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Torque Density Improvement in a Six-Phase Induction
Motor With Third Harmonic Current Injection
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Abstract—The use of six-phase induction motor for indus- In a multiphase system, here assumed to be a system that
trial drives presents several advantages over the conventional comprises more than the conventional three phases, the machine
three-phase drive such as improved reliability, magnetic flux har- o 1yt power can be divided into two or more solid-state in-
monic reduction, torque pulsations minimization, and reduction L . o
on the power ratings for the static converter. For these reasons, verters thgt COUld, gach be kept within prescribed povygr limits.
six-phase induction motors are beginning to be a widely acceptable AlS0, having additional phases to control means additional de-
alternative in high power applications. A typical construction of grees of freedom available for further improvements in the drive
such drives includes an induction machine with a dual three-phase system.
connection, where two three-phase groups are spatially shifted With split-phase induction machines, and appropriate drive

30 electrical degrees, a six-leg inverter, and a control circuit. By t the sixth h ict Isation. tvpical st
controlling the machine’s phase currents, harmonic elimination System, the Sixth harmonic torque puisation, typical in a six-step

and torque-ripple reduction techniques could be implemented. three-phase drive, can be eliminated [1], [2]. Also, air-gap flux
This paper describes a technique of injecting third harmonic zero created by fifth and seventh harmonic currents in a high-power
sequence current components in the phase currents, which greatly six-step converter-fed system is dramatically reduced with
improves the machine torque density. Analytical, finite-element, o penalty of increased converter harmonic currents [3].
a_md experimental results are presented to show the system opera- PWM techni | dt thi bl b
tion and to demonstrate the improvement on the torque density. wivi techniques are employed o overcome this probiem Dy

eliminating the harmonic currents in the modulation process
when the power ratings are not prohibitive.

Dual-stator machines are similar to split-phase machines with
the difference that the stator groups are not necessarily equal.
|. INTRODUCTION A dual-stator machine with different numbers of poles in each

ee-phase group has been proposed in [4] to obtain controlla-
ﬁty at low speeds. Two independent stator windings are used

and maintenance-free operation are among the reasons tﬁ'gé for an induction generator system. One set of windings is

machines are replacing dc drive systems. The developmenf%?ponSible for the electromechanical power conversion while

power electronics and signal processing systems has eIiminatDe% segond one is used for exqtgﬂon PUrposes. A PWM con-
-gter is connected to the excitation windings and the load is

one of the greatest disadvantages of such ac systems, thal'§ red directly to th indi
the issue of control. With modern techniques of field-orientegPMnected directly 1o thé power windings.

vector control, the task of variable-speed control of inductiotﬂA part;]cular Casﬁ_ of spllgpht?s_ﬁ é)r dtfil:_—stato;hmach;]ne,
machines is no longer a disadvantage. e six-phase machine can be built by splitting a three-phase

The need to increase system performance, particularly wh‘@Wd'”g into wo groups. Usually these three-phase groups

facing limits on the power ratings of power supplies and senfire displaced by 30 electrical degrees from each other. This

conductors, motivates the use of phase number other than th?éé"’,mgtimem clomz(_)stes anb atsymmet(rjl_cal s;x—;;hase _mack;mﬁ
and encourages new pulsewidth modulation (PWM) techniqué@ce € angular distance between adjacent phases IS not a

new machine design criteria, and the use of harmonic curréﬂ? same [6]. Thg analy_S|s of an induction machine fpr multiple
and flux components. phases and arbitrary displacement between them is presented

in [2] where the six-phase induction machine is used as an
example and an equivalent circuit has been derived. dije

o ‘model for a six-phase machine was developed in [7].
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third harmonic currents. Such a nine-phase induction machisequence currenf, the MMF due to this current can be

drive was investigated in [11]. The complexity of the powecalculated to be

system, which includes series and parallel transformers, in- 4 1 1

creases the system cost and must be evaluated for each particuldf, = <—> (2N,) <— sin(3¢) + - sin(9¢) + - - ) Iy (6)

application. The use of a voltage-controlled system does not " 3 9

guarantee the phase alignment between fundamental and thjffére the triple harmonic of the square-wave winding functions

harmonic currents, especially at low speeds, and a poor lgye clearly represented. This suggests the use of triplens of the

speed and dynamic behavior can be expected for this systefihkdamental current frequency to produce torque corresponding
This paper describes a technique of injecting third harmonig the zero sequence winding functions. Since most of the ma-

zero-sequence current components in the phase currents ghgies have a discrete distributed winding, the zero-sequence

improve the machine torque density. Analytical, finite-elemenfinding function is nonzero and can be explored to produce

and experimental results are presented to show the system opgfra torque. Injecting a third harmonic current compodgnt

ation and to demonstrate the improvement on the torque densjgysin(gg) and neglecting higher harmonics, the MMF is

II. TORQUE IMPROVEMENT WITH THIRD HARMONIC Fy= <é) (2N,) I3 (sin(3¢) sin(36)). (7)
CURRENT INJECTION @ 3

The asymmetric six-phase machine is derived from This quantity represents a standing or pulsating wave in the air
conventional three-phase induction machine. For a two-pa@ap and not a rotating wave. This component is undesirable
concentrated-winding three-phase machine, the magnetomosirece it produces braking and pulsating torques.
force (MMF) acting across the air gap associated with the statoDistributing the windings over more slots can reduce the har-
currents is monic content of the MMF. For a distribution over two slots, or

two slots per pole per phase, the new fundamental MMF is

F=F,+ I+ F. = No(¢)ia + No(@)iv + Ne()ic (1)

3 4 T
Fi=1=)—) N |si —0) +si ———40)|. (8
where N,, NV, and N, are the machine’s winding functions ' <2> <7r) [Slll(¢ )+ sin (d) 6 )} ®)
[12] and compose a set of 12phase-shifted square waves with

amplitude2N, (each coil hastN, turns). Using Fourier anal- | . L . -
: o . tributed windings or to a six-phase concentrated winding ma-
ysis decomposition, and assuming balanced three-phase Cur

rents with amplitude/, it can be shown that the even and alg ine. Two three-phase winding groups, spatially phase shifted

. . S y 30°, compose the six-phase machine.
triple harmonics are zero and the MMF is given by The amplitude of the fundamental component is, then,

This result corresponds to a three-phase machine with dis-

="K +Fs+F+--- 2
| = <§> <é>2NSI V2B <§> <é>2NSI
where 2 T 2 2 T
3\ (4 dth it d, is th (?)d
_ . and the constant;; = 0.9593, as expected, is the usual dis-

= <§> <;> (2N I[sin(¢ — 6)] ) tibution factor for two slots per pole per phase. The funda-

1N/3\ /74 ] mental component is therefore reduced by 4.1% when compared
Iy = <3> <§> <;) (2N ) I[sin(5¢ — )] 4) tothe no-phase-shift full-pitch case. Doing similar analysis for

IN/3\ /4 the fifth and seventh harmonics, it can be shown that with the
s = <?> <§> <—) (2N)I[sin(7¢ — 6)] (5) distribution over two slots, the fifth harmonic component is re-
T duced from 20% to 5% and the seventh harmonic goes from

and the wave contains a 0% third harmonic, 20% fifth harmonit4% to 3.7%. For this case, if a third harmonic zero-sequence
and 14% seventh harmonic, plus smaller portions of higher h&Rmponent is injected, it would again produce a standing wave
monics. Setting the sine function argument equal to a conste@ftd is of no practical value again. _
to establish a fixed point in the waveform, and differentiating !f, however, two sets of three-phase currents phase are shifted
with respect to time, the rotational speed can be calculatégitime by 30 to comprise the currents in the six-phase machine,
The peak fundamental component rotates in the direction 1 fundamental component of the MMF can be found to be the
increasings with angular speed, the fifth harmonic rotates Same as in the concentrated winding machine (3) but now both
in the direction of decreasing at 1/5 the speed of the fun-fifth and seventh harmonics are reduced to zero. With injection
damental component and the seventh harmonic rotates at @h&ird harmonic zero-sequence current components as
same direction of the fundamental with 1/7 of its speed. The )
fifth harmonic produces a negative-sequence component of flux  20-ate = £3os(3¢) - and o oy. = I3sin(30)  (10)
thatlproduces negaFiv'e or braking torque. The seventh produmreabc andzyz correspond to the two three-phase winding
positive torque but it is only useful between 0-1/7 of the Sy@'roups, the zero-sequence MMF is now
chronous speed.

If a neutral connection is provided, zero-sequence current [ 4
components can flow in the machine. Considering a zero- 0= <_>

= Iofsinf3(o - o)) (11)
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IS II’ Th - i i i -
e o e peak voltagé”, is proportional to the peak air-gap flux
o A T density [12] by
? s X ?
. 2
Vs JXm Er rljs Er = We <; Bma.x) ApoleNs (16)
o . where 4,1 is the area of one magnetic pole an is the

Fig. 1. Approximated equivalent circuit of a three-phase induction motcgumber of series CjonneCted twns' The fa@I‘bf expresses the
where the rotor leakage inductance is neglected. average value oB in terms of its peak value.

In the case of the asymmetric six-phase machine, the max-

This result corresponds to a rotating field with anguldfum allowable fundamental flux density can be increased by
speed equal to the fundamental angular speed. Hence, i{ﬁ@/ﬁ. Since all other parameters in (15) remain the same for
zero-sequence component can be now used to producéigmachine, the increase in torque obtained by raising the fun-
second positively rotating flux component synchronized wit@mental component of flux density, while keeping the same

the fundamental component. peak tooth and air-gap flux density is
2
A. Flux Distribution With Third Harmonic Current Injection Tophase-fund _ <i> 133 a7)
The possibility of injecting third harmonic current compo- Toaseline V3

nents into the machine without producing pulsating torques QORerel, . erine corresponds to the torque production in a three-

ables the ability to reshape the machine’s flux distribution in[.?;.ase induction machine used as baseline for the evaluation.
similar manner to the technique applied in PWM modulators. there is an additional 33% in the torque production for the

PWM modulators, a third harmonic voltage reference is addef}_yhase machine with third harmonic injection due to the in-

to the fundamental component to increase the modulation indgx ase in the fundamental flux. In addition to that, the contribu-
beyond the unity modulation index without distortion producegly, of the third harmonic component must be considered. The

by dropping pulses. For the equivalent approach applied t0 {3¢q,e produced by the third harmonic currents in the six-phase
modulating machine flux, it is desired to increase the fundg;achine is

mental component of flux without saturating the machine.

The appropriate target reference flux waveform, containing I E2,, 531

TGphase, 3h = 3

the third harmonic contribution, is defined as 2 3wera,
By(¢) = Bysin(¢) + Bz sin(3¢). (12) and the third harmonic voltage can be computed as

Using an optimization process, the relation between funda- 2 Apole N, 2
mental and third harmonic components can be determined Fopn =3we - Bs 3 3 3 ) =Y\ Bs | Apole N
the best iron utilization and the air-gap flux is defined as a func- (19)
tion of the maximum allowed flux distributioB,,,,x as

9 1 whereBs = (2/v/3)(1/6) Bmax-
By(¢) = 7 Buax |sin(¢) + g sin(3¢)| . (13)  The slip for the third harmonic is
From (13), itis clear that for keeping the same peak value for sa = 3we — (%) Wrm _ We — (%) “rm (20)

the flux density in the air gap, with injection of the third har- Swe We

monic component the peak of the fundamental flux component . .
P P P and the rotor resistance can be determined [13] to be

is higher.
N, 2
B. Torque Improvement With Third Harmonic Current o 3012 (%) , 1)
. . r3h — be
Injection Sy

The benefit of using the third harmonic component can noyhere v, /3 is the number of series connected turns of one of
pe invgstigated.. Using an approximate equivalent circuit for thge three pairs of poles of the third harmorsg,is the number
induction machine, as shown in Fig. 1, where the rotor leakaggrotor slots, and. is the resistance of a rotor bar taking into
inductance is neglected, and assuming peak values for the vggcount the effect of the end ring. The factor of 3 is used since

ables, the rotor current is the three pole pairs of the third harmonic are connected in series.
E.s Inserting these expressions in the torque equation for the third
L =— (14)  harmonic (18)

.

2 r

2
P |: ~CE (; Bmax)A )ole:| (we — = wrrn)
TGDhase-3h =3 <—> 33 ! 2

3 P\ E?s 2 12, :
= — —_ T Sr e
T <2> < 2 ) wert” (15) (22)

and the torque is defined by
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Fig. 2. Torque enhancement considering reduction in the air-gap flux and
increase in the surface current density.

Number of turns

Using a similar derivation, an equivalent expression can be Group X

found for the baseline machine torque

3/ P [(2 Bmax) Apole] 2(“—)6 - g wrrn) e 8 4 5 6 7 8 8
Tiaseline = 5| =~ 3 . (23) Harmonic number
2\ 2 5, Tbhe (b)

; ; ; ; ; : Fig. 3. Phases: and » winding distribution. (a) Winding function. (b)
Taking the ratio the contribution of the third harmonic can b armonic composition.

found
T [L} 2 9 flux reduction, a torque enhancement of approximately 14% is
Spliase-si _ L3V3] _ 2 _ o741, (24) obtained, as mentioned before.
Tbaseline % 27
Also, the contribution of the third harmonic is 7.4% of the [Il. M ACHINE DESIGN

value produced by the baseline machine. The total torque e L . _
. ) For verification, an asymmetric six-phase induction motor
improvement is, then,

was designed using a conventional three-phase motor as base-
line. The new winding distribution accommodates in the same

100% = 40.7%. (25) frame size as the baseline three-phase motor and both machines
have similar peak air gap fluxes.

It must be noted, however, that the peak value stator core fluxFrom a single-layer three-phase stator, a double-layer six-
has not been maintained constant so that the amount of impropkase distribution is implemented by dividing the three phases
ment that can actually be realized depends upon the saturatitio two groups that are spatially shifted 30 electrical degrees.
level permitted in the stator core. Fig. 3 shows the winding functions, and their harmonic compo-

Alternatively, rather than maintain the peak air-gap flux corsition, for phases andx. The spatial phase shift between the
stant after addition of the third harmonic, the peak flux deriwo windings and the presence of the third harmonic component
sity could be reduced by 1.732/2 or 0.866 and the fundamenitathe distribution necessary to interact to the injected third har-
component kept constant. In this case, the slot area availablerfurmic currents can be seen.
copper could be increased permitting a 14% increase in currentor the baseline machine, from the nameplate and geomet-
and a 14% increase in torque for the same taatticore flux rical data, the air-gap flux is calculated. The stator phase voltage
density. of the machine is calculated as [13]

It can be shown [15] that the total torque enhancement is a
function of the peak air-gap flux, therefore, a function of a flux
reduction factork, and the initial tooth-to-slot aspect ratig
which determines the percentage increase allowed for the cur-
rent density in the machine. Fig. 2 shows the theoretical torq\l’JVeere
enhancement in the induction machine as a function of these 2D;,1,
two factors. For a typical 0.5 tooth-to-slot aspect ratio and 87% o =—%H Ba (27)

TGphase-fund + TGphase-3h - Tbaseline

Tbaseline

V:sf :wekle(I)p (26)
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Fig. 4. Finite-element mesh with 6063 nodes and 3006 surfaces. Fig. 5. Air-gap flux density distribution without third harmonic current

injection. Peak phase currefjf, = 0.5 A.

whereD;, is the stator inner diametég, the stator lengthl” the
number of poles, and,; the peak fundamental air-gap flux.

The number of series connected turns per phase is defined ¢
(turns/coil(coil side/sloj(number of slots 04
N, = —— (28)
(number of phasescircuits) 03
=0
Thus, for a single-layer three-phase machine, one has g
&
_ (ns/2)(1)5) g%
NS —_— T. (29) é
. . 0.1
For a 230-V connection with,, = 98 conductors per slot,
C = 4 circuits, andS; = 36 stator slots, the number of se-

ries-connected turns per phade = 147. Using the physical 0 10 20 30 40
dimensions of the machine, the peak fundamental air-gap fl Angular Position {Degree]
density is calculated to bB,; = 0.57 T when 60-Hz operation
and unit winding factor are considered. _ _ o _ N
= ix-phase machine with a double-laver windin Fig. 6. Air-gap flux density distribution with third harmonic current injection.
or a six-p y g, Peak phase currefif;, = 0.5 A. Peak third harmonic phase currdgf;, = 0.4
A
(ns/4)(2)51
Ny = —~ 1 30
, = (30)

With the same physical dimensions and same peak func
mental air-gap flux density, the flux per pols, is the same for
the six-phase machine when only the fundamental compon:
is considered. From (26), it is seen that the number of seri._
connected turns per phase must be the same for the six-pr‘:o3
machine and, so, for keeping the safig eithern, has to be g '
doubled o' has to be reduced to its half. For this machine cois  ,
figuration, the reduction of’ guarantees the accommodation o 5
the conductors in the slots. Finally, the electric loading hasto ™ ¢ ;

checked for the new winding configuration. The electric loadin

0.5

for the machine is determined by % 10 20 30 20
Sin.(l,/C Angular Position [Degree]
KS rms — M (31)
\/§7rDis

with all geometrica| variables in (30) constant, the reduction ’ﬁg. 7. Air-gap flux densjty distribution With third hgrmonic current injection.
the number of circuit by half causes the stator current to red@%a/li phase curred,. = 0.58 A. Peak third harmonic phase currelgh,. =
by half. This is reasonable since now there are two three-phase
windings instead of one in the baseline machine.

To measure the flux distribution in the air gap, a full pole pitch
search coil [14] was inserted in the machine stator and, with theFinite-element analysis is conducted in the six-phase machine
aid of an integrator, the flux can be determined. to calculate the air gap flux distribution and to demonstrate the

IV. FINITE-ELEMENT ANALYSIS
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Fig. 9. Speed control block diagram.

increase in the fundamental flux component. Fig. 4 shows thediamental current can be increased until the peak flux reaches
nite-element mesh utilized for the representation of one-quartesrprevious value. This makes the fundamental flux to increase
of the machine. Boundary condition symmetry is used to obtawithout sending the peak value beyond its limits. Fig. 7 shows
the results for the entire machine. the distribution forl,x = 0.58 A and I3, = 0.4 A where a

The flux density distribution corresponding to half magnetitattened flux distribution is obtained.
pole for the no third harmonic injection and peak phase current
I, = 0.5 Alis shown in Fig. 5. This current is not enough to
drive the machine into saturation and the distribution resembles
a sine wave. A mathematical model was derived and an experimental setup

The rotor and stator slot openings flux harmonics are als@s built to test the proposed technique. This paper focuses on
clear on this plot. Injecting third harmonic currents causes thige experimental results obtained. Fig. 8 shows the setup config-
peak flux density to decrease, as can be seen in Fig. 6, wheration. Acommon DC link is used for two three-phase inverters
the peak current is kept the same and a third harmonic currenhnected to each winding group of the six-phase machine. The
Isp, = 0.4 Ais added. Since the peak flux decreases, the funeutral is connected to the mid point of the dc-link capacitors.

V. SYSTEM DESCRIPTION



LYRA AND LIPO: TORQUE DENSITY IMPROVEMENT IN A SIX-PHASE INDUCTION MOTOR 1357

. . . . . -Eeb-0
An additional inverter leg is provided for connection of the neu;; p5ozo

tral point when necessary. This additional leg is particularly im 3
portant when operating at low frequencies where the injectic| °

1.00 ¥
of third harmonic currents in the midpoint of the capacitor ban| -1.44 v

causes undesirable ripple voltages.

A digital signal processor (DSP) card that incorporates tw
independent three-phase PWM modulators with compleme
tary outputs controls the system. The software was develop
in C language and the control panels were developed using t
pertext markup language (HTML) scripting and ActiveX com-
mands. This enables the system control and monitoring over a
internal or external network.

To obtain the necessary alignment between fundamental a
third harmonic currents, a current-regulated supply must t
used. With a voltage supply the alignment is not guarantes
since the machine’s impedance changes with operatior ° 25 -
conditions. Also, it was observed that with a voltage supply (n2 .5 v ot i L 1s/s
current regulation) even sharing of the output power betweeg] R -
the two inverters is not possible when practical aspects such as
differences in the winding functions are considered. Fig. 10. Unbalanced operation of the six-phase machine at no foad 60

Acurrent-regulated PWM inverter was then |mplemen_ted_alr'gﬂvlfrrsegt ?3?1/2; rzlcd?v?;l tfrlgz:(edzet:n;%3;3:?323{5927582&3)“0' trace 3: phase
used as the inner loop for a speed controller as shown in Fig. g!

Here the cross-coupling decoupling is omitted but for a high-
performance operation , it must be included. A standard pre" %
portional plus integral (PI) controller is used to implement ai 3
indirect flux control algorithm. The flux peak limiter controls fsv e
the maximum air-gap flux by injecting third harmonic zero-se| -i.41v
qguence currents. A modifieghc — zyz/dq0 transformation is
used to map the alternate currents into dc quantities irghe
domain. This transformation follows the standafd/dq0 de-
composition, but it is modified to include the third harmonic
frequency and also maps third harmonic signals into dc quan
ties. This approach facilitates the design of the control systen

[ (hodt— L
5 ms

18.8 mis
-14.4 mis

(1) dt—

5 ms
18.8 mis
-14.4 mis

VI. EXPERIMENTAL RESULTS

The six-phase machine was tested experimentally to veri
the operation with third harmonic current injection. The flux> "™
distribution is obtained using search coils installed in the mz; 2 3 BE 5 1 Ms/s
chine and the torque is measured directly in the shaft by meag] % g BE B 1 eosy S
of a torque transducer. ' !

When supplied by a voltage-source inverter, asymmetriesri. 11. Balanced operation of the six-phase machine at no foad60 Hz,
the machine design cause uneven distribution of power betweerr 85 V- Trace A: flux density distribution (0.788 T/div); trace 3: phase
the two three-phase inverters. This feature can be seen in Fig &P (3125 A/di); trace 4: phasecurrent (3.125 A/dv).
where the machine is tested at rated voltage and no third har-
monic injection. Phases and « currents are shown togetherone. For this case, the peaked shaped flux can cause saturation
with the air-gap flux distribution. Since phageurrent is prac- of the stator teeth.
tically zero, all power is supplied through phaseTo correct  The reshaping of the air-gap flux distribution is demonstrated
for this unbalanced operation, a correction angle is appliedlig performing a no-load test in the machine with a voltage-
the reference voltages to adjust the phase displacement betwa®irce inverter. Fig. 13 shows phaseandz currents and the
the two three phase groups. Fig. 11 shows the balanced opéiux density distribution for a peak value @, = 0.82 T
tion of the system. and no third harmonic injection (operation At= 40 Hz and

The fundamental to third harmonic phase relation determin&s = 84 V). The currents are 3Dphase shifted from each other
the air-gap flux waveform. The correct operation of the systeas necessary for the proposed machine operation. Without the
requires a flattened flux waveform for all operating pointghird harmonic currents, the six-phase machine operates sim-
Fig. 12 shows a typical problem when this phase relation is ntdrly to the three-phase baseline machine. Adding third har-
observed and the air-gap flux waveform deviates from the idgabnic currents¥,3, = 14 V) causes the peak flux density to
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Fig. 14. No-load operation of the six-phase machine with third harmonic
. : . . ndnjection. f = 40 Hz, V, = 84V, V.3, = 14 V. Trace A: flux density
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Fig. 13. No-load operation of the six-phase machine without third harm0nﬁ’&mbu“??G(g'gSA?dT/?'V); trace 3: phasecurrent (6.25 Afdiv); trace 4: phase
injection. f = 40 Hz, V, = 84 V. Trace A: flux density distribution (0.788 weurrent (5. V).

T/div); trace 3: phase current (3.125 A/div); trace 4: phasecurrent (3.125

AldW). is obtained by increasing the currents in the machine and by re-
shaping its air-gap flux. Both factors contribute for changes in
decrease t@,x = 0.74 T, as seen in Fig. 14. This correspondshe losses that have to be accounted for. Fig. 17 shows the mea-
to a subutilization of the machine iron when compared to tlseired magnetic losses At= 40 Hz for the six-phase machine,
previous case. To raise the peak flux, the fundamental currenmpared to the baseline machine. It can be seen that the mag-
can be increased until the previous level is reached. This resudtic losses do not increase significantly in the rated flux range.
is shown in Fig. 15 where the peak flux correction is applied adbwever, as shown in Fig. 18, the copper loss increase is not
the peak levels with the no third harmonic case. negligible, especially in a low-power machine. This has big im-
For operation af = 45 Hz, Fig. 16 shows the torquespeed pact on the efficiency of the machine and is more noticeable at
characteristic for the prototype machine (3 hp) when comparkedver mechanical load. Fig. 19 show the measured efficiency for
to the baseline three-phase machine. It is clear the enhange= 45 Hz operation. The proposed system presents similar ef-
ment in the torque production. However, the increased torgfigiency to the baseline machine only for higher load conditions.
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speed [rpm] Fig. 19. Six-phase machine efficiency at 45 Hz. Comparison between the
six-phase machine with and without third harmonic injection and the baseline
Fig. 16. Torque: speed characteristics for 3-hp six-phase machine. Six-pha§gee-phase machine.
machine operating with and without third harmonic currents, compared to the

baseline three-phase machine.
P VII. CONCLUSION

250,00 Multiphase systems are broadly used in industry to achieve
higher power levels based in limited-range power converters.
200,00 Additional torque production can be obtained in these systems
40Hz 3phase if third harmonic currents are injected so as to reshape the flux
oHzephase|  distribution in the machine and, therefore, obtain higher funda-

mental flux densities without extrapolating the flux limits and
forcing the machine under saturation.

This paper has proposed the use of a six-phase induction ma-
/:iis/hj chine to gain these benefits. By constructing the machine with

150,00

100,00

Magnetic Losses [W]

50,00 two three-phase groups phase shifted b, 30is possible to

create an additional rotating field in synchronism with the fun-
0,00 M : damental by using third harmonic zero-sequence currents. In so
0.00 0,20 0,40 0.60 0.80 1,00 1.20 14 doing, the air-gap flux presents a third harmonic component that
Peak Flux Density [T] reduces the peak flux density. Additional torque is then obtained
Fig. 17. Magnetic losses at 40 Hz. Comparison between the Php £ by increasing the fu_ndamental qu_x component in such a manner
1400 W) six-phase machine with and without third harmonic injection and thé® reestablish the air-gap flux to its original peak value and by
baseline three-phase machine. the extra third harmonic rotating field.
Through analytical analysis, assuming saturation of the stator
600,00 teeth as the constraint on flux density, it has been shown that an
increase of up to 40% in the torque production can be expected
with this technique when compared to a standard three-phase
40Hz 6phase machine, for the same peak flux distribution. Alternatively, if
i / both tooth and core flux density are to be constrained to fixed
values at least a 14% 7% = 21% increase is possible by en-
larging the stator slot area. To obtain the benefits, the machine’s
200,00 / winding function has to include third harmonic components.
This is true for most of electrical machined due to the discrete
100,00 obz sphass construction of the_ windings that are distributeq in finitg number
of slots. The best improvement would be obtained using a con-
0,00 = centrated winding machine since for this case the higher third
0.0 020 040 060 080 10 20 " harmonic component in the winding function is obtained.
Peak Flux Density [T] .. . .
Finite-element analysis has been used to show the behavior of
Fig. 18. Stator copper losses at 40 Hz. Comparison between theBzhg=(  air-gap and core flux with third harmonic currents. This analysis
1400 W) six-phase machine with and without third harmonic injection and thig; particularly important to correctly map the behavior of the
baseline three-phase machine. flux in areas too complicated to have a direct measurement.
A fundamental issue in this application is the necessity of
Therefore, the proposed system operates without third harmoeoantrolling the phase relation between fundamental and third
current injection until a load close or beyond the rated torqueharmonic flux components. If this relation is lost, a peaked flux
applied. density could be generated instead of the proposed flattened one.

500,00

400,00

300,00 / /
/

Copper Losses [W]
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Current control is, therefore, necessary for this application anfl1] S.-S. P. Liou, “Theoretical and experimental study of polyphase induc-

a control system is proposed where a modiﬁzéd/dq(), now tion motorsvyith added third harmonic excitation,” Master’s thesis, Univ.
. . Texas, Austin, 1985.
calledabc — zyz/dq0, synchronous frame transformation is de- 11 N | 'Schmitz and D. W. Novotny, Introductory Electrome-

veloped to include the third harmonic components. This trans-  chanics New York: Ronald, 1965.

formation maps all currents intody0 domain as dc quantities [13] T. A. Lipo, Introduction to AC Machine Design Madison, WI: Univ.
of Wisconsin Press, 1996.

what facilitates the control deS|gn and tunlng_. [14] —, “Flux sensing and control of static AC drives by use of flux coils,”
The proposed system was tested experimentally to show IEEE Trans. Magn.vol. MAG-13, pp. 1403-1408, Sept. 1997.
the expected torque Improvement. It |S Shown that for Voltagéls] R. Lyra, “Torque denSIty imprOVement ina SiX'phaSe induction motor

. with third harmonic current injection,” Ph.D. dissertation, Univ. Wis-
fed systems the current sharing between the two three-phase nsin Madison, 2002.

groups can be uneven causing problems for both machine

and power electronics. The experimental results show that for

same air gap peak flux density, the torque can be increased

with the third harmonic current injection as a result of the

increase in the fundamental component of current and flu Renato O. C. Lyra (S'98-M'02) was born in Belo

An experimental assessment of magnetic and copper los Horizonte, Brazil. He received the B.E.E. and M.E.E
degrees in electrical engineering from the Univer-

is presented and used to define the operation strategy for sidade Federal de Minas Gerais, Belo Horizonte,
proposed system. 3 [ Brazil, in 1991 and 1994, respectively, and the Ph.D.
degree from the University of Wisconsin, Madison,
— in 2002.
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