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Orientation Adjustment for Five-Phase Induction Motor
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Abstract — This paper investigates optimum air-gap flux distribution with third harmonic rotor flux
orientation adjustment for five-phase induction motor. The technique of objective is to generate a
nearly rectangular air-gap flux, and it improves iron utilization under variation loading conditions. The
proportional relations between third harmonic and fundamental plane currents is usually adopted in the
conventional method. However, misalignment between fundamental and third harmonic component
occurs with variation loading. The iron of stator teeth is saturated due to this misalignment. This
problem is solved by third harmonic rotor flux orientation adjustment simultaneously, and direction
and amplitude are changed with mechanical load variation. The proposed method ensures that the air-
gap flux density is near rectangular for a maximum value from no load to rated load. It is confirmed
that the proposed method guarantees complete both planes decoupling with third harmonic flux
orientation adjustment. The effectiveness of the proposed technique is validated experimentally.
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1. Introduction

In recent years, high power motor drives are required in
some applications, such as locomotive traction, electric
ship propulsion and aircraft drives. Multiphase motor drives
are suitable for higher power condition with more extra
phase, and the current per phase is reduced for a given
phase voltage and total power rating [1-3]. Moreover, high
performance multiphase induction motor (IM) drives have
other advantages, such as reliability, robustness and high
torque density [4-6].

In multiphase drives, the fundamental and harmonic
planes can be controlled independently, and this property
allows reducing the torque pulsation. The reliability is a
distinguished merit compared to three-phase drive, and
fault-tolerant control strategies for continuous smooth and
steady operation without motor halt [7-9]. The global fault-
tolerant control technique is flexibility and simplicity in
dealing with all possible fault conditions [10].

High torque density multiphase motor drive to improve
the delivered torque has been of interest to researchers
[11-12]. The enhancement benefits from the harmonic
air-gap fluxes, which effectively increase the magnitude of
fundamental flux density without iron saturation [13-14].
DC-link voltage utilization is also improved by modulation
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strategies for the pulse width modulation with harmonic
current injection [15-18]. The motor drive is fed by quasi-
rectangular voltage, and the flatted air-gap flux density
waveform is obtained. The quasi-trapezoidal air-gap flux
density is essential for torque density improvement [19-
20].

Some more studies have investigated the performance
of optimum air-gap flux distribution more deeply [21-
24]. A novel control method for a six-phase IM with nearly
square air-gap flux density is proposed with no vector
transformation, because the stator phase windings act as
either or torque-producing phases [25]. The study in [26]
presents steady-state analysis and performance of an
eleven-phase IM when harmonic injection up to ninth
harmonic. For the same RMS fundamental current, the
motor could be overloaded by approximately 37.5%, and
the corresponding increase in the RMS phase current is
25%. In [27], the use of genetic algorithm is proposed to
determine the optimum quasi-square wave flux density
distribution for an eleven-phase IM, and the paper indicates
that the field harmonic contribution of order greater than
five is negligible. The study in [28] reveals that the high-
order spatial harmonics produce high loss in the stator back
iron, and the stator back iron is increased by 20% with
third harmonic injection.

The study in [29] extends the speed operation range,
and the amplitude of the field harmonics is progressively
reduced to ensure the widest possible operation at high
speeds. However, little research has been presented on
loaning variation effect on air-gap flux density distribution.
An improved flux pattern is produced with a synchro-
nization block, which is used to lock relative position
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between fundamental and third harmonic fluxes [30]. The
shortage of this method is that the gain in proportional loop
should be limited to avoid system instability. A promoted
controller gives a nearly flat flux pattern irrespective of
mechanical loading, and it calculates the direct and
quadrature current components of the third harmonic plane
as a nonlinear function. However, this controller neglects
that the third harmonic flux orientation is changed in time
due to load variation, which is not synchronized with
fundamental flux orientation. Moreover, the derivation of
the electromagnetic torque calculation in the third
harmonic plane is not correct. Concerning this problem,
this paper improves the analysis in [31] to rotor flux angle
adjustment between fundamental and third harmonic plane.

In this paper, the proposed method is investigated for
optimum air-gap flux distribution with third harmonic rotor
flux orientation adjustment for five-phase IM. The relations
between rotor flux and air-gap flux are illustrated by vector
diagram in both planes. The third harmonic rotor flux
orientation acts as a real-time adjustment under mechanical
load variation. Then, the direct and quadrature current
components in the third harmonic are derived as a
nonlinear function of the fundamental ones. The derived
function ensures that the optimum air-gap flux density in
various mechanical loads, and it makes corrections for
electromagnetic torque calculation in [31] for the third
harmonic plane. The performance of the proposed method
is compared with the conventional controller that has a
constant relation between the command current in both
planes. Finally, a five-phase IM drive is constructed, and
experimental results verify the feasibility of the proposed
method.

2. Vector Control in the Dual-Planes
2.1 Five-phase IM model

The topology for five-phase IM drive is shown in Fig.1,
and the typical isolated neutral is adopted. Five-phase
inverter configuration is used to drive a star connected with
squirrel-cage IM.

This paper adopts a four-pole five-phase induction
motor with identical quasi-concentrated stator windings.
The stator windings are distributed with 72° spatial angle
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Fig. 1. Topology of five-phase IM drive
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Fig. 2. Sketch of stator winding distribution

and each phase occur eight stator slots, as shown in Fig.
2. Each stator slot has 6 conductors and the squirrel cage
rotor has 26 bars. The main dimensions and rated
parameter for five-phase IM is contained in the Appendix.

By vector space decomposition, the fundamental and
third harmonic of the motor are decoupled in the d,-g; and
ds-g; synchronous reference frame. This model is similar to
that in [30], and orthogonal matrix are used to transform
stator quantities between the a-b-c-d-e natural reference
frame and the d;-q,-d;-q;-n synchronous reference frame.
The dual-plane vector control is set in the synchronous
reference frame.

2.2 Dual-plane vector control

This section studies the dual-plane vector control with
third harmonic injection, and indirect field orientation
control (IFOC) is used for decoupled flux and torque
control [20].

It is assumed that the fundamental and third harmonic
rotor flux linkages are attached to d;, d; axes, and no
linkages on the ¢, g5 axes in [IFOC

{‘//rdl =V 1)

l//rd 3= l//r3
In TFOC, the direct current represents the magnetizing

current, and the relationship between rotor fluxes and
direct currents at steady state are

— Va1

Lt

‘ml (2)

To maintain a quasi-trapezoidal air-gap flux density
distribution, the optimum air-gap flux density is described
as

Bm(¢s)=Bml(Sin¢s+k3 Sin3¢s) (3)

where B, is amplitude for the fundamental component,
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and @, is electrical angle. k; is gain for third harmonic
flux density, and the value is 1/6 for the optimum air-gap
flux density [20]. Substituting (3) into (2), the relationship
between the direct components are

—_3L1i' 4
3 sd1 ( )

The relation between the quadrature components can be
derived from the slip frequency

_ Lml .
Wy lsql
¥
) 5)
o, =—"
s3 sq3
Y03

where L, is magnetizing inductance. Substituting (5) into
g =30, , the quadrature component relation between
fundamental and third harmonic plane is

T ks L, L
_ k ml 3 235 Zml 3 l
Lt " ks Ly Ly ©

‘m3
where k,,=R;/R, , and it is represent the rotor
resistance ratio between fundamental and third harmonic
plane [31]. k,; is unity if the skewing effects are neglected,
and the Eq. (5) can be simplified

1 q3 = k3ixq1 (7)
Substituting (2), (4) and (7) into torque expression in

IFOC, the torque enhancement can be expressed as a
function of the direct and quadrature current

5P L,

el — r3°sql
4 L, 1 ®)
15P L ks

T.= ‘m3 i — 3 T

e3 4 Lr3 Vi3 sq3 k,.3 el

The motor toque gain due to third harmonic injection is
given

2
- K+ ©)

r3

T

Gain

where K is the increase in the fundamental flux due to
harmonic injection [22], and the is equal to 1.155.

Torque/RMS is key characteristic for motor perfor-
mance, and it is necessary to calculate the RMS phase
current. The total direct axis current is

k, L
Iy = Kig, [1+ (?BLLI)2 (10)

'm3

Similarly, the total quadrature current is

k, L L
=i [T (L 3y 11
. ! (kr3 Lm3 Lrl ) ( )

~
|
~

Similarly, the total quadrature current is

I, =i, +i% N2 (12)

3. Optimum Air-Gap Flux Density Distribution
with Proposed Method

3.1 Air-gap flux density distribution

The dual control for five-phase IM is based on IFOC,
and the rotor flux orientations are aligned to ¥, and
V,;. The air-gap flux density distribution is related to
W,1 and W, directly [31], and the vectors relation
between rotor flux and air-gap flux is shown in Fig. 3. The
angle between rotor flux and air-gap flux depends on
mechanical loading, since there is no guarantees that air-
gap flux space phasor diagram for two planes are aligned.

The misalignment causes distortion of the flux density
distribution, then the air-gap flux density expression in (3)
should be modified

B, (4,) = B,,(sing, + k; sin(3¢, —0;)) (13)

where 0; is misalignment angle between fundamental and
third harmonic component.

The desired air-gap flux density distribution is depicted
in Fig. 4(a), where both the fundamental and third
components are aligned. Meanwhile, the value of J; is
equal to zero. The ideal distribution has two peaks at 60°
and 120°. However, the waveform in Fig. 4(b) illustrates
the same case with a 9° misalignment between two flux
density components due to a certain mechanical loading. It
is shown that the first peak at 60°is enlarged, and the
second peak is minimized. Accordingly, it results in stator
iron saturation. The traditional control method with
constant gains neglects this effect, since it focuses on the

r3

Fig. 3. Vectors relation between the rotor flux and air-gap
flux
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(b
Fig. 4. Waveforms of flux density distribution

rotor flux linkage rather than air-gap flux linkage.

The air-gap flux orientation control is suitable for air-
gap flux density optimization, but the control strategy is
rather complicated without decoupling control. Hence, the
promoted control in the dual-plane should be investigated.
The vectors relation between rotor flux and air-gap flux is
demonstrated in Fig. 3. J,, is the phase angle between
rotor flux and air-gap flux for the fundamental plane, and
0,3 1is the phase angle for the third harmonic plane. The
expressions of J,,and J,; are

L_.i
5,,,1 — sin—l( Urllll )
Y
L (14)
5,,,3 — Sin—l( or3 r3)
l//m3

The space phase of the air-gap flux (¥, and V¥,3)
should be aligned to obtain a nearly rectangular flux
distribution. The condition is achieved by

0,5 =30,, (15)

The derivation is included in [31] indicates that the
direct and quadrature current components are calculated as
a nonlinear function to satisfy the Eq. (15). However, the
promoted controller in [31] has neglected that the third
harmonic flux orientation is changed in time due to load
variation, which is not synchronized with fundamental flux
orientation. Concerning this problem, the proposed method

with third harmonic rotor flux orientation adjustment is
elaborated in section B.
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3.2 The Proposed Method with Third Harmonic
Rotor Flux Orientation Adjustment

The phase angle expression for fundamental and third
harmonic plane in (14) should satisfy Eq. (15)

., L5 .1, Lo
sin l( or3 r3):351n 1( orl rl) (16)
m3 ml
To obtain a near quasi-square air-gap flux distribution,

the amplitude relation between ¥,,, and ¥,; is

k
Vs =§wm1 (17)

where

Vm Z\I‘//idl +l//31q1 (18)
Vs = \ l//r%td3 +l///31q3

In IFOC control strategy, the quadrature current relation
in the stator and rotor is

. _ Lml .
qul - L lsql
rl (19)
R
qu3 - L lsq3
r3

Substituting (17) and (19) into (16), the g-axis current
relation is

k L Lm LO'I‘ iY
inys = ?L sin(3sin ! (C-ortly) (20)

m3™~or3 r1¥ ml

Then, the direct current for third harmonic plane can be
derived by vectors relation

L L i
iy =2 cos(3sin ! (FZert sl y) Q1)

'm3 17 ml

The direct and quadrature current derivation in (20) and
(21) can meet the air-gap flux density distribution, but the
method can’t satisfy the slip frequency equation in (5).
There is a contradiction for meeting Eqs. (5), (15) and (17)
simultaneously. The direct and quadrature current variation
in the third harmonic plane can satisfy only two equations.

Hence, another control freedom should be added. In fact,
the rotor flux orientations are not required to set at the
same direction. Furthermore, the specific flux orientation
variation can be used for another control freedom, and the
contradiction mentioned above can be solved.

The third harmonic rotor flux orientation can be utilized
for another control degree, and the angle relationship in Eq.
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Fig. 5. Rotor flux orientation for fundamental and third
harmonic plane

(15) is also changed. The differential angle ad, between
two fluxes is shown in Fig. 5.

Assuming the proportional gain between direct and
quadrature

kp = isql /isdl (22)

Substituting (22) into slip frequency Eq (5), the
quadrature in the third harmonic plane is

o3,
lxq3 = T_skplsd3 (23)

1

Substituting (19) and (22) into (17) and (18), the direct
current in the third harmonic plane is derived

. U1+ (Lyyik, /L)
l

sd3 =
18\/1 +(3L,,5k, 73/ (1 L,3))

> L 24

The quadrature current in the third harmonic plane is

33z, 1+(L

orl

kL)

= kp
187, \/1 +(3L,,5k, 7/ (7 L,3))

—iy(25)

Hence, the direct and quadrature currents in (20) and
(21) are corrected for (24) and (25). The &,, and 0,5,
can be derived by as follow

La'rllsql
0, = arctan—-—

V]lsfll (26)

So\= t Lo‘r3lsq3
w3 —arctan ——

Lr3lsd3

From expression (24), the phase angle relation in (15) is
satisfied when the load is set to zero. However, the third
harmonic rotor flux orientation should be real-time
adjusted when the mechanical is changed.

The expression for a0, is

Aé‘m = 35m1 - 5m3 (27)

Fig. 6. Air-gap flux distribution with different rotor flux

orientation
1 cos(a) cos(2a) cos(3a) cos(4a)
0 sin(a) sin(2a) sin(3a) sin(4a)

T, = 2 cos(ad,,) cos(3a +ad,,) cos(6a +a6,,) cos(9a +ad,) cos(12a +46,,)

sin(ad,,) sin(3a+ad,,) sin(6a +ad,) sin(9a +ad,,) sin(12a +ad,,)
1/2 1/2 1/2 1/2 1/2

a=2r/5
(28)

Accordingly, the orthogonal matrix is modified for Eq
(28), which has differential angle in third harmonic plane.
The vectors relation between fundamental and third
harmonic plane is shown in Fig. 6. The third harmonic flux
orientation is changed in time due to load variation, which
is not synchronized with fundamental flux orientation.

4. Simulation Results with Proposed Method

A control scheme obtained in Section III has been
developed, and its block diagram is shown in Fig. 7, which
can be ideally divided into two components with different
aims. The first components concerns the current control
loop, the second one is the tracking of speed reference.
In Fig. 7, the controlled variables are expressed in two
reference frames d,—q, and d;—g;, which are synchronized
and aligned with the corresponding rotor flux orientations.

The proposed method is test for no-load and rated load,
and the speed reference is set at 600 r/min. The motor is
mechanically load with a step torque of rated value at 2.0 s.
The direct and quadrature current components for both
planes are shown in Fig. 8. Fig. 8(c) and Fig. 8(d) show

u*_lg_l

"
sq1 sq1 N u” H l—l
(u.*® O ,-% & LML g | ™
- — il -MMaTa ap, sb
5 <{

Uy
ab | Uy

*
o (U3
cde u*g

l‘ alIHl
safl a, ﬂ;
‘ 7

Lsass| /o
cde

Five-Phase
Induction
Motor

Fig. 7. Block diagram of vector control for five-phase
induction motor with third harmonic rotor flux
orientation adjustment
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Fig. 8. Simulation results for the proposal method under
loading operation: (a) d1 current; (b) g1 current; (c)
d3 current; (d) g3 current

the variation of the direct and quadrature currents for the
proposed method. The quadrature current is linearly
proportional to the mechanical loading, while the direct
current iyy; decreases with mechanical loading. The ratio
between the current components (iyy, Z5g3) and (igq1, isq3) are
not constant compared with the traditional method.

Fig. 9 demonstrates the EMF distribution simulation
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197 200 2.
Time (s)

(b)

Fig. 9. Simulation results for EMF distribution under
loading operation: (a) the conventional method; (b)
the proposal method

results for the conventional and proposed methods. The air-
gap flux distribution with the conventional method is
distorted after mechanical loading. One peak increases and
the other decreases compared with no-load case. However,
the flux distribution with the proposed method is
approximately the same as no-load case, and the amplitude
is increased slightly. The proposed method validates the
control objective, and air-gap flux density distribution isn’t
affected by mechanical loading.

5. Experimental Results and Discussion
5.1 System implementation

The basic configuration of experimental system is
presented in Fig. 10. It consists of five-phase IM interfaced
with a digital control board based on a TMS320F28335.
Coupled with a Vortex loader, multiphase motor is driven
by a five-phase voltage-source inverter, which operates at
10 kHz switching frequency. The air-gap flux distribution
can be obtained by measuring the EMF with search coil
within one stator phase, which is occupied in the same
slots.

5.2 Air-gap flux distribution with conventional
method

The conventional method experimental results for dual-
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Fig. 11. Experimental results of load operation for

conventional method: (a) stator current locus on
the d-q frame; (b) speed and torque

7.0 80 9.0 10.

plane vector control under mechanical load variation are
shown in Fig. 11. The speed command is 600 r/min, and
speed and torque values are measured by JN 380 transducer.
The quadrature currents iy, and iy; are approximately
proportional to mechanical load, while the direct currents
iy and i3 are constant. It should be noted that there is no-
load torque with Vortex loader rotation, and the value is
about 5.0 N.m at 600r/min.

Fig. 12 demonstrates the conventional method results of
stator current and EMF, and the Vortex loader is removed.
The stator current is magnetized component without any
torque component, and the EMF distribution is presented in
Fig. 12(b). The desired air-gap flux density distribution is
achieved without load for the conventional method.

Fig. 13 shows the experimental results for the
conventional method under rated load condition. The EMF
waveform in Fig.13(b) has an obvious distortion, and the
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Fig. 12. Experimental results for the conventional method

under no-load: (a) stator current; (b) EMF
distribution
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Fig. 13. Experimental results for the conventional method

under rated load: (a) stator current; (b) EMF
distribution

distortion degree is determined by mechanical load. The
first peak is enlarged, and the second peak is minimized.
The amplitude distortion degree is about 25.2%.
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Fig. 14. Experimental results of d-g current for the
proposed method: (a) d-q; current; (b) ds-¢;
current; (c) rotor flux angle

5.3 Air-gap flux distribution with proposed method

Fig. 14 demonstrates the performance of the direct and
quadrature currents for the proposed method. The direct
current iy, is constant, and the quadrature current is
proportional to loading variation. However, the direct and
quadrature current for the third harmonic plane as
nonlinear function relation, and it depends on mechanical
loading. The direct current is decreased by 28.1% at rated
load, and the quadrature current is increased by 52.4%
compared with conventional method. The rotor flux
orientation angle is depicted in Fig. 14(c), and J,, is not
three times as large as J,;. The differential angle ad,,
has nonlinear function relationship with mechanical
loading, and angle value becomes larger from no-load to
rated-load conditions.
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Fig. 15 shows the experimental results for the proposed
method with no-load, and waveforms are identical with
ones in Fig. 12. The air-gap flux density is affected by the
leakage rotor flux in the g-axis, and the quadrature current
is zero without mechanical loading. Hence, the air-gap flux
density distribution are the same for both methods.

The air-gap flux density distribution with proposed
method is depicted in Fig. 16, when the mechanical load
is increased to rated value. The air-gap flux density
distribution is optimized, while the result in Fig. 13 is
distorted with the conventional method. For the proposed
method, the desired air-gap flux density distribution can
be obtained under various mechanical loading conditions,
and the amplitude of flux density increases with loading
increment. The EMF value is increased by 18.5% compared
with performance under no-load condition. The reason is
that the direct air-gap flux maintain constantly in the IFOC,
and the quadrature one increases with load increment.

6. Conclusion

This paper investigates optimum air-gap flux distribution
with third harmonic rotor flux orientation adjustment for
five-phase induction motor. The proposed method is
compared with the conventional method, which has
constant current gains between the fundamental and third
harmonic planes. The proposed method is designed to
achieve the desired air-gap flux density distribution with
various mechanical loading, which overcomes the flux
distortion problem in the conventional method. The
nonlinear current functions between fundamental and third
harmonic planes are derived, and the third harmonic flux
orientation is real-time adjusted with loading variation. It is
confirmed that the proposed method guarantees complete
both planes decoupling, since the third harmonic rotor
flux orientation is utilized as another control freedom.
Nearly rectangular air-gap flux is obtained with the
proposed method, and iron utilization is improved. The
proposed method is validated by transient and steady-state
experimentation.
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Appendix

The main dimensions and rated parameters for five-
phase IM are demonstrated in Table 1 and Table 2,
respectively.

Table 1. Main dimensions of five-phase IM

- Value Parameter Value
Outer diameter (mm) 165 Teeth width(mm) 4.28
Inner diameter (mm) 104 Stator slots 40
Air-gap length (mm) 0.4 Rotor slots 26
Yoke length (mm) 14 Connection star
Table 2. Parameters of five-phase IM
Parameter Value Parameter Value
Rated Power (kW) 5.0 Rated torque (N.m) 25.0
Rated voltage (V) 19.0 Rs (mQ) 11.0
Rated current (A) 73.0 R, (mQ) 8.1
Number of poles 2 R,;(mQ) 7.8
Rated speed (rpm) 1940 L,,; (mH) 1.63
Rated frequency (Hz) 66.7 L3 (mH) 0.15
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