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Abstract—In this paper, a multi-phase induction machine
drive utilising the brush de¢ machine operation principle is pre-
sented and implemented on a cage rotor multi-phase induction
machine. The results from measurements prove that the pro-
posed brush dc control method for multi-phase induction ma-
chine drives produces remarkable results in the sub-base and
flux weakening speed regions of the drive. It is found that a lower
number of number of field phases can be used for better use of
the inverter current capability and for better current density
distribution. Also, results show that the drive system’s efficiency
compares well with that of a standard three phase drive system.
The method can be used for any high-phase-number cage or
wound rotor induction machines.

I. INTRODUCTION

Multi-phase induction machine drives possess several ad-
vantages over conventional three phase induction machine
drives in high-power applications [1-10]. Besides better fault
tolerance and higher reliability, the advantages of multi-phase
induction machines include

(1) reduction in the

- amplitude of torque pulsation,

- rotor harmonic currents,

- current per phase without increasing the phase voltage,

- dc link current harmonics, and

(i1) and an increase in the

- machine power and torque per rms current for the same

volume machine, and,

- torque pulsation frequency.

Depending on the stator winding, other advantages are: in-
dependent control of multimotor multiphase drive systems
with a single power electronic converter supply and torque
enhancement through stator current harmonic injection. Also,
a higher phase number leads to the improvement of the quality
of the air-gap flux density waveform regardless of the current
waveform or winding design, because with a higher phase
number there is less interaction between space and time har-
monics.

At present, multiphase induction machines are used in
highly specialized applications such as locomotive traction,
electric and hybrid-electric vehicles, industrial high power
applications, electric ship propulsion [5], [11] and the more
electric aircraft [12-14]. Battery powered applications such as
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cordless power tools and small traction drives are also consid-
ered [15].

Speed control methods of multi-phase induction machine
drives are similar to those of three phase induction machine
drives. Scalar control has lost popularity, whilst more interest
is now shown in vector and direct torque control (DTC) due to
the higher cost of multi-phase power electronics when com-
pared to the cost of implementing control algorithms [4].
However, the currently employed control techniques are quite
complex as coordinate transformations and model representa-
tion of the multi-phase induction machine become more de-
manding [1],[4].

Recently, a control method that does not require any coordi-
nate transformation for a six-phase induction machine drive
was proposed and evaluated [16]. This control method is in
effect a direct implementation of the operation of a brush dc
machine with compensating windings, i.e. by using the stator
phase windings to act alternately as flux or torque producing
phases. The control method is proved to work remarkably well
from practical measurements on a two-pole, six-phase, wound
rotor induction machine drive.

In this paper, the machine drive and control method of [16]
is further investigated and evaluated on a 11 kW, nine-phase,
cage rotor induction machine drive. In particular the effect on
the ratio of the number of field (flux) to torque phases is inves-
tigated and confirmed by measurements. The application of
this type of drive is only for very-high-power variable speed
drive applications, e.g. in the 50 MW power level. In this pa-
per, the control method is termed the “brush dc equivalent”
(BDCE) control method.

II. BRUSH DC EQUIVALENT (BDCE) METHOD

The operation principle of BDCE control and a method of
finding the static torque of a BDCE controlled induction ma-
chine are presented in this section.

A. Operation Principle

The principle of operation of the BDCE multiphase induc-
tion machine drive is best explained graphically. The configu-
ration of the stator phase current waveforms shown in Fig. 1
allows separate rotating flux or field MMF with an amplitude,
Fy; and torque MMF with an amplitude, £}, in a two pole six-
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phase induction machine. In the figure, it is shown that the
stator phase current consists of trapezoidal-shaped field and

torque current components, with flat-topped amplitudes of /,

and /, respectively. That is, a stator phase acts alternately in
time as either a flux or a torque producing phase. Further-
more, it can be seen from Figs. 1 and 2 that at any instant
there are always three neighbouring stator phase windings that
act as field windings to generate the flux in the machine whilst
the other three neighbouring stator phase windings always act
as torque windings to generate the torque of the machine. The
generated flux in the machine will lead to induced rotor phase
voltages and currents at slip speed. The rotor currents produce
the rotor MMF, F,. The torque current flowing in the torque
producing stator phases, however, produces a counter MMF
that balances the rotor MMF during operation of the BDCE
controlled multiphase induction machine. Fig. 3 is obtained
from Fig. 2, with F, = F, and a = 0 for balanced MMF condi-
tion (flux decoupling condition). There is, thus, an important
relationship between the torque current, /,, and the angular slip
frequency, wy, for balanced MMF control (or decouple con-
trol), that is

=2 (1)

The relationship given by (1) is used in the control system,
where k is used as a control gain. The control gain, k, also
depends on the physical dimensions of the machine, the total
number of phases, the rotor phase resistance and the air-gap
flux density [16].

Fig. 4 shows a block diagram of a six-phase induction ma-
chine drive with its control system. Similarly to [17] and to
phase redundant multiphase systems [2], a full bridge inverter
is used for each stator phase winding, which results in twelve
phase legs for the six-phase drive. The rotor speed together
with the phase currents of the drive are measured and fed back
to a digital signal processor (DSP) controller. The field cur-
rent is kept constant under base speed. The speed controller
controls the torque command-current /, from which the slip
angular frequency wy, is determined using the control gain, £,
of (1). From this and from the known field command current
I, the six reference phase currents of the drive are generated.
A digitally implemented hysteresis current regulator, using a
field programmable gate array (FPGA), is used for the current
control. The switching signals are sent to the inverter via fibre
optic cables. The advantage of this method is that it does not
require any transformations and model representations such as
in vector control and DTC.

B. Analysis

From Figs. 1 to 3, it is clear that, at any time instance, the
amplitude of the field MMF, F, is

F;' = ZNY E) (2)

where N; is the number of turns in series per phase. Simi-
larly, the amplitude of the torque MMF is
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Fig. 1. Trapezoidal six-phase current waveforms [16].

Fig. 2. Current distribution and MMF space phasors at time t = t1/2 [16].
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Fig. 3. Current distribution and MMF space phasors when a = 0.
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Fig. 4. BDCE control system operation of a six-phase induction motor [16].
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In the analysis, assuming perfect commutation and quasi-
square-wave air-gap flux density, the induced rotor phase cur-
rent waveform will have an ideal square-like form as shown in
Fig. 5. With the position of the active rotor phase windings
opposite the position of the compensating or torque phase
winding of the stator, the rotor MMF amplitude is given by

E = mmNr[r >

F=2N1,.

(4)

where, m,, is the number of active bars or rotor phases un-
derneath a pole at any time instance and N, is the number of
turns in series per rotor phase, (N, = 0.5 for cage rotor). Theo-
retically, the number of active bars per pole is
:Mr(m, 1)’ )
2N,p

where M, is the number of rotor bars, m, is the number of
torque phases, N, = m, + myand p is the number of pole pairs.

The rotor phase winding or bar induced voltage waveform
assumes a near square due to the quasi-square air-gap flux
density. The flat-topped amplitude of this waveform can be
calculated similarly to that of dc machines as

ra

-/

r

Fig. 5. Assumed rotor current with number of field phases equal to the number
of torque phases in a six-phase induction machine [16].

(6)

where wy, is the angular slip frequency, B is the air-gap flux
density, [ is the stack length, and r, is the air-gap radius. The

induced rotor bar current is given by
;B _ 2N, Bla,r,

' Rb Rb
where R, is the rotor phase resistance. Using Lorentz force
law, similarly to the brush dc machine case, the electromag-
netic torque of the machine is given by

T=2m,N,rlBI,. (®)

Under balanced MMF conditions (£, = F,), using (3), (4) and
(8) it can be shown that
T =4N,r,lBI, .

E, = 2N,Bl,r

sl"g

(7

5

(€))

Thus, there is a linear relationship between torque and the
torque current, /,, similar to the linear relationship between
torque and armature current in dc machine theory.

Considering MMF balance, the control gain can be evaluated
as
@, _ (m -DNR,
I 4pmmeBlrg .

t

k= (10)

III. NINE-PHASE CAGE-ROTOR INDUCTION MACHINE DRIVE
EVALUATION

A nine-phase cage rotor induction machine drive is devel-
oped using the proposed control method of Section II. A cage
rotor is specifically selected in this case, as [16] uses a wound
rotor — it is important to know if additional copper loss is gen-
erated in the cage rotor due to the trapezoidal stator currents.

A standard 11 kW, four-pole, 36-slot, three-phase induction
machine stator is rewinded to a nine-phase stator with full-
pitch coils. The rewinded stator is shown in Fig. 6. The original
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28-slot aluminium cage rotor of the three-phase induction ma-
chine is used for the rotor of the nine-phase induction ma-
chine. Additional parameters of the nine-phase machine are
given in Table 1.

The inverter comprises of Intelligent Power Modules
(IPMs), the control and isolated power circuits, the bus bar and
per phase current sensors. Modular design is utilised in the
design of the inverter since it allows for independent testing
and simple replacement of faulty boards. An H-bridge is re-
quired for each phase of the nine-phase machine, thus, the
inverter consists of six 6MBP25RA120 three-phase intelligent
power modules (IPMs). Each control board is shared by two
IPMs. The hardware and software of the DSP system of Fig. 4
is expanded to become a nine-phase control system. The nine-
phase trapezoidal stator current waveforms are generated simi-
larly to the six-phase waveforms described in section II. Based
on the method presented in [18], the optimal (best) ratio of the
number of field phases to torque phases,

m=mym,

(11

is calculated to be m = 0.5 (that is, m,= 3 and m, = 6), which
is in contrast with m = 1 (m,;= 3 and m, = 3) that is used in
[16].

Fig. 7 shows a schematic of the experimental setup built to
test the nine-phase induction machine. A three-phase 37 kW
induction machine is used as a load drive. During testing, the
induction machine load drive is kept at a constant speed
through the Powerflex 700 drive. The nine-phase DSP control
system measures the rotor speed and produces the PWM sig-
nals that drive the inverter. The torque is measured through a
torque transducer installed on the shaft linking the two ma-
chines.

IV. MEASUREMENT RESULTS

In Fig. 8 the measured current waveforms of the nine-phase
induction machine drive at rated speed and rated flux, and at
double rated speed and flux weakening are shown. With a flat-
topped back-EMF phase voltage of 400 V at rated frequency
and rated flux, and with V,. = 400 V, the drive shows good
flux weakening operation (Fig. 8 — red curve), just as in a
brush dc machine. The current waveforms show that the cur-
rent controller works well even at double rated frequency.

Fig. 6. Stator of the nine-phase induction machine.

TABLE 1. MACHINE PARAMETERS OF A 4-POLE 9-PHASE INDUCTION MACHINE.

Rated Power, P, 11kW
Air-gap length, g 0.5 mm
Stack length, / 127 mm (copper bars)
Rotor radius, r, 84.5 mm
End ring segment resistance, R. 1.28e-6 Q (75°C)
End ring segment inductance, L., 29.2 nH
Number of field phases, i, 3
Number of torque phases, m, 6
Number of rotor bars, M, 28
Number of stator slots, M 36
Number of series turns per stator phase, N, 170
Air-gap flux density, B 07T
Rated I, 5.83 A
Rated /, 55A
Rated k 0.638 rad/As
Rated speed 1466 r/min

The slip is clearly seen in the results. The results further con-
firm the brush dc compensating winding operation of the con-
trol method. Note that £ of (1) is adjusted in the field weaken-
ing speed range since it depends on the flux density. Fig. 9
shows the advantage of taking m = 3/6 = 0.5 over m = 4/5 =
0.8, as the inverter phase current during field and torque opera-
tion is more even, and so also the peak slot current density. In
Fig. 10, the comparison of the measured and analytically calcu-
lated torque results of the drive are shown at rated field current,
I;=5.83 A, and with a rated control gain value, £ = 0.638. In
this measurement, the rotor speed is 500 r/min and the expres-
sion for evaluating the analytically calculated torque of the
BDCE controlled nine-phase four pole machine is given by

T =2(m,~1)N 1,BIr,. (12)

This expression is developed in a similar fashion to that in
equation (9). Both results show a linear relationship between
the torque current and the developed torque. The figure shows
that at the rated torque current value (/, = 5.5 A), the measured
and calculated torque values are more or less the same. None-
theless, the result shows that the drive maintains balanced
MMF condition regardless of the torque current. This proves
the BDCE operation of the machine.
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Fig. 7. Test bench setup schematic.
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The linear relationship between the measured torque and
torque current is achievable at rated speed as shown in Fig. 11.
In this figure there is a slight difference between the analyti-
cally calculated torque and the measured torque. This may be
a result of increased friction and windage losses, and other
stray-load losses; the analytically calculated torque is the de-
veloped torque whilst the measured torque is the shaft torque
of the machine.

The measured results of Fig. 12 show a low torque sensitiv-
ity to the k value, which is good, since & is a function of rotor
resistance which changes with temperature. Also, at higher
than rated torque current, a small change in & from the rated -
value leads to a reduction in torque as shown for 7, = 7.5 A.
Fig. 13 shows that there is a slight advantage in terms of
efficiency of the system (converter and induction machine) in
using m = 0.5 than with m = 0.8. Also in the figure, the 84 %
overall drive efficiency obtained at full load can be considered
as very good, compared to 85 % of the standard three-phase
drive also shown. In Fig. 14, the measured torque is shown at
different frequencies with the appropriate field current in the
flux weakening speed (frequency) region. The measured
torque at a rotor speed of 3000 r/min is 36 Nm, whilst it is 67
Nm at 1500 r/min.

V. CONCLUSION

The results in this paper proved that the proposed BDCE
control method for multi-phase induction machine drives
works remarkably well in the sub-base and flux weakening
speed regions of the drive. A linear relationship between the
torque and torque current is found both in the analysis and
through measurements. The current controller is effective even
in the flux weakening speed region. The torque sensitivity to
changes in the control gain are minimal which is good since
the control gain depends on the rotor bar resistance, which
may vary by up to 40 % due to temperature changes.

In particular, it is found that the number of field phases can
rather be reduced for better use of the inverter current capabil-
ity and for better current density distribution. The overall effi-
ciency of the proposed multiphase induction machine drive is
found to be lower, but within 3 % of that of the conventional
three-phase drive system.

The BDCE control method is suitable for very large drives,
utilising high phase numbers. The main reason for this is its
simplicity when compared to the increasing complexity of
available control methods with increase in the number of
phases, e.g. up tol5 phases. As described in the paper, it has
been proved that the BDCE control method can be used for
cage and wound rotor multiphase induction machines.

Current (A)

Fig. 8. Measured stator phase current waveforms of the 9-phase induction
machine at a dc bus voltage of V4 =400 V. Blue: at rated flux, rated load [/
=583 A,1,=55A, k=0.638, T=67 Nm] and rated speed (1500 r/min); Red:
in flux weakening at double rated speed (3000 r/min) and half rated load [/, =
1.1A L,=55A, k=1.28].

Time (s)

Fig. 9. Measured stator phase current waveforms of the 9-phase induction
machine at a dc bus voltage of Vdc = 400 V. Blue: Flux phases m,= 3, torque
phases m, = 6, m =3/6 =0.5 [I[;=5.83 A, I, = 5.5 A, rated flux density, rated

torque]; Red: Flux phases m, = 4, torque phases m, =5, m =4/5=0.8 [I;=
4.68 A, I,=6.83 A, rated flux density, rated torque];
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Fig. 10. Comparison of the measured and calculated torque versus torque cur-
rent (1;), with /;=5.83 A, k= 0.638 and speed = 500 r/min.
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