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Abstractd] The accurate determination of stator leakage
inductances is presently an open issue in the analysis and
testing of multiphase electric machines. Calculation methods
are available which involve complicated and often poorly
precise 3D analyses. Experimental determination techniques,
using measurements on the wound stator with the rotor
removed, are also possible but quiteimpractical asthey need to
be performed during machine manufacturing or require rotor
withdrawal. In this paper, a new approach is proposed to
determine all the stator self and mutual leakage inductances of
a nine-phase synchronous machine based on a minimal set (a
couple) of magneto-static finite element (FE) simulations and
on the measurements taken during no-load and short circuit
routine tests. The procedure is applied to a wound-field salient
pole nine-phase synchronous generator for validation, showing
a good accordance with the results obtained from
measurements on the machine with the rotor removed. A
discussion is also proposed on the possibility to extend the
presented procedureto other multiphase topologies.

Index Terms nine-phase machines, parameter
identification, stator leakage inductances, synchronous
machines, vector space decomposition.
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I.  INTRODUCTION

model parameters, are identified in [16] based tandstill
frequency response (SSFR) measurements suitably
processed through genetic algorithms. Finally, some
experimental procedures can be found in the lieeato
measure the end-coil and slot leakage inductandes o
multiphase machines based on dedicated tests to be
conducted on the wound stator with the rotor rerdove
combined with suitably calibrated Finite Elementaiysis
(FEA) simulations [18]-[21].

This paper proposes a new alternative method to
determine the overall stator leakage inductances whe-
phase synchronous machine using the no-load arghtive
circuit tests combined with a minimal set of FEAgnato-
static simulations. The latter are used to identify
magnetizing inductances as functions of the rotsitipn
according to [22], which can be accomplished witlydwo
magneto-static FEA simulations. The short circuitl ano-
load tests [18], on the other side, are used tordethe no-
load voltage and short-circuit current waveforms.

The basic idea of the proposed methodology is tivele
the accurate mathematical model of the machine by
identifying stator magnetizing inductances througBA

ULTI-PHASE synchronous machines are widelysimulations as per [22] and treating leakage irahe#s as
used today thanks to their well-known advantagesinknown parameters. On the machine model, transfbrm

over three-phase ones, in terms of performancelt fauhrough the Vector Space Decomposition (VSD) tephei

tolerance and flexibility of operation [1], [2]. |particular,
an important multiphase machine design which igroft
taken into account is the nine-phase one. Exanipténe-
phase synchronous machines can be found in the diel
power generation [3]-[5], permanent-magnet motavedr
[6]-[8] and multi-motor applications [9].

In the analysis and testing of multiphase machirzes,
sufficiently accurate determination of their stateakage
inductances is still an open issue of some posgitaetical
importance. Leakage inductances, in fact, can itapty
impact on machine performance [10], especiallyrespnce
of time and space harmonics [11]-[14].

The problem of determining stator leakage induataraf
electric machines from tests has been widely addtein
the technical literature. Experimental procedure® a
proposed for this purpose in [15] applying to thpase
induction motors based on impedance measuremertteeon
machine with the rotor at stand-still. As regafu®eé-phase
synchronous machines, experimental methods are skt
in [16] to characterize their saturatdd model where the
rotor is represented with a generic linear equiviatgrcuit
[17]. Stator leakage inductances, together withatierdq
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[23], the condition is then imposed that the shortuit
current waveform must equal the measured one when t
rotor-produced back-emf equals the one recordeldeimo-
load test. This leads to a set of nonlinear algeteguations
from which the leakage inductances (unknowns) can b
obtained. In the procedure, rotor circuit parangetee not
involved and thereby do not need to be estimated or
measured.

Compared to [16], the proposed technique employs
measurements which can be taken during usual mbdaod
sustained short-circuit acceptance tests [18] ameb chot
require any frequency response characterization or
processing. Furthermore, the work in [16] is taglbron
three-phase machines, while this paper necessarily
addresses high-phase-order stator topologies esplbits
harmonic circulation currents which specificallycac in
multiphase machines in sustained short-circuit tar or
under Voltage-Source Inverter (VSI) supply as dised in
[11], [12], [22]. On the other side, unlike thetsewiith the
rotor removed [18]-[21], the presented approachsduat
require rotor withdrawal and can be therefore impm@ated
on the built machine and not in the manufacturiage.

The method described in this paper is applied ® th
computation of the leakage inductances of a nireseh
salient-pole synchronous machine prototype. Thelteare
compared to those obtained with more traditional
approaches based on measurements on the machingnevit
rotor removed [18]-[21], showing a good accordandee



same experimental validation is repeated twicehensame
machine equipped with two different rotors havidgritical

geometry, but one with and the other without damper

circuits. The tests with the two different rotore ahown to
give practically the same results. This confirmattthe
proposed methodology is not affected by the presaric
rotor circuits and does not require their charazagion.

The paper is organized as follows. In Section &l time-
phase machine model is presented in both phasablesi
and after VSD transformation. In Section Ill the debis

I3

e L L DS T T T P O Vi 4)
e O P PH P PR PO
o e R VR P PR P P R P
o PO PO R I PO PR R P
T P P A A P P PR
where |y indicates the leakage self-inductance of a phase

particularized to reproduce steady-state ShOrGttirc g, (with j standing for a generic integer number between
conditions; in Section IV the algebraic equation® a 1 and 4) represents the mutual leakage inductaetveebn

derived to identify stator leakage inductances fravload
and short-circuit test measurements. Section Vribescthe

two phases displaced ¥ electrical radians. The five

application of the procedure to a nine-phase machinndependent inductancés Iy, Iz, Is |4 are the five unknown

prototype (with and without rotor damper cage)Skction
VI the results are validated against the leakagedtance
independently measurement [18] on the same maatithe
the rotor removed and a clarification is providéadvhy 2D
FEA does not suffice, in general, for the purpo$eain
accurate estimation of leakage inductances. Fingkytion
VII discusses the merits of the proposed approachthe
possibility (presently under study) to extend it dther
multiphase designs.

IIl.  MACHINE MATHEMATICAL MODEL

The stator phases of a nine-phase machine
conventionally numbered from 0 to 8 and named
depicted in the diagrams shown in Fig. 1 accordinghe
scheme proposed in [11], [23]. It can be seen Haded on
this convention, two subsequent phases are displace'9
electrical radians. Phase voltages, flux linkagasrents
and rotor-produced back-emf's are indicated vgs.vg,

@o... Ps, io...1g, €...€5, respectively.
A. Machine model in phase variables

The mathematical model of a nine-phase machine,

expressed in phase variables (subsqiiptis:

Vph:ré ph+%¢ph+eph ' (1)
wherer is the phase resistance and
Vonh = (Vo Vi V8)t s Opn = (90 &1 ¢8)t )
o . t (2)
Iph = ('o Iy 's) » €ph =(e0 € 98) .
The flux linkage vector can be expressed as
¢ph :(L ph""vI ph)i ph (3)

whereL ,, M, are the leakage inductance and magnetizin
inductance matrices, respectively. Under the asSamp

that leakage inductances do not vary with the rptmsition
[24], L takes the following form

machine in the form of: (a) vector diagram; (b) ghaelt arrangement
a two-layer short-pitch winding. The dashed lineeraplifies the end-
winding connections fcphase “0”

parameters which are to be identified.
The matrixM p,, on the other side, can be written as:

ol e
Mho(6) Ma6) -~ me(0)

wherem ; is the mutual inductance (due to the air-gap flux)

between phasdsandj (i,j = 0, 1, ..., 8) and, in particular,

m;,; indicates the self-inductance (due to the airdag of

phasej. Such inductances depend on the rotor position in
agase of salient-pole machines and can be expreased
afollows [22]:

m,,-(e):M{ S FWR,, cof{si+r)a—(s+r)d]+
2 rs=13579
+ > RWR_coffsi—rj)a—(s-r)g+
rs=13579 (6)
r#£s
+ Y FWRcods(i- | )a]}
s=13579

where R is the mean air-gap radiug=179 is the phase
progressionlk is the machine core lengtly is the magnetic
permeability of the air anés, W, Py (with s, r, k being
integer indices) are Fourier coefficients that barfound as
explained in [22] from two magneto-static FEA siatidns.
In (6), the first nine odd space harmonics are icened for
inclusion in the machine model, as they generadlyehthe
highest amplitude [24], [25] (V.A). More space hamits
cannot be included in the model because this waaddlt in
4 time-varying inductance matrix after applicatioh the
VSD transform [24], [25] as discussed in the nextion.

B. Machine model after VSD

The VSD is a particular transformation which enahte
express the machine model in the form of a linear
differential equation with time-invariant paramet§?]. For
a nine-phase machine, the VSD can be achievedfinirig
the following real-valued ¥® transformation matrices:

1 coda) cog2a) cog3a) cog8a)
0 sin(a) sin(2a) sin(3a) sin(8a)
1 cod3a) cod6a) cog9a) coq24qa)
0 sin(3a)  sin(6a) sin(9a) sin(24a)
Cc= \/Z 1 cod5a) cod10a) codl5a) co{40a)
° 0 sin(sa) sin(loa)  sin(l5a) sin(40a)
1 coq7a) codlda) coq2ila) cog56a)
0 sin(7a) sin(l4a)  sin(2la) sin(56a)
%2 %zcos(Qa) %cos(lSa) %zcos(zm) %zcos(72a)
(7)



%L(g) 02()(32) 82X2 82X2 82><l
P. . -
2x2 3 2x2 2x2 21 FIELD i FIELD i
P(O)=| Onz Onp Ps(6) 0np 0y (8) - ﬂfwfpuf fwfrwfw ‘o
Opz Oz Opz Pr(6) 0pq T S
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where 0,,, is the %2 null matrix and o AT e e
«—1 — e
P (6) = coghd) sin(hd)) o _ t_ (8) @ o l.qm@wl# o AP oe
h -sin(h@) coghg))’ "¢ "= '6 N ] e g % to {2l
for any integeh [0{1, 3, 5, 7}. :) He—r3lnn -] :) o3 —ee
The overall transformation matrix is defined as: Fo—rrr{dfrrn e Crasalaaasns
T(6) = P(6)C (10) oS oS-
By a symbolic math tool it can be easily checkeat the wm ‘_Nwsm_“
following identities hold forT(6) : MW\”‘?—F e {Zi e
" +._rvww\§}v\mr§_¢; +._‘/rm‘\§M -
T(@)T(6) =1, (11) S
JZ 02><2 02><2 02><2 02><L (a) (b)

02><2 3J 2 02><2 02><2 02><L
— (d tf_ Fig. 2. Stator phases and rotor field circuit (a) in stodrtuit conditions
J= T(e)[dHT(H) ]_ 022 Oz Sz Oz Opq | (12) (b) at no-load conditions.
82><2 82><2 82x2 g‘JZ 084.
x2 VY2 VY2 V2
Py Ty Ty Ty Opq

wherel g is the %9 identity matrix and T3 Ty Tas Tar Opy
J, :(? _01) (13) Mysa=|T1s Tas I'ss I'sz Oxq (22)
l—‘1,7 l—‘3,7 l—‘5,7 l—‘7,7 02><1
By applying T(6) to the phase variables (2) we obtain Oxz Oxp Onp Opp O
the transformed current, voltage, flux linkage amodor- where: I, is the X2 identity matrix, parametersi;,
produced back-emf vector variables as follows: Az, As, A7, Ag in (21) can be expressed in terms of the phase
— _ C— T — leakage inductancég Iy, I, I3, 1, as
Vvsd_TVph’ ¢vsd_T¢ph’ Ivsd_TIph’ evsd_Teph (14) g §lulals la
where M =lo+2 Y I codhkE), h0{13579 23)
k=1234
Visd :(le \ |Vd3 Vs |Vd5 Vgs |vd7 Vg7 |v9)t (15) and the 22 sub-matrices in (22) take the following form:
t p ORU[(PWR+R.) 0,
dsa=(ber Pa|ba bp| P bs|ar Bar|de) a6) TiTg 0 AW (R_;~R.;) o

. L. .. . . . . FWP 0 ..
|\,Sd=(|d1 it |ias lqa |ias igs|ia7 ig7 ||g)t (17) +5,'j( i OI 0 F-WPoﬂ' i,j0{13579
I I

X - .
e =le, e e e 18 where i, j({1,3,5,7} and Fs, W, Px are the Fourier
ved ( a | fs Cos | U5 s | W7 G |e9) (18) coefficients appearing in (6) and computed as 2}, jwith

MatricesL ,n, Mo are also transformed as follows: g, standing for Kronecker symbol:
— t — t ifi=1
Lusa =TLpnT ' Mg =TM T (19) 5516 iz (25)
By left-multiplying both the members of (1) by and
using (14), (19) together with the identities (10) we can | MopEL PARTICULARIZATION IN STEADY-STATE SHORF
finally write: CIRCUIT CONDITIONS
Voo =tdo el o+ M The machine model derived in the previous section
vsa = s+ 3 Vzd_ vsa)lved (20)  through VSD can be particularized to the case ofhime
+ (L vsa + M ysa)grivsa + Evsa operation in steady-state (sustained) short-circuit
C ; : ; - conditions, as depicted in Fig. 2a in case of andefield
which is the sought differential equation represgnthe synchronous machine. In Fig. 2, iy, ..., is denote the

machine constant-parameter model in VSD variables.

The explicit expression of the constant matrlcgs;, nine phase currents when the machine operates at an

) ) electrical speedw in steady-state short-circuit conditions
Msq €an be found from (19) and, with a symbolic mathyjth a field current;, With the same field curreitand at
tool, they can be easily checked to be: the same speed; the phase back-emfs, e, ..., g are
induced in stator phases at no load (Fig. 2b).
At steady-state, the short circuit currents anckiemf's
(21) can be written as follows:

I Opo Opp Opp Opg
Opo A3 Opp Oy Opq

Lusa =022 Oz 1245 Oxp 0Opg
Oz Oz Opp 1247 0Opq ()= [i ph(t)]j = z I COf{k(“I ~5 j)+¢f<] (26)
Ops Opo Opo Opo  Ag k=13579



e (t) = [eph(t)]j =- ZEK sm[k(cut -5 J)]
k=1357.9
wherej{0,1,..,8} is the phase index arkd}{1,3,5,7,9} is
the harmonic order; the terminal voltage is imposedbe
zero on each stator phase due to the neutral ctbonec
indicated with the letter N” in Fig. 2a. In (26)-(27),

(27)

harmonic components up to the ninth order have bee

considered.
By transforming (26), (27) through (14) we obtain:
I,cosy 0
[,sing E
I;cosp -0
I3sing E;
ieq =2 I5cosz , =3 0 28
vsd ™/, I5sin¢g Esd J2 ES ( )
I,cosp 0
I,sing, TL
V2I,co$9at + ) 2Eqco¢9ut)

In steady-state short-circuit conditions, the tfarmsed
machine equation (20) yields {4 =0):

_evsd:révsd"'al](l-vsd"'Mvsd)'vsd+(Lvsd+Mvsd)%'vsd (29)

It can be noted that all the elements of the tanséd
current and back-emf vectors (28) are constant pxice
the last one (accounting for the ninth harmonid)jclv is
time dependent. In particular we can write:

0
di = :

alvsd - 0 (30)
—27ad g sin(9at + @)

Furthermore, from (21)-(22) and considering (3@%
can write:

0
(L vsd T M vsd)%ivsd = 0 (31)
- 27 gl g sin(9at + @)
m](l- vsd * M vsd)i vsd = |:| (32)

0

where the symbol [T denotes a number which is, in
general, different from zero.

IV. LEAKAGE INDUCTANCE IDENTIFICATION FROM OPEN
CIRCUIT AND SHORFCIRCUIT TESTS
In order to identify leakage inductances, a shodud
test is performed on the machine arranged accotdirige
scheme shown in Fig. 2a at electrical speednd with a

field currenti;; a no-load test (Fig. 2b) is also performed on,

the machine at the same electrical speednd with the

same field current;. In the short circuit test, one phase
series

recorded and its Fourier
lo are extracted from the

is
I3|

current (e.g. ig)
coefficients |y,
measurement.
Moreover, the no-load voltage of one phase (eypis
recorded in the no-load test and
coefficients E;, E; Es, E;, Ey are extracted from the

|5| |7|

its Fourier series

determine the physical stator leakage inductahgds, |,
3, I4 through (23).

For this purpose, based on (30)-(32) we can obdéate
(29) is equivalent to the system of the followingot

equations (“™" denotes reduced-order matrices audovs):
{]_ é/sd = rsivsd + w](L vsd ™M vsd) ivsd (33)
— Eyco$9at) =r | g cog9at + @) — 9l o SiN(Oct + )
where
I, cosy 0
[,sing E
I;cosp 0
Ivsdz%2 ::z%;z ’ Q/sdz%z % (34)
| sing E
I, cosp, é)
I, sing 7
IoAd Oxp O Opo Iy Tyg Tys Ty
L = Oz oA Oxp Ono |\7| _| Tz T'as T'ys Ty
B0 O 1ok Opp |' ¥ | Ty T'gs Tss Ty
O2><2 02<2 O2><2 I2/17 l—‘21,7 r37 r57 l—‘77
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The first equation in (33) will be used to dete’réwith)e
unknown coefficientsd;, Az, As, A; (IV.A), the second to
determine the coefficiemy (IV.B) and, finally, the leakage
inductancedy, |4, I», I3, 14 will be obtained fron,, A3, As,
Az, Ag (IV.C).

A. Determination ofl;, As, A5, A7

The first (matrix) equation in (33) can be put imet
following form:
F(M A3 45, A7) € = lusa (36)
where
~(~ ~ -1
F(/]ll/]37/]5*/]7) = _{rsl 8 +al (L vsd +M vsd)} (37)
pointing out that the matrik depends on the four unknown
parametersl, A3, s, A, included inL .

At this point, we introduce the auxiliary constant
matrices:

OI 2 0|2><2 82><2 82><2
U, = 2x2 , U, = 2 , U. = 2x2 , U, = 2x2 38
! 02><2 3 02><2 > I 2 ! 02><2 ( )
02><2 02><2 02><2 I 2

By left-multiplying (37) by the transposed matsc€38)
we obtain:

t ~ _.t7 _(lcosy
Uk F(/ll’/IS-/IS’/H) €sd _Uk lysd _(Iksmﬂ() (39)

or anyk({1,3,5,%. Hence:
~ It ~
[U ktF(/ll,/l3,/15,/l7) evsd] [U ktF(/ll,/l3,/15,/l7) evsd] =

measurement. In this way, the transformed curreddt a where

back-emf vectors (28) are known except for the phas

angles@, @, &, @, @.

The idea is therefore to use the measured Fourier

coefficientsk,, Es, Es, E7, Egandly, I3, Is, |4, I to identify
the leakage inductance mattixsg (21) in (29) and, from
the knowledge of parameters, As, As, A7, Ag, to finally

= é/sdt':(/]l,/‘3'/‘5,/l7)t U\ ktF(/ll,/l3,/15,/l7) €sa =
= EVSJF(/h,/‘a,/\s,/b)t E\F(A1A3,45,47) €4 = (40)
_(1,cosg \(l,cosg)_, 2
“ysing ) 1, sing )~ X
1Bk Oxp Oz 0Onp
O 105 Opo O
E = 41
K1 0 O 1K 0Op (41)
0o Oxp  Opo 197

beingd; Kronecker symbol defined by (25).



In conclusion, (40) yields the following set ofuations:
-é,sth(/il,)I3,/15,)I7)t EF(AuAs s A7) €sa = |12
-é/sth(/]l'/‘Sv/]Si/l?)t EsF(AA345,47) €sq = |32
é/sdt':(/‘la/]a-/‘s’/]7)t EsF(AuA3.45,47) €54 = I52
é,sth(/‘]_,/‘g./‘5yA7)t EF(Auds s Ar) €sa = I72

which is a system of four nonlinear equations ie four

unknowns A;, As, As, A;. The system can be solved
numerically, e.g. with conjugate gradient methogl [2

B.

(42)

Determination ofly

The parameterly can be determined from the second
equation in the system (33). We can define the tijyan

Zg =17 + (9 (43)
and the anglek such that
r . 9
€O ZZ_S: singq = 2, (44)

9 9

K (a)
Fig. 3. Generator used for testing: (a) picturg;cfoss section.

By dividing both members of the second equation if .

system (33) by, we obtain:

52 cof0u) =2 ly ot +0) 2 U losiroat + 1) =
= 19CO$Yl5) cO%9at +¢3 ) — | o Sirlg) sin(Oat +¢3) =
=1gc049at + @ +fq)

In order for the first and last member of (45h®equal,
the following identities must hold:
Bty =m,

IQ
Considering the expression (43) #a (47) implies:

/19: V(E9/|9)2_r32

9w
which gives the value of the paramefegr

9w,

(45)

(46)

(47)
(48)

C. Determination ofg, Iy, I, I3, 4

Once parametetd;, Az, As, A7, Ag are known, the physical
leakage inductancdsg, 4, |5, I3, 14 can be determined based
on the linear relationship (23), which can be rittin
matrix form as follows:

(M Ag A5 A Ag)tzAOo L1 g |4)t = (49

= (o 1y 1o I3 1) =AY A3 A A, Ag)' (50)
where the matrixA is given by (51) and is certainly
invertible as its determinant is equalA¢=243.

1 Zoda) =xo42a) 2Xo043a) Zod4a)
1 Zog3a) Zo46a) 2Zo049) =Zogl2n)
1 XZo45a) Zo410x) Zoflxr) Zo420a)
1 Zo47a) ZXodglda) Zo42la) 2Xo$2&)
1 Zo49a) Xo4l8&r) Xo427a) 2Zo$36a)

A (51)

V. PRACTICAL APPLICATION EXAMPLE
In order to illustrate and assess the proposedeproe
the nine-phase generator shown in Fig. 3 and Fig.uéed.

T

Fig. 4. Pictures of: (a) the two rotors used for testingth{vand withou
damper cage); (b) stator with the rotor removed.

Fig. 5.Results of the FEA simulations needed for magnegianductanc
identification.

TABLE Il. ELECTROMAGNETIC DESIGN DATA

Core length 150 mm
Stator bore inner radiuR: 75 mm
Minimum air-gap widthg 0.8 mm
Number of stator slo 36
Number of turns per stator ¢, N¢ 21

Coail pitch, y (16/18)1
Number parallel paths per ph, b 1
Number of excitation winding tur 540
Number of slots/pole/phg, q 2

Mean air-gap radiu® 37.1mm
Stator phase resistance at 20°C, 1.86Q

The application of the proposed procedure to thehina
selected for testing includes the steps describatid next
subsections.

A. Computation of magnetizing inductance parameters

The first step consists of computing the magnegizin

_inductancesmj(6) in the Fourier series expansion form

Its ratings are reported in Table | and its maingiven by (6). The procedure described in [22] ismdd,

electromagnetic design data are provided in Tdble |

TABLE |. MACHINE RATINGS

Rated power 21 kVA
Rated power factor 0.8
Rated speed 3000 rpm
Rated voltage 500 V
Number of pole 2

which enables one to identify all the Fourier ciméhtsF,,

W, P based on some analytical formulas and through a

couple of magneto-static FEA simulations. More mely,

coefficientsW, are computed as:

_ 4 N, sin(ry /12)sin(aqr /2)
n b rsin(agr /2)

(52)

r



where I (k=1, 3, ..., 9) appearing in (26) and (28). Theitues
as =7r/(9q) (53) are given in Table V. The recorded waveform and its
being: N, the number of stator turns per cdilthe number ~"€construction are shown in Fig. 7.

of parallel paths per phasg,the coil pitch in electrical TABLE V. FOURIER COEFFICIENTSEK AND Iy FROM THE NG-LOAD AND

radiansg the number of slots per pole per phagghe slot SHORT-CIRCUIT TESTS

pitch in electrical radians. k | 1 3 5 7 9
As regards coefficients,, Py, they are derived, based on  Ex(V) 124.4 -26.7 -1.9 -3.1 510°

[22], from the post-processing of the two FEA siatigns Il (A) | 2.06 1.23 0.62 057 21°

shown in Fig. 5. In particular: . .
Th del 4 in Fia. 5a feat h sht It is worth noting that the transformed back-erattor
* The model used in Fig. Sa features the same St&tor o in (28) is fully identified from the no-load tetstrough
that of the real machine, while the rotor is repthby i"Sd (28) , yf Hicien. while the sh : g ,
a round one so as to have a uniform air-gagual to the computation of coefficients,, while the short circuit

the minimum air-gap of the real machine. The maslel Current vector i,y in (28) is not completely known
energized by imposing an arbitrary current in onebecause, from the short-circuit test, the magngudé
stator phase and then the radial magnetic fieldgalo coefficientsl, can be easily determined while the phase
the mean air-gap circumference is obtained and posanglesg are undetermined. The reason for this is illusttat
processed as discussed in [22] to obtain coeffisienin Fig. 8 which highlights that the back-emf fundartal is

Fe certainly aligned with theg axis [consistently with (27),

» The model shown in Fig. 5b includes a slotlessostat (28)], while the fundamental of the short circuitrent is
core with a bore radiugs and a rotor geometry which shifted by @ with respect to thel axis [consistently with
are the same as for the real machine. The model is
energized with the two punctual ideal conductors 200
marked as A and B in Fig. 5b; the resulting radia measured
magnetic field is then computed and post-proceased 150 reconstructed— - -
discussed in [22] to determine coefficieRfs 100

=
The non-dimensional coefficients, W, P, obtained for S
the first (significant) values of indicesr, k are reported in e o0
Table lll and Table IV. T .50
(g%}
2 .100
TABLE lll. VALUES OFFOURIER COEFFICIENTS=s AND W § 150
sorr |1 3 5 7 9 500
Fe 45.97 -13.62 5.73 -1.977 4.245%10 -
W, ‘ 52.463  -14.9 6.231 -2.14 0 0 001 002 003 004
time (s)
Fig. 6. Operzircuit voltage waveform recorded on the test maeha
K P T|AB;('E V. éALUrSkOFFOLglEj COkEFFlcﬁNTTkk A 1500 rpm with a field excitation current of 1.58 Bhe reconstructe
0 0442 4 0025 8 005 2 a6° 16 —0.012 waveform uses Fourier coefficients given in Table V
2 0.446 ‘ 6 02019‘ 10 —c').ogo 14 0.0$1 18 -107
5
The knowledge of parameteFs, W, Py leads to fully < 34 measured
identify the magnetizing self and mutual inductangéven 2 3 reconstructed— — -
by (6) and to fully determine the magnetizing indince qt’ 2
M sq through its submatriceE; ; given by (24). 3 1
)
£ 0
]
B. No-load and short circuit tests o -1
The following step is to perform the no-load ana th ;
sustained short circuit tests on the built machir8]. It is 9
essential that both these tests are conductedeasdme n
speedw and with the same excitation currapt(Fig. 2). 20 0.01 0.02 0.03 0.04
Furthermore, during the short-circuit test, the ggha time (s)

terminals need not only to be shorted, but alsmeoted to - . L
. . . L ig. 7. Short-circuitcurrent waveform recorded in the sustained :

the star point through a negligible-impedance witkcated  cjrcyit test at 1500 rpm with a field excitationrrant of 1.58 A. Th
with letter ‘N” in Fig. 2a. This is necessary to let the thirdreconstructed waveform uses Fourier coefficientergin Table V.
and ninth current harmonics flow in machine phases.

In the no-load test, the open-circuit voltage wawef :
across a machine phase is recorded. For exampléheon g axis
machine shown in Fig. 3 and Fig. 4 the no-load test
conducted at 1500 rpmawtl57 rad/s) with a DC field
excitation current;=1.58 A and the waveform shown in E,
Fig. 6 is recorded. By spectral analysis of theorded
waveform, the back-emf Fourier coefficiefis(k=1, 3, ..., I
9) appearing in (27) and (28) are obtained. Thaiues are A )
given in Table V. ’ » d axis

In the short-circuit test, the current wavefornmésorded Fig. 8. phasor diagram for the back-emidashort circuit currel
and then analyzed to identify the magnitudes offmdents  fundamentals in the machide reference frame.




(26), (28)] and byre-@ with respect to the fundamental of
the back-emf; however, in the short circuit testthrer the
rotor position (i.e. thed axis position) nor the back-emf
signal are available, henceg remains undetermined
together with the other phase angigsg, @, @.

C. Identification of parameters,, Az, As, A7, Ag

1) Parametersiy, As, As, A7
Based on the no-load and short circuit tests, #Eior
€,5q IN (34) is known as well as the values Igf, [I3l, 15|,

;. On the other side, the matriki vsd 1S also fully

identified as described in X.and therefore, supposing that
also the stator phase resistamgés known (Table Il), the

matrix F defined by (37) is a function of the only unknown
parametersl,, A3, s, A;. As a result, the set of equations in
(42) is a nonlinear system

methods [26]. In the case of the test machine densd in
this paper, the numerical solution (42), performath the
conjugate gradient method, gives the results showrable
VI. The same table also shows the initial guessesbf the
unknowns used for the numerical solution of (42).

TABLE VI. PARAMETERS A1, A3, As, A7

| A As As A7 Ag
Initial guess (mH) 10 10 10 10 O
Identified values (mH) 7.78 1.92 0.88 1.16 0.85

2) Parameteriy

The identification of the parametds does not require
any numerical procedure as it can be performed égns of
(48) using the measured voltage and current comysie
and |g| (Table V) and the phase resistanc@able II). This
gives the value ofg given in Table VI.

3) Parameter identification check

Once all the five valueg,, A;, As, A7, A9 are determined,
all the parameters of the machine model in VSD divates
are known. It is then possible to check the conesxs of the
parameter identification by computing the shortcuwir
current from (29), which gives the block-schemegdim
shown in Fig. 9. As a solution, the phase shortudir
current vectoriy, is obtained at steady-state. One phas
current is plotted in Fig. 10 and shown to almaostfectly
match the measured current waveform. The sameefigiso
shows the current waveform obtained by setting th
parameters Ay, As, As, A7, A9 equal to their initial-guess
values (Table VI). It can be seen that the lattaveform
strongly differ from the measured one. This conéirthe
importance of the leakage parametdisAs, As, A7, A9 In
determining the short circuit current waveform grdves
that the identified values (Table VI) have beenrecty
determined.

D. Computation of physical phase leakage inductances

As a final step, the physical self and mutual lggka
inductances,, |4, I, I3, I, are determined by solution of the
linear system (50). The numerical values obtainmedyaven
in Table VII, which shows the result of the staleakage
inductance identification procedure when the twadki of
rotors shown in Fig. 4a (one with and the othehauit the
damper cage) are used in the no-load and shottitctests
(V.A, V.B).

in the only unknowns
A1, A, A5, A7. This system can be solved with numerical

et o

!

-1
(L\fsd + Mvsd)

Fig. 9 Block diagram for the computation of the shortait current i
phase variableigh.

Short-citcuit current (A)

0 0.01 0.02 0.03 0.04
time (s)
with initial-guess values for A, ..., Ag ------
with computed 4, ..., Ag =+ =-=
measured

Fig. 10. Short circuit current wawef: measured; before leaki
inductance identification; after leakage inductaidemtification.

TABLE VII. STATOR PHYSICAL LEAKAGE INDUCTANCES g, |1, I2, I3, |4 (mH)
IDENTIFIED WITH TWO DIFFERENT KINDS OF ROTOR

Rotor type d [ P} I3 4
Without dampery  2.70 1.52 1.06 0.57 0.08
With dampers 2.75 1.47 1.09 0.60 0.08

Table VII demonstrates that the presence of ratouits
does not significantly impact on the results of 8tator
leakage inductance identification procedure. Thkisaiso
€onfirmed by the fact that the no-load and shortuii
current waveforms are practically the same as showig.
6 and Fig. 7, respectively, for both kinds of restor
€ The independency of stator leakage identificatiesults
on the rotor circuits is important as it justifitbe usage of a
machine model (Sections I, Ill) where no rotorated
parameters are used and where only the no-load-dmatk
appears.

The reason why rotor circuits do not impact on the
proposed identification procedure is theoreticallyple to
justify. In fact, the no-load voltage is the saragardless of
whether the rotor is equipped or not with a damgage.
Furthermore, the significant harmonics which appeahe
short circuit current (with orders from 3 to 9) &mown to
not produce any resultant air-gap flux since theggneto-
motive force fields mutually cancel out [2], [11[[13].
Hence, neglecting the current harmonics with higher
harmonic orders than the ninth, the damper cagagltine
short circuit test does not react, if present, tnedefore the
overall machine behaves as if the dampers werpnagent.
This has been also experimentally validated in.[27]



VI. EXPERIMENTAL VALIDATION AND COMPARISON WITH o T ——

FEARESULTS Rotor
A. Experimental validations against measurements en th axis
machine with the rotor removed

The stator leakage inductance identification methoi oi
proposed in this paper is not easy to validate exgatally  sides of: @
due to the lack of well-established methods ordsteds for ~ phase o o
the measurement of stator leakage ind “«o /§> Axs of
ge inductances.nidst Lies uils

reliable alternative way to perform such measurdrnteibe s = -
used for comparison has been derived from thentiéstthe (\\\/ Coil
rotor removed proposed in [18] for stator leakage ® sides of
inductance determination in three-phase machinde T RS phgse
same procedure has been already adopted in [19] f
determining the stator end-coil leakage inductantea ;
three-phase turbo-alternator and in [20]-[21] fdnet

experimental determination of end-coil [20] and -eod
plus slot [21] leakage inductances of machines wéttious
phase counts.

This experimental procedure is applied to the tes
generator shown in Fig. 4 and Fig. 5. This leads¢éasure
the physical inductance valués |4, 15, I3, 14 given in the
histogram in Fig. 11. In the diagram, the direct
measurements obtained from the test with the retmoved
are compared to the values obtained with the metbgg
pro_posed in this pape_r (Sec_tlons IV, V). It carsben that a Fig. 11. Schematic illustrating the computationtafl and magnetizir
satisfactory matching is achieved. mutual inductances between phases “0” and “6” by FEDA when the
rotor is placed af electrical radians with respect to the phase %0%.a

Colil sides
of phase
«0»

B. Comparison with FEA results

It is reasonable to investigate if 2D FEA, whicluged to o ) o )
determine magnetizing inductances, could be effelsti Well. This is done using the vector potential ie foints S,
used for a full calculation of leakage inductanesswell. T, U, V. W, X, Y, Z ‘placed in the mean air-gap
For this purpose, inductances are calculated ®ntachine ~ circumference of radiuR in front of the slots including
under test through 2D FEA by segregating the leakagns ~ C0ils of phase “6”, as shown in Fig. 12. More psety,

lo, 11.. 1, from the magnetizing onew (8 according to the My ¢(6) is computed as:
definitions provided in Section II.A. mos(6) = LUAS(6) + A (6) + A, (6) + A (6)

1) Leakage inductance computation by FEA - Ay(0)-A(6)- A (8)- A (8)],
The procedure followed is illustrated in Fig. 12@]@] the where A{8) is the vector potential, computed by FEA, at
mutual inductance between phases “0” and “6” i®aBS point S (Fig. 12) when the rotor is at positiéhand the

an example: the phase “0” is energized with a giement  same holds for the vector potentials in the othentioned
I, while the other phases and the field circuitatreo load;  seven points.

then the total fluxls(6) linked by phase “6"as a function of  The results of the inductance computations by HA F
the rotor positionsd is computed by FEA. This gives the are shown in Fig. 13 in the form of self-inductané@hase
total mutual inductance between phases “0” and “6"/0” and mutual inductances between phase “0” anasph

(55)

namely the quantity: “17, “27, “3" and “4”. The mutual inductance betwee
lg +Mye(6) = A /1 . (54) phase “0” and phases “5”, “6”, “7” and “8” are oteitl as
they can be obtained from the displayed diagranmgubke

In order to segregate the leakage inductance terrie

magnetizing componenty«(€) needs to be determined as "®/21ONShiP:

n.
mH I +rrb,j(0)=_|:|9—j "‘”‘0,9—](‘9‘6 JH (56)
, . e r— which can be easily proved based on symmetry

3.0 B o grr]omenr%é%%?ngnvtaitshh%rttocr|[%Jrlrt]Ft)%?ts considerations and also based on the theory inddett
2.5 o From no-load and short-circuit tests From Fig. 13 it can be seen that the only two dgak
20 1 7 . gpor]emnéggn'%?nvgg?sog;r%gr damper  ihquctances which (according to 2D FEA) take non-

' Z Lena machine with the rotor removed negligible values compared to magnetizing termd aaad
1.5 % @ From 2D FEA !1. This is due to the fact that the computed Iea_kage
10 | j inductances are essentially due to slot leakage(é@nd-coil

' 7z v leakage phenomena not being captured by 2D FEAgee
0.5 j @ %' it is intuitively predictable that the only sigraéint leakage
0.0 AZ D e T inductances are the self-leakage inductance of phelse

e l /, A A 1 (lo) and the mutual leakage inductance between adjacen

phases|(), which have coil sides placed in the same slots
Fig. 11. Physical leakage inductance values obtafrem the propost [21].
identification method (on the machine with and withthe rotor damp The leakage inductancksly, I, |, computed by 2D FEA

cage), from measurements on the machine with tt@ removedanc . . . .
f,O?n)ZD FEA. with the procedure illustrated above are includedthe



— Iy + moo(0)
N\ \* - m()ﬁ(@)

I —1 ‘L mos(é)_
——mo3(6)

Fig. 12. Experimental set-up for the assessmeahd£oil contribution t
phase leakage inductances-End coils. B-Search coil. C-Search
terminals (twisted to avoid flux linkages outsideetsearch coil)
D-Voltage probe connected to the oscilloscope.

in it is maximum. In this situation, the measuradf es
E=0.108 V rms the flux linkagel; of the search colil is
evaluated as:

Fig. 13 Inductance values as functions of the rotor pmsitomputed t E
2D FEA. A=
217,

From this measurement, the flux linkagg, due to the
histogram shown in Fig. 11 for comparison with eene end coils of phase “0" on both machine sides is
values obtained in other ways (i.e. from measurégnen approximatively estimated as:
the machine with the rotor removed and from thet-pos _ 4 2N.q
processing of no-load and short-circuit testsgah be seen ec=% \
:/he?;[/ l?;:(;(ge elr?gfcfﬁ?r? € rg:ggqcatmct)g tt)r):ez?)trfeErA p??&';'ti where: q and N, are respectively the number of sI_ots per
methods. Hence, 2D FEA appears inadequate for t ole per ph_ase and the number o_f turns per cmlﬂ_ier
purpose of an accurate estimation of leakage indces achine;N, is the number of turns in the search coil; the

: coefficient 2 at the numerator accounts for endsdog¢ing

2) Interpretation of results and importance of endicoi present on both machine sides.
effects Finally, the approximate estimatidn.,,q of phase “0”
The discrepancies found in the estimation of th@alto self-inductance due to end coil leakage flux isivadet
leakage inductances by 2D FEA (Fig. 11) are dubedact dividing /e in (58) by the phase rms currént
that 2D FEA can well account for slot leakage dffgbut is e 3
incapable of capturing end-coil leakage fluxesdissussed Lena=—=181x10"H. (59)

and experimentally proven in previous works [2hE &nd- lF o ) o
coil leakage inductance can be comparable to (@nev The Leng Value obtained in this way is reported in Fig. 11

larger than) the slot leakage one. This is pasidyllikely ~ (arrow) showing that the magnitudelgf,well matches the
to occur in those machine configurations (e.g. sowe  9aP” between the phase self leakage inductancmateid

pole designs) where the length of end coils is cmmaiple to  PY FEA and the phase self leakage inductance estinizy
(or larger than) the length of the straight coilrioms the other methods. This confirms that 2D FEA doet n

embedded in the slots. suffice for a complete and accurate estimationeakage
The fact that the error in the leakage inductancd’ductance as it cannot capture end coil leakagectsf
evaluation by 2D FEA is due to end coil effectpisven Which can be seen to be definitely non-negligibiesome
by a dedicated experiment on the nine-phase macise¢ Machine designs, such as in the two-pole machi@ype
for validation. The experiment is performed on thechine ~ used for validations in this paper.
after rotor removal and consists of placing a jorestd 3) Note on end coil leakage estimation by FEA
search coil (composed d=2 series-connected turns fixed Finally, a note is included regarding the posdipitio
on a plastic support) in the end-coil region assshin Fig. ~ estimate the end-coil leakage inductance portiont (n
14. The angular span of the search coil in theaptured by 2D FEA) resorting to alternative teques.
circumferential direction is equal to the span mfead coil.  Some hybrid numerical-analytical procedures havenbe
The search coil terminals are connected to a velagbe proposed in the literature for this purpose, based
(Fig. 14) to measure the induced no-load electromot Neumann integrals and on the method of mirror irsage
force (emf)E.. At this point, the phase “0” of the machine is[19]-[20]. These techniques are well suited forbtsr
energized with a curremg=8 A rms at a frequendy=50 Hz  alternators equipped with Roebel bars [19] andafioding
(with the other phases at no load) and the seandhisc  designs based on preformed coils [20] since, iseleses,
moved circumferentially into the position wherdiriks the  the end coil geometry is relatively easy to modet a
maximum leakage flux, that is in the position whtve emf  discretize into multiple straight elements for whi@an

= 344x10* whrms. (57)

=0.0144wbrms. (58)



analytical solution of Neumann integrals can bentb{19]-
[20]. Other kinds of stator designs (such as inceotrated-
coil or in wire-wound machines) the methodology has
been proved to give reliable results so far to ltkest of
authors’ knowledge.

For machines with a high number of phases, on thero
side, the same procedure described for the ninsepbase
can be applied. However, some practical problemddco
arise in the accurate measurement of high-ordendmaics
(in the no-load voltage and short-circuit currentg)ich

An alternative method to compute end coil leakageypically have very small amplitudes (as it candeen in

inductances is the use of 3D FEA. This is knownb&
extremely heavy and time-consuming from a compuorati
view-point and, in addition to this drawback, iffeus from
the major problem of being little effective whernpéed to
certain kinds of stator windings. An example ist jgiven
by the wire-wound machine used for validations s t
paper: it can be seen from Fig. 14 how, in thissc@&nd
coils, after emerging from the stator stack, do mwhain
separated as in the case of pre-formed coils, burt j
together into a sort of single “bundle” which dejed
around the stator circumference. Inside this bunébe
obvious constructive reasons, end coils overlap arel
partly twisted together in order to implement a ldager
short-pitch distributed winding scheme. It is quajgparent

the nine-phase machine, too, for the ninth-ordembaics,
Table V).

Finally, as regards the feasibility of a leakagduirtance
identification method fully based on FEA simulasorone
should note that (as investigated in VI.C-1 andCV2) a
purely 2D FEA approach does not suffice as it canno
capture end coil leakage inductances, which caauatdor
a significant portion of the overall leakage induates. On
the other side, the use of 3D FEA as a complemgbat
to predict end coil leakage inductances, poses mMmajo
challenges in terms of computational burden andearp
very little suited for some winding designs, liket of the
wire-wound machine used as a validation platformthis
paper, as discussed in VI.C-3. As a consequenaage so

that modeling such geometry for 3D FEA would beexperimental data appear necessary, in generalullyo

practically impossible, in addition to probably igig
unreliable results

accomplish leakage inductance identification anc th
experimental data obtained from open-circuit arstasoed

In conclusion, it is deemed that 3D FEA for end-coi short circuit tests, as proposed in this paperdasmed the

leakage inductance computation, although benefiaial
some cases, still poses serious computationalecttpds and
may be even unfeasible for certain machine desigos.
this reason, it appears that a leakage
computation method fully based on FEA (2D and 3@)ld
not be proposed for general validity.

VII.  DiscussIioN

The subject matter presented in this paper may ripee
to some points of discussion, regarding: its bagitactical
applicability compared to alternative
techniques [18]-[21]; the possible extension of thethod
to electric machines with other number of phaséefdnt
from nine); the feasibilty of a leakage
estimation procedure fully based on FEA simulations

inductance

easiest useful experimental information to collémt the
nine-phase machine case.

VIIl.  CONCLUSION
The accurate determination of stator leakage iraohoets
of multiphase machines from either computation or
measurements is a challenging task due to the ¢oatgd
spatial distribution of leakage flux paths. Measueat
methods have been proposed in the literature ysiogerly
calibrated FE models and electrical measurements

measuremenperformed on the wound stator before rotor mounting

this paper, a new method is set forth to deterrthirestator
self and mutual leakage inductances of a synchonme-

inductancephase machine based on two magneto-static analyses

combined with measurements taken on the built machi

Regarding the former point, we can observe that thguring no-load and short-circuit routine tests. 'ﬁhmgneto-

stator leakage inductance measurement methodssosiaa
and based on tests with the rotor removed [18]-f21] be
applied to induction machines and not only to syonbus
ones. On the other side, they need to be performnethe
machine during manufacturing (i.e. before rotor ntmg),

static analyses are used to determine the magmgtizi
inductance matrix in the machine VSD model so that
leakage inductances are left as the only unknown
parameters in it. The harmonics detected in thdoad-
voltage and short circuit current waveforms aretheed to

while the proposed method can be applied to thét buiidentify such parameters through the numericaltsniwf a

machine, based on measurements taken on sucheroesis
as the no-load and short circuit ones. It can be abjected
that the proposed method,
measurements, requires some FEA. This, however,
normally required also for the measurements withristor
removed to obtain sufficiently accurate resultg{{P4].

Regarding the possible extension of the methodqweg
in the paper to electric machines with a diffenemiber of
phases, this is actually under investigation. Imtipalar,
when dealing with machines with a relatively lownmher of
phases (such as five or six), the main challengginates
from the fact that space harmonics (which are nesipte
for the short circuit current distortion) can beluded in
the VSD model up to a limited harmonic order [2his
makes the VSD model (SectionB). little suitable and
would make it necessary to work with the machinelehin
phase variables (Section A), so that the inductance
identification procedure would not reduce to aneblgic
problem as discussed in Section IV.

nonlinear algebraic system of equations. The pregos
procedure has been experimentally applied and sesbas

in addition to electricaf hine-phase salient-pole wound-field machine caimga

jts results to the stator leakage inductances ddiafrom

the conventional tests with the rotor removed. #is&actory
accordance has been found in the comparison. Furthe
investigations are currently in progress to extehe
proposed leakage inductance identification method t
synchronous electric machines with a different nembf
phases.
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