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Modeling and Analysis of a Wide-Speed-Range
Induction Motor Drive Based on
Electronic Pole Changing
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Abstract—It has been previously demonstrated that an in- 5
duction machine drive with contactorless pole changing can be I
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achieved by reversing current directions of certain stator coil
groups. This paper compares the power and torque capability
of this drive with conventional four-pole and two-pole induction R R R XXX XXX XXX IXX]

machine drives. Based on the technique of vector space decom- a b' ¢ 2 bt ¢ a
position, the machine coupled-circuit model is transformed to

a reference frame model. As a result of this transformation, @)

the coupled coil group variables can be replaced by equivalent
decoupled four-pole and two-poledq0 variables. This reference
frame model facilitates the analysis and control of the machine | I | | | |
drive, especially during transients, such as the pole-changing v, ——
transition. d
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I. INTRODUCTION

n n
VERAL applications, such as electric vehicles and spin- ! 2

le drives, require a drive capable of both high torque at ®)

low speeds and a wide constant-horsepower speed rangéig4l. Proposed induction machine drive. (a) Stator-winding distribution.
or 5 to 1). Previous approaches to meet these requiremédftgnverter topology.
either needed winding connection switching devices, oversiz-
ing of the machine and/or inverter, or modifying the machin@]. Based on this concept, a previous paper [5] reports a
magnetic structure design. Switching devices, which can bentrol scheme to extend the speed range for constant power
either a magnetic contactor or solid-state switches, degragfgeration of a four-pole induction machine. The proposed
the drive dynamic performance and present an additiordgiive operates as a four-pole machine from zero speed until the
cost. Space constraints in certain drives make oversizisgd of its constant power range (3600 r/min for 2 pu overload
the machine nonfeasible, while oversizing the inverter isrque capability). The constant-power speed range is extended
uneconomical. Modifying the machine magnetic structure toy employing “electronic” pole changing to obtain two-pole
decrease the leakage inductance and, hence, increase the speetion. Due to flux canceling and poor winding utilization
range, usually results in deterioration of certain other machiire two-pole operation, the standard °6@hase-belt stator-
performance criteria [1], [2]. winding distribution is not employed in this drive. Fig. 1(a)

The concept of “electronic” pole changing between twshows the proposed drive stator-winding distribution which is
pole numbers with an integer pole number ratio was initially full-pitch double-layer 120phase belt. The two coil groups
suggested by Eichhofeet al. [3]. Further analysis of the per phase are connected separately, resulting in a six-terminal
technique of independently controlling the different coil grouptator (1-6). As illustrated by Fig. 1(b), a six-leg inverter is
currents in a three-phase winding has been recently disclosegded to supply this machine. A coil group set consists of

o three coil groups belonging to three different phases, thus,
Paper IPCSD 97-43, presented at the 1996 Industry Applications Soc

iety. . . .
Annual Meeting, San Diego, CA, October 6-10, and approved for publicati&‘?"I groups 1, 4, and 5 form coil group set 1, while coil group

in the IEEE TRANSACTIONS ONINDUSTRY APPLICATIONS by the Industrial Drives  Set 2 consists of coil groups 2, 3, and 6. The number of poles
Committee of the IEEE Industry Applications Society. Manuscript releasgsf the machine is Changed by mere|y reversing the direction
for publication May 19, 1997. . . .
M. Osama is with the Power Controls Program, Corporate Research a(rpcplamy) of the currents of one coil group set with respect to
Development Center, General Electric Company, Schenectady, NY 123t currents of the other, as defined in Table I.
usa. , ___In this paper, the proposed drive capability is compared
T. A. Lipo is with the Department of Electrical and Computer Englneerlng[, . | dri A ref f del f h .
University of Wisconsin, Madison, WI 53706-1691 USA. 0 conventional drives. reference frame model for the six-
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TABLE | 0.9
CoiL GRouPs CURRENT REFERENCESACCORDING TO MODE OF OPERATION
Ref. Current 4 pole mode 2 pole mode f :
T Tk T x 0.85 - --ooemn o
1 1 1
Coil Group . ! * .a* 2
14 1b Ic
Set 1 L Cx
is ic ib P120 o8
1
Coil Group _2* Ta* Ta*
13 1b -ic
Set 2 % . % .o%
16 Ic -ib 075 ¥~
in analysis and control of the proposed induction machine 0.7 r ¥ i
drive. 1 10 100 1000 10000
Power Rating (hp)
Il. POWER CAPABILITY COMPARISON Fig. 2. Rated output power ratio for different machine ratings.

For the same magnetic structure, a 36- or 48-slot four-pole

stator with conventional (60phase belt) winding distribution, s Proposed Drive

has a winding factor 1.15 times that in case of 12hase- lzgff)ef — — Conventional 4 pole
belt winding distribution. As a consequence, a 15% increase — Conventional 2 pole
in the magnetizing component of the stator current is needed
. ) o : 1.0 4 - — -
in a 120 phase-belt machine to maintain the same airgap =
flux density as a 60 phase-belt machine. By decomposing 05 =~ - - _
the stator currentl;) into two components that are in time 0.25 |
quadrature, the steady-state output power of an induction
machine can be expressed as [6] 1800 3600 5400 7200
P L72n Speed (1/min)
Pour = 3w”m§L_7,IS¢IST (1) Fig. 3. Power capability comparison between proposed induction machine

drive and conventional four-pole and two-pole machines having the same
where outer dimensions.

wpqm rotor speed (mech. r/s);

P number of poles; and the torque varies as the inverse of speed squared, as
L,, magnetizing inductance; depicted in Fig. 3.
L, rotor self inductance (referred to stator); The steady-state peak per-phase airgap voltage can be
L flux component of stator current (A rms); defined as
I, torque component of stator current (A rms). A

. tot
From (1), the steady-state output power ratio between the Vin = wekwNser —— P B, 2)

proposed drive and conventional machines can be calculated

at any operating point. Fig. 2 shows this power ratio at tHénere

same rated conditions (four-pole 60—Hz supply, rated fluxwe  supply angular frequency (elec. r/s);

density and current) as a function of the machine rating usingk. ~ Winding factor;

data obtained from [7]. As demonstrated by the figure, the Vse: total number of series turns per phase;

rated output power ratio approaches the winding factor ratio 4wt total airgap surface area;

(kwi20/kwso = 0.866) as the machine rating increases due B, average airgap flux density.

to the decrease in the per unit magnetizing current. In theThe ratio between the winding factors for two-pole and

following analysis, the proposed drive capability curves afeur-pole connections of 120phase-belt winding g, ~

evaluated for ratings of at least 100 hp, where the rated outputk, 4. Thus, for the same magnetic structure and airgap flux

power ratio is approximately 85%. density, the yoke flux density and airgap voltage for two-pole
Fig. 3 shows the output power capabilities of the proposegeration are 2 times and 0.8 times that of four-pole operation,

induction machine drive, conventional four-pole and two-polespectively. Accordingly, when the mode of operation of the

machines, all having the same outer dimensions and a 2qoposed drive changes (at 3600 r/min) from four-pole to two-

overload torque capability. The capability curves constraing®le, the applied voltage (hence, the power) has to drop by

are rated current throughout the operating range and the upp@¥% for the core flux density not to exceed its rated value.

bound of the airgap flux density, yoke flux density and voltada this case, as the speed is increased, the drive is operated

being their rated values. The constant power range for tlmea constant torque mode until the rated voltage and power

conventional four-pole machine ends at its slip limit (3600alues are restored and, then, constant power operation is

r/min). Above that speed, constant power operation cannot tesumed. Though the proposed drive is derated (with respect

maintained; the current and, hence, the power has to decretse;onventional machines) by about 15%, it has 70% more
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torque capability than conventional two-pole machine drives In order to obtain a closed-form coupled-circuit inductance
at the lower speed range (below 1800 r/min) and maintaiegpression, each stator coil group winding function is ex-
constant power and higher torque than the conventional fopanded as a Fourier series. Taking into account the dominant
pole machine drive at the higher speed range (4500-72@@rmonics only, an approximate closed-form expression of all
r/min). six coil groups winding functions can be written as

The need for twelve semiconductor devices instead of six
(each rated at half the power rating of a three-leg invertéVi(¢,,) = No1 cos(¢y,) + Ns2 cos(2¢,,) + Nyz cos(3¢,,)
switch used for a conventional drive with the same rating) cafy,(¢,,) = N, cos(¢m — 1) + Nyz cos(2¢,,)
be considered a disadvantage, but it could be noted that costing

) . . + N3 cos(3¢,, — )

strategies of device manufacturers result in nearly the same
cost for a given voltage and total voltampere rating regardlesgg((;)m) =N, cos ((/)m _ E) + N,y cos <2¢m _ 2_7r>
of the number of devices used. Hence, only a modest cost 3 3
penalty is incurred (due to additional gate drive and control + Ns3 COS(3</>m - )
circuitry) by the use of a higher number of devices. Moreover 7r
there are certain applications at higher power levels whic 4(ém) =Nox cos <¢m ) + Noz cos <2¢m B ?)

already require twelve power semiconductor devices (each + Nys cos(3¢m)
two devices connected in either series or parallel to form one o0 o0
SWltCh) (¢rn) = 51 COS <¢rn - ?) + N52 COS <2¢rn + ?)

+ N53 COS(3¢rn)

(¢rn) =N s1 COS (¢rn 3) + N52 COS <2¢rn + 2%)
+ N3 cos(3¢p,, — 7). (9)

I1l. I NDUCTION MACHINE MODEL

A. Coupled Circuit Model

The six-stator coil group three-phase machine can be mod-
eled in the actual physical (rather than the transfornieg) N . . .
variables using the multiple coupled-circuit approach [8]. Wt(; Though a coupled-circuit model is satisfactory for simu-

- . - h tion purposes, the existence of cross-coupling terms and
each coupled circuit representing a coil group, the induct % onoFr)ne?nc nonlinearities makes it too Iaborlgus%or analysis
machine model equations in vector-matrix form are ng y

of the induction machine drive behavior and subsequent con-

V] = [Ro] L] + — d [ J 3) trol of its performance. Thus, a reference frame model for the
six-stator coupled-circuit three-phase machine is needed and
As] = [Lss][Ls] + [st][f ] (4) is derived in this paper based on the concept of vector-space
[‘/1] [R,][I ] + = d [)\ ] (5) decomposmon.
Ar] = [st]T[g] + [L,,][ ] (6) B. Vector-Space Decomposition
T, =[I,]* 50 ([LsrDIr] (7 The conventional three-phase induction machine has three
rm independent currents (in general), thus, it is modeled in a three-
where dimensional vector space defined by the transformation vectors
[Va] = [v1 v2 v3 vq v3 UG]T (d,q,0). Similarly, the six-coil group machine is modeled
[V,]=[000000]" in a six-dimensional vector space defined by six orthogonal
o transformation vectors. This vector space can be decomposed
[£s] = [i 42 i3 44 @5 ] into four subspaces, as will be shown in this section. By
(1] = [i7 ig 49 i10 G171 i12]" . utilizing the stator-winding representation of (9) and assuming

a sinusoidal excitation with the phase angles equal to the
gpatlal angles of the windings corresponding to them, the
following basis vector is obtained:

[R;] and[R,] are diagonal matrices with their elements being
stator and rotor coupled circuits resistances, respectively.

Defining the winding functionV(¢,,) as the MMF spatial
distribution for 1 A of current [9], the mutual inductance (wt)
between any two windings can be expressed in terms of their
winding functions as

= [cos(hwt) cos(hwt — 3hy) cos(hwt — h7)
- cos(hwt — 4hy) cos(hwt — 2h~)

o - cos(hwt — 5hy)]* (20)
LZJ — NO Z(¢nl)Nj(¢nl) d¢rn (8)
g Jo wherey = /3.
where The six transformation vectors are generated from the
r outer radius of rotor or inner radius of stator; vector-space basis as follows.
[ axial length of the machine; » Settingh = 1 attains the first subspac® (wt), which
g airgap length; is the surface spanned by the spatial fundamental com-

¢m angular position along the stator inner surface (mech. ponent (two-pole). Two orthogonal vectofg, and dz)
rad). are chosen in this subspace by setting= 0 & —7/3,
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respectively in (10): reference frame transformation matrix:
- 1 1 1 1 q
PR S S B S T T R
"= 2 2 722 O R . S
T
V3 V3 V3 VB R ST
dy=0 0 - == 2= = (11 1 -1 = - = -
2 2 2 2 T(0)= i 2 2 2 2
Blo o Y3 V3 V3 V3
» The second subspac#(wt) is the surface spanned by 1 1 12 % 12 %
the spatial second harmonic component (four-pole) which E E E 75 ﬁ ﬁ
is obtained by settingp = 2. Two orthogonal vectors 1 1 1 1 1 1
(g4 and d4) are selected from this subspace by setting _E _75 _ﬁ 75 ﬁ _ﬁ_
2wt = 0 and —7 /2, respectively: (14)

1 1 1 11% A more generalized transformation would express the ma-
=11 -5 -5 -5 -5 chine variables in an arbitrary rotating reference frame. Such
2 2 2 2
T a reference frame would be rotating at a mechanical angular
di=10 0 _@ _@ @ @ (12) velocity of w,,. The mechanical angular displacement of the
2 2 2 2 ' reference framg#,, = [ w,, dt) is chosen with respect
to coil group 1 magnetic axis. For the two-pole surface,

« The two remaining basis vectors are the zero vectdizde mechanical and electrical angles are equal, thus, the two
orthogonal to thelg two-pole and four-pole planes. SinceV/€Ctorsg: andd, would rotate at an electrical angle = O
the third harmonic and its multiples are zero-sequen@‘ the other hand, for the four-pole plane, the electrical angle
components, the two one-dimensional (1-D) subspaééstWice t_he mechanical angle, 9 andd, vectors rotate at
Ss(wt) and Sg(wt) are obtained by setting = 3 and @n electrical anglé, = 2Qm. Hence, tr_]e four-po_lelq plane
6, respectively. One vector is selected from the collinedgubspace) rotates at twice the electrical velc_)cny of the two-
vectors spanning each subspace by chooking= 7 /4 pole planei, = 2ws. The two zero vectors are mdepend(_ent of
(to have equal vector norms for all basis vectors). THBe reference frame angular displacement. The stator coil group

two zero vectors are variables are transformed to a vector space in the arbitrary
rotating reference frame as shown in (15), shown at the bottom
1 1 1 1 1 117 of the page, wherg can represent either voltage, current, flux
02 = {— -—= — 7= = = ——} linkage, or electric charge¢" is the abbreviation of cosine,
V2 V2 V2 V2 V2 T\/i “s" is the abbreviation of sine, arth and@, are the electrical
0, = [L i L i i L} ) (13) angular displacement of the two-pole and four-pole subspaces
V2 V2 V2 V2 V2 V2 (planes), respectively, with respect to coil group 1 magnetic
axis.

By varying wt from 0 to 27 in all four subspaces and A similar transformation of the rotor variables to a vec-
calculating the inner products between them, it can be provemm space in the arbitrary rotating reference frame can be
that all four surfaces are mutually orthogonal and, thus, the sigcomplished by
basis vectors spanning them are also all mutually orthogonal.

These six vector§g, — ds — g2 — 04 — 02) define a stationary [qu,,] = [1,(6,6,)][f]- (16)

[fags] =ITOS]

_0(94) c(04) C<94 - 2%) C<94 - 2%) c<94 + 2%) c<94 + 2%) ]
(24 5(0a)  s(ba) 3<94 - 2%) s<94 - 2%) s<94 + 2%) s<94 + 2_7r> 5
| fer o o) 3] o) e D
| (o F) ) o) )
o 11 L 1 1 1
o V2 N 73 7
T i by N
V2 TV v V2 V2 o
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Each element ifT;.(6, 8,) is the same as iff(#) with a change  2) Electromagnetic Torquein the case of no neutral con-
in the argumentgf,) replaced by#4—26,.,,) andé, replaced nections, the machine electromagnetic torque expression is

by (8 — 0,). deduced to be
g
C. Reference Frame Model Te =[lug] "T(6 )891nl([L51])[ (0, 0] ]
1) Voltage Equations:Applying the transformatiofi’(#) to =2(Aagasiqas — Agastiaas) + (Aa2siqas — Agastazs).  (21)

both sides of the stator coupled-circuit voltages (3) results in . . .
P ges (3) Equation (21) shows that the resultant machine torque is the

d - ition of two components, one due to the interaction of
Vies] = [Rsl[L 4o N — (1T~ 5 superposit p ,
Vags] = [Ro]lLags] + [T(6) dt([ (617 Page] four-pole currents and fluxes and the second due the interaction
+ i[)\d ] (17) of two-pole currents and fluxes. The interaction between four-
dt” pole and two-pole currents and fluxes does not produce any

Equation (17) can be expanded to obtain the stator voltagsque. This is partly due to the choice of the harmonic

equations in arbitrary reference frame variables: equivalent windings on the rotor as being stationary with
respect to each other. This assumption is possible for the
Vgas = Taigas + —L2 dt ® + waddas proposed drive, since the two-pole s_upp_ly frequency is half
Y the four-pole supply frequency, resulting in the four-pole and
Vgas =Tsigys + —ob _ Wakgds two-pole fields traveling at the same speed in space. Equation
dt (21) is not valid for conventional line-supply contactor-based
Vgzs =Taig2s dt pole ghanging, whgre there is a pulsating torqye component
Do resulting f_rom the interaction of the four-pole field with the
Vd2s :7’51‘(125 + == _ w2)\q25 tWO'pO|e field.
dt 3) Radial Electromagnetic ForceWhile a combination of
) dAo4s ) ;
Uoas = Tstoas + two- and four-pole fields does not interact to produce torque,
d;ﬁ? radial forces are a concern. Chapman [11] has shown that
V025 =Tsl02s + — . (18) two flux waves differing by two poles around the whole rotor
dt periphery produce an unbalanced magnetic pull. Based on
The transformed stator flux linkages are defined as the reference frame model and applying the principle of vir-

(19) tual displacement, the radial electromagnetic force orthogonal

=L ) Laosrlllgor
[)‘d(IS] [ quS][ d(IS] +[ dqsv][ dq?] components are

where

1
~ Fp = [l  [Kzag[L (22a)
Lages) = [TOLe O] gtk W]l
- -1 1
[Lagsr] = [TO)][Ls:][T:-(6,6:)] " F,= 5[qu]’f[Kydq][qu] (22b)
By carrying out the transformations for the coupled-circuits
inductances, (19) reduces to where
) ) -l 27
)\q45 = (Lrn4 + Lls)zq45 + Lrn4zq4r deqij = % / qui(¢nu e)quj(¢nlv 9)
)\d4s :( ma T Lls)Ld45 + Lm4id4r i COS((; _92) dd)
)\q25 —( m2 + Lls)LqQS + L’lei(IQ’I’ n rl 27
. 0
)‘d25 — ( m2 + LlS)LdQS + Lrn?'Ler Kydqij - 7 /0 qui(d)nl? e)Nd(Ij(d)Tn? 9)
)\045 — Lls 1045 . Sin(d)m—92) d¢rn-

Ao2s = (Lo + Lis)to2s + Lo cos(30,,, )02, 20 ) o . .
02 (Lo ts o2 o cos( Jioz (20) Nagi is the winding function for reference frame variable

where With the absence of neutral connections, the two orthog-
Lyns =3k N22 onal components of the radial electromagnetic force can be
J expressed in terms of airgap flux linkage as
Ly =3kN?, "
LrnO = 6kN523 = ﬁ()\(ﬁnl}\(ﬂnl + )\d4rn)\d2nl) (23&)
LLOTZ’]T g r]r\? m2
k= .
g Fy = m()\(ﬁnl}\dﬁn - )\d4rn)\q27n) (23b)

Equation (20) shows that there is no mutual inductance k{ﬁh
ere
tween the four-pole and two-pole equivalent windings. LN N
By applying the transformatio®,.(¢, 6,.) to (5) and (6), ex- Moy = 3ENs1 Noa — 1 /LnaLima.
pressions analogous to (18) and (20) are obtained for the rotor 2 2
voltage and flux linkage equations in the arbitrary rotatiniyote that ther andy directions (hencel, andF))) are rotating
reference frame. with a rotational anglé; in space (since they are attached to
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the reference frame). The stationary horizontal and vertical
components of the net radial force are

P s il | o D

IV. RESULTS

During the pole-changing transition, the buildup and decay
of the four-pole and two-pole variables will not be instan-
taneous, but governed by their respective time constants.
Consequently, a rotor flux transient exists, leading to a torque
transient even if current regulation is maintained during the
transition. The torque transient affects the electric drive speed,
with the value of speed change determined by the motor
and load inertia. As demonstrated by (23), the coexistence of
four-pole and two-pole airgap fields during the pole-changing
transition will also lead to a nonzero net radial force. This
radial force transient will be detrimental to the motor bearings.
Conventional bearings are not designed to withstand radial
forces, and repeated transitions could significantly shorten their
life span. In this section, the proposed drive performance dur-
ing the pole-switching transition is investigated experimentally
and using digital simulations.

For the experimental setup, a 4-kW induction machine is re-
wound to have the 12(phase-belt winding distribution shown
in Fig. 1(a). The measured per-phase parameters for both four- . : :
pole and two-pole connections are listed in the Appendix. The “z.0 2.2 24 _ 28 2.8 3.0
machine is supplied from a six-leg CRPWM voltage-source Time (s)
mverter‘ the topology of _Wthh is shown in Flg_. 1(b) CurrenIlii . 4. Simulation results for pole-switching transition in the case of step
regulation, as well as slip frequency control, is implementeflange in stator-supply pole number.
using a MOTOROLA DSP56000 microprocessor. The digital
simulations are based on the reference frame model derived in
Section Ill, with the same parameters and operating conditions - -
as the experimental setup. ArYa

Two different pole-changing transition schemes are com- iy ‘l
pared in this paper. The first scheme is a step change in RN
the reference frame current commands. The second transition
scheme involves a ramp change in the current commands, (2.5 A/diy
where there is an overlap time during whi¢,, and ¢},
ramp down whilesZ,  and i3, ramp up for four-to-two- A )
pole transition and vice versa for two-to-four-pole transition. in \
The slip frequency and current amplitude are kept constant \
throughout the operating range for both transition schemes. ' o jfl

The electrical supply angles are chosen as 11
Time (50 ms/div)
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Fig. 5. Experimental results. Coil groups 1 and 2 currents during

. . . pole-switching transition in the case of step change in stator-supply pole
whered, is the slip angle (elec. rad), since number.

O KOy 047265, plane airgap flux linkagé\.,,, ) builds up according to the two-

pole mode rotor open-circuit time constaff.. = 221 ms).
The interaction of these two field components results in a radial
Fig. 4 shows the simulation results for the four-to-twoforce vector rotating with an angl@, — 6>) and an amplitude
pole switching transition in the case of a step change in theé= /I, + I},. It is also clear from the figure that a step
reference frame current commands for a load torque of Xrénsition results in a large torque transient that even reaches a
N-m. The four-pole plane airgap flux linkage,,) decays negative value. Figs. 5 and 6 present the experimental results
exponentially at a rate governed by the four-pole mode rotiorthe case of a step transition. For the same slip frequency and
open-circuit time constarif,., = 136 ms), while the two-pole current magnitude, four-pole operation has a higher back EMF,

A. Step Transition
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Fig. 6. Experimental results. Torque during pole-switching transition in the _ s 4 I YW N
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Fig. 8. Experimental results. Coil groups 1 and 2 currents during
pole-switching transition in the case of ramp change in stator-supply pole
number.

]
Te w’- #.._.

(0.5|N-m{div)

Time (0.2 s/div)

Fig. 9. Experimental results. Torque during pole-switching transition in the
case of ramp change in stator-supply pole number.

ramp transition are presented in Figs. 8 and 9, where the
torque trace shows an improvement over the case of a step
: : : : : transition (Fig. 6) and matches the simulation results of Fig. 7.
------------ The choice of 0.6 s overlap time is based on comparing the
............ drive pole-switching performance for different overlap time
F : 5 § : : values. A shorter overlap time led to a larger torque transient,

: : while elongating the overlap time beyond 0.6 s had minimal
improvement on the transient response.

2006-3

2.0 23 28 29 3.2 3.5 V. OTHER ELECTRONIC POLE-CHANGE DRIVES

Time (s) i i . .
The main disadvantage of the four/two-pole drive (existence
Fig. 7. Simulation results for pole-switching transition in the case of ramgf net radial forces) is eliminated in the case of any other
h in stator-supply pol ber. . . . . .
change in stator-supply pote number drive with an integer pole number ratio, even during the
. . . . pole-changing transition. By utilizing the same drive topology
resulting in current overmodulation, which does not exist 5 e four/two-pole drive and changing the stator-winding
two-pole opgratlon fqr this operatlrlg p0|_nt. Compa””g th&istribution, any electronic pole-change drive with a pole
torque transient of Fig. 6 to the simulation results (Fig. 4}, mper ratio of two can be achieved. The formulation of the
shows close correlation with the exception of the initial decgy,ction machine model in this case can be attained by the

rate. same approach as in Section lll. Based on the same principle,
. an eight/four-pole induction motor drive is currently being
B. Ramp Transition developed for an electric vehicle application by Meidensha

Fig. 7 shows the simulation results for the pole-switchinGorporation [13].

transition in the case of a ramp change in the referenceBy the appropriate stator-winding distribution, a pole-
frame current commands with an overlap time of 0.6 s. thanging drive with three modes of operation (e.g.,
is clear from the figure that this overlap time results ieight/four/two) can be theoretically attained. This drive would
elongating the period during whichy,, and As,,, decay and need 18 or 24 semiconductor switches without an increase in
rise, respectively, leading to a decrease in the torque transi¢hé total rating of the inverter. Due to the poor utilization of
Meanwhile, the ramp transition profile has negligible effect aime magnetic circuit in at least one out of the three operation
the radial force vector amplitude, but it extends the durationodes, the gain (if any) in the constant-power-speed-range
of the radial force transient. The experimental results faapability is minimal in such a drive.
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Based on the same winding distribution as that of a single[4] M. Osama, “Modeling and applications of radial forces in induction
winding brushless doubly fed machine [14], [15], a six/two-

pole drive can be realized. This drive would need two three-le

inverters, each operating during one mode only and, thus, the

total inverter rating would be twice the machine rating.

VI.
This paper presented an analysis and modeling of an

CONCLUSIONS

(6]
(7]

in-

The reference frame model derived specifically for this drive

generates the same simulation results as previously obtain
using a coupled-circuits model, with the advantage of havin

decoupled four-pole and two-polé;0 variables, making it

[20]

more suitable for analysis and control. Moreover, the viability
of this model was proven by correlating its results to thogey)
obtained from the laboratory experiment. Two pole-changing

transition schemes were compared. A ramp transition has
advantage of a lower torque transient than a step transition,

APPENDIX
MACHINE PARAMETERS USED IN THE EXPERIMENT
AND SIMULATION STUDIES
Per phase parameter 4 pol? 2 polc?
connection connection
Stator resistance 0.453 Q 0.422 Q
Rotor resistance 0.281 Q 0.277Q
Stator leakage inductance 1.31 mH 1.15mH
Rotor leakage inductance 1.31 mH 1.15 mH
Unsat. magnetizing induct. 40 mH 79 mH
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