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Abstract. The induced voltage shape of an electrical gener-

ator is mainly depending on the used materials, the electromag-

netic design and the actual operational state. Especially large 

synchronous hydro generators are often equipped with a fract-

ional slot stator winding in order to fulfill the high requirements 

of a sinusoidal voltage output. However, due to such a stator 

winding, many different harmonic field wave components are 

circulating along the airgap. Additionally to the fundamental 

harmonic wave and the higher harmonics with wavelengths 

shorter than two pole pitches, the armature reaction of a fract-

ional slot winding creates harmonic field components with a 

wavelength larger than two pole pitches, the so called sub-

harmonics. The resulting voltage quality of a 500MVA salient 

pole synchronous generator is investigated with finite element 

methods separately for higher harmonics and sub-harmonics in 

dependence of various operational states. 
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1. Introduction 
 

The most wanted high power quality is nowadays one of 

the main guidelines within the construction process of 

large synchronous generators. This aim can also be ex-

plained by the condition of vanishing higher harmonics in 
the induced stator voltage spectrum. Thus, a very detailed 

knowledge about the intensities of influences to the local 

distribution of the radial magnetic flux density inside the 

airgap is of essential interest for an optimized design pro-

cess of the machine described in Table I.  
 

Unfortunately, the basic view of the problem by applying 

the usually known fundamental wave theory is insuffi-

cient for such kind of investigations, which should also 

take account of different effects, such as e.g. nonlinear-

ities and higher harmonics.  
 

 

TABLE I. – Characteristics of the synchronous machine. 
 

Rated apparent power SN 465 MVA 
Rated electrical stator current Is,N 12784 A 
Rated rotor excitation current If,N 2865 A 
Rated electrical stator voltage UN 21000 V Y 
Rated frequency fN 50 Hz 
Number of poles 2p 14  
Number of stator phases m 3  
Number of stator slots N 138  

Within the past years, a more accurate and extended in-

formation about higher harmonics in the distribution of 

the radial component of the magnetic flux density along 

the airgap has been successfully developed with the aid 

of numerical methods [1]. Thereby, the main problem 

within the machine design seems to be the very high 
magnetic utilization of some active parts. Thus, the 

knowledge about the occurring nonlinear material in-

fluences of the iron parts become more crucial within an 

improved construction process [2,3]. 
 

First, there must be distinguished between the magneto 
motive force excitation even due to the rotor or the stator 

currents and the evoked magnetic flux distribution along 

the circumferential direction inside the airgap of the 

machine. 
 

The Fourier series expansion of the stator current 
magneto motive force yields to harmonic wave magnit-

udes as 
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where fV  denotes the fundamental one. The magnitudes 

V
υ

 are proportional to the reciprocal value of the 

harmonic order υ . The introduced stator winding factor  
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and the pitch factor is introduced as 
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Herewith, /q z n=  denotes the number of slots per pole 

and phase of the fractional slot stator winding and 
n

y  the 

integer stator winding pitch, respectively. 
 



Linear magnetic material properties and the usage of a 

cylindrical structure without any slotting cause Fourier 

coefficients of the magnetic flux distribution according to 

 B V
υ υ
∼  . (5) 

However, due to the nonlinear material conditions, the 

varying airgap of the salient poles in addition to the 

changing slot structure caused by stator and damper slots, 

we take advantageously use of the assumption 

 ( )fB B gυ
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Now, the magnitudes of the magnetic flux density distri-

bution (6) are not only proportional to the reciprocal 

value of the harmonic order. Beyond it, there exists a 

significant influence of the additionally introduced funct-

ion ( )g υ . The derived relationship (6) allows describing 

both influences due to the complex geometry and the 

nonlinear saturation effects in dependence of the harm-

onic order. However, the fundamental harmonic fB  of 

the flux distribution is always used as a reference value.  
 

In (6), the established polynomial interpolation 

 ( ) 4 3 2
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has further the ability to describe the numerical obtained 

nonlinear airgap flux density spectrum B
υ

 in dependence 

of some specific harmonic numbers completely. Thereby, 

the applied interpolation coefficients 
k

g , 0,1,2,3,4=k  

are varying over a wide range. 
 

Moreover, the very practicable approximation (6) can 

also be successfully applied to the analysis of the no-

load, the short circuit as well as the rated operational 

state. Thus, direct comparisons of the derived harmonic 

spectrums are further accessible. 
 

 

The performed investigations are based on a utilized 

fractional slot stator winding according to Table I with 
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Thereby, the characteristic of the full pitch winding 
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gives further rise to take the integer winding pitch 
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Consequently, the utilized fractional slot winding can be 

characterized with a winding pitch of 
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In the general case of magneto motive force distributions  

inside the machine, globally statements about both, the 

possible harmonic numbers υ  as well as the magneto 

motive force amplitudes (1) are well known. Especially 

the undesired effects of disturbing slot harmonics with  

 2kmnqυ υ ′= ±  , 
u

Nυ ′∈  , k N∈  (12) 

are of crucial interest. The nethermost harmonic number 

1k =  leads in case of 1υ ′ =  in (12) to the lowest slot 

harmonic orders 138 1υ



2. The steady no-load operational state of 

the synchronous generator 
 

Two different electrical rotor excitations dealing with the 

half and the rated rotor field current are discussed in 

order to acquire a detailed information about the occurr-

ing nonlinear saturation effects. The local dependency of 

the radial magnetic flux density along the circumferential 
airgap direction is given in Fig.2 over the totally seven 

poles of the machine in Fig.1. The assigned amplitude 

spectrum is shown in Fig.3. Thereby, the harmonic space 

order is related to the seven machine poles. 
 

The derived ratios of each higher harmonic flux density 

B
υ

 to the fundamental magnitude fB  with 7=f  are 

listed in Table II. Thereby it is obvious, that the effect of 

iron saturation has the ability to improve the voltage 
quality due to the significant reduction of higher har-

monic magnitudes within higher field excitation currents.  
 

 
Fig.2. Radial magnetic flux density along the airgap in case of a 

rotor winding excitation with if=1.0pu. 
 

 
Fig.3. Amplitude spectrum of the radial flux density in case of a 

rotor winding excitation with if=1.0pu. 

 
TABLE II. – Amplitude spectrums for various rotor excitations. 

 

Harmonic order Amplitude ratio if =0.1pu if =1.0pu 
7 B7/B7 100% 100% 
21 B21/B7 11.90% 5.88% 
35 B35/B7 3.21% 0.20% 
49 B49/B7 0.48% 0.03% 
63 B63/B7 1.14% 0.12% 

 

3. Magneto motive stator excitation in the 

magnetic “direct” machine axis 
 

Two different stator space phasor excitations with low 

and high magnitudes are applied in the magnetic “direct” 

axis of the machine depicted in Fig.1. Thus, differences 

in the harmonic amplitude spectrum of the radial flux 

density due to primary unknown local saturation effects 
are obvious. 
 

The rated stator space phasor causes a distribution of the 

radial magnetic flux density component in the airgap 

according to Fig.4. The dedicated flux density spectrum 

is additionally given in Fig.5.  
 

 
Fig.4. Radial magnetic flux density along the airgap in case of a 

stator winding excitation with is=1.0pu in the “direct” axis. 
 

 
Fig.5. Amplitude spectrum of the radial flux density in case of a 

stator winding excitation with is=1.0pu in the “direct” axis. 

 

 

TABLE III. – Comparison of harmonics in case of stator phasor 

excitations in the magnetic “direct” axis. 
 

Harmonic order Amplitude ratio is=0.1pu is=1.0pu 
1 B1/B7 1.95% 1.53% 
5 B5/B7 5.63% 4.74% 
7 B7/B7 100.00% 100.00% 
9 B9/B7 1.13% 0.27% 
11 B11/B7 1.29% 1.05% 
19 B19/B7 2.39% 2.01% 
21 B21/B7 9.91% 8.92% 
35 B35/B7 4.46% 4.69% 
49 B49/B7 0.06% 0.04% 
63 B63/B7 0.03% 0.02% 
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From the comparison of the occurring harmonic ratio B
υ

 

to the fundamental 
7

B , which are listed in Table III for 

several cases, we deduce that the existing saturation 

effects due to higher current magnitudes are able to 

reduce undesired effects for the harmonic orders 

1,5,9,11,19,21,49,63υ = . It is in particular remarkable, 

that the investigated construction leads to a significant 

magnitude reduction for 9υ = . The only exception is 

given for the harmonic number 35υ =  whereas a slightly 

magnitude increasing occurs.  
 

The locally behavior of the most important magnitudes 

(6) with 1,5υ =  of the complete sub-harmonic spectrum 

in Table III can alternatively also be approximated by 
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The interconnection (6) between the magnitudes of the 

sub-harmonics with 1,5υ =  in Table IV can be approxi-

mated in reference to the fundamental 
7

B  according to 
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in case of the stator current of 0.1pu and with 
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for the stator current of 1.0pu. Thereby, we can deduced 

from (17) and (18) that the sub-harmonics 1,5υ =  are 

not influenced by the magnitude of the stator current. The 

chosen significant harmonics 21,35, 49,63υ =  lead to  
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6. The rated operational state 
 

This operational state can be completely described with 

distributions of rated stator and rotor space phasors 

belonging together in different directions. Moreover, they 

must produce a fundamental magnetic flux density 

magnitude, which is corresponding to the induced value 
of the rated voltage.  
 

The according magnetic flux density along the airgap is 

shown in Fig.10. The obtained amplitude spectrum is 

obvious from Fig.11, whereby the fundamental harmonic 

7υ =  is very distinctive.  
 

 
Fig.10. Radial magnetic flux density along the airgap in case of 

a rotor current of if,N=1.0pu, a stator current of is,N=1.0pu and a 

phase angle of ϕN=-154.16°. 
 

 
Fig.11. Amplitude spectrum of the radial flux density in case of 

a rotor current of if,N=1.0pu, a stator current of is,N=1.0pu and a 

phase angle of ϕN=-154.16°. 

 
The dependency of the harmonic magnitudes from the 

totally harmonic numbers can be summarized in case of 

the considered sub-harmonics 1,5υ =  with 
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whereby the ratios of the interpolation coefficients 
2 1
/g g  

and 
2 0
/g g  are at least higher than 0.16. In case of higher 

harmonics 21,35, 49,63υ =  the approximation 
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leads for the maximal polynomial order 4=k  in case of 

4 3
/g g , 

4 2
/g g , 

4 1
/g g and 

4 0
/g g  due to the term 

4 0
/g g  

to values higher than 5⋅10-7. The characteristic coefficients 

k
g  and the derived ratios are varying in a wide range.  
 

The performed numerical optimization process during the 

construction period was very successful, in particular for 

the most important case of the rated operational state. 

From Fig.7 it is obvious, that only the desired fundament-

al and the harmonic component with 21υ =  due to the 

salient pole structure are significant. All other undesired 

higher- or sub-harmonics are advantageously vanishing. 

 

7. Conclusions  

 

Various typical electrical operational states, such as the 

no-load, the short circuit and the rated condition, have 

been investigated and compared with respect to the in-

voked nonlinear airgap flux density spectrum. Moreover, 

the sensitivity to local saturation effects has been analy-

zed in a very detailed way.  
 

Thereby, the influences of the nonlinear iron saturation 

can also be very useful in e.g. the case of the no-load op-

erational state in order to reduce usually occurring higher 

harmonics within stronger rotor current excitation.  
 

In the case of an applied stator phasor in the “direct” axis, 
some higher harmonic magnitudes in the airgap field are 

decreasing very fast within higher stator current excitati-

ons. Contrarily, a stator phasor excitation in the “quad-

rature” axis shows, that the most harmonics are rising up 

due to higher stator currents.  
 

During the unlikely event of a short circuit, the salient 

pole rotor structure causes a very powerful characteristic 

higher harmonic spectrum in the steady case, whereas the 

fundamental wave is usually very slow.  
 

A controversial behavior is obvious for the rated oper-
ational state of the designed machine, where a distinctive 

fundamental wave exists in addition to the desired redu-

ced magnitudes of the sub- and higher harmonic comp-

onents. 
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