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Abstract-The theory and modeling of an electronic pole-change
drive for the purpose of extending the constant power speed
range of a four-pole induction machine, has been previously
reported. This paper presents verification of the power
capability characteristics of the proposed drive through

experimental implementation.  An indirect field oriented

controller is developed for the pole-change drive with the
estimated rotor open circuit time constant and d-axis current
commands dependent on the mode of operation. It is
demonstrated that for a constant power load, the drive can
operate at 6340 rpm in two-pole mode without exceeding either
the voltage or current limits at 3600 rpm in four-pole mode. A

finite element method is also utilized to examine the influence
of magnetic saturation on the pole-change drive performance.
The nature of the magnetic flux distribution and saturation

progression is investigated in both four-pole and two-pole
modes. The saturation induced inductance variation is also
studied and its influence on the dqg inductance matrix is

quantified.

|. INTRODUCTION

Thomas A. Lipo
University of Wisconsin - Madison
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proposes a four/two-pole induction machine drive which
achieves the desired torque-speed capability based on
electronic pole-changing [5, 6]. In electronic pole-changing,
the desired MMF distribution iattained by reversing the
necessary coil groups currents instead of reversing their
connections. Based on the same principle, an eight/four-
pole induction motor drive is currently being developed for
an electric vehicle application by Meidensha Corporation
[7]. An electronic pole-changing drive avoids using any
winding connection switching devices such as contactors.
The total inverter rating is not increased while the motor is
marginally oversized [8]. No change in the motor magnetic
structure is required. On the other hand, the main
limitations of such a drive are the need to access the
individual machine coil groups, the additional control
complexity and doubling of the number of inverter switches.
This paper presents verification of the power capability
characteristics of the four/two-pole drive through
experimental implementation. An indirect field oriented
controller is also developed based on a six dimensional

High inertia traction loads (among other applicationsjeference frame model. In addition, the influence of
require an electric drive capable of high torque at loWagnetic saturation on the pole-change drive performance is
speeds in addition to a constant output power wide spel8yestigated via finite element analysis.

range above rated speed. The traditional approaches to

meet these requirements involved either oversizing of the
machine and/or inverter, or modifying the machine magnetic
structure design to decrease its leakage inductance [1.

Space constraints in certain drives make oversizing teS/ececcecc/occccc/ococccc/eccccsfeccccsssss

machine nonfeasible while oversizing the inverter X Xxxboccx xxox x X oo Odhoex oo xodie

a b c' a' b’ c' a

uneconomical. Modifying the machine magnetic structure
to decrease the leakage results in higher motor torque ripple
and copper losses due to the increase in motor harmonic

(@)

current components.

The induction machine equivalent per phase impedanpcg
(at a given speed) can be reduced by various stator winding
change techniques including; &-changeover, winding |
tapping, series to parallel reconnection and reducing thre
pole number of a pole change winding. Recently, several

g I} |

II;-L.BF

of these methods have been re-introduced in adjustable
speed drives for the purpose of extending the constant power
speed range during field weakening for a field oriented drive
[2-3]. This is achieved by operating at a large motor
impedance till the maximum speed for constant power
operation (about twice base speed). Switching to a lower
motor impedance (using contactors) facilitates extending the

constant power range without increasing the required motorrig. 1

voltage by re-adjusting the flux level. A previous paper [4]

Ny

(b)

Electronic pole-change drive used in experimental setup: (a)

stator winding distribution (b) inverter topology
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Il.  INDIRECT FIELD ORIENTATION CONTROL FOR POLE- p number of poles

CHANGE DRIVE Sinceky, = 0.8ky4 [4] for this stator winding ,

Figure 1a shows the four/two pole drive stator winding

i L
distribution which is a full pitch double layer 2@hase =1 6{”’45‘@ (5)
belt. The two coil groups per phase are connected m m2 Bya
separately resulting in a six terminal stator (1-6). As
illustrated by Fig. 1b, a six leg inverter is needed to suppl
this machine. The proposed drive operates as a four-p
machine from zero speed until the end of its constant power

For a field oriented machine, the ratio between the d-axis
gtor currents can be deduced from (3) and (5) as:

range (3600 rpm for 2 p.u overload torque capability). The '—‘125- = 1.65334 1129 By (6)
constant power speed range is extended by employing ld4s Lmp (L+Tr48) Brg
“electronic” pole changing to obtain two-pole operation.
In order to compare the capability characteristics of tHa steady state, (6) reduces to;
proposed drive in four-pole and two-pole operation, an
indirect field orientation controller with an outside speed lyos :1_6'_-méfL2 @)

loop is implemented. As is illustrated in Fig. 2, several lgas L2 Ba

features distinguish this controller from those used in

conventional three phase induction motor drives. The rotorAs depicted in Fig. 2, above rated speed the d-axis current
open circuit time constant and d-axis current commands &§mmand GS) varies inversely with speed leading to the
both dependent on the mode of operation. A six

dimensional transformation matrix @j [8], is needed to steady-state rotor flux density also varying inversely with

transform between the coil group variables and the referen?%eed (for tuned conditions). The g-axis current command

frame variables. iqs) is determined by the output of a Pl speed regulator that

_ _ _ is tuned to a 5 Hz bandwidth. The mode of operation
A. Relationship between d-axis currents and rotor flux  determines the slip frequency calculator estimate of the rotor

The principle of rotor flux orientation is to orient the d-axidime  constant{T4 or Tr?) and also the d-axis current

of the synchronous reference frame to the rotor fluXommand Ieve@45 Ori(*sz) as decided by (7). The digital

i inAqr =0 i . . !
(resulting in Aqe all the time). For a tuned system, 1o nontation of the slip frequency calculator can be

instantaneous torque control is achieved vig (if igs is  expressed in the Z-domain as:
kept constant), whileys determines the steady state rotor 1

flux level [9]; — igs(2
- IX
BPL.0 we(?) =5 IO ®)
_ P— 1 1} H —
Te= BE 2L, H\dr lgs ) %_e Trx %
O O L
T Igxs(2)
)\r :)\dr 1+T, Slds (2) l—z_le_T_rX
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Two different loads are used to examine the performan
Of the proposed induction motor driVe with indirect f|e|0 Fig.5_ Constant power load experimenta| results
orientation control. The first load is a hysteresis brake with
a kinetic power rating of 1.3 kW making it a "limited" orp  constant Power Load
constant power load. Due to a rotor peripheral speed limit
of 7500 ft/min [10], the test motor has a mechanical speedFig. 5 shows the steady state experimental test results for
limit of 6600 rpm. the proposed drive with the hysteresis brake load. The

torque is almost constant (6.4 below 1730 rpm while
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the output power is constant (1.6 hp) above 1730 rpm due
the load limitations.

. . (@)
From Fig. 5a, it is clear that the voltage of the powe 80

o2
X 2

R-R-%-}

3 3 . + 4 pol ; ration ‘( ‘( ‘( +
supply must continue to increase during the constant pow g | o zeel=dy Lot S
region to counteract the increased voltage drop across = £~~~ @ B 5 BT <0
stator leakage inductance. For four-pole operation, tl . v - ; , ,
voltage increase at 3650 rpm is 6.6% of the rated voltage 0 400 800 ) 1200 1600 2000
1730 rpm) while the rate of voltage increase is higher abo sf - o - F- @ - @ -F - ST -8 - ]
this speed to reach 29% of rated voltage at 6340 rpi @4 ‘ + 4 pole operation: ‘

During field weakening the average magnetizing inductanc <" =~ e b ‘ |
ratio is Iz _ 16, thus if the d-axis current for two-pole % 200 800 ) 1200 1600 2000
4 a ! T S S

operation is kept the same as four-pole operation, the ro s oesl - - - - o ©.9% o. o000

flux density would be the same in both modes (from (7) & ol + 4poeoperation .~ " _ L S
= ole (Id2 ="ld4) } ) + 0+
g

This would mean approximately the same air gap flu
density and hence the two-pole air gap voltage would | 0 400
about 80% that of four-pole. Although the power factor fc
two-pole operation is higher than four-pole (Fig. 5c), a 10%
15% increase in input current is required for the same outg
power. From Fig. 5e, the input kVA is lower for two-pole 0 ©

0 400 800

ole (Id2'= 0.5 Id4)

+ 4 pole upe?auun
5| 0 2pole (id2 = Id4)
[ X 27pole (Id2 =70.5 Id4)

Output hp

1200 1600 2000

while the slip frequency is about 60% of that of four-poli . ; ; @ ; ;

(Fig. 5f). The motor has higher efficiency in four-pole < | o 2 pole (5 2'iga ‘ .o, ot

operation below a speed of about 3500 rpm while at high £ * 2P 2702 v oo T

speeds, the losses (and hence efficiency) are approximai = s o ¥ R < T

the same in both operation modes. - % 200 300 o 1200 500 2000
The maximum output torque and current developed by tl % 2 ;

machine is ultimately dependent on the allowable invert 3 R ox S S

current rating and the maximum voltage which the inverte 2 - 4’90@;;;351{‘0&0’ T8 6 T ol s o o]

can apply to the machine*. Thus for two-pole operatic 4 . g 3boe b0y 1 1

above 3600 rpm, increasirlgsy by 25% would result in the o0 400 * peed (omy 1600 2000

same back EMF as four-pole operation (neglectin

saturation) and thus better utilization of the converter dc b

voltage. Fig. 5b shows that the current in this case does it Fig. 6.

exceed the rated current of four-pole operation. In the same

time the dc bus voltage capability is not exceeded, since the

stator voltage required at 6340 rpm is still less than the foys- Constant Torque Load

pole stator voltage at 3650 rpm as illustrated in Fig 5a. This

is due to that the voltage drop across the leakage inductaiite second load used to evaluate the proposed drive

in two-pole operation is approximately half of that in fourperformance is a separately excited dc. The induction motor

pole operation at the same current level and speed. Therent level is limited to its rated value (8 A rms/coil

increase in flux level for two-pole operation has negligiblgroup) and the d-axis current component (and hence rotor

effect on the power factor (Fig. 5¢) or input kVA (Fig. 5e)flux) is held constant throughout the operating range. The
_ _ i _ experimental test results for constant torque load are

Meanwhile, due to the reduction of the ratid—, the slip depicted in Fig. 6. Four-pole operation is at rated

lde2 magnetizing current (3.1 A rms/coil group) which would

frequency is further reduced to become about 40% of that&;rrespond to a rated d-axis currentigis = 3 (4.06) A

- ion for th m tput power. The 259 . . : )
four pole _Ope*ratlo ° _e same ou_pu .po N € 25 ih case of a power invariant transformation). This leads to
increase inlgsp results in a reduction in copper losse

i L . n almost constant tor rofile (12. as the speed is
balanced by an increase in iron losses resulting an aimost constant torque profile (12.31) b

N - [Rcreased till rated speed (1730 rpm) at rated output power
approximately the same efficiency above 3600 rpm. Henc hp). In case of two-pole operation, ijfzs = igas then

it can be concluded that by increasiig, by 25%, field

weakening operation can be extended by electronic pol_em4
changing at 3600 rpm without exceeding the convert
voltage/current rating or decreasing the output power.

Constant torque load experimental results

=12 which would correspond to a rotor flux density

?irn the radial direction) in two pole operation of
B, =0.75B,, (from 7). The rotor core flux density would

be B., =1.5B4 resulting in core saturation.
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On the other hand, ifgps = 0.5i44s then ﬁz =19, 23 A/i
4

which would correspond to a rotor flux density in two-pole

operation ofB 2 =0.6B;4. In this case the rotor core flux P/E?J‘g"}ﬂ/n
density isB., =1.2B¢4 which is not enough to saturate the .
core. Fig. 6a illustrates this result with the stator voltage in /j / 2 Pole
two-pole being approximately 75% and 60% of the four- 1 —o— 4 Pole
pole stator voltage. At low speeds the stator resistance /

voltage drop (which is the same for all three cases) becomes %

preeminent resulting in an increase of the ratio between two- = 051
pole and four-pole stator voltages. The decrease in d-axis
current increases the power factor as expected but the output 0

imum Flux Density (T)
N
6]

torque (and power) is 75% and 50% of the four-pole for 0 25 5 75 10 125

idos =igas and igos = 0.5iq4s respectively. Due to the Magnetizing current (A rms)

same copper losses in all three cases but different output Fig.7. Maximum flux density as a function of magnetizing current
power, the efficiency is highest for four-pole operation and level

lowest for two-pole operation withyog = 0. 5ig4s.
100

—— 2|pole FEM

o0
804 —+—0— 2[pole Exp.
)} 42— 4|pole FEM
60 [e) ]\U\& ———— 4|pole EXP]

IV. NON-LINEAR MAGNETIC ANALYSIS

N

The effects of main flux saturation on the machine
inductances (and hence performance) are studied with the
aid of finite element analysis (FEA). The nature of the
magnetic flux distribution and saturation progression is
investigated in both four-pole and two-pole modes.

IN

Stator self inductance (mH)

. 20 —
A. Flux Distribution and Average Self Inductance
An FEA magnetostatic solution is used to model the no- 0
load condition. Fig. 7 shows the maximum flux density as a 0 25 5 75 10 125 15
function of magnetizing current for both four-pole and two- Magnetizing current (A rms)
pole operation. At lower excitation levels, the maximum Fig.8. Average stator inductance as a function of magnetizing current
flux density is higher for two-pole operation and this trend from FEA and experiment

reverses at higher excitation levels. This phenomena can be
explained by the fact that saturation for four-pole operation The finite element field simulator was employed to
starts in certain teeth and as the current level is increag@dculate the no-load inductance matrix based on the stored
more teeth would get saturated but saturation remains in th@gnetic energy. The stator phase inductances
teeth occupying approximately the same length of the qu(Laa, Lbb, LCC) obtained from the finite element results, can
path (except for very deep saturation where the core Wold ysed to obtain the average stator self inductance as:
start to saturate). So the only increase in the total iron
saturated area is due to the increase in the cross section area

. 3 (Laa + Lbb + LCC)
of the saturated flux path. For two-pole operation, at low Lsavg =
current levels a very small area of the stator back iron starts 2 3
to saturate and as the excitation level is increased, the )
saturated area starts to expand throughout the whole cordrig- 8 shows the average stator self inductance as a
This means that in this case, there is an increase in both t@ction of magnetizing current for both modes of operation.
cross section area and the length of the saturated flux pathe Self inductance ratio starts at around 2.5 for the
Thus as the excitation level increases, the total saturai@isaturated case and drops to about 1.5 at high saturation.
area of the magnetic circuit increases at a much higher rdt@e experimental results from the no-load test show a

to the maximum ﬂux denS|ty increasing at a |0wer rate. around 2 fOI’ the unsaturated case and drOpS to about 1 at

high saturation as illustrated in Fig. 8. A main difference
between the finite element and experimental results is the
drop of inductance value at very low voltage (current) levels
for the no-load test especially for two-pole operation. This
is due to the mechanical loss becoming relatively significant

(9)
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at this operating point requiring an "active" currentolerance. As the magnetizing current level increakgg;

component and thus an increase in the slip. increases with the two-pole mode case being at a higher
initial rate that corresponds to the higher decay ratesgfy
B. Saturation Induced Inductance Variation (Fig. 8).

Jor a balanced three phase stator supply and winding
%,%ribution, the resulting rotating field coincides with the
resultant instantaneous air gap flux vector directiofagnetic axis of each phase at the instant when the current
Previous work incorporating teeth saturation only [14] of! tha_lt phase is n_1a>f|mum._ Thus@t =0, the. ar gap flux
based on B-H saturation curves [15], [16], suggest that tHensity vector coincides with phas® magnetic axis.

d -axis inductance becomes smaller than the axis Since the point where the flux in the core reaches a
inductance (opposite to the saliency effect of salient poa'i‘éax'r;“r;} ')S( %%slﬁctrilcagdﬁ%r;ﬁqs quorr:htehne feoe;?r: V;zgrecé?ee
synchronous machines). To investigate the dependence®f 92P MU Sy 15 um, _
this phenomena on the mode of operation, a balanced thf@uration occur spatially at a @@lectrical apart, which

Another phenomena that usually accompanies saturati
is the dependence of each phase inductance value on

phase sinusoidal no-load current is assumed: would suggest that maximum phageinductance for two-
pole mode would occur @ =0. On the contrary, from
ip= Imcos(ef) (11) and Fig. 10, phas@ inductance is minimum at that
) 271 instant, for either two-pole or four-pole operation. The
ip= ImCO%f -y (10) portion of the magnetic circuit belonging to phasés most
27 saturated (regardless of saturation location) when the current
ic= Imco%f +? in it is maximum.

The inductance matrifLss] whose elements are defined

Fig. 9 shows the stator phase inductance® ass varied by (11) and (12), can be tran_sf_ormed to a rotating reference
frame attached to the magnetizing current vector by [11]:

]
from O to - for both modes of operation at rated

2 P lLaqsd =6 Jrodrlos ) =
magnetizing current. It is clear that there is a secon

harmonic superimposed on each of the phase inductancgisyg+ Lsan +Lsan 0 Mcos@e)g
The phase inductances can be approximated from Fig. 9, as: 2 2 0
O _Lsan _ Lsan ~ Lsate ; o
0 0 Lsavg=—=— ~Lsat2 —Sln(36)[|
Loa =2 Loayq - L cog B1 ) O 2 V2 0
aa — 3 savg satl f DLsatL - Lsap 005(36) Lsan — Lsap sin(36) L 0
Lop =2 Loaya—L co%ze 25 gy B V2 d
bb 3 savg satl f 3 [ (13)
L. 2L CO%ZB _z2ng From (13) it is clear that thel —axis inductance is
¢~ g savgs -sal F= 30 smaller than theg —axis inductance in either four-pole or
where : two-pole mode with the "saturation induced saliency” effect

Lsarr is the magnitude of the phase inductance secobging more evident in the two-pole mode.
harmonic

50
Similarly, for the stator mutual inductances: /D’L?b"l Lo
T 40
L 21 £ :;:H
Lab = ——mSZ - Lsat2 coﬁﬁf —? e La L —0— 2 Pole
S 30
L 27 I3 l Lgb :
Lac = =5 - Leap Coﬁgf +_ﬁ (12) 3 @ —o— 4Pole
2 3 g Laa L C
L £ 2
= ——ms _ @
Loc = > Lsat CO<$f ) 8
. 10
The dependence otgyy value on the saturation
level for both operation modes can be obtained by varying 0
the magnetizing current as shown in Fig. 10. For very low 0 15 30 45 60 75 90
flux levels, Lggy acquires a  small negative value Air Gap Flux Angle @1] (elec. rad.)

(< 0.02 Lsavg) which is within the finite element error rig o stator phase inductance as a function of the air gap flux angle at

rated magnetizing current
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input kKVA for the same output power. Moreover, by the
proper choice of flux level to slightly saturate the core, the
H{D/D dip in the power capability characteristics (expected in [8]),
can be avoided. A constant torque load is also employed to
demonstrate the superiority of four-pole operation at lower
—— 2Pole speeds. Due to core deep saturation, a rated flux component
/ —o— 4Pole current command results in only 75% output torque in two-

pole operation.
A In the latter part of the paper, the effects of main flux
?GLM saturation on the machine inductances (and hence
performance) are studied with the aid of finite element
analysis . The nature of the magnetic flux distribution and
saturation progression is investigated in both four-pole and
two-pole modes. It is concluded that as the excitation level
fs increased, the total saturated area of the magnetic circuit
increases at a much higher rate for two-pole operation than
for four-pole operation while the maximum flux density
increasing at a lower rate. The self inductance dependence
C. Saturation Influence on Drive Capability on the excitation level is identified and compared to the

£ imental its of tion LB show that t Iexperimental tests. The saturation induced inductance
xperimental results ot section 1.5 snow that tWo-polg,qjation s investigated and its influence on tigky

operation at rated stator and magnetizing current levels S . . .
results in about 75% of the rated torque at four-polifductance matrix is quantified. In spite of saturation
operation. This conclusion can be verified by the finitgCCurring in different portions of the magnetic circuit, the
element results. The same rated magnetizing current (6.5 turation induced second harmonic inductance has the same
rms) leads to saturation of most of the stator back iron cap@arity in both four-pole and two-pole modes. The FEA

in two-pole operation which reflects in a decrease in tH&SC aided in explaining the saturation influence on the
relative ratios of the two-pole and four-pole magnetizin§/€Ctonic pole change drive capability. Despite the change
inductances (Fig. 8) from 2 at no-saturation to 1.5 (in FEA) Magnetic circuit when changing from four to two-pole

or 1.2 (in experiment) at rated excitation. ~Consequent/§Peration, the same power capability can be maintained due
the ratios of the induced air gap voltages and hence tfe@PPropriate adjustment of the flux level.

output torque and power decrease.

o

Phase Inductance Second Harmonic (mH)
N N

4l ol

|

n
o

o

25 5 7.5 10 12,5
Magnetizing Current (A rms)

Fig. 10. Phase inductance second harmonic magnitude as a function o
magnetizing current

The proposed pole-changing drive experimental results of APPENDIX
section Ill.LA can be explained with the aid of the finite MACHINE PARMETERS USED IN EXPERIMENT AND
element results of Fig. 7. Four-pole operation is at rated SIMULATION STUDIES
flux till 1800 rpm with the maximum flux density in the
teeth beingByay =1 94T. Above rated speed, four-pole | Per Phase parameter Coni%lértiopr?le g%%gg:gn
constant power operation continues till 3600 rpm with th€'Sztor resistance 0.4530 0.4220
excitation level reducing to one half the rated value resulting _
in the maximum tooth flux density dropping | Rotor resistance 0.281Q 0.277Q
t0Bynax =1.25T. Switching to two-pole operation while | stator leakage inductande 1.31 mH 1.15 mH
maintaining the same magnetizing current level results inRotor leakage inductance 1.31 mH 1.15 mH

the maximum flux density occurring in the o
core:Bnax =1.68T. Due to the poorer winding factor a | Unsat. magnetizing 40 mH 79 mH
20% reduction in power capability would result. A 25%] induct.
increase in magnetizing current results in retaining rated
power without over saturating the core since the maximum

core flux density would b&mnax =1. 77T. ACKNOWLEGMENT
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