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Harmonic Currents Injection Strategy With Optimal
Air Gap Flux Distribution for Multiphase

Induction Machine
Yan Wang , Jiaqiang Yang , Member, IEEE, Guanghui Yang , Sheng Li, and Rongfeng Deng

Abstract—The proposed technique focuses on the nonsinusoidal
power supply control strategy aiming to obtain the optimal air
gap flux density distribution. The electrical constraints for the
alignment between rotated fundamental and harmonic air gap flux
are illustrated in detail. The supporting simulation is performed to
analyze the misaligned angles between fundamental and harmonic
air gap flux for the traditional methods. Different from traditional
flux-oriented methods, the improved algorithm for harmonic cur-
rents injection is designed based on rotor flux orientated control in
fundamental plane and air gap flux orientated control in harmonic
planes. The synchronous and aligned control of the fundamental
and harmonic air gap flux is achieved regardless of load condition.
The experimental verification is implemented based on a multi-
phase driving platform using a seven-phase induction machine as
prototype. Various scenarios are provided for the proposed control
strategy comparing with the traditional ones in terms of induced
electromotive force waveforms, harmonic currents, and advance
angles of air gap flux. The simulated and experimental results
validate the theoretical assumption and the effectiveness of the
proposed method.

Index Terms—Air gap flux orientated, multiphase induction
machine (IM), nonsinusoidal power supply, optimal air gap flux
distribution.

NOMENCLATURE

θ Rotation Angle of the magnetic fields.
ω Electrical angular velocity.
δ Angle between air gap flux and d1-axis.
α Angle between air gap flux and rotor flux.
C Gain of air gap flux density.
B Amplitude of air gap flux density.
ψ,�ψ Flux linkage and its phasor quantity.
R,L Resistance and inductance.
U ,i Voltage and current.
l,τ Length of iron core and pole pitch.
n,p Number of phase and number of pole pair.
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N Number of series turns per phase.
p Differential operator.
T Electromagnetic torque.
M Transformation matrix.
ζ1−4 Angle between two phasors.

Subscripts

f Slip component.
υ Harmonic order.
s, r, g Stator, rotor, and air gap component.
m, σ Magnetizing and leakage component.
d,q Rotation coordinate system direct and quadrature axis.
1,2,3 Fundamental, third harmonic, fifth harmonic planes.

I. INTRODUCTION

MULTIPHASE machines show remarkable advantages in
industrial applications of high-power, high-reliability,

and high torque density, such as vessel electric propulsion, more
electric aircraft, locomotive traction, and electric vehicle [1].
The inherent features of power splitting, better fault tolerance,
and additional degrees of control freedom provoke the upward
research in multiphase induction machine (IM) [2]. Consider-
able efforts have been devoted in fields of designing, modeling,
and controlling of multiphase machine for several decades [3],
[4]. Recent research progresses support the future widespread
application prospect for multiphase machines [5]–[8].

Nonsinusoidal power supply is one of the prominent appli-
cations for multiphase IM. The enhancement for torque density
and power density can be obtained through injecting harmonic
currents [9]. The stable and smooth torque can be achieved
by the interaction of harmonic currents and the corresponding
harmonic magnetic flux. The sinusoidal fundamental magnetic
flux can be effectively increased without saturating the iron core
by reshaping the waveform of air gap flux quasi-trapezoidal.
Benefiting from the enhanced amplitude of fundamental flux,
the torque improvement of approximately 10% can be achieved
when comparing with conventional three-phase machine fed
by sinusoidal power supply [10], [11]. The high transient and
good steady performance have been achieved for a five-phase
IM supplied by the combined fundamental and third harmonic
currents [12]. The robustness of the nonsinusoidal power supply
controller has been studied and verified by bifurcation anal-
ysis [13].
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The ratios for the fundamental and harmonic flux density are
optimized based on genetic algorithm to obtain the best iron
utilization [14]. A comparative study for assessing the torque
enhancement with different phase number was provided in [15].
A conclusion has been drawn that the torque density is not
increasing along with the rise of phase number and the order
of injected harmonic currents, because the width of back iron
should be enlarged considering the extra stator yoke flux. In [16],
it has been confirmed that the torque density and efficiency can
be effectively improved by nonsinusoidal power supply under
heavy load condition and it is not suitable for light load condition
due to the additional harmonic magnetizing currents. The air
gap and yoke flux density have been optimized simultaneously
to avoid the saturation of stator back iron with nonsinusoidal
power supply in [17].

Much attention has been drawn to determine the gains of
the harmonic current or harmonic voltage [18]–[21], which is
the critical issue to acquire the optimal enhancement in torque
density and efficiency. The ratios of the injected third harmonic
currents for direct-axis and quadrature-axis are both defined
at constant 15% of the corresponding fundamental currents
in the previous studies [18]. The strategy adopted in [19] is
distinctive that the voltage-controlled method is employed to
acquire the nearly trapezoidal supply terminal voltage. Different
weighted combinations for the fundamental and third harmonic
components are analyzed in [20], which reveals that the 13%
harmonic voltage of the fundamental one is suitable for weak
saturation and the harmonic ratio should be increased to around
40% for oversaturation condition. In [21], the air gap flux of
a five-phase IM is optimized under the constant V/f control
scheme for both the fundamental and harmonic planes, simulta-
neously the command third harmonic voltage is calculated based
on the IM equivalent circuit. Simplification has been adopted
in [21] that the induced electromotive force (EMF) waveforms
are deemed approximately with the supply voltage considering
the neglected stator resistance voltage drop. The amplitude and
phase position of air gap flux cannot be precisely controlled
by injecting the fixed ratio of harmonic currents or through the
simple voltage-control method.

The improved synchronization control schemes based on
the flux-oriented method have been widely adopted in recent
studies [22], [23]. The relative position of the fundamental and
harmonic rotating magnetic fields can be locked synchronously
by restricting the fundamental and harmonic slip frequencies
as equal [22]. Nevertheless, the harmonic currents algorithm is
still designed with the aim of rotor flux control rather than the air
gap flux control. A remedy is proposed in [23] that the advance
angle for air gap flux relative to the rotor flux has been taken
into account to avoid the misalignment of the fundamental and
harmonic air gap flux under heavy load condition, whereas the
constraint for the fundamental and harmonic slip frequencies are
ignored.

A brief summary can be drawn that neither the open-loop
voltage-control nor the rotor flux-oriented control scheme [9]–
[22] can provide the perfect alignment of the fundamental
and harmonic air gap flux. In this article, an improved solu-
tion for harmonic currents injection is presented with a novel

Fig. 1. Distorted waveforms of the air gap flux under different misaligned
angles between fundamental and harmonic planes.

field-oriented method. The synchronous and aligned control of
the fundamental and harmonic air gap flux can be achieved
irrespective of the load condition and rotor leakage flux linkage.
The rest of this article is organized as follows. In Section II, the
electrical constrains for the optimal control of fundamental and
harmonic air gap flux are clarified based on the time-space rela-
tionship of flux phasor quantities. Afterwards, the misalignment
between the fundamental and harmonic air gap flux are inves-
tigated for the traditional methods. In Section III, the proposed
control scheme is elaborated to avoid the exposed drawbacks and
the proposed harmonic currents injecting algorithm is deduced in
steps. In Section IV, the experimental validations are carried out
based on the multiphase machine driving system controlled by a
dSPACE processor. The analysis and comparisons are performed
in aspects of the advance angles, harmonic currents, slip fre-
quencies, and induced EMF waveforms to further illustrate the
advantage of the proposed method. Finally, Section V concludes
the article.

II. PHASE MISALIGNMENT ANALYSIS

In this section, the phase misalignment between the funda-
mental and harmonic air gap flux is analyzed for the two tra-
ditional harmonic current injecting strategies. The flux density
distribution will be distorted as the axes of the fundamental and
harmonic flux mismatching with each other, which is shown in
Fig. 1. The disadvantages caused by this established problem
have been described in Section II of [23]. The analysis results
reveal that the misaligned angles give rise to the undesirable
harmonic components in air gap flux and introduce the core
saturation, which will further deteriorate the performance in
terms of torque ripple and iron loss. The complementary analysis
for flux density distribution is drawn in Fig. 2; obviously, the
teeth saturation and the asymmetry of flux density distribution
become severe as the misaligned angles are increasing.

A. Constraints for Optimal Air Gap Flux Distribution

The electrical constraints for the desired alignment of funda-
mental and harmonic air gap flux are elaborated and summarized
in this part. The synthetic air gap flux density which is time-space
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Fig. 2. Flux density distribution with different misalignment angles. (a) 0°.
(b) 10°. (c) 20°. (d) 30°.

Fig. 3. Distribution of the rotor flux and air gap flux.

varied can be given as

Bg(θ, t) = C1B1[sin(θ1 + δ1) + C3 sin(θ3 + δ3)] (1)

where C1 = 1.155 and C3 = 0.167 are the optimized propor-
tionality coefficients using genetic algorithm [14].

The spatial distributions for the rotor flux and air gap flux are
drawn in Fig. 3. Under such circumstances, the maximum uti-
lization of the fundamental flux can be achieved without the core
saturation for any point of the distributed air gap flux density.
The precise control of the relative positions and amplitudes of
the rotating fundamental and harmonic air gap flux are essential
for shaping the ideal waveforms of synthetic air gap magnetic
field.

To keep the rotated air gap magnetic field distributing with
quasi-trapezoidal waveforms, the relative position for the fun-
damental air gap flux and harmonic air gap flux should be
synchronously locked under arbitrary rotor speed and load con-
dition. Thus, the air gap spatial electrical angles of fundamental
and harmonic planes must meet the relationship of

θ1 + δ1 =
1

3
(θ3 + δ3). (2)

To obtain the smooth and stable electromagnetic torque, the
rotating speeds of the fundamental and harmonic magnetic fields
should be kept synchronous, which can be given as

θ1 =
θ3
3
. (3)

Fig. 4. Flux linkage phasor diagrams of fundamental and third harmonic
planes for the traditional nonsinusoidal power supply control strategies.

The fundamental and third harmonic synchronous rotating
electrical angles can be described as

θ1 =

∫
(ωr+ωf1)dt (4a)

θ3 =

∫
(3ωr+ωf3)dt. (4b)

As the fundamental and harmonic rotor electrical angular
velocity inherently meet the relationship of multiple of three
times, thus the slip electrical angular velocity of fundamental
plane and harmonic planes must follow the constraint of

ωf3 = 3ωf1. (5)

In addition, the advance angles for the fundamental and
harmonic air gap flux in respect to the corresponding rotor flux
should be satisfied with

δ3 = 3δ1. (6)

The amplitudes of the fundamental and third harmonic air gap
flux linkage can be expressed as∣∣∣�ψm1

∣∣∣ = N ·B1 · l · τ (7a)∣∣∣�ψm3

∣∣∣ = N · C1 · C3 ·B1 · l · τ
3
. (7b)

Therefore, the constraint for amplitudes can be derived as∣∣∣�ψm3

∣∣∣ = C1 · C3

3
·
∣∣∣�ψm1

∣∣∣ . (8)

The optimal air gap flux distribution can be obtained under
arbitrary load condition if the three constraints (5), (6), and (8)
are achieved simultaneously.

B. Traditional Control Strategies

For the voltage-controlled frames, the impedance voltage drop
of stator winding is usually disregarded and the control target
is focused on the supply voltage rather than the induced EMF
[19]–[21]. For the current closed-loop control schemes, the rotor
leakage flux is usually neglected and the attention is toward the
rotor flux control rather than the air gap flux control, as described
in [9], [16], and [22]. However, the ideal air gap magnetic field
distribution is difficult to obtain under heavy load condition.
Two conventional nonsinusoidal power supply strategies [22],
[23] based on rotor flux-oriented control scheme are taken into
discussion.

The fundamental and harmonic flux phasor diagrams are
drawn in Fig. 4 and the rotor flux orientated control (RFOC)
is applied on both the fundamental and harmonic planes. The
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Fig. 5. Modified flux and current phasor diagram for traditional method II.

d-axis and q-axis harmonic currents for traditional method I are
given by

isdυ =
Cυ

υ

Lm1

Lmυ
isd1 (9a)

isqυ = Cυ
Lm1

Lmυ

Lrυ

Lr1

Rr1

Rrυ
isq1. (9b)

The slip frequencies of each plane are restricted as equal, so
that the fundamental and harmonic rotating magnetic fields can
be controlled synchronously. However, it has been explained
that the constraint for the advance angles (6) cannot be guar-
anteed, which may induce serious misalignment between the
fundamental and harmonic air gap magnetic fields under heavy
load conditions [23]. The d-axis and q-axis harmonic currents
for traditional method II are expressed as

isdυ =
Lrυψmυ

LmυLrσυ
sin

(
υ · sin−1

(
Lm1Lrσ1isq1
Lr1ψm1

))
(10a)

isqυ =
ψmυ

Lmυ
cos

(
υ · sin−1

(
Lm1Lrσ1isq1
Lr1ψm1

))
. (10b)

The control target has been converted to the air gap flux
in traditional method II. However, the flux-oriented method
still follows the flux phasor relationship drawn in Fig. 4. The
constraints for advance angle (6) and amplitude of air gap flux (8)
are both considered, while the constraint for slip frequency (5)
was neglected, which makes the theoretical derivation reason-
able only under no-load condition. The two traditional methods
cannot meet the three constrains simultaneously.

The command synchronous rotating speed of third harmonic
plane is given based on the fundamental one [23]. Hence, the
fundamental and harmonic slip frequencies are forced to equality
due to the same rotor speed. It should be claimed that the rotor
flux is oriented based on the d3-axis shown in Fig. 4 while
calculating the third harmonic slip frequencies. However, the
actual third harmonic rotor flux will deviate from d3-axis under
load condition. The constraint (6) for advance angle may be no
longer valid due to the change in the actual flux phasor diagram.
It is necessary to identify the actual position of the harmonic
air gap flux for the following analysis. The modified phasor
diagram for traditional method II is drawn in Fig. 5. Based on
the precondition of the relationship between fundamental and

TABLE I
MAIN PARAMETERS OF THE PROTOTYPE

TABLE II
PARAMETERS OF SEVEN-PHASE IM USED FOR MODELING AND DRIVING

harmonic slip angular frequencies (11), the actual third harmonic
advance angle δ3 shown in Fig. 5 can be derived through the
following:

ωf3 = 3ωf1 =
isq3r
isd3r

Rr3

Lr3
(11)

ζ1 = arctan

(
isq3
iisd3

)
(12)

ζ2 = arctan
isq3r
isd3r

= arctan

(
3ωf3

Lr3

Rr3

)
(13)

is3 =
√
i2sd3 + i2sq3 (14)

isd3r = is3 cos ζ2, isq3r = is3 sin ζ2 (15)

ψr3 = Lr3isd3r, ψrσ3 = Lrσ3isq3r (16)

ζ4 = arctan

(
ψrσ3

ψr3

)
(17)

δ3 = ζ3 + ζ4 = (ζ1 − ζ2) + ζ4. (18)

C. Simulation Analysis

The deviation of the phase angle between fundamental and
harmonic air gap flux was discussed for the two traditional
approaches. A self-designed seven-phase IM with concentrated
and full-pitch windings is regarded as prototype. The machine
specifications are presented in Table I. The resistance and induc-
tance parameters of the seven-phase IM used for modeling and
experiment are listed in Table II, which are obtained through the
analytical method [24] and the offline estimation [25].

Under ideal no-load condition, the rotating air gap flux of
fundamental and harmonic planes will be naturally aligned
with each other as the rotor leakage flux is zero. The advance
angles of air gap flux δ1 and δ3 depend on the load torque
and rotor leakage flux. The comprehensive analysis for the
misaligned angles is performed with the extended range of load
torque and rotor leakage inductance. It must be noted that the
rotor leakage inductance is usually deemed as constant for the
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Fig. 6. Misaligned angle under extended range of load torque and rotor leakage
inductance for traditional method I. (a) Variational fundamental rotor leakage
inductance. (b) Variational third harmonic rotor leakage inductance.

specific machine, therefore the various rotor leakage inductance
is utilized to explore the misaligned angles beyond the limitation
of the prototype machine.

The misaligned angles for different combinations of leakage
inductance and load torque are scanned for traditional method I.
In Fig. 6(a), the rotor leakage inductance of third harmonic plane
is fixed at the nominal value 3.5 mH and the fundamental one
varies from 3 to 9 mH. Whereas in Fig. 6(b), the fundamental
rotor leakage inductance is fixed at the nominal value 6 mH and
the third harmonic one varies from 2 to 8 mH. The misaligned
angles become large as the load torque increases, meanwhile
the situation becomes serious with the rising of the difference
between fundamental and harmonic rotor leakage inductance.
The misaligned degree is relatively slight when the fundamental
and third harmonic rotor leakage inductances are close to each
other.

The scanned misaligned angles for traditional method II
are depicted in Fig. 7. The fundamental air gap flux may be
ahead of or lag the harmonic one at different load conditions.
For traditional method I, it shows linear characteristic for the
relationship between misaligned angle and load torque, while
it becomes nonlinear for traditional method II. The misaligned
angles may be larger for the light load than the heavy load con-
ditions. The deviation between the fundamental and harmonic
air gap flux may disappear or be negligible with some spe-
cific combinations of load torque and rotor leakage inductance,
whereas the deviation cannot be tolerated for most conditions.
The ideal alignment for the fundamental and harmonic air gap
flux cannot be achieved for arbitrary load condition and arbitrary

Fig. 7. Misaligned angle under extended range of load torque and rotor leakage
inductance for traditional method II. (a) Variational fundamental rotor leakage
inductance. (b) Variational third harmonic rotor leakage inductance.

combination of the fundamental and harmonic rotor leakage
inductance.

III. PROPOSED CONTROL STRATEGY

In this section, the harmonic currents injecting strategy is
reconstructed based on the novel flux-oriented scheme. Ac-
cording to the spatial distribution of air gap flux shown in
Fig. 3, the axis of fundamental rotor flux (d1-axis) should be
deemed as the referenced axis while calculating the advance
angle for both the fundamental and harmonic air gap flux. If
the d-axis for fundamental and third harmonic planes is both
rotor field-oriented, the d1-axis and d3-axis are along with the
same direction as described in Fig. 4. The advance angle of air
gap flux varies with the load current, so that it is difficult to
meet constraint (6) under arbitrary load torque based on such
field-oriented method.

To avoid the contradiction when the three constrains (5), (6),
and (8) are expected to achieve simultaneously based on the
traditional rotor flux-oriented frame, the air gap flux-oriented
method is applied on the harmonic planes in the proposed
method. The proposed flux linkage phasor diagrams for the
fundamental and third harmonic planes are drawn in Fig. 8. The
d1-axis is fixed on the fundamental rotor flux axis, while the
d3-axis is fixed on the third harmonic air gap flux axis. The
third harmonic advance angle δ3 is determined based on the
fundamental one δ1, which depends on the load condition and
rotor leakage flux. The harmonic currents injecting algorithm
can be deduced based on the proposed flux-oriented method
with the following equations (19)–(39).
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Fig. 8. Flux linkage phasor diagrams of fundamental and third harmonic
planes for the proposed nonsinusoidal power supply control strategy.

The derivations of the proposed method are based on the
two-phase rotating coordinate system. The stator and rotor flux
linkage equations of fundamental plane can be written as

ψsd1 = Ls1isd1 + Lm1ird1 (19a)

ψsq1 = Ls1isq1 + Lm1irq1 (19b)

ψrd1 = Lm1isd1 + Lr1ird1 (19c)

ψrq1 = Lm1isq1 + Lr1irq1. (19d)

The fundamental air gap flux linkage can be written as

ψmd1 = Lm1(isd1 + ird1) (20a)

ψmq1 = Lm1(isq1 + irq1). (20b)

The d-axis and q-axis rotor currents of fundamental plane
under steady-state condition can be given as

ird1 = 0 (21a)

irq1 = −Lm1

Lr1
isq1. (21b)

Substituting the rotor currents (21a) and (21b) into the funda-
mental air gap flux linkage (20a) and (20b) yields

ψmd1 = Lm1isd1 (22a)

ψmq1 = Lm1

(
1− Lm1

Lr1

)
isq1. (22b)

Therefore, the amplitude of fundamental air gap flux linkage
can be obtained as

∣∣∣�ψm1

∣∣∣ = √
ψ2
md1 + ψ2

mq1 = Lm1

√
i2sd1 +

(
1− Lm1

Lr1

)2

i2sq1.

(23)
Meanwhile, the air gap flux linkage equations in third har-

monic plane can be given by

ψmd3 = Lm3(isd3+ird3) (24a)

ψmq3 = Lm3(isq3+irq3). (24b)

As the rotating frame of third harmonic plane is air gap flux
oriented, the d-axis component is the air gap flux linkage and
the q-axis component is zero, which can be written as

ψmd3 = ψm3 (25a)

ψmq3 = 0. (25b)

Combining (24b) and (25b) yields the relationship of the stator
and rotor q-axis currents in third harmonic plane

isq3=− irq3. (26)

The rotor voltage equations of third harmonic plane can be
written as

Urd3 = Rr3ird3 + pψrd3 − ωf3ψrq3 = 0 (27a)

Urq3 = Rr3irq3 + pψrq3 + ωf3ψrd3 = 0. (27b)

The rotor flux linkage equations of third harmonic plane can
be given by

ψrd3 = Lm3isd3 + Lr3ird3 (28a)

ψrq3 = Lm3isq3 + Lr3irq3. (28b)

Substituting the rotor flux linkage (28a) and (28b) into the
rotor voltage (27a) and (27b) yields

Rr3ird3 − ωf3Lm3isq3 − ωf3Lr3irq3 = 0 (29a)

Rr3irq3 + ωf3Lm3isd3 + ωf3Lr3ird3 = 0. (29b)

Substituting (5) and (26) into the rotor flux linkage (29a) and
(29b) yields

Rr3ird3 − 3ωf1Lm3isq3 + 3ωf1Lr3isq3 = 0 (30a)

−Rr3isq3 + 3ωf1Lm3isd3 + 3ωf1Lr3ird3 = 0 (30b)

where

ωf1 =
Lm1isq1
Tr1ψr1

. (31)

Simplifying (30a) and (30b), the stator and rotor d-axis cur-
rents of third harmonic plane can be obtained as

ird3 = −3ωf1lrσ3isq3
Rr3

= Xisq3 (32a)

isd3 =
9ω2

f1Lr3lrσ3 +R2
r3

3ωf1Lm3Rr3
isq3 = Y isq3 (32b)

where

X = −3ωf1lrσ3
Rr3

, Y =
9ω2

f1Lr3lrσ3 +R2
r3

3ωf1Lm3Rr3
. (33)

Afterwards, the amplitude of air gap flux linkage for third
harmonic plane can be acquired as∣∣∣�ψm3

∣∣∣ = ψmd3 = Lm3(isd3 + ird3) = Lm3(X + Y )isq3.

(34)
Thereupon, according to the constraint for air gap flux linkage

amplitude (8), the reconstructed d-axis and q-axis stator currents
of third harmonic plane can be derived as

isq3 =
C1C3

3

Lm1

√
i2sd1 + (1− Lm1

Lr1
)
2
i2sq1

Lm3(X + Y )
(35a)

isd3 =
C1C3

3

Lm1

√
i2sd1 +

(
1− Lm1

Lr1

)2

i2sq1

Lm3(X + Y )
Y. (35b)

As depicted in Fig. 8, the d3-axis leads d1-axis by the ad-
vance angle of δ3, so that the Park transformation matrices for
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fundamental and third harmonic planes can be written as

M1 =

[
cos(θ1) sin(θ1)

− sin(θ1) cos(θ1)

]
(36)

M3 =

[
cos(θ3 + δ3) sin(θ3 + δ3)

− sin(θ3 + δ3) cos(θ3 + δ3)

]
. (37)

To meet the constraint (6), the Park transformation matrix for
third harmonic plane should be modified to

M3 =

[
cos(θ3 + 3δ1) sin(θ3 + 3δ1)

− sin(θ3 + 3δ1) cos(θ3 + 3δ1)

]
(38)

where

δ1 = arcsin

(
−Lm1lr1isq1

Lr1ψm1

)
. (39)

The electromagnetic torque based on the constant amplitude
transformation for the fundamental plane which is rotor flux-
oriented can be given as

T1 = n · P · Lm1

Lr1
· ψr · isq1 = n · P · Lm1

2

Lr1
· isd1 · isq1.

(40)
Whereas the electromagnetic torque for the harmonic planes

which is air gap flux-oriented can be deduced as

Tυ = n · υP · ψgυ · isqυ = n · υP · Lmυ · imgυ · isqυ (41)

where the equivalent magnetizing current for the air gap flux is

imgυ = isdυ + irdυ. (42)

The core saturation can be limited more effectively for the air
gap flux orientated control (AFOC) than RFOC. The air gap
field orientation is not usually applied for high performance
vector control due to relatively complicated control scheme and
nonlinear torque verse speed characteristics. The main idea of
the proposed strategy is that the fundamental plane is based on
RFOC which contributes most of the output torque, while the
harmonic plane is based on AFOC which limits the amplitude
of air gap magnetic flux. The rotor flux of the fundamental and
harmonic planes is no longer along the same direction under
load condition for the proposed control strategy.

IV. EXPERIMENTAL VERIFICATION

A. System Configuration

The experimental platform for the seven-phase IM driving
system is depicted in Fig. 9. The overall system is composed
by the self-designed seven-phase IM, alternating current servo
loader, dSPACE controller, multiphase inverter, and dc power
supply. The multiphase half-bridge inverter is constructed by
several groups of IGBT device, filter capacitors, current and
voltage sensors, etc. The information for the feedback currents
and feedback speed are measured by sensors and then recorded
through the upper computer of dSPACE with the sampling
frequency of 10 kHz.

A search coil is embedded in the surface of stator slot wedge
to acquire the waveform of air gap induced EMF, which is dis-
played in Fig. 10. The waveform of the induced EMF distributed

Fig. 9. Seven-phase IM driving platform.

Fig. 10. Position of the search coil.

Fig. 11. Block diagram for performing the nonsinusoidal power supply
control.

in time-domain corresponds identically with the spatially dis-
tributed air gap magnetic field [19], so that it can be utilized
to evaluate the performance in terms of the air gap magnetic
field distribution. The block diagram for nonsinusoidal power
supply control is depicted in Fig. 11. The conventional control
scheme which is based on the speed outer loop and current inner
loop are employed to carry out the experimental validation. The
third harmonic currents injecting methods for the traditional
methods and the proposed method are based on (9), (10), and
(35), respectively, while the fifth harmonic currents are restricted
to zero. The advance angles, slip frequencies, and RMS of phase
current are calculated using the feedback currents to perform the
analysis and comparisons.

B. Experimental results

The transient response and steady performance are compared
for the traditional and proposed methods. The speed and torque
curves are depicted in Fig. 12. The machine is operated under
no-load condition during the first two seconds (2 s) with the
referenced speed of 1000 rpm and the step load torque of 35 Nm
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Fig. 12. Torque and speed performance. (a) Traditional method I. (b) Tradi-
tional method II. (c) Proposed method.

(rated torque) is applied at 2 s. There is no distinct difference for
the three methods and it can be explained that the fundamental
plane contributes most of torque. The algorithms applied on
fundamental plane are the same for the three methods, while the
differences reflect on the harmonic currents injecting strategies.

The comparisons for the d-axis and q-axis harmonic currents
for both the traditional and proposed methods are shown in
Fig. 13. Under no-load condition, the d-axis harmonic currents
are equivalent for the three strategies and the q-axis harmonic
currents are zero. The d-axis and q-axis harmonic currents under
rated load condition are different for the traditional and proposed
schemes due to the different harmonic currents injecting algo-
rithms. As the d3-axis is leading the d1-axis under heavy load
condition for the proposed strategy, the d-axis harmonic current
is larger than the traditional ones and the q-axis harmonic current
is smaller than the traditional ones.

For traditional method I, the fundamental and third harmonic
advance angles between the air gap flux and rotor flux are
calculated from no-load to rated load conditions, which are
shown in Fig. 14. For no-load condition, the advance angles
are nearly zero as the load current is approximately zero. The
step change for the advance angles is occurred at 2 s as the rated

Fig. 13. Comparison for the harmonic currents of the traditional and proposed
methods. (a) d-axis of currents. (b) q-axis of currents.

Fig. 14. Comparison for the fundamental and harmonic advance angles of
traditional method I.

load torque is implemented. The fundamental advance angle is
ahead of the third harmonic one by about 6.9° electrical angle,
which induces the misalignment between the fundamental and
harmonic air gap flux axes. It should be mentioned that the
misalignment is more sensitive for the machine with larger rotor
leakage inductance, especially for the machine with open slots
rotor.

For traditional method II, the command slips frequencies
under no-load and rated load conditions are shown in Fig. 15.
The fundamental and harmonic slips are kept zero under no-load
and deviate from each other under heavy load condition. The
command third harmonic slip is obtained based on the assump-
tion that the third harmonic rotor flux orients with the command
d3-axis. As illustrated in Section II, the actual third harmonic
slip is restricted to equal with the fundamental one, which is
contradictory with the command value. Therefore, the actual



1062 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 1, JANUARY 2021

Fig. 15. Comparison for the fundamental and harmonic command slip fre-
quencies of traditional method II.

Fig. 16. Comparison for the fundamental and the actual harmonic advance
angles of traditional method II.

Fig. 17. Comparison of the angle alpha 3 and beta 3 for the proposed method.

harmonic rotor flux deviates from the command axis to achieve
the new balance.

The actual advance angle of third harmonic plane (18) is
compared with the fundamental one in Fig. 16. The fundamental
advance angle of air gap flux lags the harmonic one by about
5.8° electrical angle, which has the contrary characteristic with
traditional method I. It should be emphasized that the relative
position of the fundamental and harmonic air gap flux is indefi-
nite and it depends on the rotor leakage inductance and the load
currents of both the fundamental and harmonic planes.

For the proposed method, the comparison is conducted in
Fig. 17 for the angle α3, which lies between air gap flux and
rotor flux, and the angle δ3, which lies between air gap flux and
d1-axis. The directions of air gap flux and rotor flux are the same

Fig. 18. Comparison for the measured induced EMF waveform under rated
load. (a) Traditional method I. (b) Traditional method II. (c) Proposed method.

and along with d1-axis under no-load, while the third harmonic
rotor flux deviates from d1-axis under heavy load condition.
The d3-axis in third harmonic plane is fixed on the axis of third
harmonic air gap flux and the third harmonic advance angle δ3
is given by tripling the fundamental advance angle δ1, so that
the constraint (6) for the advance angle can be strictly met under
arbitrary load torque. The direction for the axis of third harmonic
rotor flux varies with load conditions and the deflected angles
relative to d1-axis depend on the rotor leakage flux linkage.

The waveforms of induced EMF under rated load condition
measured by the search coil and then processed by lowpass filter
are shown in Fig. 18. The waveforms for the traditional methods
I and II are distorted due to the misaligned angles between
fundamental and harmonic air gap flux. The left peak of the
waveforms for traditional method I is undesirably increased by
around 9.5% comparing with the nominal value, whereas the
right peak of the waveforms for traditional method II is higher
than the normal value by around 10.6%. The quantitative indexes
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Fig. 19. Comparisons for the sinusoidal and nonsinusoidal power supply.
(a) RMS of phase current. (b) waveform of the induced EMF.

are provided based on the laboratorial prototype machine, which
are not definitive for other types of multiphase IMs. The mis-
alignment between the fundamental and harmonic air gap flux
will become severe for the machine with heavier load torque
and larger difference between the fundamental and harmonic
rotor leakage inductance. The optimal flat-topped waveforms of
induced EMF can be obtained by using the proposed harmonic
currents injecting algorithm, which indicates that the undesirable
misaligned angle can be eliminated effectively.

The rms currents from no-load to rated load are depicted in
Fig. 19(a). Under no-load condition, the rms current is higher
for sinusoidal power supply in comparison with the nonsinu-
soidal power supply due to the additional harmonic magnetizing
currents. Under rated load condition, the rms current for the
proposed nonsinusoidal power supply strategy is reduced by
10.5% when comparing with the sinusoidal power supply. The
waveforms of induced EMF under heavy load condition are
compared for sinusoidal and nonsinusoidal power supply in
Fig. 19(b). The amplitudes of induced EMF under nonsinusoidal
power supply can be restricted to the same level with no salient
peak relative to the waveforms of sinusoidal power supply.

V. CONCLUSION

The simulated analyses for misaligned angles reveal that the
optimal distribution of air gap flux density cannot be acquired
under arbitrary load torque and rotor leakage flux through the
traditional rotor flux-oriented methods. It has been confirmed
that the harmonic rotor flux axis will deviate from the axis of
fundamental rotor flux axis (d1-axis) under heavy load when the

constraints for advance angles and slip frequencies are achieved
simultaneously. For the proposed nonsinusoidal power supply
strategy, AFOC is applied on harmonic planes to acquire the
universal applicability that the fundamental and harmonic air gap
flux strictly align with each other irrespective of load condition
and rotor leakage flux linkage.

Experimental qualitative analysis and quantitative indexes
are provided for the misaligned angles and the amplitudes of
induced EMF in traditional methods. The experimental studies
show the ideal quasi-trapezoidal waveforms in induced EMF
are obtained through the proposed method, which indicates the
misalignment between fundamental and harmonic air gap flux
axes can be effectively avoided under heavy load condition. The
RMS current and induced EMF waveforms have been compared
for sinusoidal power supply and the proposed nonsinusoidal
power supply strategies, and then a conclusion can be drawn
that the RMS current can be reduced by 10.5% under heavy
load condition without increasing the amplitude of any point in
the distributed air gap flux density.
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