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Performance of a Five-Phase Induction Machine
With Optimized Air Gap Field Under Open
Loop V/f Control
César Cataldo Scharlau, Luı́s Fernando Alves Pereira, Luı́s Alberto Pereira,
and Sérgio Haffner, Member, IEEE

Abstract—The paper assesses the steady-state performance of a
five-phase induction machine fed by a modified open loop constant
volt/hertz (V/f) control method, which imposes a trapezoidal induction waveform in the air gap under varying load conditions. The
trapezoidal air gap induction is achieved through the imposition of
an appropriate combination of the third harmonic and fundamental stator voltages. This harmonic combination is determined from
the steady-state model using a mathematical optimization procedure, which allows to obtain the optimal weighting factors for each
harmonic component. The optimized reference voltages lead to a
trapezoidal air gap induction, which allows a better iron utilization and higher output torque for the same rms stator current
when compared to sinusoidal air gap induction. The resulting air
gap induction is obtained from the induced voltage of a full pitch
search coil placed in the air gap. The proposed control scheme was
successfully simulated and implemented on a five-phase prototype
machine running under different load conditions. Experimental
and simulations results show an increase in the torque/ampere
relationship for loads above 50% when compared to the conventional V/f method using only the fundamental current and air gap
induction. A comparison between the simulation and experimental
curves presents a very good agreement that confirms and validates
the parameters and model used.
Index Terms—AC motor drives, induction machines, modeling,
volt/hertz (V/f) control.
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NOMENCLATURE
Stator voltage.
Phasor of stator voltage.
Stator current.
Phasor of the stator current.
Stator resistance.
Stator inductance.
Stator leakage inductance.
Stator phase inductance for the x-harmonic
component.
Main stator inductance.
Phasor of rotor current in stator reference frame.
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Rotor resistance.
Rotor resistance in stator reference frame.
Rotor inductance.
Rotor leakage inductance in stator reference frame.
Main rotor inductance.
Mutual inductance.
Number of rotor phases.
Number of stator phases.
number of stator slots per phase and pole.
Rotor speed in electrical degrees.
Rotor speed in mechanical degrees.
Rotor slip.
Flux density.
Induced voltage in the search coil.
Angle between two stator slots.
Permeability of air.
Equivalent air gap.
Number of turns per stator coil.
Stator coordinate in electrical degrees.
Machine axial length.
Internal stator diameter.
Internal stator radius.
Winding pitch.
Number of pole-pairs.
Reference frequency.
Base frequency.
I. INTRODUCTION

HE INDUCTION machine has been widely used over the
last two decades due to its robustness, versatility, and reliability. The development of solid-state inverters and control
schemes has opened a range of applications for the induction
machine in areas where dc machines were dominant. A widely
used control technique for induction machines is the constant
volt/hertz (V/f) method. The principle of V/f operation is well
understood and commonly used in variable-speed drives [1].
In almost any kind of application, three-phase induction machines have been employed. The use of three-phase machines
is based on long-established concepts where industrial power
sources are three-phase systems. However, when the machine
is not directly fed from the standard power sources, there is no
need for a specified number of phases. In some cases, higher
number of phases can be more appropriate and advantageous.
Many published papers have shown that five-phase machines have several advantages over conventional three-phase
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ones [2]–[4]. One of these advantages is the fact that a
five-phase induction machine can operate even when one phase
is missing, as shown in [5]. This issue makes use of this kind
of machine very attractive for applications that demand higher
reliability such as electrical or hybrid vehicles, ship propulsion,
and aerospace applications.
Nowadays, the known advantages of using multiphase induction motors can be effectively put into practice, as previous
research has focused on the development, optimization, and
application of multiphase machines [6]–[8]. Based on the additional freedom degree resulting from the high phase number,
new space vector pulse width modulation (SVPWM) techniques
have been recently presented and evaluated for the application
to multiphase machine [9]. Moreover, drives based on a special
series connection of two five-phase machines have also been investigated in [10]. It is shown that independent control of each
machine is possible using a single current-controlled five-phase
voltage source inverter as the supply.
The performance of induction machines with different number of phases for operation with static power converters is evaluated in [11]. This study concludes that machines with five
phases can have a higher output torque/volume relationship as
compared to conventional three-phase machines. In addition, the
same study also showed that torque/volume relationship does
not increase significantly when the phase number is increased
above five.
One of the most important advantages of five-phase induction machines is the possibility of using the third-harmonic air
gap flux density component to increase the output torque. The
choice of an appropriate combination of the fundamental and
the third-harmonic air gap flux density makes possible to obtain
a trapezoidal induction waveform in the air gap. A trapezoidal
flux density distribution improves the iron utilization leading to
a higher power density and increased output torque.
In this paper, the performance of a five-phase machine with
optimized air gap induction is evaluated through simulation and
experimental results obtained from tests on a prototype machine.
The machine is fed by a static PWM inverter employing an alternative V/f control strategy, which imposes a fundamental and a
third-harmonic current to the stator phases. Choosing an appropriate combination of voltage components, a trapezoidal air gap
induction under varying load conditions is achieved. The control strategy for five-phase induction machine is also presented
and evaluated by simulation and experimental tests on a prototype machine. The developed control scheme is based on the
traditional V/f technique in order to produce a third-harmonic
component in the air gap flux density and in the stator current,
aiming to improve the output torque. Although the weighted
combinations of the fundamental and the third harmonic to improve the torque response had been already reported in preceding works [12]–[14], one of the main contributions of this
paper is the determination of the weighting factors based on the
electromagnetic model of a five-phase induction machine accounting for the effects of higher harmonics in the air gap field,
fully described in [15].
The paper is organized as follows. First, the optimal relationship between the fundamental and third-harmonic components
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of air gap induction is determined based on the numerical
solution of a mathematical optimization problem. After this,
the amplitudes of the fundamental and third-harmonic current
components are calculated from the reference fundamental and
third-harmonic air gap induction using the steady-state machine
model. In this part, it is also demonstrated that the harmonic
content of the space distribution of the air gap induction and the
harmonic content of the stator current are not the same. Considering that the control scheme is based on the V/f technique,
the fundamental and third-harmonic current components are
employed to obtain the fundamental and the third-harmonic reference voltages used for the five-phase induction motor control,
resulting in the required flux density waveform in the air gap
under different load conditions. The experimental setup allows
the determination of the air gap induction from the induced voltage in a search coil placed in the air gap. Finally, the simulation
and experimental results obtained with an induction machine
prototype are presented and discussed.
II. AIR GAP FLUX DENSITY
The main requirement on the control scheme is to keep the
air gap induction waveform trapezoidal and independent of the
machine load condition. Compared to a sinusoidal air gap waveform, this particular air gap induction waveform results in a better iron utilization as a larger portion of the backiron attains the
same level of saturation. From this point of view, a rectangular
waveform would be the ideal one; this waveform is not possible
to achieve, in practice, using only the fundamental and the thirdharmonic induction component. However, as shown in the next
section, it is possible to find a combination of fundamental and
third-harmonic induction that best approximates the ideal waveform. The mathematical description of the air gap induction is
obtained from the electromagnetic model of five-phase induction machines described in [15]. In this model, the variables
are first described by Fourier series, and then, transformed to
symmetrical components of instantaneous value, as described
in [16]. According to [15], the effect of the fundamental induction is linked to the first symmetrical component, while the
third-harmonic induction component is linked to the third symmetrical component of the stator and rotor currents and voltages.
Considering the flux density produced in the air gap by one
stator phase and disregarding saturation and field-distortion effects produced by stator and rotor slotting, the flux density under
one pole at a given time can be approximated by Fig. 1. Thus,
the mathematical expression of air gap flux density is
B(θ, t) =

ms


Bk (θ, t)

(1)

k =1

where
Bk (θ, t) = isk (t)

∞


n sin(nθ)
W

(2)

n =1

with the current of stator phase k given by
isk (t) =

∞


In cos(nωe t − ϕn )

n =1
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according to (8), where α describes the position of the first coil
side in the fixed stator reference frame
 α +π
R
B(θ, t)dθ.
(8)
φ(α, t) =
p
α
By substituting (5) in (8), the flux equation can be rewritten
as
R
φ(α, t) =
p



α +π

1 sin(θ + ωe t − ϕ1 )
[B

α

3 sin(3θ + 3ωe t − ϕ3 )]dθ.
+B

(9)

Evaluating the integral in expression (9) yields
Fig. 1. Flux density in the air gap under one pole produced by one stator phase
for a five-phase machine with two slots per phase and pole at time t = 0.

φ(α, t) =

−2R 
[B1 cos(α + ωe t − ϕ1 )
p
+

3
B
cos(3α + 3ωe t − ϕ3 )].
3

(10)

The induced voltage at the search coil terminals is given by
the time derivative of (10) as
dφ(α, t)
dt
2ωe R 
u(α, t) =
[B1 sin(α + ωe t − ϕ1 )
p
u(α, t) = −

3 sin(3α + 3ωe t − ϕ3 )].
+B

Fig. 2.

Search coil with integral pitch.

n defined as
and the factor W
 
n = 4 1 cos nγ µ0 Ns .
W
πn
2 δe

(4)

n includes the effect of the winding distribution
The factor W
(winding factor) and the air gap effective permeance. Considering only the effects of the fundamental and the third-harmonic
induction waves (n = 1 and n = 3), (1) can be rewritten as
3 sin(3θ + 3ωe t − ϕ3 )
1 sin(θ + ωe t − ϕ1 ) + B
B(θ, t) = B

Comparing (5) and (11), it is possible to conclude that the
induced voltage measured at the terminals of search coil presents
the same shape as the induction produced in the air gap by the
fundamental and third-harmonic currents. They differ only by
a multiplying factor as the term in brackets is equal to (5).
Therefore, the time distribution of the induced voltage u(α, t)
corresponds exactly to the spatial induction distribution B(θ, t).
This correspondence can be better understood by considering
an arbitrary instant of time, for example, t = 0, and an arbitrary
stator position, for example, α = 0, in (5) and (11) as
3 sin(3θ − ϕ3 )
1 sin(θ − ϕ1 ) + B
B(θ, 0) = B

with
Ku =

1 = ms Is W
1
B
2 1

(6)

and
3 .
3 = ms Is W
B
(7)
2 3
In order to investigate the shape of the air gap induction, a
search coil with integral pitch has been placed in the stator,
as shown in Fig. 2. Considering that the machine has ten slot
per pole, the first coil side is located in slot 1 and the other in
slot 11. The resulting flux crossing the coil area was calculated
considering two arbitrary positions for coil sides α and α + π,

(12)

1 sin(ωe t − ϕ1 ) + B
3 sin(3ωe t − ϕ3 )] (13)
u(0, t) = Ku [B

(5)
with

(11)

ωe D
2ωe R
=
.
p
p

(14)

It must be pointed out that (5) and (13) have the same shape,
differing from each other only by the amplitude factor Ku .
Besides, B(θ, t) represents a rotating wave with a fixed pattern
and rotational speed ωe at any time instant. For brevity, in the
rest of the paper, the induction B(θ, t) will be referred to as
B(θ), while the induced voltage u(α, t) as u(t).
The induced voltage given by (11) takes into account only the
stator currents for no-load condition case. When the machine
is under load, the resulting field in the air gap is produced by
the stator and rotor currents. The effect of the rotor currents on
the field in the air gap can be considered multiplying the stator
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Division of the trapezoidal waveform into four sections.

currents by the following complex factors:
r

K1 = 1 −

2
jωe
mr ms (Lsr
1 )
s
2 2 L1 [(R1r /S) + jωe Lr1 ]

r
 1r  ϕk 1
K1 = K
r

K3 = 1 −

(15)
(16)

2
j3ωe
mr ms (Lsr
3 )
s
r
2 2 L3 [(R3 /S) + j3ωe Lr3 ]

r
 3r  ϕk 3 .
K3 = K

(17)
(18)

In this way, the steady-state expression of induced voltage in
the search coil considering the rotor current is given by
 1r sin(ωe t − ϕ1 + ϕk 1 )
1 K
u(t) = Ku [B
 3r sin(3ωe t − ϕ3 + ϕk 3 )].
3 K
+B

(19)

III. V/f CONTROL FOR FIVE-PHASE INDUCTION MOTORS
The control for five-phase induction motors developed in this
paper aims to impose an optimized trapezoidal waveform flux
density in air gap, improving the iron utilization and increasing
the output torque. This objective is achieved by using the steadystate model of the induction machine and validated through the
induced voltage in a search coil placed in the air gap. Based
on the machine equations, it is possible to calculate the relative
magnitude of the fundamental and the third-harmonic stator
voltages to obtain the required induction waveform.
A. Stator Current Design
Using only the fundamental and the third-harmonic induction waves, it is not possible to achieve an ideal rectangular
waveform for the induction in the air gap. However, a trapezoidal waveform can be designed using the steady-state model
of the fundamental and third-harmonic air gap induction, which
is similar to a rectangular waveform. A trapezoidal waveform is
considered better than a sine wave in terms of torque production
and iron utilization, as a larger portion of the iron attains the
maximum induction value at the same time.
For the sake of analysis and current design practice, the required trapezoidal wave was divided into four sections, as seen
in Fig. 3. The shape of the curve is defined by the free parameter
k and the corresponding Fourier series is given in the sequel
F (x, k) =

 πx 
αi (k) sin i
τ
i=0

∞


(20)

Fig. 4. Width of the flat portion b of the trapezoidal waveform curve depending
on the amplitude of the oscillation levels ε.

where
4 sin(kπi)
,
i = 1, 3, 5, . . .
(21)
πi kπi
Considering only two terms (fundamental and third-harmonic
components), (20) can be rewritten as
 πx 
 πx 
+ α3 (k) sin 3
.
(22)
F (x, k) = α1 (k) sin
τ
τ
An optimal combination of the coefficients α1 (k) and α3 (k)
can be determined through a formal optimization procedure, resulting in values for the coefficients that best approximate the
desired waveform. The optimization problem consists of obtaining a quasi-trapezoidal waveform with the largest flat portion,
resulting in the following expression
αi (k) =

max b = |x1 − x2 |
k

(23)

subject to |1 − F (x, k)| < ε ∀ x ∈ [x1 ; x2 ], where ε is a design
factor defined so as to reduce the oscillation of the flat level
and b is the width of the flat part of the wave, as shown in
Fig. 4. Choosing ε = 0.005, the solution of the optimization
problem indicates that the wave with the largest flat portion
is obtained for k = 0.1157. This condition yields α1 = 1.1587
and α3 = 0.1588 (α3 /α1 = 0.137). However, the practical implementation and experimental results obtained by using this
relationship led to undesired oscillations of the flat portion of
the air gap induction. Therefore, in order to minimize the oscillations, the design factor ε had to be further reduced and the
optimization procedure repeated resulting in α3 /α1 = 0.107.
This relationship proved to be better, considering the practical
implementation and the approximations introduced in the model
as it results in an air gap induction with a flat portion and no
oscillation. Thus, α3 /α1 = 0.107 was used for the experimental
tests presented in Section V.
To achieve the required trapezoidal induction waveform in
the air gap, an appropriate combination for the fundamental
3 , must
1 and B
and the third-harmonic induction amplitudes, B

Authorized licensed use limited to: UNIVERSIDADE DO ESTADO DE SANTA CATARINA. Downloaded on December 8, 2008 at 06:09 from IEEE Xplore. Restrictions apply.

1050

IEEE TRANSACTIONS ON ENERGY CONVERSION, VOL. 23, NO. 4, DECEMBER 2008

be found. This optimized combination can be obtained from a
comparison of (5) and (22) as described next.
1 is proportional to Is and W
1 , while
According to (6), B
1
s



according to (7), B3 is proportional to I3 and W3 . Considering
1 and W
3 , it is noticeable
that (4) implies different values for W
that to obtain a trapezoidal flux density in the air gap under one
pole, the stator currents cannot have the same shape as the air
gap induction wave.
The amplitude of the fundamental and the third-harmonic
stator currents that must be imposed to obtain the trapezoidal
waveform can be calculated using (24) and (25). These equations
are obtained by comparison of (19) and (22) for the no-load
 r = 1)
 r = 1 and K
condition case (K
1
3
1
√
2B
I1s ref = I1s ref 2 =
1
ms W

(24)

3
√
2B
I3s ref = I3s ref 2 =
.
3
ms W

(25)

Fig. 5.

Stator current and corresponding air gap induction.

3 /B
1 , the corresponding reThus, for a given relationship B

lationship between the currents I3 and I1 is
1 B
3
W
I3
=
.
3 B
1
I1
W

(26)

It can be seen from (26) that the relative amplitude between
the third harmonic and fundamental currents is different from the
relative amplitude between the fundamental and third-harmonic
induction waves.
In order to assess the influence of the relationship between
the fundamental and the third-harmonic stator current components on the induction waveform, several simulations have been
performed using [6], [7], and [19]. For a five-phase machine,
3
with q = 2 and full pitch winding, the relationship between W



and W1 is W3 ≈ 1/3W1 , resulting in
3
I3
B
≈3 .
1
I1
B

(27)

This fact is illustrated in Fig. 5, where the third-harmonic
current amplitude is 40% of the fundamental wave, while the
corresponding third-harmonic induction wave is 14% of the
fundamental wave.

Fig. 6. Steady-state equivalent circuits of five-phase induction machine.
(a) Fundamental. (b) Third harmonic.

From the equivalent circuit of the fundamental [see Fig. 6(a)],
the following voltage equations result:
s
s
s
 sh1 (I r1  + I s1 )
V 1 = Rs I 1 + jωe Lsδ I 1 + jωe L

0=
B. Stator Reference Voltage Design
In the proposed V/f control scheme, stator voltages are imposed based on reference values for the voltages. The reference
voltages have to be determined in such a way that at steady state,
the required currents flow in the machine. The fundamental and
third-harmonic stator reference voltages are obtained using the
steady-state model of a five-phase induction machine. This task
can be performed using the corresponding equivalent circuits
for each harmonic component, both shown in Fig. 6. It should
be noticed that both circuits are completely independent from
each other.

R1r  r 
I1
s

r

r

(28)

 s (I + I )
+ jωe Lrδ 1 I 1 + jωe L
1
h1 1
s

(29)

where
R1r  = R1r

s
L
h1
r
L

(30)

h

Lrδ 1 = Lrδ 1

s
L
h1
r
L

(31)

h

 r = Lr
L
h
h

mr
mr − 1

 s = ms L
 ss .
L
h1
2 1
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Block diagram of control scheme.

A similar set of equations can be derived from the equivalent
circuit of the third harmonic [see Fig. 6(b)]:
s
s
s
 sh3 (I r3  + I s3 )
V 3 = Rs I 3 + j3ωe Lsδ I 3 + j3ωe L

0=

R3r  r 
I3
S

TABLE I
PROTOTYPE DATA

(34)

r
 sh3 (I r3  + I s3 ) (35)
+ j3ωe Lrδ 3 I 3 + j3ωe L

where
R3r  = R3r

s
L
h3
r
L

(36)

h

Lrδ 3 = Lrδ 3

s
L
h3
r
L

(37)

h

 ss .
 s = ms L
L
(38)
h3
2 3
Using (28) and (34), the reference voltage at rated frequency
r
r
and no-load condition (I 1 = 0 and I 3 = 0) can be stated as
s |
V1s ref = I1s ref |Rs + jωe Lsδ + jωe L
h1

(39)

 sh3 |.
V3s ref = I3s ref |Rs + j3ωe Lsδ + j3ωe L

(40)

TABLE II
PROTOTYPE PARAMETERS

C. Proposed Control Scheme
Fig. 7 shows a schematic diagram of the control scheme. The
structure is similar to the open-loop constant V/f method, where
a new block has been added (dashed line). This new block generates voltage references for the third-harmonic voltage component using fe as the reference frequency. The magnitudes of the
v 3 ,
 v 1 and K
reference voltages are dictated by the constants K
calculated from (39) and (40), as
√
V1s ref 2

Kv 1 =
(41)
fb
√
V3s ref 2

Kv 3 =
(42)
fb
where fb is the base frequency.
IV. EXPERIMENTAL SETUP
In order to validate and evaluate the performance of the control scheme, a test bed was implemented and tested on a fivephase prototype machine built in the frame of a 3/4 HP induction motor of 220 V. The basic data of this machine are listed in
Table I and the main parameters are shown in Table II. All the

parameters used for the simulation were determined from the
machine data and according to [15]. During the tests, the air gap
induction was measured using the induced voltage in the search
coil with integral pitch. The search coil sides are located in the
air gap in the middle of a slot opening. In this way, the signal
produced by this coil has the same waveform as the resulting air
gap induction.
Fig. 8 shows the block diagram of the hardware used to obtain the results. The Matlab/Simulink program is installed on the
personal computer together with the respective packages for real
time, simulation, and control. Signals coming from the machine,
such as rotor speed, stator currents, stator voltages, and the induced voltage at the search coil terminals are acquired through
a specific data-acquisition board. The five-phase inverter is
implemented using two three-phase inverters. The PWM method
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Fig. 8. Experimental setup used to evaluate the performance of the proposed
control scheme.

used in the tests is the carrier-based PWM with switching frequency of 20 kHz. Second-order low-pass filters are used to
perform the current and voltage measurements. The experimental setup has also a programmable load consisting of a dc motor
operating in four quadrants.
V. SIMULATION AND EXPERIMENTAL RESULTS
Prior to the experimental tests, several simulations have
been performed using built-in toolboxes available in Matlab/
Simulink. Furthermore, additional blocks with the mathematical models of the experimental setup components were used for
the simulation.
The first set of tests was carried out to validate the phase
relationship of the third-harmonic and fundamental component
of the stator current regarding the production of a trapezoidal
induction waveform in the air gap. These tests also allowed to
evaluate the accuracy of the machine parameters used in the
model as they include practical approximation factors concerning saturation and slotting effects. These factors introduce a
correction in the values of the inductances in order to account
for the iron saturation and magnetic field distortion caused by
the presence of slots (Carter factor). The relationship between
fundamental and third-harmonic induction components used is
α3 /α1 = 0.107, which was determined by applying the optimization process described in Section III-A.
Figs. 9–11 show the stator current and air gap induction under
three different load conditions, where the following factors have
 v 1 = 1.278 V/Hz, and
been used for all cases: fb = 60 Hz, K

Kv 3 = 0.229 V/Hz, fb being the base frequency.
Fig. 9 refers to the no-load condition. In Fig. 9(a), the imposed phase-to-neutral stator voltage is plotted, and in Fig. 9(b),
the stator current waveform is shown. With the given harmonic
voltage combination, the air gap induction attains the required
waveform, as it can be seen in Fig. 9(c). It must be pointed out
that the harmonic content of the voltage, current, and air gap
induction are different, as presented in Table III. This difference
can be better understood, considering the fact that the resulting
air gap induction is produced by currents flowing in all five
phases. Besides, according to (2), the air gap induction is influenced by the way the windings are distributed in the stator slots,
as described in Section II. Therefore, the current and air gap in-

Fig. 9. Simulation and experimental results of the control scheme with no
load. (a) Stator voltage. (b) Stator current. (c) Induced voltage.

duction will have different waveforms. The difference between
current and voltage waveforms can be explained, considering
that (39) and (40) define a different relation between fundamental and the third harmonic for the voltage in comparison to the
same relation for the current components. For the no-load case,
the phase difference between the fundamental and the thirdharmonic current is about 180◦ , while the phase difference in
the air gap induction and the stator voltage is near to zero. In
the limit case with no slip (s = 0), the phase difference of the
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Fig. 10. Simulation and experimental results of the control scheme with 1 Nm
load. (a) Stator voltage. (b) Stator current. (c) Induced voltage.

Fig. 11. Simulation and experimental results of the control scheme with
2.7 Nm load. (a) Stator voltage. (b) Stator current. (c) Induced voltage.

current components would tend to 180◦ . Comparing the simulated curves with the experimental curves, a good agreement
between them could be observed, especially in the induced voltage in the search coil. The differences in the simulated and
measured currents are introduced by the effects not entirely
included in the model, such as slotting and saturation effects.
These factors affect basically the values of the inductances in a
form very difficult to determine using analytical methods.

The imposed stator voltage should result in a trapezoidal air
gap induction with about 10.7% of the third-harmonic content.
The experimental results show a relation very close to this value
in practically all load conditions (10%) as can be seen in the
corresponding columns in Table III.
Similar tests have been carried out with load torques ranging
from 1 Nm (40% of rated torque) to 2.7 Nm (100% of the rated
torque). The experimental and simulated results for the case of
1.0 Nm are shown in Fig. 10 and Table III. Applying the same
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TABLE III
HARMONIC COMPONENTS

TABLE IV
EXPERIMENTAL RESULTS

voltage as in the no-load case, a trapezoidal induction waveform is produced in the air gap. However, the current waveform
changed. Comparing Figs. 9(b) and 10(b), it can be observed
that the phase difference between the harmonic components has
also changed. The results for 2.7 Nm are presented in Fig. 11
and Table III. The applied voltage, as given by (39) and (40), has
not been changed. It can be observed that for all load conditions,
the resulting air gap induction was kept trapezoidal as required.
On the other hand, the stator current waveform changes significantly. This change can be explained considering that the equivalent circuit of each harmonic has a different input impedance.
These impedances change with the load condition in a different
way, resulting in a different waveform for the current for each
load condition. The change in the current can also be explained
by considering that the resulting field in the air gap under load
is produced not only by the stator current but also by the rotor
currents, as stated by (15)–(19). The air gap field is produced by
the composition of the rotor and stator field, each one produced
by its corresponding current. Thus, the relationship between stator and rotor currents change with the load condition in order
to maintain the same air gap induction waveform. In this way,
the desired trapezoidal air gap induction is produced by stator
currents having a waveform different from a trapezoidal. The
results for the loaded machine also show that the simulated and
measured curves agree very well.
In order to make a comparison of the developed control
scheme with the conventional V/f control method employing
only the fundamental voltage, several tests have been performed
 v 1 = 1.137 V/Hz. For these tests,
 v 3 = 0 V/Hz and K
with K
the machine was fed with a pure sinusoidal voltage, with fb =
60 Hz, producing a sinusoidal air gap induction. In addition,
 v 1 was adjusted so that the peak air gap induction
the factor K
achieves the same value as in the proposed control scheme. The
measured induced voltage is shown in Fig. 12.
Table IV summarizes the experimental results of both control
techniques for different load conditions. For light-load condition
(less than 50%), the rms value of the current for the developed
control scheme is higher than the rms current with only the
fundamental present (conventional V/f method). At no load, an

Fig. 12. Measured induced voltage (air gap induction) employing the proposed
method and conventional V/f method.

increase in the rms current of about 20% is observed. However,
the difference in the rms current decreases as the machine load
increases, as shown in Table IV. For heavy machine loading
(above 50%), the rms current with the third harmonic becomes
lower than the rms current flowing when only the fundamental
current is present. At 75% load, the proposed scheme produces
an rms current 4% less than the conventional method, and at
100%,it produces 7% less rms current. This means that the
rated torque can be produced with lower stator currents and
about 14% lower stator winding losses. The torque/ampere ratio
is also increased by about 7%.
Table IV also shows that the rms value of the induced voltage in the search coil increases with the inclusion of the thirdharmonic current component; this increase being mainly due to
the additional third-harmonic field produced in the air gap.
The practical results regarding the rotor speed at different
load conditions show a speed increase when the developed control scheme is used, leading to a corresponding increase in the
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mechanical power available on the shaft of about 4%. This
increase in speed results in lower slip values and lower rotor currents. The reduction in the rotor current also results in
lower losses in the rotor circuit. These facts allow to conclude
that the use of a trapezoidal air gap induction can, in fact, increase the torque and power capability of the machine. The same
torque is produced with lower currents and lower winding losses.
The exact increase in the power capability is not trivial to state,
as the change in the magnetic losses has not been considered
here [17]. As shown in [18] and [19], a rectangular air gap induction changes the losses in the iron parts. Depending on the
losses division between hysteresis and eddy current losses,
the magnetic losses can be increased or decreased. In addition,
the temperature rise in the machine has also to be accounted to
establish the actual machine capability improvement. In order
to have a deeper insight into the torque improvement, a test was
undertaken allowing the load torque to increase until the stator
current achieves the rated value (2.9 A). Under this condition,
a torque of 3.10 Nm was measured. Therefore, assuming that
the magnetic losses do not change and that the temperature rise
does not exceed the value observed with the conventional V/f
method, an increase in the torque capability of about 15% can
be achieved under steady state. Under the same condition, an
increase in the power capability of about 18% was observed
when compared to the output power obtained for the same rms
stator current using the conventional V/f method.
v 1
It is worthwhile to point out that despite the factors K

and Kv 3 having been adjusted to result in nearly trapezoidal
induction at no load, their values assure practically the same air
gap waveform even under load. This came from the fact that
the terminal voltage was imposed by the inverter. On the other
hand, the terminal voltage is balanced by the voltage induced
by the resulting air gap field plus the voltage drop in the leakage
reactance and the winding resistance. However, this voltage drop
is much smaller than the air gap induced voltage and its influence
can be disregarded. Hence, imposing the same terminal voltage
under different load conditions practically imposes a constant
induced voltage, and as a consequence, also imposes a constant
air gap field. The currents, however, change to produce the
necessary field.
To limit the scope of the paper, issues such as efficiency, power
factor, and machine temperature rise have not been addressed in
this paper, as they are complex issues making a fair comparison
between control strategies including third-harmonic inclusion
very difficult.
VI. CONCLUSION
This paper introduced a V/f-based control method for fivephase induction machines that generates a trapezoidal induction
waveform in the air gap. This waveform best approximates the
ideal waveform and is obtained by producing a third-harmonic
induction component in the air gap. First, an optimal relationship between the fundamental and the third-harmonic induction
components is determined, aiming to approximate a trapezoidal
waveform. Using the machine steady-state model, an optimal relation for the applied voltage was determined and used to design
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the reference voltages. The proposed control scheme was simulated and applied to a prototype machine running under different
load conditions. At steady state, the experimental results show
that under light-load conditions (less than 50%), the conventional V/f method produces torque with lower rms current and
lower stator losses. For load above 50%, the developed method
performs better than the conventional method, as the same load
torque is produced with lower stator and rotor currents. For the
proposed control scheme, the rated torque is obtained with 7%
less stator current and 14% less winding losses than the rated
value. Furthermore, the rated torque is obtained with a lower
slip, and thus, with lower rotor losses. If the stator rms current is
allowed to increase up to the rated value and assuming that the
magnetic losses do not change significantly, a torque increase of
about 15% is obtained together with an increase of 18% in the
output power. The torque increase comes from the additional
torque produced by the third-harmonic current and induction
component.
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1989 and 1995, respectively.
He is currently a Professor of electrical, control
and computer engineering at PUCRS. His current research interests include the development of robust
nonlinear control techniques applied on electric machines, power electronic devices, and mobile robots.

Authorized licensed use limited to: UNIVERSIDADE DO ESTADO DE SANTA CATARINA. Downloaded on December 8, 2008 at 06:09 from IEEE Xplore. Restrictions apply.

