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Abstract — Objective of this paper is to provide design
recommendations to improve the performance and powe
density of a 400kVA salient-pole synchronous geneia,
without exceeding the limitations due to critical @rameters
such as total harmonic distortion of the no-load vitage.
Preliminarily, a finite-element analysis of the cosidered
machine is carried out, aiming at validating the imerent model
against experiment measurements. An in-detailed ssitivity
analysis of the machine’s design parameters that rstly affect
the performance of the platform under investigation is
performed. It has been found that the position andhe shape of
axial ventilation ducts, as well as the stator sloshape do not
affect the electromagnetic performance in a signiéant way and
it can be highly beneficial from a thermal point of view,
resulting in reduced rotor temperatures. Additionaly, the
shape of the salient poles and the damper windingrangement
can produce positive effects on the general perforamce,
particularly allowing for an improved voltage THD and power
density of the machine being studied in this paper.

Index Terms—Salient-Pole Synchronous Generator, Power
Density, Total Harmonic Distortion.

l. INTRODUCTION

harmonics , without resulting in a significant retian of the
output voltage [4]. Some strategies for winding
configuration has been proposed such as a combined
concentrated and overlapped winding structure. T3jis
winding configuration helps to reduce the spacemiosic
contents presented in the airgap flux density.

The geometry of the stator slots and rotor pokas &lso
affect the performance of electrical machines. fline lines
distribution can be modified and the hysteresis addy
current losses can be significantly varied. In [6he
geometry of the stator slots has been optimizedctueve
the optimum torque production while achieving the
minimum amount of losses possible. In addition, the
geometry of rotor poles also influences the airdkyx
density. In fact, by optimizing the shape of sdlipoles,
harmonic content of airgap flux density can be rajtp
reduced at a cost of an increased leakage fluxAlthese
methods can be considered as options to increabepbwer
density and efficiency of the SG being studiechis paper.

In addition to the method presented above, thepgam
winding design has been proved to be of a greatetin the

OUND field salient-pole synchronous generator€Verall performance of SGs [7]. The THD of the ped
(SGs) have been proved to be a reliable and fficie®UtPut voltage can be improved by appropriatelyigiesg

power generation source [1]. High demands for higiosver

density and efficiency leads to more research etirbe

spent on these extensively studied classical mashin
Being such a consolidated technology,

this additional rotor winding [8]. Currents and @mant
losses can be induced in the damper bars, espeiciddrge
SGs where the stator core is typically featuredh\ait open-

many powe°1[°t structure, resulting in a negative impact ba overall

density and efficiency improvements options havenbe €fficiency of this machines [9]. Conventional medofor
proposed in literature. In this context, severgkass such as €stimating damping current includes dq equivaléntud

the thermal management, different winding configorss,
the rotor pole shape and the damper cage topolagy been

widely considered. It is well known that the thetma

performance of an electric machine has a greatteffie the
insulation material’s life time [2] and the overalfficiency.
Therefore, reduced temperature or increased coaingd
result in better performance and higher power dg3].
Stator winding configuration can have a significaffect
on the magnitude of the fundamental harmonic ofaiigut
voltage and its higher order harmonics. For examiple-
third short pitching cancels the triplen harmonieswever,
at cost of significantly reducing the fundamentaltage. On
the other hand, five-sixth short pitching attenad@&and 7
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approach, permeance models and numerical integratio
method [9]-[11]. With the fast development of the
computing resources, finite element method is used
analyse the effects that various damper winding
configurations have on the voltage THD and asseciat
damper bar losses. In particular, [12] shows thaines
damper cage features have a significant effecthenTiHD
and the overall efficiency of a machine. A new damp
winding topology is proposed in [7] aiming at rethgcthe
damper cage losses whilst keeping the THD of théoad
voltage under acceptable limits.

It is clear from above that there is a revampedrést in
renewing the design of such classical machine, ngpki
still an ideal vessel of ongoing research. Thisepaperefore
aims at proposing design recommendations for a MB0k
SG to increase its power density without compromgjsi
some of the most critical parameters such as the dHhe
no-load output voltage and the overall efficiency.

Il.  THE FINITE ELEMENT MODEL AND ITS VALIDATION
AGAINST EXPERIMENTAL RESULTS

The generator being studied in this paper is a-fale



machine designed for various power generation @&po voltage. Fig. 2 compares the FE and experimentalooues.
such as oil gas, marine and standby applicationis THFE results closely follow the experimental curve.
machine has a rated apparent power of 400kVA and
designed to operate at different output voltage emuent . ]
levels and operating frequencies. It is of paramount importance to evgluate the_ THDhe
A detailed 2-D finite-element (FE) model of the tfsam outp'ut SG’s voltage at no-load operation, as itdaits the
is build and then validated against experiment ,dateen 9uality of the voltage waveform. To reach accegtabhD
operating at 50Hz, 0.8 power factor and rated dutpliage. Values, the machine is equipped with a skewedrstaig. 3

A graphical description of the FE model is showrig. 1.~ Shows how the FE-evaluated THD of the line-to-line
J—— voltage, (when the machine is working at no-load #me

rated voltage is induced at stator terminals,) lbaraffected
by the number of slices simulated. This sensitigbalysis
shows that the THD steadies at approximately 1.3%tlwis
very similar to the experimentally-evaluated valthat is
[ 1.5%.

B, Total harmonic distortion of output voltage
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As shown in Fig. 1, taking advantages of all the
symmetries that characterise the considered SGy anl
quarter of the machine is modelled to minimise the
computational time. Special focus is given to tlemgder 0
cage modelling as this winding significantly affecthe e oo b
voltage waveform [13]. The rotor bars are connedted Fig.3. Voltage THD in a skewed machine vs. nuntfeslices.
parallel through short-circuiting end connectionfn C Full-load results
addition, solid damper bars allow for the skin effeo be ’ . . .
taken into consideration and thus ensures for areased  1he FE model described above comprises flexibility
accuracy. In fact, it is important to analyse tenger bar terms of simulating different loading operating diions.
losses as they give a qualitative indication of thermal TO Simulate the on-load operations, circuital loasistances
performance of the analysed machine. and mductances are used in the circuit coupleohepFE

Another major feature of the considered SG is tkiala Model, according to the targeted power factor, ieai
skewing which is applied to the stator core. THiewss to Voltage and apparent power.
maintain the THD of the line-to-line voltage undequired
standard level. In order to model this feature, thalti-
simulation method [14] is used, where a set of 2libes

0.5

Total harmonic distortion (%)

TABLE |
Comparison of full-load output current and voltagelifferent power factor

with appropriate shift between_ rotor and_ stator ecieated Power facto] V_simulation (V) V_exp (V) |_simulatioA)|l_exp (A)
and then post-processed by using averaging praeesse 08 2024 2000 5797 5714
The FE model validation exercise is described ia tl 0.9 203, 2000 5165 513.2
following sections, where the no-load and the fodld 1.0 415 4 4000 4799 461.9
results are compared against available experimental
measurements. TABLE | shows a comparison between simulation rssul
14 against experimental data regarding to full-loadtpat
12 voltage and current. A good agreement between aifoul
< ﬁ/w‘" results and experimental data is observed, whee th
& i L maximum error (3.75%) is registered at unity pofestor.
Fos f It can be concluded that the FE model is validdtedhis
EPTIEN machine.
§0.4 f( “¢V-AB
z / o V-CA [ll.  SENSITIVITY ANALYSIS FOR POWER DENSITY
. e IMPROVEMENTS
% 10 20 20 40 50 Section Il has shown the validity of the FE model,
) Excitation current (A) ) achieved by comparing the simulation and experialent
Fig. 2. No load characteristics — simulation wperimental results. results. The validated model can therefore be used
A. Opencircuit characteristics perform the sensitivity analysis on the machineigtes

The open circuit characteristic is attained by meag Parameters which mostly affect the power densithe T
the voltage at the stator output terminals at ciffé values COncerned parameters that can potentially imprave t
of the rotor excitation current. Accurate simulaticesults machine perfprmapce frqm a thermal, mechanical and
are achieved by using transient with motion, as aiows to electromagnetic points of view include

account for all the harmonic components of the wutp ) The_ position, diameter and the shape of axial
ventilation ducts;



* The angular span of rotor poles; triangle symmetrical to the centre line containthg circle

¢ The shape of rotor poles; analysed in the previous section.
» The shape of stator slots;
» The tangential position of the damper bars; 09936

» The radial distance of the damper bars from théreen
of the machine.
All these aspects are investigated in the followsegtions,
aiming at finding possible improved designs of gtetform

0.9934

u.)

= 0.9932

0.993

Output voltage (p

analysed in this paper. % 0002
A.  Improved cooling ventilation ducts 09926
In Fig. 1, the field map and the flux lines distriton of 09924
the considered SG at no-load condition have beewrshit 09922
can be observed that absolute value of the flusitieon the " The height of the venilation duct (mm)
rotor pole is less than that on the rotor yoke.r&fae, it Fig. 6. Output terminal voltage vs. the heightief ventilation duct.
may be possible to provide the rotor poles withti&ton 25
ducts without significant impact on the electrometgm _
behaviour of the machine. To reduce the simulaiioe, the £ 2
number of slices being simulated is chosen to BEhtis, as i
observable in Fig. 3, the voltage THD is close %o 2 g0
First, the position and the radius of circular-sgdhp § .
ventilation ducts are analysed. Figadd Fig. 6 proves that 3
the rms line to line output voltage drop (on thaxs) is less Eo.s
than 1% when the position of the ducts (on the is)ais
investigated. The output voltage is therefore ignificantly % . o e 00 05
affected by this parameter. In addition, the THDveyy The height of the ventilation duct (mm)
close to 2%, as shown in Fig. 5 and Fig. 7 dematisg Fig. 7. THD of the output voltage vs. the heighthe ventilation duct.
again no modifications on the overall generatofgrerance o596

due to this parameter.

o
@
2

0.99

o
8
S

0.9955

o
o
@

0.995
0.988

0.9945
0.986

Output terminal voltage (p.u.)

)
2
14

Output voltage (p.u.)

0.984
a4 46 48 50 52 54 56 58 60 62

0.9935 Angle of Triangle (deg)
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Fig. 9. THD of the output terminal voltage vs. Engf the top vertex of
0 the triangular duct.
10 1" 12 13 14 15 16 17 18 - . . .
Radius of the ventilation duct (mm) It is clear from Fig. 8 that the output terminalltage is
Fig. 5. THD of the output voltage vs. the radifishe ventilation duct. not significantly affected by altering the magniudf the

Considering the results shown above, it can belyafeop angle of the triangular shaped duct. The mawmimu
concluded that the electromagnetic performance hef tvoltage drop is 1.4 %. In addition, the THD of thetput
machine under investigation is not affected byghesence voltage is slightly increased by approximately 10 %
of extra ventilation ducts on the rotor. These sucan compared with original design (see Fig. 3). Howethe
potentially help to reduce the rotor temperaturabding the maximum THD of the output terminal voltage is stiks
SG to have a higher rotor magnetic loading. than the required standard. Therefore, triangulzped

Once an optimal height and radius of the circulatlucts do not have an evident impact on the THD artdut
ventilation ducts is determined to retain mechdnicaoltage. In contrast, these ducts help to reduee rtior
integrity, a triangular shaped duct is used for #@mne temperature compared with circular shaped ductsesihe
sensitivity study purpose. This triangle is an ¢®bss surface area of the ducts is increased.



B. The Angular span of rotor poles

The effect of the angular span of rotor poles &lysed in
this section. Fig. 10 shows the THD variation withe
angular span of the poles. It can be observed hepaa of
73 degrees presents the minimum voltage THD.
correspondence of this optimal span, the outputagel is
99.8% of the rated value, as it can be seen in Fig.The

reduction of the voltage isherefore negligible compared

with the rated voltage. This helps above resulmwskhat
also the rotor angular span is an important paramehich
can help to increase the power quality of the aersid
alternator.
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Fig. 10. Total harmonic distortion with differesmtigular spans.
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Fig. 11. RMS output line to line voltage with diféent angualr spans.

C. The shape of rotor poles

It is well-known that the airgap thickness représdahe
main machine parameter used by SG’s designerstimisp
the flux density harmonic content in the airgap.nan-
uniform airgap along the salient poles for the nreeunder
study is
harmonic in the airgap flux density can be redlicdact, a
third harmonic reduction would allow for a diffeteshort

pitching being used in the machine and an ensuiagased

output voltage.
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Fig. 12. Magnitude of 3rd harmonic of the airgkyx density vs. different
equivalent airgap.

investigated to determine whether the dthir

changing the equivalent airgap thickness. An irseda
equivalent airgap results in a lower third harmonitis
reduces the voltage THD as shown in Fig. 13. Howehe
reduction in third harmonic component comes atst oba

duction of the available output voltage at theerop
circuited terminals of stator windings. This is gmoin Fig.
14.

In conclusion, altering the length of the airgaphé&pful
with respect to decreasing the total harmonic disto and
third harmonic.
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Fig. 13. Total harmonic distortion vs. equivalaitgap.
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D. The shape of stator dots

In this section, the effects on the overall perfance of
the shape of the stator slots is investigated.radais of the
slot corner (see Fig. 1) is decreased without cimgnthe
height of the stator slots.

1.004
’; 1.002
&
&
= 1
5 /a/
£0.998 -
c o
E /
—=— AB
o2 0.996 P A
BC

0.994
1 2 3 4 5 6 7

Radius of the corner (mm)

Fig. 15. RMS output voltage vs. radius at theostabrner.

It can clearly be seen in Fig. 15 that the voltdgep at
output terminals is less than 1%, which can be comjsed
by increasing the field current without significhnt
compromising the rotor temperature. The advantaieeg
by having a square stator slots is that of increashe slot
area by about 9%. This allows for more conductorde
placed into the slots, which increases the effectivea of
copper conductor. Therefore, the overall resistaica coll
is reduced resulting in reduced stator temperatuned

An equivalent airgap is defined as the mean valugigher electric loading potentially applicable be stator.

between the maximum and minimum airgap length. ERy.

shows how the third harmonic in the flux densityies by



E. Thetangential position of the damper bars

The existing damper bars are symmetrically disglac
over the salient poles (see Fig. 1). Previous wfitk$ have
shown that moving the bars along the tangentigction
can be beneficial for the no-load voltage wavefdnowever
at cost of increasing the damper cage losses. finerehis
section investigates this aspect by studying tliecef that
repositioning the bars have on the voltage THD totdl
RMS values. All the bars shown in Fig. 1 have theen
moved in a uniform direction from right hand side the
left-hand side by -6 degree to 6 degree with resfethe
original position. A non-skewed model is used ttaire all
the harmonic contents presented in the terminaagel
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Fig. 16. RMS voltage vs. tangential position.
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Fig. 17. Total harmonic distortion vs. tangengiabition.

Fig. 17 indicates that the line-to-line voltage TieBn be
reduced by 1.5% by moving the bars tangentiallyooth
sides by 3.3 degrees. The THD is not accompaniedrby
augmentation of the output voltage, as seen in E&).
meaning that no power density improvement is actiby
with this technique on the considered SG.

F. Theradial position of the damper bars

The depth of four damper bars placed in the midéihe
poles is investigated in this section. The two lpositioned
at the rotor pole tips are not moved due to thehaeical
constrains. A non-skewed model is used for thisyaiga
The variation of output terminal voltage is lesartt0.5%,
while the THD is significantly varying and it hagsi
minimum value when the distance of the bars forra th
airgap is at its minimum. Thus, a small amount oltage
increase leads to double the voltage THD.

Therefore, modifying the depth of the damper bayssd
not have an impact on increasing the output voltageélable
at stator terminals, while it has a great sacrificéerms of
the voltage THD. Therefore, it can be concluded thaving
the damper bars along the radial direction is najoad
solution for increasing the power density withaegarting to
other compensation aspects.

1.0014

e 10012 oSy
S o 6.
o kcs 6.

£ 1001 . T

o =4 ~q

& / N

= 1 @ b

= 1.0008 . .

z ; 4

2 ; ¢

= 1.0006 F <

~ R

£.1.0004 ‘\

] \

© i

1.0002 ;

£
N

1
162 163 164 165 166 167 168
The radial position of the damperbars (mm)

Fig. 18. RMS output voltage vs. depth of dampes.ba

14

Total harmonic distortion (%)
IS @ o 5 N

N

0
162 163 164 165 166 167 168
The radial position of the damper bars (mm)

Fig. 19. Total harmonic distortion vs. damper thepth.

IV. CONCLUSION

The objective of this paper is to investigate angppse
solutions aiming at increasing the power density of
synchronous generators without compromising other
parameters such as THD and the available termioitdge.

As vehicle for this study, a 400kVA SG has beensaered
and the following conclusions can be drawn

» Rotor ventilation ducts can improve the SG thermal
performance without compromising the terminal
voltage by more than 2%.

» By applying a non-uniform airgap for this machiae,
significant reduction of third harmonic content &
is observed with a 3% reduction of the terminal
voltage. This can be however compromised by
increasing the field current under the allowance of
rotor temperature.

 Altering the tangential position of the damper bays
3.3 degrees gives a 1.5% reduction of voltage THD.
On the other hand, change in terminal voltage5%®.
which is negligible.

* Qualitatively, the square shaped slots are shown to
have insignificant effect on the terminal voltage.
However, new shape of slots allows extra conductors
to be arranged into the slots. This helps reduee th
losses in the armature windings.

» Radial position of the damper bars does improve the
THD, but seems to be ineffective for power density
improvements.
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