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Parameter Estimation of Asymmetrical Six-
phase Induction Machines using Modified
Standard Tests

Hang Seng Che, Member, IEEE, Ayman S. Abdel-Khalik, Senior Member, IEEE, Obrad
Dordevic, Member, IEEE, Emil Levi, Fellow, IEEE

Abstract—In multiphase machine drives, accuracy of
the estimated machine parameters is crucial for effective
performance prediction and/or control. While a great
amount of work has been done on parameter estimation
for three-phase machines, corresponding discussions for
six-phase machine remain scarce. It has been proven in
the literature that the effect of mutual leakage inductance
between different winding layers has a significant impact
on the equivalent machine reactance, which challenges
the standard separation method of stator and rotor
leakage inductances from the measured locked-rotor
impedance. In this paper, parameter identification of an
asymmetrical six-phase induction machine using six-
phase no-load and locked-rotor tests is discussed. A zero-
sequence test using an improved equivalent circuit is
proposed to improve the accuracy of the estimated
parameters. The concept is verified using experimental
results obtained from alow-power prototype asymmetrical
six-phase machine.

Index Terms—Induction machines, parameter
estimation, six-phase machines, zero-sequence test.

I. INTRODUCTION

governed by the vector space decomposition (VSD) model
[11]. Using the VSD approach, a multiphase machine can be
decomposed into several equivalent circuits that represent th
decoupled vector subspaces, commonly known as-fhéor

d-g), the x-y and the zero-sequence subspafE?]. An
example of a typical VSD based equivalent circuit
representation for a six-phase induction machinda@svs in

Fig. 1. Since the fundament&ls subspace is identical to that

of a three-phase machine, standard no-load and locked-rotor
tests[3] (termed standard tests hereafter) seem to be readily
applicable. However, this requires the knowledge of therstat
to rotor leakage inductance ratios{L, ), which is crucial for
separation of stator and rotor leakage inductance from the
measured locked-rotor impedance. Unlike three-phase
machines wherd /L, has been defined in IEEE Std-112
based on experience and empirical observations, the lack of
knowledge orL,J/L;, hinders the direct use of standard tests in
multiphase machines. Consequently, some researchers have
proposed to use parameter information fromxyd6], [7] or
zero-sequence subspadé8] together with standard tests in
a-f subspace for complete parameter estimation. However,
such approaches are based on the fundamental assuthption

I n modern variable-speed electric drives, accurate knowledf¢ stator leakage inductancesg)( in the x-y and zero-

of machine parameters is essential for good contr8fduence subspaces are equivalent to the ioride o-f
performance. Consequently, various parameter estimatiHPSpace. Though this assumption has been verified ie som
methods have been proposed over the years for three-pHzaeeS [6], [7], [13], itis not always true. As a mattefaof, it
machines[1]-[3]. Since multiphase machines have gaineBas been pointed out that the leakage inductances in the
popularity in the research community in the past two dezaddundamental -4) and non-fundamental subspace can be very
some research efforts have been devoted to the paraméifierent one from the other [8], [14], [15], depending on the

estimation for multiphase machines as &} 10].

machine stator winding design. Under such circumstances,

Similar to a three-phase machine, parameter estimatigfPrementioned parameter estimation methods are norlonge

methods for multiphase machines are established based V&fid- ) ) .
specific machine equivalent circuits, particularly those ASymmetrical six-phase machines are arguably one of the
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most frequently utilized multiphase machine types. Their
modular three-phase structure allows the machine to be
obtained from an existing three-phase machine by splittieg
stator windings. Furthermore, such structure allows exjsti
knowledge of three-phase machine to be easily extended to the
six-phase machine. In terms of the machine model, the
modular three-phase structure has inspired the doddsje
model [16] (as in Fig. 2), where the equivalent circuit is
essentially a modified three-phase equivalent circuit with t
parallel stator branches.



IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS

Il. MODELS OF A SIX-PHASE INDUCTION MACHINE

o—'\ARAS,—l_fls*aé“ flv'%\ An asymmetrical six-phase induction machine is consitlere
here. The machine has double layer stator winding with
Vap Lm” Rs winding pitch of 5/6, since this value is the most siitailue
to minimize the stator leakage inductance and is used in
Rs  Lisy practice in six-phase machines [14], [16]. The machine has
two sets of three phase windings, spatially displaced by an
nyT angle of 30, with phasesl-b1-cl associated with winding 1
and phasea2-b2-c2 associated with winding 2.

Fig. 1. Conventional VSD model (without separate rautstator leakage
inductance). A. Double d-qg Model

Unlike the VSD model, the doubteg model is obtained by
applying two separate decoupling transformatiofigg][and
[Ts2], to the variables in winding 1 and winding 2,
respectively [20], [21]:

Vg2
Va/f 2 al 1 _\/,% _\/_%,
e 3 plo 2 -8 @)
Double d-g model o+ L L L
Fig. 2. Doubled-q model with mutual stator leakage inductance. 22 V2
a2l 8B
Although the use of doublé-q model precedes that of the [r, ,]- |2 p2 110 )
VSD model, the latter has gained wider popularity and is So_lL 1 4

preferred in recent works for modelling and control of- si 222 . _
phase machines [17], [18]. One interesting feature of theThe resultan1-51 ande2-52 variables are used to define
doubled-g model is that it explicitly takes into account theh€ machine model, as shown in Fig. 2. It is worth natiag
presence of a mutual stator leakage inductangg (vhich is in [20], [21] the correlation of the parameters in the dodhie
usua”y either neg'ected’ or |umped together V‘"lt‘hln the m0qe| .and the VSDmOde| has been studied. HOWGV.eI’, the
VSD model. For parameter estimation, the knowledds,ois derivations were again obtained based on the assuntption
important, as it is known to be the cause for the dimimi Lim can be neglected.

leakage !nductgnces in different subspddd$ and can have g Modified VSD Model

non-negligible impact on the steady state performanctheof
maching19].

In this paper, parameter estimation methods based on
standard tests are proposed for an asymmetrical sieph
induction machine where the stator leakage inductanags v . :
between different subspaces. Under such scenario, previ L?gameters_ln the doubtizq model, particulariyl.im, has not
multiphase machine parameter estimation methods are Sﬁn established.

applicable and a new approach is required. Consequentl\y\m? d‘zrl"e'Tthhi‘; igg‘"iedggxzt'gg S'Z"rt‘t“'iﬁg”tﬁ‘i L?Ltgﬁelei?(‘;'ztg fux

new six-phase machine VSD model has been proposed, d tion in 141 and iting it as t ts of y
two main modifications: the presence kof, is taken into yis) equation in [14] and rewri Ing it as .WO SEts of equations,
e for each of the three-phase winding:

account and the impact of rotor coupling in the zero-secqnen%n _ _
subspace is included. [Wis1] = [ Lis] + M sq il fli s3] +[M o2l 5]

In [14], the effect of mutual leakage inductance on VSD
8de| of a six-phase machine, as a function of tlilepiach,

ggs already been investigated. However, the correlation
etween the obtained parameters in the VSD model leand t

The paper is organized in the following manner: in sectio - i i ®)
Il, the equivalence of the doubteq and VSD approaches is Wisa] = {lLis] +[M g2l flis,] +[M se2allisy]
re-examined, where the presencelgf in the VSD model is Where
explicitly expressed. Subsequently, the use of six-phagie]=[iy iy iq] lio] =[iaz b2 ic2l”
standard tests for parameter estimation is exploredciiose [Lo]= (L +L )[I ]
I, where it is shown that using only no-load and lockero "' t s
tests is insufficient to uniquely determine all machine ki ky k
parameters. Then, in section IV, special attentionvstdd to Miad =Mool = 2Mp| Ky ki ks
the equivalent circuit in the zero-sequence subspace of the Kk ko K 4
machine. By analyzing the MMF distribution, it is candid G
that coupling with rotor circuit cannot be ignored in this ks —-k; O

sub;pace, apd a new equivalent circuit is prop_oseq to prowﬂ@lsﬂ] =Mo" =2M,| O Ky —kg
additional information for parameter estimation. All
theoretical results are validated using experimental results —ks 0 Ks

shown in section V, while concluding remarks are coethi Herel, andL, are the self-inductances associated with the top
in section VI. layer and bottom layer of the conductors in a slot,
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respectively;[ls] is 3x3 identity matrix;My, is the mutual Il.  SIX-PHASE STANDARD TESTS
inductance between the two layers and constants andks; .
are functions of the coil pitch, as given in [14]. A _Sfx-phase Standard Tests ) o

For the doubled-q model, two three-phase decoupling Similar to three-phase machines, parameter estimation fo

transformations (1) and (2) are app“ed onto (3)’ to give ﬂ%ymmetrical SiX-phase induction machines can be dong usi
following equations for the two windings: the six-phase version of the standard no-load and loaked-r
W i tests. This can be performed by applying balanced
{ 'S”’m} = {(Lt +Lp)+2M (ke =k, —\/§k3){ S“ﬁl} asymmetrical six-phase voltages, obtained from either a
Visap2 'sap2 5) transformer with dual wye-delta secondary windings [ird&
i T multiphase inverter[6]. Under these tests, only thep
+ 2\/§k3Mtb {Saﬁl 4P 2} subspace is excited, so that the parameters obtainedtsom
Ysapt T lsap2 corresponding tests are given in Table |I.
The equations for zero-sequence components are: B. Six-phase x-y Subspace Test
|:‘//I50+:|: {(Lt FLy)+2My (k1+2k2)>[! Soﬂ (6) Additionally, an impedance test in tley subspace can be
¥iso- I'so- performed to identifyL;s (the last row in Table I). For an
From the derivation, it can be seen that the statmkalge asymmetrical six-phase machine, this can be done by

inductance in the-f subspace consists of two parts: controlling appropriately a multiphase inverter [6] grahase
1) A self-leakage component, order transpositionbg-c; and ay-by) [12, 14]. Such voltage
sequence will excite only they plane but not the-S plane,
L = (L + L) +2Myp (ky —k, _‘/§k3) M so thatL,s can be determined from the angular frequengy (
2) A mutual leakage component, the measured fundamental voltage component), (
L, =2 ‘/§k3Mtb ®) Luerl\(ldvzrgr?;]rt]ael rn;{)L.lrrent component;)( and the phase shift
By comparing (7) and (8) with the results derived in [14], the V. '
leakage inductances for the VSD model and dodijenodel L, = Lis = —L sing (11)
can be related as follows: wly

=L © Although L;s can be determined in this way, the described
tests do not enable separation of the stator and leskage
inductances in the measured blocked-rotor inductance. The
ain problem is in thé&,,’, which is lumped with_,,” in no-
load test and withL,’ in the locked-rotor test. Hence,
additional information is necessary to fully estimaté al
machine parameters. Thus, in this paper, an additzerat
sequence test is proposed, as discussed in the next section.

Llsaﬁ =L + 2L, I-sty

Similar to the relation established in [21], [22], apartrfrigg
andL, the new VSD model can be represented by a new V
equivalent mutual leakage inductanck,,{) magnetizing
inductance ("), rotor leakage inductance (L,’) and rotor
resistance K;’), whose magnitudes are twice those in the
doubled-qg model.

le|=2LIm L= 2I-m L= 2I-Ir erZZRr (10)

The new VSD equivalent circuit representation in Hg. IV. PROPOSED ZERO-SEQUENCE TEST
shows that the effective stator leakage inductanceémfp Zero-sequence Inductance of the Stator Windings
subspace is larger than the one inxhesubspace, due to the o
presence of the mutual leakage effect between the tway sta From[14] and (6), itis found that both doutileg and VSD
winding sets. By measuring the impedance in thg models have the same zero-sequence stator leakage moducta
subspacels can be directly determined. Nevertheless, eveald it depends on the valuekef
though Ls is known, information from standard tests is notlisoro- = (Lt +Lp) +2M (K +2K5) = Lig + Ly, +6M ks

sufficient to identify all machine parameters, as discussed (12)
next. For a practical winding pitch, with that lies in the range of
5/6 <r < 1, the value ok, is zero. This allows (12) to be
simplified as
Rs  Lis Lim Ly Liso+o- = Lis + Lim (13)

Consequently, the equivalent circuit for the zero-sequence
subspace is given in Fig. 4. Based on Fig. 4, it appeairkth

Va/)’ L’ R /s (and henced. " which is equal to 2L,,) could be theoretically
3 )| obtained from the zero-sequence inductance using standard
R L zero-sequence test. However, this is not the case dueto t
3 Is non-negligible rotor coupling effect, which is explainedhn
vV T following subsection.
v B. Effect of Rotor Induced Current under Zero-

sequence Test

Fig. 3 a-f and x-y plane equivalent circuits for VSD model considering |n electric machines, a general assumption of zero total f
mutual stator leakage inductance. is usually made when a three-phase winding is fed witha z
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sequence current component. This assumption is true dor th TABLE |

fundamental torque producing flux component; however, the PARAMETERS ESTIMATED FROM SIX -PHASE TESTS
effect of low order harmonics will mainly depend on the No-load test

winding layout. In multiphase machines, the effect of low [ [ LitLim +Lo’ = Ligt2(Lim+Lo)

order harmonics cannot be ignored in all cases and should be
addressed carefully.

In an asymmetrical six-phase winding, there are two-ze L
sequence components, with a spatial displacement of 90 |—=loc

L ocked-rotor test
Riock R+t R =Rst 2R
Listlim *Ly " = Lls+2(|—lm+|—lr)

between their magnetic axes. To illustrate this pdiret, MMF x-y excitation test

distribution for different cases, for a machine with- 12 Lisxy [ L

slots/pole-pair and a winding pitch of 5/6, is plotted. Hirstl i ) ) o

the MMF distribution is shown in Fig. 5 for the o-B current Since a cage rotor can effectively interact withaall gap

excitation. Fig. 6 shows the MMF distribution from eacHlux harmonics, a non-negligible rotor current component can
three-phase winding set and the resultant MMF due to bd? induced. Itis clear that the next low order harmonics under
windings when all phases are connected in parallestogie- a-fi current teXC|tat|on are the "1and 13. Interestingly
phase supply and assumed to carry equal phase currents @ugh, the 5and 7" are completely cancelled. Nevertheless,
io. = ix. It is clear that the magnetic axes of the flwi? Practical case and due to different machine asymesetr
components due to both windings are spatially displaced by 818 airgap flux may exhibit very smalf'&nd # harmonics.
electrical degrees, which means that the two comporzeats However, the coupling with rotor due to these small
magnetically decoupled. Hence, the per-phase inductarice PMponents can be merely neglected since the maguetizi
be theoretically the same with either one or bbtiea-phase CoUPling inductance of each of these harmonics is priopait
sets excited. to the square of the MMF magnitude of such a harmomwic. F
Both three-phase winding sets exhibit a flux distributiofiS reason, only the third harmonic components neeceto b
with a number of pole-pairs equal tp. The magnitude of the aken into account. o _
third harmonic component equals 0.244 pu, i.e. approximatelyUnder single phase ac excitation, the air gap flux created

excitation. average torque due to this flux component at zero speed will

sum to zero; this is why the effect of this subspace was
neglected in the literature. However, the impact o tioitor

Rs L Lim coupling should not be overlooked during parameter
estimation. It is not accurate to assume that the-geguence
TVO L0 impedance can be simply represented by the stator nesista
S and the sum of the stator self- and mutual leakage indestanc
Fig. 4. Zero-sequence plane equivalent circuit forDV&odel for short LIsO+O— = I-Is + le- The effect of the rotor circuit should be
pitched windings (5/6 « < 1), without rotor effect. included. Due to this, it is also expected that the zenjoesee
s " resistance will be higher than the stator resistance.
1 L It is worth noting that zero-sequence test for a sixspha
. o5 08 machine can be conducted using either three-phase extitati
£ o0 0s or six-phase excitation. The former is done by applying a
® os 04 single-phase ac source across all three phases of one three
* 02 phase winding connected in parallel, while the lattertesall
% e 10 1w 20 a0 a0 e six phases in parallel, as illustrated in Fig. 7. Both aggives
@ ) result in a pulsating airgap flux, but with some slight

Fig. 5 MMF distribution (a) and its spectrum (b) withs current excitation.  differences between them. Since magnetic axes ofwie t
components are in quadrature (i.e. they are spatialptatied

g 05 g o4 by 90° in electrical angle), the magnitude of the fundamental
88 0 8% 02 'l of the resultant MMF distribution under a six-phase exoitati
2 osb 1 2 o 5o  (which is the third harmonic) will be/2 times the magnitude
g 05 g o4 of the corresponding MMF component produced by separate
Cf; 0 o5 02 three-phase windings, as illustrated in Fig. 6.
2 s Z I [ | B m -
. 0'50 60 120 180 240 300 360 040 10 20 30 a2b2c?2 alblcl a2b2c2 alblcl
g °_|I__|'__|I__|'__|I__II_ 2 02 i
s S o
= -0'50 60 120 180 240 300 360 = Oo I10 ' 20. 30 AC@ AC@

Peripheral angle, elec. degree Harmonic order

@

Fig. 6 MMF distributions (a) and their spectra (b) under O+ (tow), O-  Fig. 7. Connections for zero-sequence test using three-phasgtion (left)
(middle row) and both zero-sequence (bottom row) ctieecitation. and six-phase excitation (right
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Furthermore, the difference between the equivalent
resistance and stator resistance under six-phase mxcibal
be twice the same difference under three-phase exnitatio

Rs Lls I—Im I-Ir3/2

since the magnitude of the third harmonic flux component is Riy/2
increased by a factor &f2, which yields the same gain in the

induced rotor voltage and current. Hence, the rotor copper

losses increase by a factor @f2) = 2. This doubles the R4/2

equivalent rotor resistance when reducing rotor cirauithe
stator side. This will be confirmed in experimental result
later.

Since the air gap flux in this case has a pulsating nah&e, \ere5 is the rotor skew angle. In practice, skew angle of one
most appropriate equivalent circuit that can be used aSg@ior slot is usually used.

r_epresentation will _be simila_r to the equivalent mjim_)f_ a Hence, the rotor parameters of the zero-sequence subspace
single-phase induction machine in locked-rotor conditiag. can be put in the following form

it has been mentioned before, since the magnetic aixtse
Ri3=C3iRy

(e,

Fig. 8 Improved zero-sequence equivalent circuit.

both windings under zero-sequence excitation are in" (21)
quadrature, both circuits are decoupled. Hence, three-phdse = Cailin
excitation will be enough to carry out this test. 2

The proposed equivalent circuit for three-phase ZerWhereCM:[meJ (22)
sequence test is shown in Fig. 8. The magnetizing iadoe Kur  Kskew

for the third harmonicl(:s) can be represented in terms of the\ccording to the winding function theory, the relation
fundamental magnetizing inductandg, (= Lm) USiNg @ between the magnetizing inductance of the fundamental

scaling factoKs:: subspace and the zero-sequence subspace should follow the
Lz = Kmgabm (14) rule (8l
The per-phase input impedance is then 2
Roerot 1X zero= Kmz1= ﬂ = (&] (23)
: J meBlel(RrS +1i w'—lrS) (15) Ly KK ug
R+ jolls + Lim)+ Ra+ jo(Ly s+ Koot By solving these equations, machine parametgysm, L,

L1 andK3; can be obtained. Other parameters (&g, L3)
5 are normally of no importance as they relate onlthtozero-
Roero= R + ZRrS(a’KmE’»lel) . (16) sequence components and the machine is usually operated
(R3)* +@*(Lirs + Kigilon ) with two isolated neutral points.
2, 2 The overall parameter estimation method based on
nglel<R;,3 +2a) L"3(L'r3+nglel))] aforementioned tests is illustrated in Fig. 9. The “fsolve”

(Ra)f +@*(Ly 3+ Kinailma) function in Matlab has been used to solve the final four
(17) nonlinear equations to obtain the estimated parameters
which can be solved together with the equations obtdimed (bottom block in Fig. 9). Note thd€.3; is assumed unknown
the no-load and locked-rotor tests. in this identification technique. The value obtained from (23)

The equivalent rotor resistance and inductance of the zers used as an initial guess when solving the obtained manlin
sequence subspace can be found as functions of those ofdtpgations using numerical solvers. The factor that neelle
fundamental subspace as follows. The rotor resistance armalculated, which depends on machine geometric data,.is
leakage inductance referred to the stator side can be feund a

This complex equation leads to two real equations,

X ser0= a)[ Lis + Lim +

functions of the equivalent bar and end ring segment V. EXPERIMENTAL RESULTS

resistancerge) and inductancee) as [8]: To verify the presented theoretical discussion, the above
am( TonKuwo 2 (18) described tests are applied to a small asymmetricglsize

Rek s | k. . Tbe induction machine, obtained by rewinding a six-pole 50Hz,
rA Tskell) 380V (220V phasge-neutral), 930 rpm three-phase induction
am( TonKugo 2 machine. The six-phase machine is configured with double

Lik =—|——| lbe (19)  layer winding with short winding pitch of 5/6, with the same
St Kskeu) copper volume. The new rated phase voltage of the six-phase

wherem is the number of stator phas@s, is the number of machine is 110V with the same 1.75 A rated current. As a
turns per phaseK,q is the stator winding factor for any result of the double layer winding and the winding pitch, the
harmonic ordek, S is the number of rotor barandKqew is  effect of the mutual stator leakage inductance should be
the cage rotor skewing factor for any harmonic oidand is carefully investigated. The stator resistance is fietermined

given by using dc test, and is found to be 12.5Q. For the standard tests,
(kS kS which are essentially ac tests, the stator resistamill be
Kskenk) = S”{zj / (2] (20) approximately 1.1 times larger, i.e. 13.75Q. This value will be

used for relevant calculations in the parameter esbmégest.
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Six-phase Standard Tests

ObtainR; from x-y excitation test ObtainK., andK,s based on stato
ObtainRy,and Dc test (using (11)) winding configuration
Lzerofrom ¢ l
Three-phase ObtainLy, from
zer o-sequence No-load test ObtainKgeq and Kgews Using (20)
test
ObtainRcand
Liock from ObtainCz; using (22) and values of
L ocked-rotor test Kwi, Knz Kskewr @NdKsyevs
|
v v

Y
ObtainRsr ery Lls, (L\m+|—ml) and (—Im+|—lr) H H
(based on Table I) 4’| ObtainR using (21)|

|

Substitute all known parameters into (16) & (17) and
L solve forLy, Lmi, Ly andKp3; together with
No-load and Locked-rotor inductance equations (based on Tabje I)

A

Fig. 9. Flowchart showing the complete parameter estimationgalure.

680 725 28
72
660 :
_ 1% - ~ 5
E y N“\\ E 5 o e gx IR
- s n o 2
620 705
600 70 22
02 03 0.4 05 0.6 0.7 02 04 06 08 1 12 14 02 04 06 08 1 12 14
Phase current, / (A) Phase current, / (A) Phase current, / (A)
Fig. 10. No-load inductance obtained from tt Fig. 11. Locked-rotor inductance obtained froi Fig. 12. Locked-rotor resistance obtained from t
six-phase test. the six-phase test. six-phase test.
7 38 r 17
+ al
6 37+ bl 16
g B S o e S E ta S e £ ke
E 5 34 5 E S — o 15
> g e — * * 2 3
o N v Y + al
4 32 14 £ bl
* cl
3 30 13 E
02 04 06 08 1 12 14 0 05 1 15 2 25 0 05 1 15 2 25
Phase current, / (A) Phase current, | (A) Phase current, | (A)
Fig. 13. Inductance obtained from they plane Fig. 14. Zero-sequence inductance obtained fri Fig. 15. Zero-sequence resistance obtained from
excitation. the three-phase zero-sequence test. three-phase zero-sequence test.
A. Six-phase Standard Tests equivalent inductance of they plane,L,, can be determined,

For the six-phase standard tests, a custom made volt&§eShown in Fig. 13. This is equivalent to the staakdge
source converter is used to supply the machine with the sinductancel,, according to (9). The experimental results
phase voltage. The voltage is applied at a constant freques@@W thatls is exceptionally small compared to the ledk
of 50Hz, using open-loop controller in taes plane. Dual PI rotor inductance, which e = List2(Lim+Ly). Based on this
controllers (one PI in the synchronous reference framgelation, the sum of mutual leakage and rotor leakage
another in the anti-synchronous reference frame) aé tes inductance is approximately 33.1 mH. Add|t|on_al Zero-
provide closed-loop current control in tiey plane, keeping S€quence test is hence necessary to sepafdtem Ly, in the
the x-y current at zero at all times. This helps to reduce ti¥Pe of obtainig a more accurate estimate of the machine’s
unwanted effects due to the machine/converter inherdpfameters.
asy_rir|1metry. Ph:;:jlsFeF_cl_u_rrentsf and a/olte_lgesMaﬁa k:rleasutm;jtlf. Zero-sequence Test
oscilloscope an is performed using Matlab to extrac e o
fundamen?al components and phase an%les. Measurements_afs e final test to identify the machine’s parameters, zero-
done on all six phases and the results are averagedg giv%ﬁquence tests are condbuctded. As_rp]en_tlr?ne?] in Section IV-B
values in Table Il. Figsl0-12 show the no-load inductance,zero-sequgnge test can be done with either three-phase
the locked-rotor inductance and the locked-rotor resista phase excitation. . .
obtained from the six-phase standard tests. The zero-sequence inductance and resistance for the.three

Next, the connections between the converter and tﬁgase zero-sequence tests are plotted in Fig. .14 and Fig. 15
machine are rearranged (according to the discussion fioisec respectively. T.hese are the inductance and rg&stﬂ@med
[I1-B), so that thex-y plane is excited instead. From this test\,Nhen 50 Hz single-phase ac voltage supply is applied across
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three parallel-connected phase windings in one three-phase 38
winding set. As expected, the zero-sequence resistance is
higher thanRs due to the coupling effect of the rotor, as seen
in Fig. 8.

In order to confirm the theoretical analysis in SectiéB,
six-phase zero-sequence test is also done, and the zero- 2
sequence inductance and resistance are given in Fig. 16 and 2
17, respectively. Comparison of Figs. 15 and 17 shows taat th 0 05 Phasle curremlf(A) 225
difference between equalent re5|s_tance and Stat_(mqese _Fig. 16. Zero-sequence inductance obtéined from the sisgharo-sequence
(governed by (16)) under six-phase excitation igst.
approximately twice the difference under three-phase 20
excitation. This confirms correctness of the theoaktic
derivation in section IV.

The testing and the described procedure enable full
separation of identified machine parameters, as discusséd n

36

(mH)

L
zero

Rzero (£2)

18

C. Estimated Machine Parameters
17

Generally, the effect of different operating conditioras h 0 05 o 1 tl-|5(A) 2 25
H H H H ase current,
.been .already .dlscussed in the literature f.or multlphg%_ 17. Zero-sequence resistance obtained from the saselzero-sequence
induction machine [6], [8]. Even though the equivalent ciscui (eg;.
used for the parameter estimation tests proposed here are

slightly different, their main function is to allow segréga inductance, its value is 2700, and its existence has been
of the leakage inductancelss( Lim, andLy), enabling a more neglected in the parameter estimation process. Stray load
accurate parameter estimation and hence a better parfeem |osses and mechanical losses are neglected in the talesila
prediction. The findings regarding the effects of operatingithough the latter was identified in a separate teshe two
conditions on estimated parameters, given in [6], [8]stile coupled machines). In Method 1 locked-rotor leakage
valid and this is therefore not addressed here. Instedylthe inductance is simply split into equal stator and rotor leakage
parameter values at rated conditions are estimated. inductance l(,,s = Lis (= 2Lyy) = Lioed2 = 35.7mH). In Method
The results of the developed parameter estimation techniquigtator leakage inductance is taken as given by-thplane
are given in Table Ill; the values correspond to the dodHole test Cisop = Lisy = Lis = 5.3mH), while the difference between
equivalent circuit of Fig. 2. Corresponding parameters fer thhe locked-rotor inductance amey inductance is attributed to
developed VSD model can be obtained using Table Ill aRde rotor leakage inductancel(2= 66.2mH). Finally, in
correlations in (10). It is worth noting that in normal@i®n  Method 3 the values given in Table Il are used, solthat=
with isolated neutrals, the zero-sequence subspace has|pe2|, . = 46.1mH and R, = 25.4mH.
effect on themachine performance. However, the main benefit The comparison of theoretical curves, obtained usingthes
of estimating the parameters of this subspace is torobtai three different calculation methods, with experimentally
improved estimate folL,. Other parameters of the zero-ogptained results is shown in Fig. 18. It is obvious that th
sequence subspace can be then discarded. Method 2, which accurately takes stator leakage inductance
D. Machine Characteristic Curves from the x-y plane test, gives the worst fit with the

experimental values, since the stator mutual leakage

To .vern‘y the accuracy of .the estimated par_ameters, Wductance gets incorrectly lumped with the rotor leakage
experimentally obtained and simulated characteristic curves;afi ctance. On the other hand. Method 1 in which locked-

the p;](ototyrp:e m?cmr:g are comﬁ)r?red. Inhprdgr N detlm rotor inductance is simply split equally into stator arekéme
machine characteristic curves, the machine IS coup inductance provides reasonably accurate result for the

mac_hlne to act as a mechanical load. A de;cr|pt|0|thef characteristics in the-g plane. As can be seen from Fig. 18,
eqmpmen_t _and the .procedur.e useq to _obtam the ”?aCh g proposed parameter identification technique gives a very
Ch?ﬁ:a(:ttehrclesct)lrf{igglpirr:rgrzr::ttaellr)ilslt?cprc%\f\(/j:sd :jner:nﬁpgr(i;?g.] tgood_agreement between the measured and t.heoretical. yalues
Using a wrong value of the stator leakage inductanceein th
parameters .Of t_he-_/)’ ple_me .and are calcul.ated based on th)‘?-y plane would lead to a large error in prediction of the stato
equivalent circuit given in Fig. 1, in three dlﬁe(entyﬂaln all * cirrent harmonics in that planBince accurate separation of
three cases iron core loss is included, by adding the egoivaly,o 1y 4 ja) stator leakage inductance from stator arat rot

ir_on .IOSS r_esistam_:e, obtained _from the no-load te.s'ghén leakage inductances is enabled with Method 3, the predlictio
circuit of Fig. 1. It is connected in parallel to the mefizing ¢ the machine behavior in they plane vill also be very

TABLE Il accurate, as shown in the next subsection.
PARAMETERS DETERMINED FROM THE SIX-PHASE STANDARD TESTS The three methods lead to a different value of the totw
Ly 639 mH constant, which is reqqired for indirect rotor_flux ottieth .
Rock 2530 control (IRFOC) and which governs thg dynamics of the_dnve
Liock 71.5 mH and response accuradyotor leakage inductance, obtained

using Method 1 to Method 3, is 17.85mH, 33.1mH, and

Lisy 5.3 mH
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Next, the phase current is calculated using the two different
values of the stator leakage inductance that correspond to
Method 1 and Method 3 (35.7mH and 5.3mH; value in
Method 2 is the same as for Method 3 in taeplane). The
results are compared in Fig. 20 against the measured cofrent
Fig. 19. It is evident that the stator leakage inductance of
5.3mH provides
measurements than the value in Method 1. The same impact
would have been experienced in a voltage source inverter fed
machine in relation to the current ripple prediction. This
analysis confirms the correctness of the identifiedostself-
leakage inductance in (7).

far superior agreement with

F. Summary

0 1 2 3 4 5 6 7
Torque, Nm
(@)
2 T T r T r T
Method 1
Method 2
151 Method 3 1 °
O  Exp.

Phase current, A

05 1

0 1 2 3 4 5 6 7

On the basis of the results reported in the previous two
subsections it can be concluded that:
Method 1 (splitting of the locked-rotor test inductance
equally into stator and rotor leakage inductance) enables
reasonably good prediction of the performance in the firs
plane but gives a poor prediction of the behavior in the

second plane.

Method 2 (taking total stator leakage inductance in the
first plane as equal to the one in the second plane and

lumping the mutual stator leakage inductance with the
Torque, Nm rotor leakage inductance) gives correct prediction of the
(0) behavior in the second plane, but a very poor perforenanc
80 : : . . . prediction in the first plane.
sk | TABLE IIl
o ESTIMATED PARAMETERS FOR THEPROTOTYPE MACHINE
ol ] R. [ 13.75Q [R=Rs [5775Q | Rs 4.320
8 Lis 5.3 mH Lim 20.4 mH Ly =Ly1 12.7 mH
§ 65 L Method 1 | Lis 8.26 mH Lm=Lm 296.5 mH L3 17.8 mH
L Method 2 Tek stop —_— Moise Filter Off
Method 3 T T T T T T T
60 [ O Exp. 1 I ]

200 300 400 500
Output power, W
()
Fig. 18. Comparison between estimated and experimental dkeasic
curves: (a) speed/torque curve, (b) current/torque curvel &)
efficiency/output power curve.
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o [400ms

000y 43,9336 He

200

12.7mH, respectively. However, as

the magnetizingg wav

i i i [T M

| em

a0z |

induqta.-nce is 296.5mH, the ratic_) of the maxim.um (Method 2)g. 19. Applied phase voltage and measured phasent for the machine
to minimum (Method 3) rotor time constant is only 1.066supplied with the winding connected to the sourdegiphase transposition.

Such a small variation of the rotor time constant causaue
differences in the dynamic response that cannot be datecte
experimentally [1].

E. Behavior in the x-y Plane

To illustrate the importance of correct stator leakage
inductance identification in the second plane, the folgwi
experiment is performed. A six-phase system of sinusoidal
voltages is created as described in Appendix A, arglthéan
applied to the machine at standstill. To excite only sthe
plane, the same principle of phase transposition &eation
III-B is used when connecting source six-phase voltages to the
machine phases. The six-phase voltages are selecthd wi

T T T T T 30
2r A 20
~
’
\
’

1 7 A 10
—~ Al —
< / \ >
&1 ' \ 3
g of ‘ \ 0 °
E | ’ \ £
3 o
o N / \ >

\ ’ N
-1 N 7 . -10
. ’
~ N i meas.
2 " = = =isim.-Method 1| | 5,
""""" i sim. - Method 3
Voltage
3 L L 1 I I L L 30
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04

Time (sec)

50Hz, 20Vrms values. Fig. 19 shows experimentally recordeg}. 20. comparison of the experimentally recorded ciwéFig. 19, withx-

phase voltage and current of one phase.

y plane excited, with predictions given by Methodntl &ethod 3.
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e Method 3, developed here, with accurate separation of &l
the leakage inductance components, enables accurate
prediction of the performance in both planes. 3]

VI. CONCLUSION (4]

In this paper, an improved parameter estimation technique
for asymmetrical six-phase induction machines has been
proposed. Two main modifications to the machine modet hal®!
been suggested, resulting from consideration of the effect of
the mutual stator leakage inductance and the influenaayf
induced currents in the zero-sequence subspace. It is shown
that the proposed model allows all machine parametebg t
estimated using six-phase standard tests together wjth x-
excitation test and a zero-sequence impedance test.
Experimental results show a very good match of machiné
characteristic curves and current in the x-y plane with
simulated ones, confirming the validity of the preednt
parameter estimation method.

8]
APPENDIX A

Schematic representation of the applied measurement
procedure is shown in Fig. 21. A linear four-quadrar®]
Spitzenberger & Spies amplifier was used to generate three-
phase voltage input 110Vrms, 50Hz for the first windinge Th
required supply for the second winding was created usimpg
delta-wye transformer. Equal 110Vrms voltage in both three-
phase systems was achieved by means of an autotransforme
Voltages were monitored using an oscilloscope. Currents aﬂl?‘
voltages were measured in all six phases using Honeywe
CSNE151-100 current sensors and LEM LV25-P voltage
transducers, respectively. Measured current and voltagesvalli!
were passed, using dSpace ADC board ds2004, for furtq%]
processing into the dSpace 1006 system. To calculateghe i
active powermoving average filter principle was used and
input power was calculated for each phase separately. In a
similar way, voltage and current rms values were al )
calculated. Five periods of signal were saved (time duration
0.1s). The sampling rate of dSpace was 20kHz.

Output power was obtained from measured speed aliél
torque values. Torque/speed Magtrol Torqguemaster TM210
sensor was used for this purpose.
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