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Abstract. The article analyzes the parameters of various configurations concentrated windings for 

application in high-power geared and direct drive wind generators. It is specified that the concentrated 

windings advantages over distributed ones can be fully realized by choosing the right values of pole pairs 

and the slots number. It is shown that the choice of the winding should take into account not only the 

highest winding factor, but also to the star of slots for the analysis of the harmonic contents of the 

magnetomotive force (MMF) and electromotive force (EMF), cogging torque and load torque pulsation. 

Windings with performance conditions Z=12+6k, 2p=Z ±2, k=0,1,2,3,…having an odd number of pole pairs 

are recommended for high-power wind generators. 

1 Introduction  

Progress in creating new materials for permanent 

magnets led to the development of collector and 

brushless permanent magnets motors from small-power 

machines for automotive equipment, fan drives, disk 

drives to larger ones for elevators and low-speed wind 

generators. As a rule, these machines are equipped with 

concentrated windings, the coil of which covers a single 

slot, and the winding can be single- or double-layer. For 

a balanced three-phase concentrated winding the various 

combinations of poles and slots are determined by the 

relation 
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where Z is the number of slots, 2p is the number of 

poles, and GCD (Z,2p) is the Greatest Common Divisor, 

k=1,2,3,.... 

The specific force developed in the magnetic field of 

a machine with air gap flux density Bδ and current 

loading A is equal σ δwf k B A= , where kw – winding 

factor, and is true for both distributed and concentrated 

windings. Therefore, in terms of creating an 

electromagnetic torque windings do not have advantages 

over each other. 

The attractiveness of concentrated windings in 

comparison with classical distributed windings is 

explained by the simplicity of their design and lower 

cost. However, the magnetizing force curve of a 

concentrated winding contains a significant spectrum of 

harmonics, which limits the windings use only to 

synchronous machines, which by their nature have a 

significant air gap. 

For synchronous machines the advantages of using 

these windings are 

• the copper losses reduction because of the end 

winding have the length shortcut; 

• reduction of the cogging torque at no load and load 

torque ripple; 

• improved reliability by decreasing roll-to-roll 

connections. 

Many papers have been appeared recently that 

consider both the theory of these windings, and specific 

cases of their application. 

In [1], the concentrated windings for a direct drive 

brushless machine with q=2/5 and q=2/7 with a different 

combination of Z and 2p is analyzed, and a comparison 

with a distributed winding 2p=16, z=24, q=1.5 is given. 

It is shown that increasing the number of slots and poles 

reduces the cogging torque and the load torque pulsation. 

A prototype of 10 Nm, 250 rpm with a concentrated 

winding Z=24, 2p=28 was manufactured and studied. In 

[2], concentrated windings with q=2/5, q=2/7, q=4/11, 

q=4/13 are considered for various combinations of Z and 

2p. A comparison is made with distributed windings in 

10 positions, and the advantage of concentrated windings 

in reducing the cogging torque and the load torque 

pulsation is shown. 

In [3], three options of the machine (10 kW, 400 V, 

2000 rpm) are investigated: one with a distributed 

winding Z=60, 2p=10, q=2 and two with concentrated 

windings Z=12, 2p=10, q=2/5 and Z=9, 2p=10, q=0.3. 

The best option is considered with q=2/5. Two options of 

a 55 kW, 10000 rpm traction motor with a concentrated 

winding Z=36, 2p=30, q=2/5 were studied in [4] under 

various EMF restrictions at the maximum speed. Article 

[5] is devoted to single-layer distributed windings, and 

articles [6-8] contain elements of the concentrated 

windings theory, and the most complete possible 
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spectrum of combinations of Z and 2p is presented in [7], 

for which the winding coefficients are determined and it 

is noted that some versions cause increased vibration and 

noise. 

Finnish researchers of high power wind generators 

[9] proposed an option of 8 MW direct-drive generator 

with a concentrated winding Z=144, 2p=120, q=2/5 (12 

segments, Z=12, 2p=10). The authors also have 

considered options of high-power generators with 

concentrated windings [10]. It has been proposed to give 

preference to the choice of a concentrated winding with 

tangential magnetization, in which for generators with a 

rotation speed of 150 rpm and 12 rpm, the efficiency is 

higher and the active materials mass is less. 

The above analysis of the properties of concentrated 

windings shows that the choice of the winding should 

take into account not only the highest winding factor, but 

also to analyze the star of slots, harmonic composition of 

magnetomotive force, harmonic spectrum EMF, cogging 

torque and load torque ripple, as well as emerging losses. 

2 Selecting the research object  

In the last decade, a significant part of international 

research has focused on creating a wind turbine with a 

direct-drive synchronous generator [9-14], but the main 

market is still occupied by generators with a single-stage 

gearbox [7]. In this regard, generators with nominal 

rotation speeds n=150 rpm and n=10 rpm were selected 

for analysis. Based on the established practice of wind 

turbine construction, geared generators with a rotation 

speed of n=150 rpm are designed for the 50 Hz 

frequency of alternating current, and gearless generators 

for a reduced frequency of 10 Hz. The windings selected 

for analysis are shown in Table 1.  
The selected windings can be divided into two 

groups. The first group has a constant value of the 

number of slots per pole and phase q=qn/qd regardless of 

the simultaneous increase in the number of slots and the 

number of pole pairs. Depending on the required speed 

and AC frequency, the winding has a repeating base 

fragment, for example, when q=2/5, the base fragment 

Z=12, 2p=10. In the table, the number of repetitions is 

given in the seg column. The second group of windings 

meets the conditions of execution Z=12+6k, 2p=Z±2, 

k=0,1,2,... and it has a different arrangement structure for 

an even and odd number of pole pairs p and a different 

value for the number of slots per pole and phase q when 

k changes. These windings are indicated in the table by 

*. The periodicity of the winding is determined by the 

Greatest Common Divisor of the numbers of slots and 

pole pairs t=GCD(Z,p). All the windings shown in the 

table are balanced, since they satisfy condition (1). The 

star of the groove EMF of each winding has Z/t arrows, 

each of which has t vectors. The angle between the 

vectors of two adjacent slots in electrical degrees is 

equal to α αe m

s sp= , where 2παm

s Z
=  is the groove angle 

in mechanical radians, the resulting angle between two 

arrows 
α

 α
e

s
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3 Winding factor  

The winding factor of concentrated winding is defined as 

for the distributed one in the form of the product of the 

distribution and the reduction coefficients kw=kdks. 

The formula for calculating the distribution and 

reduction coefficients has the same structure as the 

formula for the distributed winding: 
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So in [5] the following expressions are proposed: 

- distribution coefficient for even and odd qph 

Table 1. Characteristics of the windings selected for analysis. 

F (Hz) Z 2p q qn qd seg LCM=t Z/m/t Z/t 

Geared (n=150 rpm) 

50 48 40 0.400 2 5 4 4 4 12 

52.5 54 42 0.429 3 7 3 3 6 18 

50 42* 40 0.350 7 20 k=5 2 7 21 

Ddirect-drive (n=10 rpm) 

10 144 120 0.4 2 5 12 12 4 12 

10.5 162 126 0.429 3 7 9 9 6 18 

10.17 120* 122 0.327 20 61 k=18 1 40 120 

9.83 120* 118 0.339 20 59 k=18 1 40 120 
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- reduction coefficient 
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Convenient formulas for determining the winding 

coefficient are presented in [8] for three-phase winding: 
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The authors propose to calculate the groove and coil 

cycles for the winding Ntc; Ncc for phase Ntcph; Nccph and 

for magnets Nmc, moreover Ntc=mNtcph ; Ncc=mNccph. 

Fulfilling the condition Nmc=Ntc±1 provides a high value 

of the winding coefficient. Low harmonic distortion 

corresponds to the offset condition between the winding 

layers Nts which are close to Nccph/2. 

The above formulas are presented for the winding 

coefficients for the first harmonic. They can also be used 

to calculate higher harmonics, whose order ν should be 

entered under the sign of sin. 

The calculated values of the winding coefficients for 

the selected windings are shown in Table 2.  
All the selected windings have a high value of the 

winding factor. The lowest value has the winding with 

q=3/7. 

The use of concentrated windings significantly 

reduces the tooth cogging torque which is caused by the 

sum of the interactions of the edge of the magnet with 

the opening of the groove. An estimate can be made 

based on the number of such cycles [2] 

 
( )LSM ,Z p

F
Z

=  (6) 

where LCM(Z,p) is the least common multiple. The 

higher the F, the smaller the cogging torque. The 

calculated F values are shown in Table 2 and they are 

significant values for windings of direct-drive 

generators. For example, a distributed winding, 2p=16, 

z=24 has the LCM value is 24, and F=1. 

In [15] it is shown that the minimum of the cogging 

torque value corresponds to the ratio of the pole arc to 

the pole pitch equal to the one obtained by the 

expression: 
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2
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Table 2 shows the optimal values of the ratio of the 

pole arc to the pole pitch for each winding under 

consideration. Hence, during the design process, it is 

possible to avoid the harmful influence of the tooth 

component of the torque. It is especially easy for a 

gearless drive. 

The tooth component of the torque is calculated as a 

partial derivative of the energy stored in the air gap at 

the angle of the rotor rotation [6]. 

4 Magnetomotive force (MMF) 
harmonics  

Analysis of the (MMF) distribution curve of the winding 

is of interest, since the harmonic components contained 

in it cause additional losses in the stator iron. When 

calculating harmonics, the winding frequency is 

important. Harmonics of the order ν=2p/t create a 

positive torque. Fig. 1 shows the MMF distribution in 

the slots for the winding Z=48, 2p=40 q=2/5. For this 

winding, the harmonic that creates the useful torque 

ν=10. 

Fig. 2 shows the MMF spectra for the windings 

under consideration obtained by a fast Fourier transform 

(FFT). 

Table 2. Evaluation of the winding coefficient and the tooth component of the torque. 

Z/2p qn/qd qph αph kw LCM 

(Z,p) 

LCM 

(Z,2p) 

F α 

Geared (n=150 rpm) 

48/40 2/5 2 0.131 0.933 240 240 5 0.833; 0.667 

45/42 5/14 5 0.140 0.961 315 630 7 0.933; 0.867; 0.800 

42/40 7/20 7 0.150 0.953 420 840 10 0.952; 0.905; 0.857 

Direct-drive (n=10 rpm) 

144/120 2/5 2 0.044 0.933 720 720 5 0.833; 0.667 

162/126 3/7 9 0.039 0.902 1134 1134 7 0.889; 0.778; 0.667 

120/122 20/61 20 0.052 0.954 7320 7320 61 0.983; 0.967; 0.833 

120/118 20/59 20 0.052 0.954 7080 7080 59 0.983; 0.967; 0.833 
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Comparison of the spectra shows the advantage of 

the winding to the conditions of execution Z=12+6, 

2p=Z±2, k=0,1,2,3,... with an odd number of pole pairs. 

5 The EMF harmonic composition at no 
load  

The EMF harmonic composition at no load 

 ( ) ( ) ( )
1,3,5

θ ,θ , cos θ θ ,mag s r r n r s r

n

B R B R np


= 

= −  (8) 

where Bn is the nth harmonic component, Rr is the radius 

of the air gap [m], and θs is the angle along the stator 

periphery [mech. rad], θr – angle of the rotor [mech. rad]. 

Account for the toothiness either by reducing the 

flow coupling using the Carter coefficient, or by using a 

special function ( )λ θ ,ag s rR  which takes into account 

the change in flow coupling in both the gap and the 

magnet and can be represented by a Fourier series 

 ( ) ( )
1,3,5

.λ θ , λ cos θag s r n r s

n

R R nZ


= 

=   (9) 

Then the air gap flux density 

 ( ) ( ) ( )δ0 θ ,θ , λ θ , θ ,θ , .s r r ag s r mag s r rB R R B R=  (10) 

In [10], the results of numerical calculation by FEA 

of a two-dimensional electromagnetic field of a 

generator 8000 kW, 6300 V, 150 rpm with tangential 

magnetization and a concentrated winding Z=42, 2p=40 

are presented. There are the 7th harmonic component in 

the air gap flux density. 

6 Electromagnetic torque and its 
pulsation  

For concentrated windings with a large number of pole 

pairs p and small values q, the electromagnetic torque is 

inversely proportional to the synchronous inductance 

along the longitudinal axis 1
el

d

M
pL

 , and since 

1
dL

pq
 , the larger torqueis realized at large values 

of the number of slots per pole and phase q. Among the 

compared windings, the largest electromagnetic torque 

 

Fig. 1. MMF distribution at the slots for the winding Z=48, 2p=40, q=2/5. 

 

Fig. 2. MMF Spectra obtained by FFT for windings: a) q=2/5; b) q=3/7; c) q=7/20; d) q =20/59. 
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can be realized in the winding with q=3/7, but this 

winding has the smallest winding coefficient. 

The presence of higher harmonics in phase currents 

and phase EMF curves causes the load torque pulsations, 

the instantaneous value of which can be represented as 

 ( )
( ) ( ) ( ) ( ) ( ) ( )

,
ω

a a b b c c

r

i t e t i t e t i t e t
M t

+ +
=  (11) 

here i(t) and e(t) are instantaneous values of phase 

currents and EMF. 

The interaction of the 5th harmonic of the EMF with 

the main harmonic of the current leads to the appearance 

of the 4th and 6th even harmonics in the torque curve. A 

significant reduction of the 5th harmonic EMF can be 

achieved by choosing the number of slots Z and pole 

pairs p, the shape of the magnet and saturation. Ripple is 

also minimized if the opening width of the slot is equal 

to the width of the tooth. The optimal condition is 

provided if Z and 2p do not have a common divisor or 

have a large LCM (the least common multiple) value. 

Among the windings being compared, the windings for 

direct drive have the lowest torque ripple, first of all the 

windings with performance conditions Z=12+6k, 

2p=Z±2. 

The torque ripple for machines with concentrated 

windings is usually located in the range of 1 to 5% of the 

rated torque and in any case it is less than in machines 

with distributed windings. 

7 Conclusions  

The parameters of various configurations concentrated 

windings were analyzed for application in high-power 

gear and gearless wind generators. It is shown that the 

advantages of concentrated windings over distributed 

ones can be fully realized by choosing the values of the 

number of slots and poles. 

When designing high-power wind generators, we can 

recommend to use the concentrated windings with 

conditions of performance Z=12+6k, 2p=Z±2, 

k=0,1,2,3,… having an odd number of pole pairs. Such 

windings have a high winding coefficient, low presence 

of higher harmonic in the current and EMF curves, 

almost negligible cogging torque and low load torque 

pulsation. Such application is especially effective for 

direct-drive high-power wind generators. 
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