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Abstract -- This paper reports on the study of winding
asymmetries in small synchronous generators. Thedgpes of
generator are commonly used in diesel generator oback-up
systems and are usually no more than a few or fewens of
kilowatts with two, four or six salient poles. The3-phase winding
is 120 deg pitched but often lap windings are notsed, rather a
hybrid of concentric winding and double layering is utilized.
There are sound manufacturing reasons for this andhese are
explained. This leads to small asymmetries in thehase-belt
inductances and field-induced voltages. This is eraned and
validated experimentally. The paper discusses theethniques
that are used to analyze the machine. These are dytical
methods. The methods address the correct positionatoil
groupings in the slots to obtain back-EMFs, mutualand self-
inductances and line currents. These are obtainedrer a varying
load range.

Index Terms—Inductance, synchronous machines, windings.
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layer concentric windings (which is essentiallyulyfpitched
winding) while larger machines have far more sksl will
be double-layer lap windings with possibly one wo tslot
short pitching. Double-layer lap windings in 3-phastating
machines are usually used to introduce this shtotipg for
MMF winding harmonic elimination. In a synchronous
generator is it important to investigate the wigdirarmonics
to reduce generated EMF harmonics. Skew can reaigber
harmonics; however, in generators, elimination foé °
harmonic is important. In smaller synchronous maehi2/3'
pitching is necessary to remove th& Barmonics, and
illustrations of this are given in [1] and [2]. 8ynetry is also
necessary as illustrated in [3]. In this paperakernative to
the lap winding is described and the asymmetrystigated.
This arrangement has been used extensively in ptiodu
machines successfully for many years. The asymmistry
small and occasionally can generate an anomalaige is
during operation. Asymmetries were investigatedlarger

Small synchronous machines are the extensively irsedlow-speed generators in [4] and many different ations
small diesel- or petrol-driven generator sets. Silze of these possible in the layout.
sets is variable from a few hundred watts up toew f

megawatts. These machines can be two pole machines 1.
(smaller machines and even single phase systensarbu

generally four or six poles in the larger units.e$é will
correspond to operating speeds of the diesel oolpatgine.
In induction motors, smaller machines tend to haigle

Top slot layer

WINDING ARRANGEMENTS

In this section the different possible winding agaments
are investigated and issues with their assembly and
asymmetry are highlighted. These windings are airaéd
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Fig. 1. Winding diagram illustrating double-layeB pitched lap winding and the necessity for coilessispension while complete winding is
inserted.
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Fig. 2. Winding diagram illustrating hybrid conceatdouble-layer 2/3rd pitched winding — all cailan be inserted completely in the insertion
sequence Red - Yellow - Blue.

realizing 2/3' pitching to eliminate the'3harmonic voltages.
First the more usual lap winding is assessed imgeof
assembly then the hybrid double-layer concentricdimg is
assessed to overcome the assembly issues.

A. Short Pitched Lap Windings

Lap windings require hand winding and coils sidagehto
be left hanging when starting the winding. Only whe
finishing coils are inserted can the hanging cioiés be fitted
into the top section of the slot. This is illusa@tin Fig. 1.
The main problem with this is that having two phbsé-side
groups hanging in the bore can be very cumbersamag
manufacture in modern compact machines with highu®
densities. In smaller generators (a few tens afwaltts) then
it can be difficult to fit this winding and thers potential for
damaging the winding during fitting. An alternative the
hybrid double-layer concentric winding as descriliedhe
next section and this winding will be the focughié paper.

B. Hybrid Double-Layer Concentric Winding

fitted in the top of the slots. This can be follavien Fig. 2
(which is a minor correction from [5]). The advaggao this
arrangement is that phase-belt coil-side groupargsnever
left suspended in the bore while other phase-bsltsades
are installed. The end-winding, while not havinge th
symmetrical and neat arrangement that is presetherap
winding, is still straightforward to assemble ahiicompact.
The disadvantage is that there will be asymmetrigtsveen
the phases that will lead to slight variationsha field-EMF
magnitudes induced into the phase belts and diffgrbase-
belt leakage inductances (both self and mutuallshitages).
The main asymmetry will be the coil-side slot induces
(self and mutual) but there will also be small asygtries in
the end-winding self and mutual inductances.

C. Twin Single-Layer Windings

An alternative to the hybrid double-layer winding the
twin single-layer winding as discussed here.

This paper highlights the effects of small winding
asymmetries in small synchronous machine; thera tisird

In smaller synchronous machines semi-automatedimgnd winding arrangement that can also produce asymeseffihis

is required to reduce manufacturing costs. As éleagrangement uses two single-layer concentric wiggliand
discussed, these machines are usually of a fewvertdns of pitches them by sixty degrees with respect to ezber to
kilowatts and of two, four or six salient polestBat have can offect a 2/% pitching. This was studied in [6] and is

be matched to small two-stroke engines (in very llsmaysirated in Fig. 3 (which is a minor correctiérom [5]).
generators) or diesel engines for 50 Hz or 60 Heg#ion in - This is effectively formed from two single-layer raentric
back-up or auxiliary generation sets. These setsheastand- \yindings that are offset by 60 electrical degrédss should
alone or grld-connected_. The rotors in these mashiand to e 5 good winding if the layers are series-conmebte if an
be salient pole rotors, with long or short dampeges. attempt is made to parallel-connect the layers tlzege

Automated winding techniques can be applied tgjrcylating currents will occur as illustrated B [In addition,

concentric windings which are usually single lay@he iphe end-winding arrangement will not be compact.
problem with single layer windings is that they an be

short pitched to eliminate time harmonics in themieal
EMF.

However, in a 2/8 pitched synchronous machine it is
possible to use a hybrid concentric double-layendivig
layout to ease construction. Fig. 2 shows thisrgeaent.
When winding a machine with this arrangement, thasp
coils for the first (Red) phase are put wholly lre thoottom of
the slots. The second phase coils (Yellow) areipubp-to-
bottom slot locations and the third (Blue) phasdscare

1. ANALYSIS

The main emphasis of this paper will be the windimg
Fig. 2 and the different analysis methods will beiewed in
the sections below. Analytical analysis is used hilp
understand the problem. Finite element analysisbeansed
to obtain finer detailing. The simulation work wilbe
validated with experimental results as illustrabetbw.
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Fig. 3. 2/3rd pitched winding formed from twin siedayer windings connected in series.

reviewed by Ellison (machines by A.E.I. Ltd., B.K.Blectric

A. Analy3|s.Pc_JSS|b|I|t|es ar\d Approach ] ) Motors Ltd., Mawdsley’'s Ltd. and Westinghouse Hiiect
The analysis is couched in terms of analytical Waltons Corp.) [10].

which are implemented in MATLAB. However, it is @itde
to validate and calculate more accurate values véiter
static or time-stepped finite element analysismplemented
using techniques such as the “frozen permeabiflitiesthod
[7] to break the flux down into different componetd obtain
the field-EMFs and inductances. To model the matkither
2D finite element analysis can be used with lumpgduit
analysis for the end-winding inductances, or a3dllanalysis
carried out, which can be very demanding on computi
power. For 2D analysis, iterative analytical methedch as
[8] can be used to obtain good end-winding calouret

Fig. 5. Phase winding layout for one phase.

These generalized machines were popular in thesla8b0
1960s and were used in extended university coucses
Q electrical machines which taught generalized mazhin

concepts. They have now lost popularity. The Maexgsl
machine used here is described below; it has 48 wslith 48
lap coils in two 24-coil single layer coils setsadi coil
comes out to an individual pair of terminals taallmultiple
stator winding connections. These allow three-phiésdings
for ac machine representations or coil connectilmmsDC
motor field connection. The rotor is a more compexcture
with 36 slots. At one end is a commutator with four
retractable brushes and the coils are pitched bgidtg (full

In the first instance, the machine winding arrangenwill ~ Pitching for a 4 pole machine). This allows a 4epbIC motor
be considered then the analysis will be put forwaid. 4 armature operation. chh brush is connegted vigparisg
gives a general cross-section arrangement for al $oua- and the brushes can either be Iocke_d stationatgoded to
pole synchronous machine. Fig. 5 shows one phase O1the rotor. When locked tc_J the rotor FhIS allows-pode round-
double layer winding for the 4-pole machine in Fig- this rotor synchronous machine to be simulated (as bees). At

has 2/8 pitching. However, the experimental work uses Ihe other end is a set of 6 tapings gccessibleflhghbs which
Mawdsley's Generalized Machine [9] (set up in ac2ep allow a 6-pole synchronous machine rotor or 4 pedeind

arrangement) which is used for method validation 49t induction motor. There is a shorting ring fére
described below — the winding is far from ideal htt commutator; a cage type-structure is representeshbyting

illustrates the asymmetry in top/bottom layeringtu hybrid e commutator and removing the 6 brushes at ther @nd.
double-layer concentric winding. Several companiese These arrangements represent the concept of theredif

produced generalized machines. Several of thesee w&pOtor forms but do not form a high performance

Fig. 4. General salient 4-pole 48-slot geometry.



representation due to the design compromises regessa
generalized machine, hence their drop
However, they are quire adequate for testing cadscep
illustrated in this paper and also in [11].

B. Winding Connection

It is now worth briefly reviewing the possible cautions.
The review is in terms of a 50 Hz low voltage maehibut the

numbers are similar for a 60 Hz machine. A small

synchronous machine is often designed to allow iplalt
voltage operation by reconnection of the phasesbHlsixty-
degree phase belts are used then there will beplase belt
per pole. There are numerous ways to connect ttahina
These are generally star, delta, multiple-star tiplatdelta or
zig-zag (for single phase operation). Taking thapée case
of a two-pole machine where there are two coil ghogs per
phase, several connections are possible (assuimngetries
star to be the most popular 415 V line rating) agm in

Table I.
TABLE |
WINDING CONNECTIONS FORSMALL SYNCHRONOUSMACHINES

Phase Number Connection Line Voltage
Series star 415V
3-phase Pargllel star 207 V
Series delta 240V
Parallel delta 120 V
. Series zig-zag 480 V
Single-phase Parallel zig-zag 240 V

_________ _»__7_A__,.

V3 i|_
Fig. 7. Star load connection showing loop currersisd in analysis (this is
connected to the generator in Fig. 6).

in popularity The asymmetrical hybrid double-layer concentric dirig

can be connected in either a delta or star cordtgur but
delta is used in the experimental work. The dettanection
allows circulating currents around the mesh asstilated in
Fig. 6.

C. Open Circuit Analysis — Delta Connection

If the generator is balanced there will be no zenaer
circulating current, in the delta in Fig. 6. Note that we are
using the motoring convention here with the gereréibhe
current iy flowing into the machine and equél — i..
However, if there is an imbalance in the excitatimitages
€. &, ande, then there will be a circulating curréptind it is
necessary to calculate this. The open-circuit zeder
current can be calculated as follows assuming iticeitis as
shown in Fig. 6 (where the impedarnceepresents both self
and mutual terms). The excitation voltages (indubgdthe
rotating rotor flux) will vary in magnitude but shid be 120
out of phase with respect to each other. This abse the
imbalance is due to the positioning of the coiltlie slots
which will affect the linkage. If the coil sides afcoil are in
the top of the slots (in a double layer windinggrtithere will
be a slightly higher linkage with the rotor fluxmpared to a
coil with coil-sides in the bottom of the slots. nde, there
will be a variation in linkage, i.e., voltage maigwie, rather
than a shift in phase. Therefore:

e,() =Re{E,é“} = R{ (E-A E )&’}
=Re{ E-AV)e“};

6 () =Re{E €} = R & E-A E &'}
:Re{azEei"‘} and

e()=Re{E €’} = R{ a(E-A E ) &'}
=Re{aE+AV)e“}

1)

where the operatora = e‘% and a balanced three-phase
excitation phasor set i, a’E and aE, where each coil is
assumed to have one coil-side in the top of a afwt one
coil-side in the bottom of the slot. If phaaehas all its coil-
sides in the bottom of the slots then there willabeeduction
in voltage AE, which will be equal taAV. Phaseb will not
have a change in voltage because half the coikside in the
top of the slots and half in the bottom, so th&t = 0. For
phasec all the coil-sides are in the top of the slotdisat the
voltage will increase, hendsE, = -AV.

The phase impedances have main (subs@ifor self
inductances andV for mutual inductances) and leakage

(subscriptL) reactances. The phases are assumed to have the

same resistance. The line-to-line voltages are then



\A _\72 = \_/a = Za Lt Zwab I+ 2Maclc € Z11212213 iy

={R+ i(Xs+ XIPTo= X,y T+ T); &= ZaZnZs| iy ©)
Vo=V =\, = Zh+ Zyga Lo+ Zyol @) & 23232512

=R+ i(Xs+ X} Ty= X, (T4 T)); where the current loops are shown in Figs. 6 ands7an
U =U= 210 20 2 exanpie

This assumes that the slot mutuals and the endiwgnd

mutuals are neglected. For the zero-order drivioigage on
open circuit (mains frequency, ndt Barmonic):

Vo) =€+ 6+ €= Re{ (a 1N Vé“}
ENEWY,

The impedance for the zero-order current round dbka
mesh when open circuit is

©)

Vz( o)

ZZS{ R+ j(xs_ZXM)}+ J( Xat Xt XLC) 4)

sincel, =1, =1 _for open-circuit conditions. If the mutual

e ={Rn+ I X+ X} i Xy(igt 1)+ Ri+ R
={Ry+ i(Xs+ X )} i, X (=i, =i,) + Ri, + Ri, @
=(R+ X, ) (i +i,) +H{ Ry + i(Xs+ X},
=Z,i,+Zj,+Z i,

Similar equations exist fog, ande.. Equation (6) is inverted

to obtain the currents. The phase currents canhib&ined
from a connection matrix, further use of a conmettinatrix
then yields the forward and backward current coreptm
This is illustrated in (8) and (9) below. AddressiRigs. 6
and 7, the phase currents in the generigtag andi. can be
related to the circulating currents in the loadndi, and the
zero order current in generator dejtasing

reactance magnitude is half the self inductance the main iy 0 O iy
self and mutual reactances cancel, and we can thgtepen- i,|=| 0 -1 i, ®)
circuit circulating current as i 1 1 i

c z

J3av

3Rph + j(XLa+ XLb+ XLC)

Hence, the open-circuit circulating current is #iere a

®)

I,(oc) =

The generator phase currents can be transformen
forwards, backwards and zero order currégs, ipen and
iz(ph)Where

int

function on the imbalance in voltage, winding resise and It (o la & ia
the leakage reactance. If there is no imbalancexaitation oo | ==|1 a’a ||i, 9)
voltage, so thatAV = 0, there is no circulating current. . 11 11l

Iz( ph Ic

However, if the generator is loaded there will berabalance
in line currents and circulating curreit The next section

calculates this.

For the Mawdsley’s Test Machine used in the expemniial
validation, the current is predicted to be 0.29 @nd
measured at 0.22 A (this was obtained by openiegdtita
with no load and measuring the individual phasdagas).
This is fair correlation. In larger machines, whehe p.u.
resistance and reactance can be low, then thelatirgy
current could be much higher.

D. Load Analysis — Star Connection
To analyze the mesh with a star load on it is rergsto

implement a mesh analysis. The additional load udirc

components are shown in Fig. 7.
The load is a three-phase variable-resistor loawk lzand

the three loop currents, i, and iy fully describe all the
current paths, from which the line and phase ctsrean be

derived. For the generator connection in Fig. 6 arator
connection in Fig. 7, an impedance matrix can b&ined
from

The load line currentgy, i, andl 3 can be obtained from

iy -1 0 i,
iL,|=| 1 -1 i (10)
i o 1 0q|i

And these can also be transformed into the loaddias,
backwards and zero order currenfgn ipLpn) and iz pn) SO
that

i, :% 1a* a i, (11)

The zero-order line current should be zero sineestar point

is not earthed. It should also be noted that latéonal
Standard IEC 60034-1 specifies that the machineldhoei
able to operate continuously on an unbalanced ladere
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Fig. 8. Winding layout for half of stator slotstime Mawdsley machine.

the amount of allowable reverse sequence curremttiseen machine — the second half had same coil arrangeimgnt
5 and 10 % depending on the type of machine, sairiby reversed polarity). The rotor had a cylindricalorowith 36
these is very necessary. slots and this was connected to give a 2-pole agr-flux
The algorithm was implemented in MATLAB and somewave with little 3* harmonic content.

results are given in the next section. The compisneril be

calculated analytically then validated experiméptal B. Delta Connection and Zero Order Current

Since the stator winding is not a true "2fgitch then this
IV. EXPERIMENTAL VALIDATION was necessary to minimiz& 8armonic. The circulating zero-
order current was checked for correct frequencgrsure it
was not due to the™harmonic. The machine speed and
terminal voltage were kept constant and the loategaThe
zero-order circulating current is shown in Fig. Bhe
A. Machine parameters predictions are shown as an upper boundary andwarlo

The relevant parameters necessary for the analysis boundary. These boundaries are sef\byin (1). The lower
given in Table Il. The main difference between thidoundary keepsdV constant whatever excitation variation
experimental set-up and an actual hybrid doublerlay(via the field) and is set by the open circuit agk
concentric machine is that there is no mutual akage measurements. The upper boundary is set by thegadlAV
between the different phases due to the naturbeofvinding with excitation (i.e. increasing with load). Goodrielation
layout. However, this is very small compared to thain was found since the measured currents lie withi tiho

The algorithm was tested using a Mawdsley's Gersaml
Machine (MGM) Set arranged as a synchronous madBine
in a two-pole form arrangement.

mutual inductance. boundaries and it can be seen that the currentlaticg
TABLE Il round the delta mesh increases slightly with lostl{cing
MAWDSLEY MACHINE PARAMETERS load resistance)
Red Yellow Blue )
Parameter phas Phas Phas 14
— = =-Circulating (constant AV)
Open circuit phase voltage [V] 161.1 163 165.1 12 4 Circulating ing AV)
=——-Cuculaling (1ncreasing
Slot leakage inductance [mH] 6.27 451 2.74 14 * Circulating (measured)
End leakage inductance [mH] 3.2 3.2 3.2 =
. : = 08
Main self inductance [mH] 420 420 420 % e ¢ Upper window boundary
Mutual inductance [mH] 210 210 210 s VYL *
O ~~-
Phase resistance [Ohms] 3.2 3.2 3.2 0.4 A el L «__*
02 1 Lower window boundary ]
The MGM consisted of two single-layer windings i8 4 '
slots. Therefore there were 24 coils per layer tral coll 0
pitch was 11 slots. To simulate the effect of hgvirhase 20 40 cadresistonce [Ohm] O 100

bands Wh_O"y On_ the bottom, top-to-bottom and_ tol;_/mhen Fig. 9. Delta connection in Mawdsley machine — zander circulating
the machine coils were connected as shown in Figh&If current around delta winding.



C. Delta Connection with Loading

n 6 30
Fig. 10 shows the variation of the phase curremtthe 5 < |, e w
generator (keeping@\V constant). Again, the measurement: S o 5 25%
give good agreement and follow the general trefids.phase § § a4l i T 202
currents, when broken down into forward, backwardla - 5 |{; el 2
zero-order components revealed there to be litlekward g 3 3 —me e 152
component. The line current, on the other handnadn & e --lbL[A] e S
. . 5921 103
contain zero-order due to the floating star poitierefore 2 == |° \ ... IbL[% of IfL] =]
these contained forward and backward componentg. on & § 1 - 5 —
These are shown in Fig. 11. This also shows thé&vimacls * See- oo __ >

sequence component as a percentage of the forwa 0 ' D 0

sequence component. As already stated, the Inienaht 0 200 400 600 800

Standard IEC 60034-1 gives the maximum value ¢ Load Resistance [Ohm]

backwards sequence current that is allowed. Inntiaishine it
rises to over 25 % but is should be rememberedtitimts an
experimental rig designed to highlight the effedfs the
asymmetry and these high backwards components @tcr
very light load.

The spread of the currents when measured is notdsed
as predicted however, there will be additional Ista¢uration
and other effects that are not incorporated in® $hmple
model. Additional effects included end-winding maitu
variation and general connection asymmetries. Eunttork
would be to model this machine using finite elemeamalysis
then extend the work to a production machine astinig of
the loading effects in more detail. This is a sabgal amount
of work, particularly if end windings are included the use
of 3D finite element analysis. However, here we simply
putting forward a simple calculation method in orteallow
rapid assessment of the currents and this is the afo
calculation that is easily implemented in the desiffice.
The method is validated experimentally.

A

— Red (predicted)
B Red (measured)

g i — - Yellow (Predicted)
o Ay A Yellow (measured
3 21 \" }‘\ - - -Blue (predicted)

% ™ . ® Blue (measured)
°

o

0

20 40 60

Load resistance [Ohm]

80 100

Fig. 10. Delta connection in Mawdsley machine —ggheurrents in
generator.

Fig. 11. Delta connection in Mawdsley machine -usege line currents in
load (zero-order is zero); the backwards is alswshas percentage of
forwards sequence.

V. CONCLUSIONS

This paper has put forward a simple model for a
production winding technique in small synchronowschines
that is slightly asymmetrical. The model was progreaed in
MATLAB and validated using experiments. The simialat
results are put forward for an example laboratogchime;
however, further work would be to expand and détaihore
depth using a production machine. There is litteent
literature about the operation of these small gmoes and

the analysis of them using modern techniques. These

machines are often expected to operate in a flexibbde
when used in portable generator sets.
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