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Abstract – Although power quality aspects of electrical 
machines have been extensively studied and investigated for a 
large number of years, room for improvement still exists in the 
field of classic, wound-field, synchronous generators. This paper 
proposes an innovative method of power quality improvement 
for single-phase synchronous generators in which the usual DC 
field current is replaced by a calculated current waveform. The 
optimised field current waveform is designed in such a way that 
harmonics created by the machine geometry and the winding 
configuration are significantly reduced. 
 

Index Terms – Magnetic field modulation, power generation, 
power quality, synchronous generator 

I.   INTRODUCTION 

ynchronous generators (SGs), of the wound-field type, are 
one of the most common machines used for power 

generation across the power range from a few kVA to many 
MVA. Power quality is a key performance characteristic and 
although these machines represent a well-known and 
consolidated technology, recent development in adjacent 
technologies such as power electronics, and modelling and 
analysis tools, has renewed research interest in their design 
and improvement. 

In order to improve the generator output, various 
methodologies exist and have been investigated, including 
optimisation and modifications to the stator winding 
configuration, relative to the ‘classical’ layout [1-3], 
improvements to the lamination geometry [2] and the 
implementation of more disruptive techniques (such as 
skewing of the core packs or modulated damper cage) [1-4]. 
While these have all been shown to achieve significant 
improvements in terms of power quality, typically these 
design choices have a ‘negative’ effect in terms of reduced 
total output and of course more complex manufacturing 
requirements [1], [3]. A very important aspect to note, 
especially considering the ever-increasing stringent 
requirements in this area, is the fact that reduced power quality 
also affects the efficiency of SGs [5]. 

In SGs, the harmonic distortion of the output voltage is a 
result of non-sinusoidal flux linkage interaction with the 
armature coils, mainly caused by the inevitable limitations in 
the machine geometry. For a given machine it is well known 
that the flux linkage is a function of the rotor position, field 
flux and armature winding configuration. Of these, only the 
field flux can, to a certain extent, be actively controlled and 
adjusted (through the field current) while the machine is in 
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operation. This concept of modifying the typically DC field 
current, is the basic ‘philosophy’ on which the power quality 
improvement method described in this paper is built. 

A number of variants of the basic method mentioned above, 
where power quality improvements are addressed by 
generating ‘extra’ harmonics, have been proposed before. In 
[6], [7] harmonics are introduced onto the field current to 
generate related harmonics on the machine output that 
compensate the distribution system. In [8] the field 
reconstruction method (FRM) is used to calculate1an 
optimised field current waveform to reduce the total harmonic 
distortion (THD) of the output voltage of a small three-phase 
machine. A FE model of the SG under investigation is used to 
validate a FRM model which is then used to prove the concept. 
Although significant improvement was achieved, the method 
showed limitations due to the interaction of the three phases. 

The above methods show positive results but fail to address 
the implementation of such techniques to single-phase 
machines. This paper will therefore focus on the improvement 
that can be achieved to the power quality of commercial 
single-phase SGs. As a vessel to do this, a modified SG 
optimised for maximum power output (at the cost of lower 
power quality figures) is used. 

II.   FE MODEL VERIFICATION AND SIMULATION RESULTS 

A commercial 48.5kVA SG, whose main specifications are 
given in Table 1, is studied in this paper and used as a platform 
to prove the concept. The machine, henceforth referred to as 
the production machine, is produced with a two-thirds short 
pitch winding, a stator skew of one slot pitch and a damper 
winding characterised by four bars-per-pole. A detailed 2D 
model of the production machine was built, shown in Fig. 1, 
and verified against test data. Skewing was achieved through 
the use of the multislice method and the damper bars were 
modelled as solid conductors to account for skin effect. The 
verification results are shown in Fig. 2.  

 
TABLE 1 

PARAMETERS OF STUDIED MACHINE 

Parameter Value 
Rated Power 48.5kVA 

Rated Voltage 240V 
Rated Frequency 50Hz 

Rotor Type Salient Pole 
Number of Poles 4 
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Stator Slots 48 
Stator Outer Diameter 340mm 

Stack Length 240mm 
 

 
Fig. 1 - FE model of studied machine. 

In order to highlight and emphasize the potential 
improvements possible by optimising the field current 
waveform, a downgrade of the above machine was 
implemented. The modified machine, henceforth referred to 
as the prototype machine, was developed with a full pitch 
winding, with no skewing of the core packs and with no rotor 
damper bars. A 2D model of the prototype machine was also 
built. The geometry and cross-sectional scheme of the 
modified machine are identical to that of the prototype 
machine as the only differences are those given above. 

The two models (production and prototype machines) were 
then used to investigate the proposed methodologies as 
presented below. 

A.   Open-circuit characteristic 

The FE model of the production machine was verified 
against experimental test data by open-circuit characterisation 
testing. Fig. 2 compares the open circuit characteristics of the 
production machine from both FE and experimental testing. 
Excellent similarity (between predicted and measured values) 
can be observed. 

The FE model of the production machine was modified to 
the specification of the prototype machine (full pitch winding, 
etc) and the open-circuit characterisation test carried out. 
From Fig. 2, the increased output of the prototype machine can 
also be observed. This is the result of the configuration 
changes described above (full pitch winding, etc). In particular 
the rated operating voltage (1 p.u.) was achieved with 13% 
less field current. 

 

 
Fig. 2 - Open circuit characteristic comparison. 

B.   Voltage waveform at rated operating point 

The general voltage waveform of the prototype machine 
model was captured, when operating at the DC field current 
so at to produce the rated voltage, as shown in Fig. 3. The 
harmonic components of this waveform, can be observed in 
Fig. 4, which shows that the 5th, 7th and slot (around 1.2 kHz) 
harmonics are significant, due to the combination of the full 
pitch layout, and the absence of skewing and damper cage 
effects. 

 
Fig. 3 - Output waveform at rated field current. 

 
Fig. 4 – Amplitude harmonic spectrum of the no-load output voltage at rated 
field current.  

C.   Considerations on the preliminary investigation 

The results shown in Fig. 2 indicate and verify the accuracy 
of the developed FE models for the production machine. 
Considering that the model of the prototype machine is based 
and built on that of the production machine, then it can be 
safely assumed that the model of the prototype machine is also 



  

(partially) validated. In Fig. 3 it can be observed that the 
prototype machine, as expected, achieves a significantly 
higher output for a given field current at the expense of power 
quality. The aim of this paper is therefore to achieve the same 
(or improved) power quality as the production machine whilst 
maintaining the increased output benefits. 

III.   THE FIELD MODULATION CONCEPT 

A.   Concept 

It is well known that the voltage produced by a machine is 
equal to the rate-of-change of flux linkage, as governed by 
Faraday’s law. Therefore, in order to achieve a sinusoidal 
voltage output, the flux must also be sinusoidal. The following 
considerations are also very important to note: 
 The instantaneous flux linkage values for any given 

voltage waveform can be calculated for each point of 
rotation of a machine. 

 The instantaneous flux linkage is a product of the 
current flowing in the field windings, the rotor position 
and the number of turns on both the armature and field 
windings. The number of turns can be considered 
constants, thus the field current and the rotor position, 
can be considered as inputs for the expression given in 
        (1). 

= ( , )        (1) 

For a given machine it is possible to create a two-
dimensional matrix that gives the instantaneous field current 
required to produce a specific flux linkage at a particular rotor 
position. 

The matrix can then be used as a lookup table to find the 
field current values for any chosen flux linkage waveform 
(and by extension voltage waveform). The resulting current 
waveform can be input to the field causing the machine to 
produce the chosen voltage waveform. 

However, when applied to a real, practical machine there 
will be limitations to this method, including:  
 The inductance of the field winding preventing large, 

rapid changes in current; 
 Slip-rings or a rotor mounted power electronic 

converter required to supply the excitation; 
 The damper cage action smoothing changes in the field 

flux thereby cancelling the effects of the modulated 
field current. 

This paper represents work focused on proving the concept 
described rather than addressing the real-world 
implementation. Some discussion will be made in response to 
this but fully addressing these challenges will be left to future 
work. 

B.   Production of Field Current Matrix 

FE analysis was used to create the lookup matrix described 
in the previous section, as a matrix of flux linkage for each 
rotor position and field current. The use of FE analysis ensures 
that non-linear effects such as saturation and eddy currents are 
also taken into account. Interpolation functions have been 
developed and implemented in MATLAB to estimate the field 

current value between flux linkage values for a given rotor 
position. 

To populate the matrix a suite of transient simulations with 
motion representing the prototype machine operating at no-
load condition have been carried out. The field current has 
been varied from 0A to 12A, in steps of 0.5A, while the time 
step has been set such that each step was equal to one third a 
degree of rotation. These procedures were done with the 
commercial package ANSYS Maxwell and the results post-
processed with MATLAB. 

 
    1)   Matrix Search and Interpolation Function 

A function was created that loops through the flux linkage 
values for a given rotor position and locates the closest points 
to a given flux linkage value. The assumption is made that the 
flux linkage increases with field current, which is always true, 
except for when the flux linkage is close to zero. 

The function carries out a linear interpolation between the 
points to return the required field current. A linear 
interpolation is not a true match but is acceptable given the 
density of the field current simulations (every 0.5A). 

 
    2)   Creation of Improved Current Waveform 

The flux linkage values were calculated to give a sinusoidal 
output of 240V at 50Hz. These values were then input into the 
function to calculate the field current required at each angle of 
rotor rotation. Fig. 5 shows the field current waveform that 
was produced along with the nominal field current for the 
same operating point. 

 
Fig. 5 - Modulated field current waveform. 

In Fig. 5, it can be seen that there is a spike in the field 
current at each of the flux linkage zero crossing points due to 
the interpolation function assumption discussed in the 
previous section. This could be removed with further post-
processing of the field current waveform. 

Fig. 6 shows the frequency components of the field current 
waveform. Apart from the DC component, the dominant peaks 
can be seen at every even harmonic decaying in steps as the 
frequency increases. Although the components are significant 
they represent less than 0.5% of the DC amplitude. 



  

 
Fig. 6 - Frequency components of the modulated field current. 

C.   Simulation Results of Improved Field Waveform 

In order to show the validity of the proposed method, the 
waveform shown in Fig. 5 was applied to the FE model of the 
prototype machine as a piecewise linear current source. The 
resulting output voltage waveform is shown in Fig. 7 with the 
original waveform for comparison. Fig. 8 shows a comparison 
between the harmonic contents of the two waveforms. 

An excellent improvement in terms of voltage waveform 
quality can be observed, particularly in the frequency 
components identified in Section II. A comparison in terms of 
THD is given in Table 2 showing that the modulated field 
prototype had a marked improvement over the production 
machine, which was the main objective of this work. 

 
Fig. 7 - Comparison of output waveform with and without field modulation. 

 
Fig. 8 - Comparison of output frequency content with and without field 
modulation. 

 
TABLE 2 

THD VALUES FOR EACH MACHINE 

Machine THD (%) 
Production (short pitch winding and 

skewed stator) 
1.46 

Prototype (using DC field current) 3.90 
Prototype (using modulated field current) 0.828 
 
Although the method showed significant room for 

improving the power quality of the 48.5kVA SG considered in 
this paper, a limitation of this method is the high field voltage 
required to produce a modulated field current. Fig. 9 shows a 
plot of the field voltage and confirms the levels required. The 
spikes present in the calculated field current waveform are 
behind the most significant voltage spikes. With further post-
processing of this waveform it should be possible to limit the 
voltage requirements to 60V peak (the level at which the 
majority of the waveform already achieves). 

 
Fig. 9 - Field voltage required to produce the modulated current waveform. 

D.   Performance of Field Modulation Under load 

The required modulated field current waveform will change 
when the machine is placed on load. To maintain rated voltage 
the field current will have to increase which will push the iron 
into a different region of the saturation curve. Similarly the 
current flow in the armature winding will modify the air-gap 
flux thereby changing the harmonic content of the output 
voltage. 

An in-depth study of field modulation as applied to a loaded 
machine is beyond the scope of this paper but will be 
investigated in future works. 

E.   Conclusions and Next Steps 

This paper has demonstrated a simple and effective method 
to improve power quality in single-phase SGs. Use of this 
method in machines reduces manufacturing cost by easing the 
design and increases power density though the use of full 
pitched windings. The next step will be to verify the 
simulation results against a real machine under test. This will 
be achieved with a slip-ring excited machine and 
programmable signal generator. A future paper will detail the 
development of a rotating converter to replace the standard 
diode rectifier and provide the field modulation capability. 

Once verified at test the implementation through the use of 
a rotating power converter on a brushless exciter machine will 
be investigated. 
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