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Abstract- A control scheme for a high torque-density seven-
phase induction motor is presented. This scheme integrates
within a coherent solution some of the features that are
commonly required to a modern electric vehicle drive, such as
the capability to exploit the maximum torque in the whole speed
range, a weak dependence on the motor parameters, a good
robustness against the variations of the dc-link voltage and,
whenever possible, the minimum Joule losses. The performance
of the control scheme is verified by experimental tests.

1. INTRODUCTION

Electric vehicles (EVs) are seen as a possible step toward
the solution of the pollution problem in urban environment.
With the growing interest in EVs, much effort is demanded
for the development of efficient, reliable and economical ac
drives. Both induction motor (IM) drives and permanent
magnet brushless motor drives have been applied to EVs.

Induction motors have generally lower efficiency and
power density than synchronous motors but they can offer
higher reliability, overload capacity, maximum speeds and -
last but not least - a reasonable cost [1].

In this paper, the use of multiphase induction motors, i.e.
induction motors with a number of phases greater than three,
is proposed for electric vehicle applications. Nowadays, there
is an increasing interest towards multi-phase motor drives,
especially for medium and high power applications such as
naval and railway propulsion systems. The use of multi-phase
inverters together with multi-phase ac machines has been
recognized as a viable approach to obtain high power ratings
without increasing the stator current per phase, making it
possible to use standard power switches based on a single
device. The possibility to reduce the rating of the inverter
switches is advantageous also for heavy electric vehicles such
as buses, trucks, industrial lift trucks and light rail transit.

Furthermore, multiphase motor drives have several
advantages over traditional three-phase motor drives, such as
reducing the amplitude and increasing the frequency of torque
pulsations, and improving the reliability and fault tolerance
(2]-[3].

Multiphase drives offer the opportunity to increase the
torque density by adding a third spatial harmonic in the
magnetic field. This feature has been exploited mainly in
permanent magnet synchronous motors [4]-[6] and its
development is dependent on the successful implementation
of proper modulation strategies to synthesize non-sinusoidal
voltages [7]-[9]. Afterwards, high-torque density control
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schemes were presented for five-phase induction motor drives
in [10]-[11].

The control system of a multiphase motor for EV
applications has to face several problems. First of all, the
drive train of an EV has to deliver constant torque at low
speed, whereas a torque decrease at constant power is
requested at medium and high speed.

Another problem of the control system is the complete
exploitation of the battery voltage, that is indispensable to
improve the range of the EV or to increase the motor
performance.

In addition, the dc-link voltage of EVs shows large
variations as soon as fast accelerations and decelerations are
requested, that can trouble the control system. During the
acceleration the available voltage at the motor terminals tends
to decrease because of the unavoidable voltage drop on the
battery internal resistance, whereas during the braking the
voltage across the dc-link capacitors can raise very quickly.

At present, the most common control methods of high
performance three-phase induction motors are the
conventional field-oriented vector control and direct torque
control. In literature it is possible to find papers focused on
the specific problems of EVs or on the optimization of
general-purpose control schemes but suitable also for EVs. In
the first case, the contributions are mainly about energy-
saving control strategies, that can give remarkable results
provided that the motor parameters are known with sufficient
accuracy [12]-[13]. In the second case, the control schemes
are usually aimed to achieve the maximum torque capability
of the machine over the whole flux weakening region [14]-
[17]. According to these flux weakening algorithms, the
optimal flux value of the motor should be updated on the
basis of look-up tables or explicit expressions of quantities
such as the motor speed, the motor currents, the dc-link
voltage and the requested torque. However, these algorithms
rely on a good knowledge of several machine parameters and
the drive performance in the high speed range may depend
also on the correct determination of the base speed, which is
function of the actual dc-link voltage and the overload
capability.

Only in the last ten years some important contributions
toward a robust field weakening strategy for induction motors
have been presented [18]-[24]. The basic idea is that the
demand of field-weakening can be derived from the voltage
requested by the current/flux regulators. If this voltage is
permanently greater than the available voltage, it means that



the torque command cannot be tracked at the present flux
level and the flux has to be reduced.

As far as the efficiency of the electric drive is concerned,
the techniques that can be found in literature can be divided
into two categories. The first category is referred to as loss-
model-based approach [25]-[29]. It requires computing the
losses by using the machine model and selecting the flux
level that minimizes these losses. The second category is the
search-based approach [30]-[32]. According to this method
the flux is decreased until the electrical input power settles
down to the lowest value for a given torque and speed.

The main contribution of this paper is the proposal of a
complete high-torque density control scheme for a seven
phase induction motor in which all these aspects are treated in
a coherent and unitary way. The proposed control scheme is
based on the well-known rotor field-oriented control, where
the currents are the main control variables. However, the
control scheme is modified i) to increase the robustness
against the variations of the motor parameters, ii) to reduce
the effect of the fluctuations of the dc-link and iii) to improve
the overall efficiency by adjusting the flux level at low speed
using a loss-model-based approach.

Experimental results demonstrate the effectiveness of the
proposed scheme.

II. CONTROL STRATEGY FOR HIGH TORQUE DENSITY

If a multiphase motor with concentrated windings, i.e. with
one slot per pole per phase, is considered, it is possible to
increase the torque density by adding spatial harmonic
components of order greater than one to the air-gap magnetic
field.

Some authors have shown that, if a third spatial harmonic
is added to the air-gap magnetic field and this harmonic
moves synchronously with the fundamental component, the
waveform of the magnetic field in the air-gap resulting from
their superposition can have a peak value that is lower than
that of the fundamental component. This result is illustrated
in Fig. 1. In this way it is possible to increase the amplitude
of the fundamental component up to 115% without
overcoming the rated peak value of the flux density, i.e. the
amplitude of the flux density in case of sinusoidal distribution
of magnetic field in the air-gap.

Let's suppose that the d-axes of reference frames d;-q; and
ds-q; have the same directions of rotor flux vectors @,, and
@, respectively. Then, the maximum amplitude of the
fundamental spatial component of the magnetic field happens
when the following equality comes true:

iS3d = Eism (1)

where ig4 and ig, are the d-components of the multiple space
vectors of the stator currents. Equation (1) is valid under the
assumption that the resulting rms current value does not
overcome the current limit.

If the third spatial harmonic of the air-gap magnetic field
moves synchronously with the fundamental component, its
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Fig. 1 - Waveform of the air-gap magnetic field: fundamental component
and third spatial harmonic.

electric angular speed is triple of that of the fundamental
wave, i.e.
03=3;. 2)
If the condition of synchronism (2) is true, then the
following relationship is satisfied in steady-state conditions:
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where ig, and ig, are the g-components of the first two
multiple space vectors of the stator currents, whereas Tz, and
Tg; are the rotor time constants.

In conclusion, (1) and (3) show that the currents ig, € is,
are roughly proportional to the currents is\, € is, respectively.

Finally, the fifth harmonic component of the magnetic field
is set to zero in this paper, since the advantages related to its
use are generally lower than the increase in complexity of the
control scheme.

III. REDUCTION OF THE MOTOR LOSSES

The torque delivered to the load by the motor can be

written as follows:
7 N LT N LT
T=Ep(Mlls1']’R1+3M3ls3']’R3) (4)
where iy, iy, ig; and i,,, are the multiple space vectors of
the stator and rotor currents, and M;, M; are the mutual
inductances of the motor.

Equation (4) suggests that the motor can produce the same
torque for different combinations of the stator and rotor
currents and therefore it is opportune to find which values
correspond to the maximum efficiency.

The Joule losses can be expressed as the sum of the
contributions of the rotor and the stator currents, as follows:

Pri =2 R G+, o2 Ry (2 8, J# 2R (412,

Joule

7 . .
+5RR3 (11§3d + 112?311 ) (5

where the stator resistance Rg has been assumed the same for
both planes d;-q; and d;-q;, whereas two different resistances
Ry and Rp; have been assumed for the rotor circuit.

In steady state conditions, the rotor currents iz; and i3, are
both null, whereas the rotor currents iz, and izs, can be



expressed as functions of the stator currents i, and ig,, as
follows:

irld = ig3a =0 (6)
. M, .
lpg =~ LRj Isiq (7
. M, .
i3, = T 3 Ig3, ()
R3

The minimum of (5) subject to the constraint that the
torque, expressed by (4), is assigned, can be found by taking
(1), (3), (6)-(8) into account and using the method of
Lagrange multipliers. It is possible to verify that the
minimum of (5) occurs when the ratio of ig, to isi, is equal to
a precise quantity that depends on the motor parameters. The
optimal value for ig, turns out to be as follows:

iSld,Dpt = Kopt iSlq| )
where
2 2 2
R, 1+9(T“j +RR1(M‘J +9RR3[M31“]
4 TRI LRI 4 LR3 TRI
opt = 5 R (10)
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It can be shown that the optimization strategy is not
effective for high torque values. In fact the optimal selection
of the stator current components is practicable only until ig 4
is lower than the rated value, Is14,4es. In other words, the
motor drives benefits from the optimization strategy only for
torque values lower than the following value:

7 MK

T. =— ) 11
tim = p L, Kup[ Sld rated (11)
where K7 is a dimensionless coefficient defined by:
Ky =141 fo Te (12)
49L,; Ty
IVv. FIELD WEAKENING OPERATION

In the high-speed range, the motor operation is limited by
the available dc-link voltage, the inverter current rating, and
the machine thermal rating.

A. Voltage Limits

Hereafter it is assumed that the modulation strategy of the
drive is able to fully exploit the dc-link voltage E,. and to
generate all the admissible combinations of voltage vectors in
the three d-q planes [8], [33]. Approximately, if the currents
in plane ds-qs are not used, the admissible voltage vectors are
those inside the gray region shown in Fig. 2, defined by the
following inequalities:

Aoy Bt < (13)
4 4

v, v .

L <, (14)

4, A,

where
1

4= 2sin (km/7) (1)

The variables in (13)-(14) are the magnitudes of the reference
voltage vectors that should be generated by the inverter.

B. Current Limits

The current limit is defined by the inverter current rating or
by the machine thermal rating. This limit can be
approximately described by an inequality in the following
form:

2 2 2 2 2
I, +ISlq +15, ""1534 </

S,max °*

(16)

It is easy to recognize that the left-hand member of (16) is
proportional to the sum of the squared rms value of the stator
currents and is proportional to the Joule losses of the stator
windings.

C. Maximum Torque Capability
Operation

in Field Weakening

It is well-known that, when the rotor speed of a three-phase
induction motor increases, the inverter dc-link voltage may
become insufficient to inject the requested currents into the
motor. To allow the motor to operate at higher speeds, it is
necessary to reduce the flux level, although this choice leads
inevitably to a reduction of the maximum torque that the
motor can deliver to the load.

It can be shown that the operation of a high-torque density
multiphase motor can be divided into four speed ranges. In
the low speed range (region I), the maximum torque is
enhanced up to 10% by the addition of a third-order spatial
harmonic, and if the motor torque is lower than the rated one,
it is possible to adjust the current i, to improve the motor
efficiency according to (9).

Region II starts when the dc-link voltage is completely
exploited. In this region is;, is controlled progressively to
zero and the motor looses the high-torque density capability.
In fact it is convenient to use the available dc-link voltage to
sustain entirely the fundamental component of the magnetic
field instead of the third spatial harmonic, which gives a
negligible contribution to the total torque.
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Fig. 2 - Validity domain of v, ,,r and vs s , normalized dividing by the dc-link
voltage.
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Fig. 3 - Block diagram of the control scheme.

Above the base speed (region III), the torque diminishes
below the rated torque, but the power delivered to the load is
practically constant and slightly greater than the power at
base speed. The rms value of the phase current is constant and
the voltage limit is completely exploited by vg; alone.

Finally, at very high speed (region IV), the dc-link voltage
is not sufficient to inject the maximum current into the motor
phases. The power delivered to the load decreases and the
maximum torque is obtained when the d-component of the
stator flux vector is equal to the g-component, namely the
stator flux vector and the rotor flux vector form an angle of
45 degrees [24].

V. CONTROL SCHEME

The block diagram of the proposed control scheme, derived
on the basis of the analysis carried out in Section IV, is
shown in Fig. 3. In the control scheme, it is possible to
identify four different functions. The first one is responsible
for the tracking of the current references, the second one is
the torque control loop, the third one manages the field-
weakening operation, and the fourth one is related to
reduction of the power losses.

In Fig. 3, the controlled variables are expressed in two
reference frames di-q; and d;-q3;, synchronous and aligned
with the corresponding rotor flux vectors.

A.  Torque and Current Loop

The motor torque is adjusted by the PI regulator (f) that
compares the reference torque with the estimated actual
torque. The output of this regulator is the torque-producing
current iss, .., that tends to increase when the requested

torque is greater than the estimated torque, and to decrease in
the opposite case. Two PI regulators, (a) and (b), are used to
track the reference signals ig;y.c and iss,,. Two other PI
regulators, (c) and (d), have the same task for the reference
signals 1'53‘1,,.4 and lls3q’ref.

In region I, II, III the maximum deliverable torque is
limited by the maximum current /; ,,,,, whereas in region IV
the maximum torque takes places when the d-component of
the stator flux vector is equal to the g-component of the stator
flux vector. In steady-state condition, this latter equality can
be written as follows:

. ism
i, =S (17)
1

The limitation block (g) assures that these constraints are

satisfied in any speed region.

B.  Flux Loop

The rotor flux magnitude @, is indirectly controlled by PI
regulator (j), which adjusts the d-component ig;q,., of the
stator current vector. In the same way, PI regulator (h) adjusts
is34,req t0 control the rotor flux magnitude Qgs.

When the motor speed is too high, the available dc-link
voltage E,. is not sufficient to satisfy entirely the voltage
request. The dc-link voltage that would be necessary for
satisfying the voltage request is as follows:

, VS],req + vS},req } ) (18)

1% \%
S1,re S3,re
q + q

Al A3

E, ~=max
de,req { A3 Az

When Eg ., is greater than the present dc-link voltage, the



TABLE I — SEVEN-PHASE MOTOR PARAMETERS

Taea = 24 Nm Lg = 180 mH
ISV,,,,” = 7.5 A(peak) LRI = 180 mH
Isigraea = 3.6 Agpeak M, = 175 mH
_ﬁamd = 50 Hz L S3 = 24 mH
RS = 1.1 Q LR3 = 24 mH
Rp = 1.0 Q M, = 19 mH
RR3 = 0.8 Q P = 2

motor operates in region II, III or IV. Consequently the PI
regulator (h), that integrates the difference Ey - Egcreq
reduces the third spatial harmonic of the magnetic field, and
is3g 1s brought to zero. Otherwise it increases up to the
threshold value ig3, 0 Shown in block (i).

On the other hand, if the voltage request vg; ., is greater
than A;-E,;, as happens in region III and IV, the third
harmonic of the magnetic field is set to zero. In this case, the
PI regulator (j), which integrates a quantity proportional to
the difference E,, — vy, ,,, /4, , decreases (g, by acting on the

current g .

VI. EXPERIMENTAL AND SIMULATION RESULTS

A complete drive system has been built to verify the
feasibility of the proposed control scheme and some
experimental tests have been carried out. The experimental
set-up consists of a seven-phase IGBT inverter and a 4 kW, 7-
phase, 4-pole squirrel cage induction motor, whose
parameters are shown in Table I.

Figs. 4-6 show the behavior of the motor during a start-up
transient when the torque reference is equal to the rated
torque. Trace 4 in all Figs. 4-6 shows the waveform of a line
current during the transient.
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Fig. 4 - Experimental result. Start-up transient with rated torque (500
ms/div), 1) isiq (1.8 A/div), 2) isi, (2 A/div), 3) issa (1.8 A/div), 4) Line
current (10 A/div).
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Fig. 5 - Experimental result. Start-up transient with rated torque (200
ms/div), 1) igiq (1.8 A/div), 2) igq (0.9 A/div), 3) is, (0.9 A/div), 4)
Phase current (10 A/div).
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Fig. 6 - Experimental result. Start-up transient with rated torque (500
ms/div), 1) Torque (20 Nm/div), 2) isis (1.8 A/div), 3) iss. (1.8 A/div),
4) Phase current (10 A/div).

After the rated torque command is applied, the motor starts
up and the line current reaches the maximum admissible
amplitude (region I). It is worth noting that, in this operating
condition, the line current is distorted by the presence of the
third-harmonic component of the air-gap magnetic field.

Whereas ig, is always half igy in region I, igy is
proportional to is,, according to (9), as long as is4 is lower
than the rated value 54,44 This behavior is clearly depicted
in Fig. 4, which shows the waveforms of the currents is4, isig
and ig3;. The behavior of ig, is shown in Fig. 5. As can be
seen, ig, increases as long as ig, increases.

The torque response, which can be seen in Fig. 6, is
proportional to the product ig, is, till the current is,, is lower
than /514 areq and to the product /514 areq is14 Otherwise.

In region II the control algorithm quickly reduces ig;, and,
accordingly, ig,. As a consequence, the waveform of the line
current becomes practically sinusoidal.

In region III the motor flux keeps decreasing, as can be
recognized by examining the waveform of igy .

The control system increases is;, both in region II and III,
to take advantage of the progressive reduction of the other
current components and to entirely exploit the current limit
(16).

Figs. 7-9 investigate the performance of the strategy for the
optimization of the Joule losses. In these figures the range of
the torque axis goes from 0 to 1.1 p.u. to consider also the
improvement in the maximum torque due to the high-torque
density control scheme.

As can be seen, the optimization strategy is useful only if
the motor torque is approximately lower than half the rated
torque, and is more effective for low torque values. It can be
noted from Fig. 8 that the reduction of the power losses is
mainly a consequence of the lower magnitude of the stator
current that is necessary to generate the same torque values.
Intuitively, this behavior is in accordance with the idea that
the control system reduces the energy consumption when the
motor is not requested to deliver high torque values to the
load.

VII. CONCLUSION

A rotor-flux-oriented control scheme for high-torque
density seven-phase induction motor drives has been
presented and experimentally assessed. The proposed control
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Fig. 7 - Simulation result. Behavior of the
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scheme is able to exploit the maximum torque capability of
the motor at any speed. The flux control loop is independent
of the base speed and the motor parameters, except for the
leakage inductance 6Lg;. In addition, it does not require any
complex calculation of the flux level or look-up tables. When
low torque values are demanded to the motor, the control
scheme leads also to the minimum Joule losses.
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