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High-Torque Density and Voltage Overmodulation
for Five-Phase Induction Motor Drives

Luca Vancini
Luca Zarri

Abstract—The torque density of a multiphase motor can be
increased without exceeding the admissible current of the drive
if the high-order spatial harmonics of the magnetic field in the
air gap are appropriately synchronized with the fundamental one.
Notably, due to the converter voltage limitation, this method is
feasible only if the speed of the rotor is below its base speed. As
the speed of the rotor increases, the voltage must correspondingly
increase to sustain the field harmonics in the air gap. Above the base
speed, the prevalent strategy in motor control focuses on regulating
only the fundamental component of the magnetic field in the air
gap. Nevertheless, this paper presents a new method that employs
the injection of voltage harmonics to extend the linear modula-
tion range of the fundamental voltage vector, thereby improving
motor performance. In the field weakening region, an increase
in the magnitude of the stator voltage vector improves the motor
power and torque by over 40%. Experimental tests on a five-phase
induction motor drive confirm the feasibility and the effectiveness
of the developed control scheme. Overall, this approach shows great
potential for improving motor performance and has applications
in various sectors of motor control.

Index Terms—Multiphase induction motor drives, overmodula-
tion, variable speed drives.

1. INTRODUCTION

ULTIPHASE drives, i.e., drives based on machines with
more than three phases, are particularly suitable for
high-reliability applications where fault tolerance is essential,
such as vehicle and naval propulsion systems or more-electric
aircrafts [1], [2]. Multiphase machines have a unique feature:
the low-order spatial harmonics of the magnetic field in the
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air gap can be controlled independently, providing a significant
advantage in the control quality. The independent control of the
lower spatial harmonics of the magnetic field is possible because
the number of degrees of freedom is higher than in traditional
three-phase systems. This feature can be used to achieve better
fault tolerance [3], [4], [5], [6], control multiple motors [7], [8],
[9] and increase the motor torque density. Several papers have
been published focusing on the low-speed range of induction
motors [10], [11], [12], [13]. They consider the constraints
resulting from the admissible current and the iron saturation of
the machine because the design aspects of the electric machine
and the power converter significantly impact the performance
of the motor. The concept of a high-torque density motor is
based on injecting a third-harmonic current component into the
machine to enhance the fundamental harmonic component of the
magnetic field in the air gap. Induction machines designed for
this application usually have a non-distributed stator winding
(one slot per pole per phase) to maximize the winding factor
of the high-order field harmonic components [14]. During the
design process, it is necessary to consider several electrical pa-
rameters, especially the iron losses and the magnetic saturation
of the iron core, which could result in significant performance
reduction.

The injection of a third-harmonic current can significantly
enhance the machine torque density, making it particularly ad-
vantageous for applications in vehicle propulsion systems. The
proposed solution capitalizes on the degrees of freedom offered
by multiphase technology, aligning seamlessly with the demands
for superior reliability and high torque density across diverse
operating conditions, especially in typical traction applications
[15], [16], [17].

When the machine works in the field weakening region, the
injection of the third harmonic current is not applicable due to the
limited dc link voltage [12]. When the inverter voltage constraint
restricts the operating points of the motor, the inverter voltage
must be used entirely to sustain the fundamental component of
the currents. Enhancing the modulating index of the inverter
proves to be more beneficial, effectively augmenting the avail-
able voltage of the machine.

In multiphase inverters, the linear modulation range can be
extended by adequately managing the additional degrees of
freedom of this technology [17]. In essence, the fundamental
component of the voltage can be increased by injecting higher-
order voltage harmonics with the proper magnitude and phase
angle. This solution extends the maximum modulation index of

© 2024 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see
https://creativecommons.org/licenses/by/4.0/


https://orcid.org/0000-0003-1897-8755
https://orcid.org/0000-0002-6639-3017
https://orcid.org/0000-0003-0119-3679
https://orcid.org/0000-0002-5630-2126
https://orcid.org/0000-0003-2347-8480
mailto:luca.vancini4@unibo.it
mailto:michele.mengoni@unibo.it
mailto:gabriele.rizzoli@unibo.it
mailto:luca.zarri2@unibo.it
mailto:angelo.tani@unibo.it
https://doi.org/10.1109/TIA.2024.3397742

6292

the inverter but worsens the quality of the stator current and the
stator Joule losses.

The motor torque can be increased by injecting current
harmonics that shape the stator magnetic field at low speeds.
Likewise, the injection of voltage harmonics can increase the
maximum modulation index of the inverter at high speeds and
the maximum torque in the field weakening region. Thus, high
torque-density machines with the proposed control system can
produce high torque at low speed by injecting a third harmonic
current component into the stator windings; high efficiency at
high speed can be achieved by increasing the maximum torque
in the field weakening region.

This paper, which extends [19], aims to develop a robust con-
trol scheme for a high-torque density five-phase induction motor
that maximizes its torque capability at all speeds rather than just
at low regimes. The proposed control scheme can fully exploit
the degrees of freedom of a multiphase system and improve the
motor performance in different operating conditions, which is a
significant advantage in various industrial applications.

Furthermore, the proposed control scheme can manage the
transition between current injection in the low-speed region and
voltage injection in the high-speed region. A theoretical analysis
supports the developed solution, and the results of experimen-
tal tests confirm its feasibility. These results demonstrate the
potential of the proposed solution in real-world scenarios.

The structure of the paper is as follows. Section II describes
the mathematical model of a five-phase induction motor. Sec-
tion III presents the strategy for increasing the torque density in
the low-speed range. Section IV is dedicated to the description
of the extended linear modulation region. Section V explains
how the harmonic injection can improve motor performance in
field weakening operation, while Section VI describes the con-
trol scheme of the five-phase induction motor drive. Section VII
reports the experimental results obtained with a five-phase in-
duction motor and a five-phase inverter.

II. MATHEMATICAL MODEL FOR FIVE-PHASE INDUCTION
MACHINES WITH CONCENTRATED WINDINGS

According to the Vector Space Decomposition (VSD) [17],
the model of a five-phase induction machine with concen-
trated windings (i.e., with one slot per pole per phase) can be
represented by the following set of complex equations in the
fundamental and the third harmonic subspaces:

o dg
Us1 = Rsis1 + jwi@st + % (D
_ ) _ dpri
0=Rpitri +Jj (w1 —wm) Pr1 + T ()
®s1 = Lsiig1 + Mi1g: (3)
@r1 = Miis) + Lrilr: 4)
o dp
Us3 = Rslsy + jwspss + ?? ©)
. _ dg
0 = Rp3irs + j (w3 — 3wm) §r3 + Ll (6)

dt
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Ps3 = Ls3lss + M3igs (N
PR3 = M3is3 + Lp3igs (8)
5 _ L
T, = FP1s1-JPsi )
15 L
13 = 5 P1s3Pss (10)

where Us, (p = 1, 3) are the space vectors of the stator voltages,
1s, and 1, (p = 1, 3) are the space vectors of the stator and
rotor currents, g, and ¢, (0 = 1, 3) are the space vectors of
the stator and rotor fluxes, w, is the electric angular speed of the
rotor, p is the number of pole pairs, Rr,, Ls,, Lr, and M, (p =
1, 3) are the rotor resistances, the self and mutual inductances
of the stator and rotor windings. The stator resistance Rg is the
same for all subspaces, T}, (p = 1, 3)is the torque contribution of
the pth subspace, and the symbol “-” is the dot product between
two space vectors, defined as the real part of the product of
the first one times the complex conjugate of the second one.
The sets of (1)—(4) and (5)—(8) are written respectively in the
rotor-flux oriented reference frames d; — ¢; and d; — g3 with
electric angular speeds w; and ws.

III. CONTROL STRATEGY FOR HIGH TORQUE DENSITY IN
CONSTANT TORQUE REGION

The torque produced by the five-phase induction machine is
the sum of the contributions generated in each subspace, i.e.,
T =T + T5. The torque density can be improved by controlling
the third spatial harmonic of the air-gap magnetic field [10],
[11]. If the third spatial harmonic of the magnetic field is
synchronized with the fundamental component (w3 = 3wy), it
is possible to properly align them. As a result, the waveform
of the magnetic field in the air gap has a peak lower than the
magnetic field produced by the fundamental component alone.
The amplitude of the fundamental component can be increased
without surpassing the rated peak value of the flux density or
increasing the level of iron saturation [11]. If the leakage fluxes
are neglected, the maximum value of the resulting magnetic
field generated by the first and the third magnetic field can be
expressed in terms of flux-producing currents 7514 and ig34 as
follows [12]:

max
Max
—7<0<3

{251d cos (0) — % cos (39)} = i9d,rated (11)

where 454 rateq 1S the magnetizing current that produces the
rated sinusoidal spatial distribution of the air-gap magnetic field,
and ig,q and ig,q (p = 1, 3) are the d — ¢ components of the
space vectors 1g; and 1g3.

Maximizing the motor torque T} + 75 resulting from (9)—(10)
while the stator current and flux density are limited, is a non-
trivial optimization problem, which involves a non-linear set of
constraints. A simplified solution that does not need complicated
calculations but valid only for machines with one slot per pole
per phase is presented below [12]:

1534 = Z151d (12)
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) TR3 153d .
1§3g = 3— ——1ig]|
TRI 1S1d

(13)
where 7r, (p =1, 3) are the rotor time constants defined as
Trp = Lr,/Rr,. Equations (12) and (13) show that, to increase
the motor torque density, the stator currents of subspaces 1 and
3 can no longer be considered independent variables.

This method is suitable when the voltage required to inject
1g; and 153 is lower than the available voltage. However, if the
voltage constraint becomes the most binding, such as in the field
weakening operation, the available voltage can only sustain the
fundamental component of the field. In such a scenario, it is not
possible to inject the harmonic current 1g3.

IV. EXTENDED LINEAR MODULATION

According to the principles of the VSD, the modulating
signals of a five-phase inverter depend on the voltage space
vectors vg; and vg3, and the zero-sequence component vy, as
follows:

1
Epc
where Epc is the DC-link voltage of the inverter, and ay =

eI3m(k=1) The modulating signals of (14) in the linear modula-
tion region should satisfy the following constraints:

k=1,...,5.

my (0s1-ar +0s3-ap +vy) (k=1,...,5) (14)

my € [O, 1] (15)

In each switching period, the modulating signals can be
ranked in ascending order (low, down, medium, up, high),
denoted as L-D-M-U-H. Then, (15) implies the following in-
equality:

myg —mp <1 (16)

Inequality (16) combined with (14) can be rewritten in terms
of voltage space vectors as follows:

my - A gr +msy - Ay g <1 (17
where:
v
m, =—2 (p=1, 3) (18)
Epc
Aiyr=ap —ar, As gL =ay —aj,. (19)

In the linear modulation region, vg3 could be set to zero or
used for the current injection to maximize the electromagnetic
torque (Fig. 1). When v g3 is set to zero, the maximum magnitude
value of vg is equal to 0.526 Epc [16].

For these reasons, the papers that illustrate the control sys-
tems for the high-torque density operation of multiphase drives
usually focus only on the low-speed range, when the converter
operates in the linear modulation region, without considering
the other regions.

The overmodulation region for a multiphase inverter, unlike
that for a three-phase inverter, involves an additional region
called the extended linear region, located between the linear
modulation region and the conventional overmodulation region,
as shown in Fig. 1. The extended linear region does not have a
counterpart in three-phase inverters. In this region, the converter
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Modulation regions of a five-phase inverter in the fundamental plane

can generate the reference voltage space vector vg;in the fun-
damental subspace only provided that proper voltage harmonics
are injected into the other vector subspaces.

In a five-phase motor drive, if the effect of the voltage har-
monics in subspace d3 — g3 is tolerable (the stator inductance
usually limits the additional current harmonics), the extended
linear modulation can increase the magnitude of voltage by 17%
[17], [18], [19], [20], [21].

V. CONTROL STRATEGY FOR HIGH TORQUE DENSITY IN THE
FIELD-WEAKENING REGION

When the machine operates at high speeds, due to the voltage
constraints of the inverter, it is no longer possible to inject the
third-space current to increase the torque in the same way as
in the constant torque region, and the machine must operate
using only the fundamental component of the magnetic field. To
maximize the torque, the fundamental component of the stator
current must comply with the constraints resulting from the
maximum inverter voltage, the maximum thermal current, and
the breakdown torque, respectively represented by the following
inequalities:

VSZ,rnax < wlzLZS |:7;251d + (UliS]q)z (20)
Igl,max S Z'2Sld + ileq (21)
isia < o1 lisigl (22)

where Vg .« is the maximum admissible stator voltage. Equa-
tion (20) is obtained from (1)—(4) in steady-state conditions ne-
glecting the resistive voltage drops. The maximum stator current
is I's max, and oy is the leakage factor (o7 = 1 — M?/Lgi Lg)).
By combining (3), (4), (9), (20) and (21), it is possible to express
the maximum value of torque 7} as follows:

5 11— g1 V,S%,max
P

Tmax = 4 o
1

o1Ls,’ (23)

Equation (23) shows that the maximum motor torque is de-
termined by the available voltage squared, and even a slight
increase in voltage can significantly boost the motor torque.
Therefore, the motor performance strictly depends on Vg jax
when the machine operates in the field-weakening region. In this
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Fig. 2. Control scheme of the motor.

condition, the inverter overmodulation can significantly enhance
the torque and power capability of the drive.

Although it is not possible to inject the current space vector
1g3 to increase the torque density in the field-weakening region,
voltage space vector vg3 can be used to extend the admissible
range of vg; resulting from (17), as shown in Fig. 1.

Given the desired value of vg;, the overmodulation algorithm
proposed in [18] looks for a value of vg3 that satisfies (17). Since,
in general, there are many solutions for vg3, the algorithm finds
the one with the minimum magnitude of ms. As the current
distortion is proportional to the value of |mj3|, the solution
selected in [18] makes it possible to minimize the harmonic
distortion of the phase currents in a five-phase induction motor
drive and reduce torque pulsation.

The reference value of mj is split into two components, 3
and ys, respectively parallel and perpendicular to /_137 HL-

msy = As g (23 + jys) - (24)
The quantities x3 and y3 are as follows:
1—m - A
2y = ——— L (25)
|As 1l
0 if ywuvyrp <0
y3s =< yuv if lyavl < lyrol (26)
YLD otherwise
where:
M ref AI,HU + 3 (/_13,HL : A3,HU)
YU = — = T
(jAs,L - A3 mu)
Miref - A + a3 (A g - A
ip = — Lref * A1,LD 3 ( 3,HL 3,LD) . @7

(jAs,m1L - As,LD)

and A| yu, A1 1p, Az gy and Az 1 p are defined similarly to (19).

. 7
Back-emf 'S3req
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|
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|
|
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As a result, (27) allows voltage space vector vg; to reach a
magnitude of 0.616 Ep and extend the linear modulation range
by 17%.

Above this threshold, the inverter enters in the conventional
overmodulation mode, and the desired value of vg; cannot be
obtained any more.

VI. CONTROL SCHEME

The block diagram of the control system for a five-phase
machine is shown in Fig. 2. It combines the two control strategies
illustrated in Sections III-V for high torque density in the linear
and extended linear modulation regions. The control system can
be separated in two main sections: the speed control loop and
the current injection. It is based on a conventional rotor-flux
oriented control scheme in the fundamental subspace where the
stator and the rotor fluxes ¢g; and @R are determined with a
rotor flux observer based on (2), and the speed is calculated as
the derivative of the rotor position measured with an incremental
encoder.

The first section of the control scheme illustrates the speed
control loop and the operation in extended linear modulation.
The rotor speed is adjusted by the Proportional Integral (PI)
regulator (a), which generates the reference current i g1 4. This
signal, saturated between +|ig1q max| i tracked by regulator
(b). The threshold %514 max is calculated from the more restric-
tive constraint between the thermal limit of the machine and
the breakdown torque expressed by (21) and (23), respectively.
The current i54,¢ is tracked using regulator (c), and the value
of ig14,rey is obtained from regulator (d), which manages the
field-weakening operation of the machine until the extended
linear modulation is reached.

When the magnitude of the voltage Ugj req required by the
current regulators becomes higher than the maximum voltage
(0.616 Epc), regulator (d) decreases i s14,re f toreduce the stator
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TABLE I
PARAMETERS OF THE FIVE-PHASE MACHINE

wm,rated = 200 rpm p =3
Ry = 1.70Q Rpiz = 2.03Q
Lg; = 410 mH Lgz = 68mH
Lpy = 399 mH Lps = 65.8mH
M, = 362mH M, = 35mH
TABLE I

PARAMETERS OF THE FIVE-PHASE TWO-LEVEL INVERTER

IGBT Imax = 10A4,Epc = 100V
Switching frequency = 5 kHz,dead time = 1.6 us
DC — link capacitance 550 uF

flux and the back-EMF until the magnitude of U1 ,¢q fits in the
extended linear modulation area.

Finally, the estimated d; — ¢q; back-Electro Motive Forces
(back-EMFs) are added to the output signals of the regulators
(b) and (c) to improve the dynamic performance.

The second section of the block diagram manages the current
injection in the low-speed region to perform the high-torque
density. The q component of the current reference in the third
subspace ig34 ¢y is calculated by (13) and tracked using regu-
lator (f). The current 7534, is tracked by the regulator (e). Its
value is obtained by saturating the output of the regulator (g)
between 0 and 7534, max- This quantity is the minimum between
the value obtained from (12) and is14,rated/ V3, corresponding
to an amplitude for the third harmonic of the air-gap magnetic
field equal to 1/6 of the fundamental component [12].

Regulator (g) generates 7534,y considering the voltage con-
straints on the requested voltage vectors Ugi req and Us3 reqs
expressed as follows:

2 |’DS1,req| sin (%) + 2 |’T)S3,req‘ sin (Z?ﬂ-) S EDC
(28)
2 |USI,7‘eq| sin (2?77) +2 |1_)33,req| sin (%) < EDC

Given the desired voltage Ui ¢4 in the fundamental sub-
space, if the available voltage of the DC-link is not enough
to inject the third harmonic component of the stator current
according to (28), the refence current ¢ 534 ¢ 1S set to zero by
regulator (g) to allow the motor to enter in the field weakening
region. In this operating condition, the overmodulation block
takes as input the value of ¥gy ..y to calculate the minimum
value of ¥g3 ¢ by means of (24)—(27).

Finally, the gate signals are generated using a Pulse Width
Modulation (PWM) strategy.

VII. EXPERIMENTAL RESULTS

The effectiveness of the proposed electric drive with high-
torque density in the constant and reduced power region has
been validated with a five-phase wound-rotor induction motor
and a five-phase IGBT inverter. The experimental setup is shown
in Fig. 3. The electric parameters of the motor and inverter are
described in Tables I and II. The control scheme shown in Fig. 2
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Fig. 3. Experimental set-up of the electric drive composed by a five-phase
wound-rotor induction machine and a five-phase inverter.
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Fig. 4. Experimental result. Speed transient without third harmonic injection
(a) and with third harmonic injection (b). wy, (150 rpm/div), ig;4 (0.5 A/div),
1514 (1 A/div), phase current (2 A/div).

has been implemented using a rapid prototyping system based
on dSPACE MicroLabBox.

Fig. 4(a) and (b) show the speed transient of the electric drive
up to four times the base speed when the control of subspace
ds — @3 1s respectively disabled and enabled.

InFig. 4(a), when the current and voltage injection in subspace
d3 — g3 is not used, the motor passes through the constant-
torque region, the constant-power region and finally reaches
the decreasing-power region. In all the operating conditions,
the stator current has a sinusoidal waveform. As expected, the
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Fig. 5. Experimental result. Comparison of current spectra at a steady state
in the constant torque region without third harmonic injection (blue) and with
third harmonic injection (red).

amplitude of the phase current is constant and equal to the
maximum value in the first and second region. Then, it decreases
in the third region.

It is worth noting that the speed range of the constant-power
region is very limited due to the specific parameters of the
machine under test.

Fig. 4(b) illustrates the behavior of the drive in the same
condition as Fig. 4(a) when the harmonic injection in subspace
d3 — q3 is enabled. In the constant-torque region, the injection
of the current g3, s distorts the phase currents but keeps the
overall RMS value constant.

When the DC-link voltage is insufficient to inject the desired
current 1g3, s, the setpoint is progressively set to zero by the
control system. From that moment on, the inverter operates in
the extended linear region, where Ug3 s is used to widen the
admissible range of Ugj ref.

Therefore, the phase current shows a slight distortion even
in the high-speed region. The amplitude of the current ripple is
minimal due to the high value of the electrical time constant,
which is typical in induction motors.

As expected in the theoretical analysis, the motor torque
increases by about 7% in the constant-torque region. The maxi-
mum motor torque in the field weakening region depends on the
square of the available voltage Vs 1 ax. Therefore, an increase
in Vg max, achieved by widening the linear modulation range,
significantly increases the torque capability.

Fig. 5 reports the spectra of the phase current up to 500
Hz when the motor operates at a steady state in the constant
torque region, with and without the third harmonic injection. As
shown, if the harmonic injection is enabled to increase the torque
density and improve the dynamic response, the third-harmonic
component of the current rises by about 20 dB.

Fig. 6 shows the spectra of the phase voltage in a steady state
when the machine operates in the flux weakening region with and
without inverter overmodulation. In the case of overmodulation,
a third harmonic component, which is 20 dB higher, is generated
in the stator voltage to enhance the power capability.

Fig. 7 compares the duration of the speed transients due
to the application of a step reference, with and without third
harmonic injection, to evaluate the effect of the increased torque
of the machine. The purpose of this test is to emphasize that
careful use of the additional degrees of freedom in a multiphase
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system can lead to a notable improvement in the performance
of the motor. During the tests, the speed is regulated by the
closed-loop control scheme shown in Fig. 2, which ensures zero
error in steady-state conditions independently of the third har-
monic current injection. However, the third-harmonic injection
allows the motor to generate higher torque values below the
base speed. Consequently, the slope of the corresponding speed
curve is visibly higher during the entire transient. Comparing
the two dynamic responses, it can be concluded that injecting
the third harmonic reduces the rise time (time to 95% of the
steady-state speed) by approximately 28.5%. As a result, the
dynamic response of the motor can be substantially enhanced
by the high-torque density control strategy.

Fig. 8 shows the torque and output power of the motor. The
data collect the maximum torque generated by the machine at
different operating speeds under steady-state conditions while
using the proposed control scheme with and without third har-
monic injection. The proposed solution offers a remarkable
advantage in the high-speed region, where the slightest increase
in the available voltage leads to a substantial boost in mechan-
ical power. In scenarios where speed and power are the most
important factors, such as automotive traction, this increase in
performance can be a breakthrough.

Fig. 9 shows the ratio of the torque values produced with
and without third harmonic injection in steady state conditions.
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Fig. 9. Experimental result. Ratio of the steady-state motor torques with and

without third-harmonic injection.

As expected, injecting a third harmonic can increase the torque
by over 40% with a significant advantage when the machine
operates in the field-weakening region.

VIII. CONCLUSION

This paper investigates the use of the degrees of freedom in a
five-phase induction motor to improve drive performance over
the whole speed range.

At low speed the developed electric drive generates a third-
harmonic current into the d3 — g3 subspace. This approach
improves the magnetic field distribution in the air gap and
prevents the magnetic saturation of the machine. Injecting the
third harmonic current can thereby increase the output torque of
the machine.

In the field-weakening region, where the available inverter
voltage is constrained, the control scheme applies a voltage space
vector different from zero in the d3 — g3 subspace, which extends
the linear modulation range of the fundamental voltage in the
d; — q; subspace and enhances the machine performance.

The control scheme considers both voltage and current con-
straints to improve static and dynamic performance, and it
guarantees that the motor does not surpass its thermal limit.

The proposed control scheme offers significant advantages,
particularly at high speed. The theoretical analysis shows that
the output power of the motor can increase by over 40% at
high speeds, due to the square relationship between torque
and voltage. This significant improvement in performance can
considerably increase the promptness of the machine.

The experimental tests confirm the feasibility and the effec-
tiveness of the proposed solution based on harmonic current and
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voltage injection. This result demonstrates that the proposed
approach is not only effective but also practical in real-world
applications. The performance of the machine is significantly
improved throughout its speed range, making it suitable for
various industrial solutions.
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