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Generalized Harmonic Injection Strategy for
Multiphase Induction Machine Control

Omer Ikram ul Haq, Member, IEEE, Yixuan Wu, Graduate Student Member, IEEE, Luca Peretti, Senior
Member, IEEE, Sjoerd G. Bosga, Senior Member, IEEE and R. S. Kanchan, Senior Member, IEEE

Abstract—A multiphase induction machine model using vector
space decomposition provides insights into many space harmonics
through decoupled reference frames. These decoupled reference
frames host specific space vectors related to particular space
harmonics. Based on the physical winding configuration, these
vector spaces can be excited independently and simultaneously
for the production of torque. However, this approach may
result in beat oscillations due to interference between excited
vector spaces if proper synchronization of vector spaces is
not maintained. This paper describes this phenomenon through
experimental tests. Furthermore, a solution eliminating the beat
oscillations is proposed while optimizing the stator current or
rotor flux linkage peaks. The effectiveness of the solution is
experimentally verified on a 9-phase induction machine.

Index Terms—field-oriented control, multiphase electric ma-
chines, online pole changing, variable phase-pole machine, opti-
mal torque control, torque density, harmonic injection

NOMENCLATURE

Variables
δ Angle between phases of symmetrical winding con-

figuration.
κ(ν) Ratio between the torque produced by vector space ν

and the total torque.
ν Vector space, ν ∈ {1, 3, 5, . . . , ξ}.
ω

(x−y)
b Beat frequency due to interference between vector

space x and y.
ω

(ν)
s Stator frequency of vector space ν.

ωm Mechanical rotor frequency.
ω

(ν)
r Electrical rotor frequency of vector space ν.

ω
(ν)
sl Slip frequency of vector space ν.

ϕ
(ν) F opt.
ωs Phase shift of each vector space optimized for F

vector.
ψδ Air-gap magnetic flux linkages.
ψr Total rotor magnetic flux linkages.
ψ

(ν)
r Rotor magnetic flux linkage of vector space ν.

ψs Total stator magnetic flux linkages.
ψ

(ν)
s Stator magnetic flux linkage of vector space ν.

τ
(ν)
r Electromagnetic torque of vector space ν.

φ
(ν)
ωs Rotor flux angle of vector space ν.

ξ Largest odd number ≤ m.
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I
αβ (ν)
s Stator current of vector space ν in the stationary

reference frame.
I

a (ν)
s Stator current of a single phase a of vector space ν

in 123 reference frame.
I

dq (ν)
s Stator current of vector space ν in ψ

(ν)
r reference

frame.
L

(ν)
σ Inverse-Γ leakage inductance of vector space ν.

L
(ν)
m Inverse-Γ magnetizing inductance of vector space ν.

m Total number of phases.
N Number of sets in asymmetrical winding configura-

tion.
n Number of phases in a set of asymmetrical winding

configurations.
p(ν) Pole-pairs generated by vector space ν.
R

(ν)
r Inverse-Γ rotor resistance of vector space ν.

R
(ν)
s Stator resistance of vector space ν.

U
αβ (ν)
s Stator voltage of vector space ν in the stationary

reference frame.
U

dq (ν)
s Stator voltage of vector space ν in the rotational

reference frame.
X∗ Reference value for X quantity.

I. INTRODUCTION

Multiphase electrical machines (MPEMs) with m phases
provide m degrees of freedom, which in turn require trans-
formations to exploit their full potential. Vector-space decom-
position (VSD) [1] or harmonic plane decomposition (HPD)
[2], [3], [4] are possible transformations of choice for these
types of machines. For magnetically balanced machines, these
transformations decouple the space harmonics into ⌈m/2⌉
vector spaces i.e ν ∈ {1, 3, 5, . . . , ξ} [5]. Typically, the
fundamental vector space, i.e., ν = 1 is used for torque
generation, while the current in the other vector spaces is
regulated to zero [6]. The higher order vector spaces i.e. ν ≥ 3
can be exploited to estimate parameters in real-time [7], [8]
and in some cases, can produce torque [9], [10], which adds
to the fundamental torque, enhancing the maximum torque
capability of the machine. This feature is particularly useful
for fully redundant systems, such as marine propulsion, where
50% of the system is idle. The study [11] explores this
feature where vector spaces 1 and 3 of a 5-phase induction
machine (IM) are excited simultaneously to produce torque
and in some cases, the performance of MPEM exceeds their
3-phase counterparts [12]. To achieve this result the physical
winding can be configured in many ways, and the choice is
crucial [13], [14], [15]. Winding types can be categorized into



PREPRINTCOPY: IEEE TRANSACTIONS ON ENERGY CONVERSION 2

symmetrical winding (SW) and asymmetrical winding (ASW)
configurations [16]. Depending on the winding configuration
choice, multiple vector spaces can be excited simultaneously
to produce additive torques [5], thus increasing the torque
density of the MPEMs. However, if proper synchronization
is not maintained between excited vector spaces, inter-plane
cross-coupling (IPXC) occurs [17], [18], [19]. IPXC is the
magnetic cross-coupling between excited vector spaces due
to the saturation of the shared stator and rotor iron core.
Furthermore, the interaction between the excited vector spaces
produces interference patterns resulting in amplitude modula-
tion of beat frequency on the MPEM’s electrical quantities.
This problem is addressed in [20], [21], where to eliminate
the adverse effect of interference, the current references of
the vector space 3 (i.e. I

d (3)
s and I

q (3)
s ) are manipulated as

a function of the currents in the fundamental vector space
(i.e. I

d (1)
s and I

q (1)
s ), while optimizing peaks of the air-gap

magnetic flux. This solution is limited to two vector spaces
producing torque simultaneously and cannot be scaled to all
available vector spaces, which are four in the case of a 9-phase
machine. Furthermore, due to the manipulation of the air-gap
flux linkage in the vector space 3, the dynamics of torque
production are relatively slow. Improving upon the state of
the art defined by [20], this paper proposes a solution that can
be scaled to more than two vector spaces while optimizing the
peak amplitude of a given vector (i.e., ψs, ψr, ψδ , Is, or Us)
of the MPEM.

The paper is structured as follows. Section II describes the
machine model using the VSD, while Section III outlines
the impact of interference and IPXC when two vector spaces
contribute to the torque without special consideration of the
relative angle. In Section IV a strategy to minimize the impact
of IPXC is proposed while maintaining the output torque.
Experimental results in Section V validate the introduced
strategy, while Section VI concludes the paper.

II. MACHINE MODELLING

SW and ASW configurations can be modeled using VSD
[5]. It transforms the space-vector quantities from the fun-
damental 123 reference frame [22] to the stationary αβ0
reference frame [2], [3] as follows:

xαβ0 =

�
2

m

�K

Cs| {z }
T123→αβ0

·x123; x123 =

�
2

m

�1−K

CT
s| {z }

Tαβ0→123

·xαβ0

Cs =



1 cos (1δ) cos (2δ) . . . cos ((m − 1)δ)
0 sin (1δ) sin (2δ) . . . sin ((m − 1)δ)
1 cos (3δ) cos (6δ) . . . cos ((m − 1)3δ)
0 sin (3δ) sin (6δ) . . . sin ((m − 1)3δ)
...

...
...

. . .
...

1 cos (ξδ) cos (2ξδ) . . . cos ((m − 1)ξδ)
0 sin (ξδ) sin (2ξδ) . . . sin ((m − 1)ξδ)


δ =

π

m
; ξ =

(
m if m odd
m − 1 if m even

(1)

In (1), K = 1 for amplitude-invariant transformations, while
K = 0.5 for power-invariant transformations and δ is the

Fig. 1: Inverse-Γ equivalent circuit of vector space ν.

angle between each magnetic phasor represented in half-wave
symmetry [16]. A generalized Park transformation brings the
space-vector quantities from the αβ0 reference frame to the
rotating dq0 reference frame. Leveraging the independence of
the vector spaces allows to apply a rotational transformation
to each of the space vectors separately. The resulting Park
transformation matrix in (2) is a block diagonal matrix with
2 × 2 blocks [4].

Tαβ0→dq0 =

 a1,1 . . . a1,m

...
. . .

...
am,1 . . . am,m




aν,ν = aν+1,ν+1 = cos
�

ϕ(ν)
ωs

�
aν,ν+1 = −aν+1,ν = sin

�
ϕ(ν)

ωs

� for odd ν
and ν ̸= m

am,m = 1 for odd m

0 otherwise

(2)

The αβ0 transformation in (1) decouples the space har-
monic contents of the space-vector quantity distribution along
the stator circumference, including a homopolar component
for an odd number of phases, which is not considered in this
paper and set to zero. Furthermore, the MPEM is assumed
to be magnetically balanced reducing the even vector spaces
to zero [5]. Hence, only odd vector spaces are available, i.e.
ν ∈ {1, 3, 5, . . . ξ}. These vector spaces are independent under
the condition that the MPEM is not magnetically saturated.
Thus, the machine model in each vector space resembles the
one for the conventional three-phase machine, shown in Fig. 1
and described by (3) and (4) given in ψ

(v)
r reference frame.

Udq (ν)
s = Idq (ν)

s R(ν)
s +

d

dt
ψdq (ν)

s + jω(ν)
s ψdq (ν)

s

0 = Idq (ν)
r R(ν)

r +
d

dt
ψdq (ν)

r + j
�

ω(ν)
s − ω(ν)

r

�
ψdq (ν)

r

(3)

ψdq (ν)
s = Idq (ν)

s L
(ν)
sl + L(ν)

m

�
Idq (ν)

s + Idq (ν)
r

�
ψdq (ν)

r = Lν
m

�
Idq (ν)

s + Idq (ν)
r

� (4)

III. INTERFERENCE AND INTER-PLANE
CROSS-SATURATION

As the stator and rotor core iron is shared by the magnetic
flux linkage of each excited vector space [23], [17], the total
magnetic flux linkage can saturate parts of the stator and rotor
core, even if the flux linkage components in each vector space
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Fig. 2: Interference between the currents of vector space 1 and
3 resulting in the beat envelope on the total current amplitude.

could be believed to be in the linear magnetic region. When
the magnetic iron of the MPEM enters saturation, the vector
spaces are not independent anymore. This phenomenon is
termed IPXC, which can be significant when each vector space
is controlled independently, e.g. by a field-oriented control
(FOC) [24], [25]. The advantage of an independent control
topology is the freedom to manipulate the stator frequencies
ω

(ν)
s independently. However, the interaction between these

quantities may result in partial constructive and destructive
interference between the excited vector spaces, modulating
the amplitude of the current, voltage, and total magnetic flux
linkage (i.e., IPXC) at a beat frequency [26]. Fig. 2 shows
an example of interference between the currents of vector
space 1 and 3 (i.e. I

a (ν)
s ) in the 123 reference frame, while

the phase current vector i.e. Ia
s = I

a (1)
s + I

a (3)
s shows the

impact of partial constructive and destructive interference.
Depending upon the number of excited vector spaces and
their frequencies, the beat frequency consists of multiple
components [26]. However, for the sake of simplicity, only
the envelope of the dominant beat frequency is shown in
Fig. 2. This type of variation in the profile of ψs is especially
critical for torque production. At the peak, where constructive
interference takes place, i.e., the two space vectors ψ

(1)
s and

ψ
(3)
s are aligned, the stator iron saturates, and the magnetic

circuit becomes non-linear as shown in [27]. Consequently,
the torque output for a given current decreases. Once the two
space vectors ψ

(1)
s and ψ

(3)
s change their relative angle and the

stator iron is no longer saturated, the torque output increases.
This phenomenon leads to a torque oscillation with the beat
frequency and will be addressed in this paper.

IV. GENERALIZED HARMONIC INJECTION METHOD

This section introduces the generalized harmonic injection
(GHI) which divides the torque production among all the
excited vector spaces, while locking the frequencies of each
vector space to each other. Locking the frequencies of the
excited vector space minimizes the impact of uncontrolled
IPXC and effectively eliminates the amplitude modulation of
the beat frequency.

In the following analysis, the equivalent circuit shown in
Fig. 1 is assumed. Furthermore, the FOC is oriented along the
rotor flux vector, forcing ψ

q (ν)
r = 0. Thus, ψ

(ν)
r , ω

(ν)
sl and τ

(ν)
e

are expressed as

ψ(v)
r = Id (ν)

s L(ν)
m

τ (ν)
e =

m

2
p(ν)ψd (ν)

r Iq (ν)
s

ω
(ν)
sl =

I
q (ν)
s R

(ν)
r

ψ
d (ν)
r

.

(5)

To eliminate the beat frequency, the stator frequencies of each
vector space must be locked as given by

ω(1)
s =

ω
(3)
s

3
= · · · =

ω
(ν)
s

ν
. (6)

These stator frequencies are

ω(ν)
s = ω

(ν)
sl + νωm (7)

where ω
(ν)
sl is the only independent variable of other vector

spaces. While fulfilling the relation defined by (6), (7) can be
expressed as

ω(1)
s = ω

(1)
sl + ωm =

ω
(3)
sl

3
+ ωm = · · · =

ω
(ν)
sl

ν
+ ωm. (8)

Thus, to lock the stator frequencies of a given number of vector
spaces to each other, the slip frequency of each vector space
must be manipulated as

ω
(1)
sl =

ω
(3)
sl

3
= · · · =

ω
(ν)
sl

ν
. (9)

This implies that a given torque reference must be suitably
divided among excited vector spaces, and the part of the torque
produced by vector space ν can be formulated as

τ (ν)
e = κ(ν)τe (10)

where κ(ν) is the ratio between τ
(ν)
e and τe. τe is the sum of

the torque produced by all excited vector spaces given by

τe =

nX
ν

κ(ν)τe| {z }
τ

(ν)
e

. (11)

τ
(ν)
e can also be expressed by (12) as a function of the pole

pair of the fundamental vector space (i.e., p(ν) = νp(1) [5]).

τ (ν)
e =

m

2
νp(1)ψ(ν)

r Iq (ν)
s (12)

Furthermore, using the relation given by (9), I
q (ν)
s can be

expressed as a function of ω
(1)
sl

Iq (ν)
s =

νω
(1)
sl ψ

(ν)
r

R
(ν)
r

. (13)

Inserting (13) in (12) provides the relation between the torque
produced by vector space ν and ω

(1)
sl

τ (ν)
e =

m

2
p(1)ω

(1)
sl

�
νψ

(ν)
r

�2

R
(ν)
r

. (14)
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Combining (14) with (11) gives (15), which expresses the total
torque τe as a function of the pole pair and slip frequency of
the fundamental vector space.

τe =
m

2
p(1)ω

(1)
sl

ξX
x=1,3,5,...

�
xψ

(x)
r

�2

R
(x)
r

(15)

where x is a set of excited vector spaces. Finally, the torque
distribution ratio for vector space ν is calculated by τ

(ν)
e /τe,

which is given as

κ(ν) =

�
νψ

(ν)
r

�2

R
(ν)
r

 ξX
x=1,3,5,...

�
xψ

(x)
r

�2

R
(x)
r


−1

. (16)

This torque distribution ratio locks the stator frequencies ω
(ν)
s

of all excited vector spaces to each other. Furthermore, upon
the analysis of (16), it can be observed that when two or more
vector spaces are excited, reducing the ψ

(y)
r of a vector space

y to 0, has the effect of seamlessly redistributing the torque
reference among the remaining excited vector spaces.

A. Peak optimization

In this subsection, a method for minimizing the peak value
of a desired vector quantity, such as Is, Us, ψs, or ψδ , is
presented. After having established the GHI, the drive is now
able to produce the desired torque with multiple vector spaces
simultaneously. The electrical frequencies of all excited vector
spaces are locked, such that beat oscillations do not occur. The
Park transformation in (2) provides the degree of freedom to
shift the locked vector spaces relatively to each other by setting
the angle ϕ

(ν)
ωs . As an example Fig. 3 shows I

(ν)
s and ψ

(ν)
r of

the vector spaces 1 and 3 projected onto a common stationary
reference frame, i.e., αβ(1). Furthermore, the angle of vector
space 3, ϕ

(3)
ωs , is divided by 3, so that all space vectors rotate

with the same frequency. This allows to visualize the resulting
total vector at an arbitrary time instance. It is important to note
that a prerequisite for this visualization is the locking of all
excited vector spaces.

Fig. 3a shows I
(ν)
s and ψ

(ν)
r of vector spaces 1 and 3 in

αβ(1) reference frame, where it can be seen that ψ
(1)
r and

ψ
(3)
r are overlapped while I

(1)
s and I

(3)
s have a constant phase

difference of ϕI(1)
s − ϕI(3)

s /3. In the case of rotor flux linkage,
ψ

(1)
r and ψ

(3)
r constructively interfere, creating a peak in ψr

and saturating parts of the machine accordingly. In order to
minimize ψr peaks and utilize the iron core effectively, the
angle of the alternate vector space i.e. ϕ

(ν)
ωs is shifted by π

in its respective vector space as shown in Fig. 3b. This phase
shift for vector space ν is given as

ϕ(ν) ψr opt.
ωs

=

ϕ(ν)
ωsz }| {

νϕ(1)
ωs

+πf f =

(
0 if ν = 1, 5, 9, . . .

1 if ν = 3, 7, 11, . . .
(17)

Using the same analogy, the peak of any space vector, such
as Is, Us, ψs, or ψδ can be optimized by calculating and

K
(1)
p K

(1)
i K

(3)
p K

(3)
i

0.5 0.92 0.33 5.4

TABLE I: Gains of the PI-controllers.

adjusting the phase angle between different vector spaces. This
optimized phase angle of vector space ν is expressed as

ϕ(ν) F opt.
ωs

= ϕ(ν)
ωs

− ϕF (ν)

+ νϕF (1)

+ πf

ϕF (ν)

= arctan

�
F q (ν)

F d (ν)

�
f =

(
0 if ν = 1, 5, 9, . . .

1 if ν = 3, 7, 11, . . .

(18)

where F dq (ν) is the target space vector component that is to
be optimized. Fig. 3c shows the implementation of (18) for Is

optimization where vector spaces 1 and 3 are excited.

B. Proposed Implementation

The proposed method of sharing a given torque reference
between multiple vector spaces can be directly implemented to
the independent vector space control given in [25]. However,
in practice, the used and actual parameters of the machine
might differ due to the machine’s operating point, variations
in temperature, or measurement errors. Hence, the relation
given by (9) requires assistance in order to avoid misalignment
between vector spaces. To overcome this challenge, a master
vector space must be chosen to generate a reference stator
frequency and the transformation angle. This transformation
angle can be obtained by a flux linkage observer, and in this
paper, a basic current model [28] is used. Furthermore, this
paper uses the fundamental vector space (i.e., ν = 1) as the
master vector space, while the remaining vector spaces operate
as slaves.

Fig. 4 shows the block diagram of the proposed control for
a 9-phase IM decomposed into four torque-producing vector
spaces i.e. ν ∈ {1, 3, 5, 7}. The ν = 9 is a homopolar
component and is not shown in this figure. The “Torque
Distribution” block implements (10) and (16), while Fig. 5
and Fig. 6 shows the sub-level control of the master and
slave vector spaces, respectively. The current controllers of
each vector space are tuned using the loop-shaping technique
described in [29] and the controllers gains of vectors space 1
and 3 are given in Table I. The slave vector space includes the
“Phase Opt.” block, which implements (17) and (18).

V. EXPERIMENTAL VERIFICATION

The above proposed method of eliminating the adverse
impact of interference between excited vector spaces of a
MPEM is evaluated on an experimental setup.

A. Experimental Setup

The experimental test setup shown in Fig. 7 consists of four
3-phase converters (i.e., C1, C2, C3, and C4) controlled by an
Opal-RT OP5700 system. These converters have a common
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(a) Without peak optimization. (b) Optimized for ψr peaks. (c) Optimized for Is peaks.

Fig. 3: I
(ν)
s and ψ

(ν)
r vectors of vector space 1 and 3 projected in αβ(1).

Fig. 4: Control block diagram with slave vector space fre-
quency reference locking; the fundamental vector space is
master.

Fig. 5: Control block diagram of master vector space (ν = 1).

Fig. 6: Control block diagram of slave vector space (ν ̸= 1).

Fig. 7: Experimental test bench.

DC-link voltage powered by a 22 kW regenerative load drive
(ABB ACS880). The load drive also controls a 15 kW 3-
phase 1-pole-pair IM which is mechanically coupled to the
test machine. Furthermore, the OP5700 is interfaced with a
1000-pulse encoder and a torque transducer to measure rotor
speed and output torque.

The test machine [25], which is a standard three-phase
induction machine with 36 stator slots and 28 rotor bars,
is retrofitted with the individual coils to form multiphase
winding set of different pole-phase pair combinations. The
stator winding is composed of 18 coils (i.e., open-end dis-
tributed winding, full-pitched single slot machine coils) with
a return path shifted by 180◦ mechanical degrees, as shown
in Fig. 8. This arrangement generates a 1-pole-pair magneto-
motive force (MMF). The phase connections define the + and
− signs of the coils, where the −sign is always towards the
neutral point of the winding.

For the evaluation of the proposed methods, this test ma-
chine is configured as a 9-phase IM, requiring only three
3-phase converters. A 9-phase IM can be configured either
with SW or ASW. However, the SW configuration is used
due to the advantage of more usable vector spaces of a 9-
phase SW machine [5]. Fig. 9 shows the coil connections
of the test machine for the 9-phase SW arrangement, and
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Fig. 8: Coil arrangement of the open-end distributed winding
of the 36 slot stator.

a -20+2-19+1

b -24+6-23+5

c -28+10-27+9

d -32+14-31+13

e -36+18-35+17

f -4+22-3+21

g -8+26-7+25

h -12+30-11+29

i -16+34-15+33

Fig. 9: Coil connections of the open-end distributed winding
for the 9-phase symmetrical windings.

TABLE II: Measured electrical parameters (inverse-Γ) of the
test machine configured as 9-phase SW.

ν Rs [mΩ] Lσ[mH] Lm[mH] Rr[mΩ]

1 293.35 11.9 147.7 211.7
3 293.35 5.7 14.4 113.7
5 293.35 3.4 3.7 69.4
7 293.35 2.6 1.6 53.6

its fundamental and higher-order vector space parameters are
given in Table II. These parameters are obtained using an
offline parameter estimation method for multiphase induction
machines elaborated in [30].

B. Benchmark

In the first experiment, the impact of IPXC between vector
spaces 1 and 3 on the torque production is measured and the
results are shown in Fig. 10. The experiment is divided into
5 sections. In section 1, a constant torque of τ

(1) ∗
e = 45 Nm

is requested from vector space 1. However, due to mechanical
and electrical losses only 42 Nm is measured at the shaft of
the test machine. While keeping the same operating point for
ν = 1 in section 2, vector space 3, i.e., ν = 3, is magnetized by
ramping up the i

(3)
d to 9 A. As we move through this transition,

the measured shaft torque drops down to 39 Nm. This decrease
is primarily caused by the simultaneous presence of these two
magnetic fields, one with a frequency of ω

(1)
s and the other

with ω
(3)
s which saturates the stator core of the test machine.

This behaviour could be improved by optimizing the geometry

Fig. 10: IPX between ν = 1 and ν = 3 highlighting reduction
in torque production.

of the test machine for both vector spaces 1 and 3. However,
this is not the goal of this paper. The paper targets the ripples
caused by the interaction of magnetic fields of vector space 1
and 3 which is termed beat frequency and is visible in section
3. This ripple will be further studied later in Fig. 11. It is noted
that the operating point remains constant while observing the
beat frequency. Moving on to sections 4 and 5, the experiment
returns to its initial state, and thus, the measured torque also
reverts to its original state.

In order to analyze the beat frequency caused by IPXC, the
torque production is distributed between vector spaces 1 and
3 without locking the stator frequencies. The test machine is
torque-controlled to τ∗

e = 45 N m with τ
(1) ∗
e = 38.25 N m

and τ
(3) ∗
e = 6.75 N m corresponding to 85 % and 15 %,

respectively. This distribution of the torque is intentionally
chosen to highlight the impact of the interference between
two stator frequencies when ω

(1)
s ̸= ω

(3)
s /3. Meanwhile, the

speed is controlled at ω∗
m = 84 rad/s by the load drive. This

test case serves as a benchmark to evaluate the improvements
by applying GHI in the next section.

Fig. 11 shows the measured torque τe and phase current Ia
s

together with the estimated rotor fluxes of the test machine in
a steady state. It must be noted that ψa

r is the estimated total
rotor flux given in 123 reference frame. Furthermore, it also
displays the stator frequencies ω

(1)
s and ω

(3)
s . As discussed in

Section III, due to interference and IPXC the torque contains
an oscillation at ωb = 9.8 rad/s. It can be seen that τe is
lower when the instantaneous amplitude of flux linkage ψa

r

is higher and vice versa. Higher ψa
r saturates the stator and

rotor lamination leading to a reduced torque production with
the same current references in the linear operating region,
confirming the description in Section III.

C. Results with the application of GHI

In the second experiment, the slave vector space reference
frequency locking mechanism, shown in Fig. 4, is activated
for mitigation of torque oscillations. In order to avert magnetic
saturation, the flux linkage peak ψr is optimized. The torque
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Fig. 11: Output torque shared between vector spaces ν = 1 and
ν = 3, when ψ

(1) ∗
r = 0.52 Vs, τ

(1) ∗
e = 85%, ψ

(3) ∗
r = 0.05

Vs, and τ
(3) ∗
e = 15%.

reference remains at τ∗
e = 45 N m. However, this time the

torque distribution is governed by (10).
Fig. 12 shows experimental results in steady state. As the

stator frequencies are locked ω
(1)
s = ω

(3)
s /3, the MPEM’s ψa

r

and Ia
s have a stable waveform, which in turn results in a

constant output torque. The minimized flux linkage peak ψr

averts magnetic saturation, keeping the parameters constant,
such that the torque is maintained. Furthermore, due to the
peak optimization of ψr the stator and rotor iron are also
utilized optimally, resulting in higher total torque production
compared to Fig. 11. One drawback of ψr peak optimization
is the high current peak of Is. This may either result in the
drive reaching the current limit at lower torque or the need
for higher-rated power semiconductors. In order to optimize
the current peak, (18) is applied using F dq (ν) = I

dq (ν) ∗
s .

Fig. 13 shows the results of Is peak optimization which
achieves ≈ 32 % reduction in the current peak. It is important
to note that decreasing the peak current does not necessarily
decrease the RMS current value, which is directly related
to copper losses in the machine. Despite this, reducing the
current peak can prove useful in reducing the size of power
electronics and its associated losses, which are dimensioned
based on the instantaneous value of the current. However,
as a consequence of Is peak optimization, ψr increases,
saturating the stator and rotor core, resulting in ≈ 1 % lower
torque production. This shows that peak optimization poses a
trade-off between different limitations. A general optimization
strategy combining all space-vector quantities for a MPEM

Fig. 12: Output torque shared between vector spaces ν = 1 and
ν = 3, when ψ

(1) ∗
r = 0.52 Vs, τ

(1) ∗
e = 89.57%, ψ

(3) ∗
r = 0.05

Vs, and τ
(3) ∗
e = 10.43% while holding ω

(1)
s = ω

(3)
s /3 relation

and optimizing ψr peaks.

needs further investigation.
One advantage of the proposed algorithm is its ability to

distribute torque between two or more vector spaces. This is
achieved by exciting a non-magnetized vector space i.e. by
setting ψ

(ν) ∗
r > 0 and (10) will dynamically distribute the

torque between all excited vector spaces. Fig. 14 shows the
distribution of torque between all available non-zero vector
spaces of the 9-phase IM while minimizing the Is peaks.
The proposed method seamlessly distributes the given torque
reference between all vector spaces while holding the relation
given by (9) true. Furthermore, the peak optimization reduces
Is peaks further by 1 % while the torque remains appx. at
the same level compared to the case where only 1 and 3
vector spaces are excited. The same operating point can also
be achieved while optimizing the peaks of Us. Fig. 15 shows
the same distribution of torque for Us peak optimization. This
highlights the flexibility provided by GHI to extend either the
overloading capacity or speed range of a MPEM.

VI. CONCLUSION

A vector-space decomposition (VSD) modeling approach
is followed in this paper to segregate a m-phase induction
machine (IM) model into multiple vector spaces. These vector
spaces are usually controlled independently and, if magne-
tized simultaneously, could result in interference and inter-
plane cross-coupling (IPXC). Due to this phenomenon, the
machine’s electrical state variables and the electromagnetic
torque may oscillate with a beat frequency. The paper proposes



PREPRINTCOPY: IEEE TRANSACTIONS ON ENERGY CONVERSION 8

Fig. 13: Output torque shared between vector spaces ν = 1 and
ν = 3, when ψ

(1) ∗
r = 0.52 Vs, τ

(1) ∗
e = 89.57%, ψ

(3) ∗
r = 0.05

Vs, and τ
(3) ∗
e = 10.43% while holding ω

(1)
s = ω

(3)
s /3 relation

and optimizing Is peaks.

Fig. 14: Output torque shared between all decomposed vector
spaces of the 9-phase IM, when ψ

(1) ∗
r = 0.52 Vs, τ

(1) ∗
e =

88.56%, ψ
(3) ∗
r = 0.05 Vs, τ

(3) ∗
e = 10.31%, ψ

(5) ∗
r = 0.006

Vs, τ
(5) ∗
e = 0.78%, ψ

(7) ∗
r = 0.003 Vs, and τ

(7) ∗
e = 0.35%

while optimizing Is peaks.

Fig. 15: Output torque shared between all decomposed vector
spaces of the 9-phase IM, when ψ

(1) ∗
r = 0.52 Vs, τ

(1) ∗
e =

88.56%, ψ
(3) ∗
r = 0.05 Vs, τ

(3) ∗
e = 10.31%, ψ

(5) ∗
r = 0.006

Vs, τ
(5) ∗
e = 0.78%, ψ

(7) ∗
r = 0.003 Vs, and τ

(7) ∗
e = 0.35%

while optimizing Us peaks.

a method to eliminate these oscillations while minimizing the
impact of IPXC and simultaneously minimizing the peaks of
a given space vector (e.g., ψr), through the manipulation of
the phase shift between excited vector spaces. The proposed
method is validated with the help of laboratory tests on
a 9-phase IM drive. It is observed that different operating
points of the machine benefit from the peak optimization of a
particular space vector and poses a trade-off between different
limitations such as total losses, iron core saturation etc. These
limitations can be challenging to overcome. However, one
potential solution is to optimize the geometry of the multiphase
electrical machine (MPEM) for multiple vector spaces. This
approach could help address some of the challenges associated
with MPEM, leading to improved performance and efficiency.
Thus, a general optimization strategy combining all space-
vector quantities for a MPEM requires further investigation
and the proposed methods provides a strong base for these
studies.
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