a given harmonic in the rotor reference frame is given 
by 

= 2
sgn 1

 , (4.14)

where sgn  is the sign function defined in (Bianchi and Fornasiero, 2009). The 
corresponding frequency induced in the rotor is 

= |sgn / | . (4.15)

The angular velocity and the induced frequency for each current linkage harmonic of the 
12-slot 10-pole machine considering a rotational velocity of 1500 rpm are shown in Fig. 
4.4.  

The eddy current loss density computed analytically for each harmonic considering a 
sintered NdFeB magnet with a resistivity of 180×10 8 m and a relative permeability of 
1.03 is shown in Fig. 4.5. The harmonic component of the current linkage that produces 

 

Fig. 4.7. Harmonic analysis of the loss density produced by the slotting effect in the permanent 
magnet, the machine rotating at 1500 rpm. 
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the higher loss density corresponds to v = 7. Considering the total area of the PMs, the 
mean value of the eddy losses is 3.9 kW.  

To estimate the losses produced by the permeance harmonics, we can determine an 
equivalent linear current density that produces the same flux density drop in front of the 
slots (Alberti et al., 2008). 

= ,

1 + ,
 , (4.16)

with the relative permeance function given by Eq. (2.24) computed at the bored stator.  

The peak value of the linear current density for the uth harmonic is 

= +
,

 , (4.17)

The angular rotor velocity is given by 

= 2 /  , (4.18)

and the corresponding frequency induced in the rotor is  

= /  . (4.19)

 
Fig. 4.8. Skin depth calculation for an NdFeB magnet for different harmonic orders.  
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In Fig. 4.6,  ,  and  considering the slot width of Table 4.2 are shown. The 
harmonic component of the loss density is depicted in Fig. 4.7. For the slotting effect, the 
higher loss density corresponds to u = 1. The mean value of eddy current losses on the 
PMs is 10.4 kW. The total losses in the PMs are approx. 14.3 kW.  

For the FE model, the mesh density in the PM region can be obtained from the skin depth 
calculation (Sharkh et al., 2011) 

=
,

 , (4.20)

where  is the resistivity of the permanent magnet, ,  is the relative permeability 
of the permanent magnet, and  is the frequency of the highest most significant space 
or time harmonic. However, in low-speed applications, the frequencies induced in the 
rotor have relatively low values, and the mesh elements are much smaller than the skin 
depth. 

The skin depth for each harmonic can be estimated introducing the induced frequency 
values into Eq. (4.20). Figure 4.8 shows the skin depth for the sintered NdFeB magnet 
used in the machine. We may assume that for the high-order harmonics, the skin depth is 
still greater compared with the dimensions of the applied permanent magnet. However, 
when modelling high-speed machines, this consideration should be taken into account to 
have a correct estimation of PM losses. 

4.5 Reduction of permanent magnet eddy current losses 

Because of the heat dissipation and permanent magnet demagnetization problems, bulky 
magnets cannot be used in the TCW machines without the implementation of loss 
reduction techniques such as the use of soft magnetic wedges (Donato et al., 2012). 

 
(a) 
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However, the losses in the soft magnetic wedges can increase the total losses in the 
machine (Donato et al., 2013). Permanent magnet segmentation provides an effective 
method to reduce the eddy current losses in low-speed machines (Wu et al., 2012). 
Considering the RF topology, the axial and circumferential segmentation and a 
combination of both can be used (Atallah et al., 2000; Huang et al. 2010; Yamazaki and 
Fukushima, 2011; Wu et al., 2012; Mirzaei et al., 2012). Permanent magnet segmentation 
can also be used in AF machines (Jussila et al., 2008; Jussila, 2009; Jussila et al., 2010; 

 
(b) 

Fig. 4.9. No-load flux density variation in the permanent magnets for different rotor positions; (a) 
no  steel lamination, (b) 10 mm of steel lamination. 

 
Fig. 4.10. Eddy current losses in permanent magnets as a function of rotor surface lamination 
thickness. 
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Lindh et al., 2015; Jara et al., 2016). On the other hand, a high number of magnet segments 
per magnet piece increases the manufacturing cost (Yamazaki and Fukushima, 2011), and 
therefore, the magnet segmentation should be combined with the optimization of the 
stator and rotor structures.  

 
Fig. 4.11. Total electromagnetic losses as a function of lamination thickness. 
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Fig. 4.12. Rotor loss distribution as a function of laminate thickness. 
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The use of an open slot structure to achieve a high copper space factor and to reduce the 
manufacturing cost of the winding may produce excessive heat generation as was shown 
in the previous section, which can degrade the magnet properties. Adding a steel 
lamination layer (radially laminated) to the rotor structure of the AFPM machines with 
the TCW enables operation with low rotor losses even when an open-slot structure is used 
(Lindh et al., 2015; Jara et al., 2016). In effect, lamination helps to reduce the air-gap 
reluctance variations, which results in less flux density variation of the PM as shown in 
Fig. 4.9, and therefore, a reduction in the iron and PM losses. Without the lamination, 
Fig. 4.9(a), the magnets are exposed directly to the air-gap reluctance variation with the 
corresponding high flux density variation, whereas when the lamination is present as 
shown in Fig. 4.9(b), the flux path travels across the lamination reducing the flux density 
variation of the PMs. Combination of both techniques (magnet segmentation and steel 
lamination) results in a significant reduction in eddy current losses of the PM as shown 
in Fig. 4.10. It can be seen that the steel lamination can also be used to reduce the required 
PM segments with respect to a given value of eddy current losses. 

On the other hand, the total magnetic losses (iron parts + PM losses) of the machine are 
at the minimum close to 10 mm of the lamination height as shown in Fig. 4.11. This is 
due to the reduction in the rotor losses. In effect, it can be seen in Fig. 4.11 and Fig. 4.12 
that the reduction in losses in permanent magnets is greater compared with the increase 
in losses in the stator core and in the steel lamination when the lamination height 
increases. 

The steel lamination layer provides additional benefits in terms of induced voltage and 
torque production. The maximum value of induced voltage is found close to 10 mm of 

 
Fig. 4.13. Machine efficiency as a function of rotor surface lamination thickness. 
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the lamination height. When the lamination layer reaches the height of 9 to 10 mm, the 
flux crossing the stator is at the maximum, and later, the leakage flux between the poles 
becomes more significant, reducing the useful flux. These results are analysed in detail in 
(Jara et al., 2016).  

The effect of the iron lamination on the efficiency of the machine is shown in Fig. 4.13. 
The Joule losses in the stator winding and the mechanical losses are included. It can be 
seen that the laminations have a favourable effect on the machine efficiency, and the total 
electromagnetic losses can be effectively decreased by the addition of iron lamination on 
the rotor structure. It can be seen that the iron laminations have a higher impact in the 
case of low numbers of segments per pole-arc. 

4.6 Manufacturing effect 

Despite the advantages presented of the use of iron lamination, such as the reduction of 
eddy current losses or the increase in the induced voltage and torque, care must be taken 
in the manufacturing to avoid extra losses in the rotor laminations. In effect, the welding 
used for the stacking process of the steel laminations produces a solid electrical 
connection between each sheet, as illustrated in Fig. 4.14. In the case of this particular 
machine, because of the open-slotted stator, the flux paths have an axial component (y-
axis) and a tangential component (x-axis) as shown in Fig. 4.15. The tangential 
component alternates at a high frequency as a function of stator tooth position. When the 
stator tooth is located on the left side of the rotor pole, the flux lines in the lamination 
stack are directed to the left, as presented in Fig. 4.15 (a), but when the stator tooth is 
located on the right, as shown in Fig. 4.15 (b), the flux lines are directed to the right. A 
2-D FE model was used to estimate the additional losses. The welding was considered a 
solid conductor with an isotropic resistivity of 10.3 × 10  m. Resistivity was 
experimentally determined in the laboratory test set-up shown in Fig. 4.16. The 

 
Fig. 4.14. Generation of eddy currents due to alternating flux through the lamination stack. The 
principal direction of the flux does not travel through the welding loop but as the rotor travels 
under open slots also the direction marked in the figure becomes effective. 
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lamination resistance was neglected because it has a low resistance compared with the 
welding lines. The mean value of welding losses per pole is 120 W, which results in 
welding losses of 1200 W in the 10-pole machine. This is, naturally, a very disappointing 
result, and an improved motor using an alternative joining procedure will be designed.  

 

(a) 

 

(b) 

Fig. 4.15. Alternation of the flux path in the lamination stack close to the permanent magnets; a) 
left position of the tooth, b) right position of the tooth. 
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4.7 Machine prototype and test results 

The AFPM machine analysed in this study is a two-stator one-rotor one as shown in Fig. 
4.17. The double-side topology yields balanced axial forces (ideally) and reduces the 

 
Fig. 4.17. Two-stator one-rotor axial flux machine topology with segmented magnets, the steel 
lamination layer and the non-ferromagnetic rotor structure. 

 
Fig. 4.16. Test set-up to measure the resistance of the lamination welding lines. 
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complexity of the bearing compared with a single-side configuration (Parviainen, 2005). 
The use of external stators facilitates fixing of the stator to the housing and promotes heat 
dissipation from the winding losses. The rotor body is made of impregnated fibreglass, 
which guarantees sufficient mechanical strength and the absence of eddy currents and 
decreases the leakage flux. The permanent magnets are segmented to reduce the eddy 
current losses. Two ferromagnetic steel lamination layers per magnet module were added 

Table 4.2. Main dimensions of the machine. 

Symbol Quantity Value Unit 

 Output power 100 kW 

 Rotational speed 1500 rpm 

 Line-to-line voltage 380 V 

 Rated torque 635 Nm 

 Rated current 164 A 

 Stator outer diameter 390 mm 

 Stator inner diameter 250 mm 

 Slot number 12  

 Pole pair number 5  

 Air-gap length 1.5 mm 

 Permanent magnet height 30 mm 

 Slot height 48 mm 

 Slot width 40 mm 

 Series turns number per stator 64  

,  Permanent magnet remanence 1.15 T 

,  Relative recoil permeability 1.03  

 Magnet to pole ratio 0.7  

 



4 Power losses 86 

to each face of the PM, and their effect on the machine performance is analysed in detail 
in (Jara et al., 2016; Jara and Lindh, 2016). 

The required rater power is 100 kW at the rated speed of 1500 rpm. The main parameters 
and geometrical dimensions are given in Table 4.2.  

 
(a) 

 

(b) 

Fig. 4.18. Rotor structure of the 100 kW axial flux machine. (a) Prototype manufacturing: One 
permanent magnet module consists of a 10 mm stack of steel lamination, in total 30 mm of 
permanent magnet (two segmented magnets on top of each other) and another 10 mm stack of 
steel lamination. (b) Rotor assembly. 
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The high value of tangential stress ( Ftan = 76.5 kPa) makes it necessary to use a two-
stator configuration to avoid a deeper slot with the corresponding increase in the leakage 
inductance and saturation effect (Jara et al., 2014). 

A 100 kW prototype machine with 12 slots and 10 poles was constructed as depicted in 
Fig. 4.18 in order to obtain practical experience of the manufacturing of the tooth coil 
machine and to verify the computed losses. 

The rotor components are shown in Fig. 4.18(a) while the rotor assembly is presented in 
Fig. 4.18(b). The permanent magnet was made of 12 isolated segments arranged as two-
layer modules for each pole. The rotor was made of laminated steel M400-50A. 

 

Fig. 4.19. Stator core with a double-layer TCW.  

 

Fig. 4.20. Test set-up to measure the resistance of the lamination welding lines. 
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Each 12-slot stator was made of coiled M400-50A steel band of 70 mm in width. A 
double-layer TCW was used in the winding arranment with rectangular slots to allow the 
use of a pre-wound coil. The stator core and the TCW are shown in Fig. 4.19. 

The laboratory set-up and measurement instruments are shown in Fig. 4.20, and the 
computed and measured values are summarized in Table 4.3. 

Figure 4.21 presents the flux density distribution of the machine computed by the 3D FE 
model. The maximum flux density values of the magnetic circuit are found in the 
lamination steel layer from 1.7 to 1.9 T. This is due to the flux concentration effect 
produced by the iron lamination, which produces high-permeability paths for the flux 
lines from the permanent magnets. The maximum value of the flux density on the stator 
core is found between 1.3 T and 1.5 T; this value is relatively low and the stator core 
height will be reduced to improve the power density of the machine. The maximum value 
of the flux density on the stator teeth is between 1.2 T and 1.4 T. This value is low 
considering that the saturation point of the stator sheet is close to 1.8 T. However, the 
stator teeth dimensions were selected based on a second design that includes a hybrid 
cooling system in order to improve the power dissipation capability of the machine. In 

Table 4.3. Computed and measured values of the 100 kVA prototype. 

 Computed 2D 
linear model 

Measured 

Output power, kW 105 100.4 

Efficiency, % 95.2 93.9 

P copper, W 2260 2100 

P stator iron, W 945  

PM loss + steel on top of PM, W 480  

Welding losses 1200  

P no-load (add+mech), W 1600 2200 

P total, W 6485 6500 

d-axis inductance, p.u. 0.49 0.41 

q-axis inductance, p.u. 0.87 0.72 

Phase resistance,   0.025 
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this cooling system, cooper bars are inserted into the stator teeth to provide a high thermal 
conductivity path for the heat produced in the stator winding (Polikarpova et al., 2015). 

 
Fig. 4.22. Phase voltage comparison of the machine rotating at nominal speed. 
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Fig. 4.21. Flux density distribution in the 3D FE model of the machine prototype. 
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However, the thermal analysis of the machine is outside the scope of this doctoral 
dissertation.   

The measured and computed no-load induced voltages of the machine prototype running 
at 1500 rpm are compared in Fig. 4.22, showing a good agreement. A better estimation is 
reached by the 3D finite element computation. However, the 3D simulation takes a lot of 
computation time compared with the 2D simulation. The induced voltages of the three-
phase winding are depicted for a full period (8 ms), which represents a balanced voltage. 

The measurement values of input power, output power, and total losses of the machine 
operating as a motor are shown in Fig. 4.25 for different values of load currents. The 
output power (measurement on the shaft) increases almost linearly up to the nominal 
current value, and after that point, the rate of change of power decreases as a result of an 
increase in the Joule losses in the winding.  

The machine efficiency as a function of load current is depicted in Fig. 4.24. The 
maximum machine efficiency is obtained between 0.6 and 1 p.u. of the nominal current. 
The machine efficiency decreases to 92% at 1.5 p.u. of the nominal current. 

 
Fig. 4.23. Phase voltage of the machine prototype operating at nominal speed. 
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Fig. 4.25. Power balance of the machine prototype as a function of load current when operating 
at nominal speed. 
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Fig. 4.24. Machine efficiency of the machine prototype as a function of load current when 
operating at nominal speed. 
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5 Conclusions 
The aim of this doctoral dissertation was to develop design procedures for the optimal 
design of axial flux permanent magnet machines.  

In the doctoral dissertation, a simple and accurate analytical method to design axial flux 
permanent magnet machines considering the saturation and leakage flux effects was 
presented. The design equation can be used during the dimensioning step of the machine 
to find the maximum electromagnetic torque developed by the machine for given values 
of tangential stress and outer diameter. Based on the analytical model and 3D FEM 
results, it was demonstrated that the slot height is a key parameter in the torque capability 
of a given machine. A deep slot increases the leakage flux and the magnetic voltage drop, 
which degrades the machine torque capacity. This disadvantage can be addressed using a 
multistage structure with two or more stators. 

A 2D analytical model of the flux density waveform was developed for an axial flux 
permanent magnet machine considering the permanent magnet magnetic field, armature 
reaction magnetic field, and the slotting effect. The estimation of the armature reaction 
field is a novel method based on the magnetic field produced by a single phase coil and 
on the star of slots theory. The model shows an excellent agreement with the 2D finite 
element computations and was used to analyse the machine behaviour and to improve the 
accuracy of the design methodology.  

In the optimization stage of the work, a novel rotor topology for a two-stator one-rotor 
axial flux permanent magnet machine was analysed and optimized to reduce the rotor 
losses when a tooth coil winding and an open-slot stator are used. Based on the finite 
element results, it is concluded that by adding steel lamination layers to each side of the 
permanent magnets, the losses can be effectively reduced. The steel lamination layers 
along with the non-ferromagnetic rotor structure allow to increase the no-load magnetic 
field thereby increasing the torque capability of the machine.  

The electrically non-conductive material and the non-ferromagnetic material used in the 
rotor structure provide adequate mechanical strength, reduce the leakage flux between the 
poles, and guarantee the absence of eddy current losses.  

Based on studies on the manufacturing effects, it was concluded that an alternative joining 
procedure will be designed to avoid additional losses. As a recommendation, different 
pole shapes should be studied, and a rectangular geometry could be an attractive solution 
to simplify the manufacture of the steel lamination layers. In such a case, the steel 
lamination can be made of I-shape steel magnetic sheets similarly as the manufacture of 
transformer cores. Furthermore, it is necessary to analyse the effect of the soft magnetic 
material to manufacture the magnetic layer. 

A 100 kW prototype machine was manufactured to verify that the computed losses and 
machine efficiency are in good agreement. 
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Appendix A: Slot leakage inductance equations 

To derive the slot leakage inductance equations for a TCW, two methods are considered. 
The first one estimates the slot leakage inductance from the definition of the energy stored 
in a magnetic field 

=
1

2
d =

1
2

, (A.1)

whereas the second one estimates the slot leakage inductance from the voltage induced in 
a phase winding 

=  . (A.2)

a) Slot leakage inductance for vertical coils from the magnetic energy  

Considering the slot geometry and the magnetic flux path shown in Fig. A.1(a) and (b), 
respectively, and assuming that the iron of the teeth is infinitely permeable, all the leakage 
magnetic energy is stored in the slot. Neglecting the end effect, the flux density 
distribution at a given height h is given by 

=
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      ,  (A.3) 

where 1 and 2 are the total current linkages of the bottom coil and the upper coils, 
respectively. Substituting Eq. (A.3) into Eq. (A.1) and integrating along the slot, the 
leakage magnetic energy results in 

=
1
2

5 + 3
8 3

+
1 +

2 2( ) ln +
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 ,  (A.4) 

where Eq. (A.4) can be defined in terms of the slot permeance factor uv  

= =
2

=
2

. (A.5)



 

 Equation (A.4) can be defined in terms of the slot permeance factor for vertical coils uv 

=
3

+
2( ) ln +

2
 , (A.6)

where  

=
5 + 3

8
 (A.7)

and 

=
1 +

2
 . (A.8)

Considering the last term of Eq. (A.1), the slot leakage inductance is written as 

=
2

=  .  (A.9)

For a DL winding, the number of conductors in a slot zQ is related to the number of turns 
in series in phase N by 

=
2

 ,  (A.10)

and the slot leakage inductance of a phase winding becomes 

 

(a)      (b) 

Fig. A.1. (a) Slot geometry dimensions, (b) flux path in the different sections of the slot for a 
double-layer winding with vertical coils.  
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b) Slot leakage inductance for vertical coils from the induced voltage 

To determine the slot leakage inductance from the induced voltage, it is necessary to 
estimate the self- and mutual leakage inductances for the coil configurations shown in 
Fig. A.1.  

The flux density distribution produced by coil 1 (bottom coil) along the slot is given by 
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  (A.12)

and the flux density distribution produced by coil 2 (bottom coil) 
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The self-inductance of coil 1 is 

=
1

d . (A.14) 

Integrating Eq. (A.14) results in  

=  , (A.15) 

where  
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2
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and  

=
2

 . (A.17)

Following the same procedure for the self-inductance of coil 2 

=
1

d  , (A.18)

the integration results in 

=  , (A.19)

where  
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6

+
2( ) ln +

2
 . (A.20)

The mutual inductance can be found by 

=
1

d  (A.21)

By substituting Eq. (A.12) and Eq. (A.13) into Eq. (A.21) the mutual inductance becomes 

=  , (A.22)

where  
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4

+
2( ) ln +

2
 . (A.23)

For the case where the coil sides in the slot belong to the same phase, the self-inductance 
can be written as 

= (2 )  , (A.24)



 

 
 

where  
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3

+
2( ) ln +

2
 . (A.25)

To determine the slot leakage inductance of a phase winding, it is necessary to first obtain 
the coil distribution of different phases in the slots. Therefore, each slot and pole 
combination has to be analysed individually. This is similar to determining the factor  
of Eq. (A.7) and Eq. (A.8). However, it is found that for a given combination of slots and 
poles from q = 0.25 to q = 0.5, it is possible to define a generalized expression for the slot 
leakage inductance. In such configurations, a phase winding has  =  slots 
with coil sides of different phases and  =  slots with coil sides of the 
same phase. For example, Table A.1 shows the values of a and b for the slot and pole 
configurations shown in Fig A.3.  

The voltage induced in a phase winding and produced by the slot leakage flux is given by  

=
d
d

 . (A.26)

For example, for phase W 

Table A.1. Main factors to determine the slot leakage inductance from q = 0.25 to q = 0.5. 

q q’ yq’ W’ a b 

1/4 , 1/2 1 3 2 1 0 

2/7 , 2/5 4 12 10 , 14 1 1 

3/8 , 3/10 3 9 8, 10 1 2 

7/20 , 7/22 7 21 20 , 22 1 6 
. 
. 
. 

. 
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considering a three-phase winding with balanced currents 

d
d

+
d
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+
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= 0 (A.28)

and substituting Eq. (A.15), Eq. (A.19), Eq.  (A.22), and Eq. (A.24) into Eq. (A.27)  
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where hs is defined as the slot head leakage permeance factor  

= ln +
2

 . (A.30)

Comparing Eq. (A.26) with Eq. (A.29), the slot leakage inductance is written as 

 
(a) 

 
(b) 

  
(c) 

 
(d) 

Fig. A.2. Winding layout for the DL-TCW with (a) q = 1/4 and q = 1/2, (b) q = 2/7 and q = 2/5, 
(c) q = 3/8 and q = 3/10 and (d) q = 7/20 and q = 7/22. 
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where 
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Based on Eq. (A.6) and Eq. (A.32), it is found that from q = 0.25 to q = 0.5, the factors 
k1v and k2 can be written as 

= 1
3

16
 (A.33) 

and 

= 1
4

 . (A.34)

c) Slot leakage inductance for horizontal coils from the magnetic energy  

The flux density distribution produced by the arrangement of the coils shown in Fig. A.3 
is given by 
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By substituting Eq. (A.3) into Eq. (A.1) and integrating along the slot, the leakage 
magnetic energy is written as 
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The terms between in the curly brackets are defined as the slot permeance factor for 
horizontal coils uh 

=
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+
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2
 , (A.37) 



 

where  

=  (A.38) 

By using Eq. (A.1) and Eq. (A.10), the slot leakage inductance of the phase winding for 
horizontal coils is given by 

=
4

 .  (A.39) 

d) Slot leakage inductance for horizontal coils from the induced voltage 

The flux density distribution produced by coil 1 (left-hand coil) and coil 2 (right-hand 
coil) shown in Fig A.3 is given by 

= =

2                              0 < <

2( ) +
          < < +  

2

                                  +  
2

< < +  

  (A.40)

 

The self-inductance and mutual inductance of the coils are 

 

(a)      (b) 

Fig. A.3. (a) Slot geometry dimensions, (b) flux path in the different sections of the slot for a 
double-layer winding with horizontal coils.  
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Integrating Eq. (A.41) results in  

= = =  , (A.42)

where  
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+
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 (A.43)

Following the same procedure described in section b of Appendix A, the slot leakage 
inductance is given by 

=
4

 , (A.44)

where 

= 1
4 3

+ 1
4

 ,  (A.45)

which can be written as 

=
3

+  . (A.46)
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