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Abstract—In the modelling and analysis of five-phase
machine, the incorporation of the third-harmonics of
the air-gap magneto-motive force during inductances
determination help to improve the accuracy of the
obtained results. Recording an increase in torque
production as compared to neglecting the third-
harmonics. To representation the five-phase machine
inductances takes more than a simple sinusoidal
expression, as the magneto-motive force waveforms
are non-sinusoidal. In utilizing the third harmonics of
the air-gap magneto-motive force and avoiding
transformation to a fictitious frame of reference, the
direct-phase variable model (DPVM) is most suitable.
In the use of the DPVM, a phase dependent parameter
is normally incorporated to present a near sinusoidal
model. However, the use of the PDP is an
approximation to satisfy a sinusoidal waveform,
making it necessary to aspire for a model that avoids
this approximation. This study models the five-phase
synchronous reluctance machine considering utilizing
the phase dependent parameter and ignoring the
phase dependent parameter, with emphasis to the
torque and speed characteristics of the machine at
start, on load and during a loss of phase fault. The
MATLAB/SIMULINK software is used for the analysis
and implementation of the direct-phase variable
model of the machine. Similar performance is
recorded for the both models but with higher
oscillation and transient percentage difference of
0.46%, 0.1 % and 2.4% at Start, loading and on fault
respectively with the PDP model for the Speed
Characteristics.

Keywords—Sncronous Reluctance, Five-phase, Phase
variable model, Phase dependent parameter

l. INTRODUCTION

For a synchronous reluctance machine, the reluctance
torque is necessary for energy conversion, as achieving this
depends on a high saliency ratio between the d-axis and the
g-axis inductances.

The inductance ratio between the two magnetic directions
(g-axis and d-axis) of the rotor creates a magnetic potential
between these axes, which in turn determines the strength
of the produced torque. The axis with the maximum

magnetic reluctance is determined by the number of
employed phase especially in the multi-phase system. A
synchronous reluctance machine (SYNRM) has an identical
stator as the induction motor but with a salient pole rotor,
and similar principle of operation as the salient pole
synchronous motor, but with modifications in the number
of damper windings. For improved accuracy, a multi-phase
machine, the winding function is modelled to resemble the
actual waveform of the winding in the slots, as well as it
supplied power.

The Finite Element (FE) method is known to yield accurate
result, but involves detailed characteristics machine
studied, nevertheless, the winding function (WF) method
yield accurate result that can be compared to the finite
element (FE) method [1-3], while avoiding detailed
machine characteristics study. Due to the requirement of a
small air-gap for a good saliency, the perfect distribution of
winding in sinusoidal form in the stator periphery cannot
accurately describe the process [1], thus it is of great
necessity to model the actual form of the winding with
minimal error.

For a simple sinusoidal expression, the representation of
inductances is less complicated as seen in three-phase
synchronous machine [2, 4], and as compared to higher
multi-phase  synchronous machine due to the
accommodation of the higher harmonics [5-9].

For the five-phase machine to achieve an accurate result, a
true representation of the turn and winding function,
accommodating the third-harmonics of the air-gap MMF is
necessary.

Neglecting the harmonics, the multi-phase inductances
resemble the three-phase inductances, and are just a
resemblance of the inductances with significant recorded
error.

The accuracy recorded in the use of the winding function
and the modified winding function approaches [10], to
verifying the equality of the mutual inductances, had reduce
the work load in inductance determination. The Taguchi
design of experiment methodology, with optimization of
each rotor parameters using analysis of variance [11, 12]
was employed for rotor parameter optimization.
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Accommodating the third-harmonics of the air-gap MMF
[7], an acceptable result was obtained, evident in increased
torque production validated by experimental process.

Despite accommodating the third harmonics of the air-gap
MMEF [7], the stator inductance was transform to a fictitious
frame of reference instead of using the developed winding
function directly thus minimizing assumption [2]. To
represent these five-phase stator inductance, phase
dependent co-efficient (PDP) was introduced [6], but did
not account for the air-gap MMF third- harmonics
accommodate. Reference [15] accounted for the third-
harmonics of the air-gap MMF, validated the result by the
use of FE method, but still employed the use of phase
dependent co-efficient, thus giving a near sinusoidal
representation of the stator inductance as compared to the
actual waveform.

This study models a five-phase synchronous reluctance
machine accommodating the third harmonics of the air gap
MMF and avoids the use of a PDP, while considering the
machine characteristic performance of speed and torque at
start, synchronism, on load and loss of e-phase fault,
comparing with the model using PDP accommodation the
third-harmonics of the air-gap MMF.

Il. FIVE-PHASE SYNCHRONOUS RELUCTANCE
MOTOR EQUATIONS

The voltage equation for a five-phase synchronous
reluctance machine (SYNRM) is given in (1)

L=10) (V-{R+w, %} ) 1)

o =2 (2)
I = [igs; ips; lcs; s less ikqs ika)  (3)

V = [Vas; Vbs; Ves; Vas Ves; Vigs Viea) (4)

where 6, is the rotor position.

I and V are the machine current and voltage matrices and
are given in (3) and (4) respectively. The inductance matrix
is given in (5).

Lss Lsrl]
L(6,) = |2 5
S IO LA S
Where,

Lasas Lasbs Lascs Lasds Lases
Lbsas Lbsbs Lbscs Lbsds Lbses

Lss = Lcsas Lcsbs Lcscs Lcsds Lcses (6)
|lLdsas Ldsbs Ldscs Ldsds LdsesJ|
Lesas Lesbs Lescs Lesds Leses

L = [ lkq -(l)' Ling . -(|)- Lmd] )
Linqcos0, LipasSing,
Lpgcos (Or - 2?”) Lygsin (Or - Z?ﬂ)
Ly = [Lmacos (6: =) Luasin(6: =) (8)
Lpgcos (Or + 4?”) Lppgsin (Or + 4?”)
| LmgCOS (Or + 2?”) Lipgsin (Or + Z?ﬂ)

Where L, is the stator inductances matrix, L. is the rotor
inductances matrix referred to the stator and L, is the
mutual inductances matrix between the stator and the
rotor referred to the stator, Ly, is the rotor g-axis leakage
inductance referred to the stator and L, is the rotor d-axis
leakage inductance referred to the stator.

R, 0 0 0 0 0 0
0 R, O 0O 0 0 0
0 0 Rs, O 0 0 0
R=|0 0 0 Ry 0 0 0 9)
0 0 0 0 Ry 0 0
0 0 0 0 0 Ry O
[0 0 0 0 0 0 Ryl

R is the resistance matrix. The electromagnetic torque is
given in (9)

T, = 31" 200 g 4 [T 2 (10)
I = lias: nsr lesr lasr los]” (11)
L = [igr Iar] (12)
T, =] (%)% +1, (13)

Where,

I, is the stator current matrix and I, is the rotor current
matrix.

] is the inertia expressed in kilogram-meter square (kg.m?)
or joule-seconds square (J.s?2), while p is the no of poles of
the machine.

I11. INDUCTANCE CALCULATION

Using the expression for the calculation of stator
inductances [14], and as presented in (14).

Ly = torl [27 Ne(@)N, (9) g7 (9, 6,)dep (14)

Where N,(¢) and N,(¢) are the winding functions of
phase X and Y respectively and ¢ 1is the stator
circumferential position. g~(¢, 8,) is the inverse air gap
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function which is a function of the stator circumferential
position (¢ ) and the rotor position (6,), while 1 is the axial
length of the air gap of the machine, r is the radius to the
mean of the air gap and p, is the permittivity of free space.
The inverse air-gap function including the third harmonic
component is given in (15).

9 (@, 6,) = a— bcos2(d, — 6,) +§cos6(®5 —6,)(15)

Where,
a= %(i + i) (16)
b= %(i — i) sinnfB (17)

Where g,is the main air gap length, g, is the inter-polar
slot space and {3 is the ratio of pole arc to slot pitch.

For self-inductances, equation (19) will be of the form of
(18).

Ly = ttorl [T IN(9)1297 (9, 6,)dgp (18)

It is observed that the stator mutual inductance has a
general sinusoidal approximation form of the inductances
as given in (19).

Ly, = LAy, + LB,,cos(26 + 6,) (19)
LB,, = Co0,LB (20)
LA,y = Cyg,LA (21)

Where C,g, , Cyg, are the phase dependent parameter, and
depends on the phase shift ,,.

Where v takes the form of 0, 1 or 2, giving a phase

dependent value of cos(0), cos (2?”) or cos (4?”)

respectively

The phase dependent parameter values of choice give rise
to three models of analysis; with third harmonic of the air-
gap MMF, neglecting the third harmonic of the air-gap MMF
and a sinusoidal approximation formula [6].

To represent the stator winding inductances in a
generalized equation, the models can be adopted as
variation of the actual representation.

From a generalized equation of inductances [6],
Lgs = Lisl + LysMgs + LgMys (22)

Where the expression for M,5 and M5 are given in (23)
and (24) respectively.

[1 Cor Coz Cyy Cel]
Cor 1 Cg Cop Cyy
Cop Cor 1 Cypy Cgy
Cor Cor Cor 1 C91J
Cor Coz Coy Copp 1

Mgs = Lys (23)

The g-axis and the d-axis magnetizing inductances are
given in (25) and (26) respectively.

5

Lmq = E(LA + Lk) (25)
5
Lpg = E(LA —Ly) (26)
Where,
1
Lie = Lg (5 Cogo + Cer + Coo2) (27)

Ignoring the use of the Phase Dependent Coefficient (PDP),
a direct phase variable model of the machine
accommodating the rotor inductances can be developed by
adapting the works of [5] and [6], and are given in (28) to
(34).

The relationship between the windings are represented in
figure 1.

Q-axis

= 4—ia5

Fig.1: 5-phase machine windings showing the mutual
coupling as seen in the rotor d-q circuits

In figure 1, the stator windings of the phases are considered
as utilizing the fundamental and the third harmonics of
MMF.

L’ — L’lkq + Lmqs 0

r 0 (28)

1A
ka T Limas
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Lqcos0, LipasSing,
Lpgcos (Br - 2?") Lyasin (er 2?")
L, = Lpgcos (Br - 4?") Lyasin (er - %ﬂ)
Lpgcos (Br + 4?") Lpgsin (9 + %ﬂ)
| LmgCOS (Br + 2?") Lpasin (9 + ?")
Lingz€0s30, Lina3Sind,
Lipg3c0S3 (Hr - 2?1'[) LmasSin3 (Hr - 2?71
L= Lipg3c0S3 (Hr - 4?”) LmasSin3 (Hr - 4?71
Lingscos3 (Hr + 4?”) Linazsin3 (Hr + 4?71
| Lng3cos3 (9, + 2?") Linaszsin3 (Hr + 2?71
Ly13€0530, Lin13Sing,
L,,13c083 ( 2?") Lp135in3 ( - 2?”
Liys = Lm13c053( 4?") Ly135in3 (Qr 4?”
L,13€083 (9 + 4?") Ly13Sin3 (Qr + 4?”
| Lp13€0S3 (9 + ") L13Sin3 (Qr + 2?”

Where Lyyqs = Lingi + Limgs + Ling13

Lmds = Lmdl + Lmd3 + Lmd13

Llsr - Lsrl + Lsr3 + Lsr13

IV. SIMULATION OF THE DYNAMIC PROCESS

Vvvv

\_/\_/\_/\_/

(29)

(30)

(31

(32)
(33)

(34)

The considered five-phase SYNRM design parameters are

given in table 1.

TABLE I. SYNRMMACHINE DIMENSIONS AND CIRCUIT
PARAMETERS
5-phase SRM
Quantities Value
Stator Outer / inner radius 105.02 /
67.99mm
Rotor Radius 67.69mm
Effective stack length 160.22mm
Number of slot 40
Number of turns 64
Main air-gap length g, 20.4mm
Inter polar slot space g, 21.3mm
Stator slot depth 18mm
Stator Slot pitch 90
© 2022,IRJET | ImpactFactor value: 7.529

Ratio Pole arc / Pole pitch 2/3
Number of poles 4
Frequency 50Hz
The stator resistance Rg 0.83Q
Stator leakage inductance L 10.98mH
rotor q-axis leakage 6.2mH,
inductanceL;q,
Rotor g-axis leakage 5.5mH
inductance L4,
Rotor g-axis resistance Rg; 0.25Q
rotor d-axis resistance Ry, 0.12 Q
moment of inertia ] 0.089kg/m2
phase voltage Vs, 370v
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Fig. 2.5-ph stator self-inductances

The modelled 5-ph Synchronous Reluctance Machine is
started directly on-line, loaded at 2.5 seconds with a load
torque of 10N-m after synchronism. At 4 seconds, a loss of
e-phase fault was created and subsequently restored after
a second. Investigation of the machine characteristics of
torque and speed was documented and compared for both
the phase variable models of using a PDP (model I) and not
using PDP (model II).

The speed characteristics of the models are presented in
Fig. 3, with the Fig.4 and Fig.5 showing the transient at
start and loading respectively. Fig.6 and Fig.7 shows the
transient on start of e-phase fault and on restoration of the
e-phase fault respectively for both models.

At start, the Speed performance characteristics shows a
higher transient rise of 321.4 rad/s for model I as
compared to 345.4 rad/s for model II, thus recording a
38.96 % oscillation for model I as compared to 18.24 % for
model II.

On loading, model I speed characteristics show a higher
percentage oscillation of 8.09 % about the synchronous
speed as compared to 7.99 % for model II. It can be
observed that the maximum transient recorded for the
difference in speed characteristics between the models on
loading is 0.1 %.

At loss of e-phase fault, a lower Speed oscillation rise of
12.83 % about the synchronous speed is observed for
model I as compared to 15.25 % rise for model II,
recording a percentage difference of 2.4 % between the
models at fault.

Speed against time

Speed (rad/s)

wr PWM without PDP
wr PVM with PDP

time (s)

Fig. 3.Speed Characteristics

Speed against time

Speed (rad/s)

wr PV without PDP
wr PYM with PDP

02 04 06 08 1 12 1.4 16
time (s)

Fig. 4.Speed Characteristics (Transient at start)
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Speed against time

= 315
E=]

2
Saor

wr PV without PDP

wr PV with PDP

295 £ " . L . : .
26 28 3 32 34 36
time (s)

Fig. 5. Speed Characteristics (Transient at Loading)

Speed against time

wr PVM without PDP
wr PVM with POP

3.98 4 4.02 4.04 4.06 4.08 41 4.12
time (s)

Fig. 6. Speed Characteristics (Transient at Loss of e-Phase
initiated)

Speed against time

wr PVM without PDP
wr PYM with PDP

Speed (rad/s)

4.98 5 5.02 5.04 5.06 5.08 51
time (s)

Fig. 7. Speed Characteristics (Transient on restoration of e-
Phase)

The Torque characteristics of the models (Fig. 8), transient
at start (Fig.9), transient on loading (Fig.10), transient on
the start of e-phase fault (Fig.11) and subsequent
restoration of the e-phase fault (Fig. 12) present a
comparative plots of the models.

At start, the torque transient performance characteristics
for model I having a value of 36.59 Nm value show greater
rise as compared to 29.71 Nm for model II, thus recording
an 18.8 % difference in maximum oscillation between
models at start. Similarly, minimum transient rise of -
33.14Nm is observed in model I as compared to a -23.81Nm
value rise for model II, thus recording a 28.15 % difference
for the minimum transient rise at start.

On loading, model I torque characteristics show a torque
transient difference of 2.69 % in maximum oscillation value
between the models. A greater value for the difference in
minimum torque on loading is 31.95% between the models.

At loss of e-phase fault, a lower Speed oscillation rise
between the models is 19.52 % while the minimum rise
between the models is 42.91 %.

Torque against time

Te PVYM without PDP | |
Te PVM with PDP

time (s)

Fig. 8 Torque characteristics (With and Without PDP)

Torque against time

Te PVM without PDP
Te PYM with PDP 1

time (s)
Fig. 9. Torque characteristics (Transient at start)

Torque against time

Te PVM without PDP
Te PVM with PDP

20

Tomue (Nm)

]

24 26 28 3 32 34 36
time (s)

Fig. 10. Torque characteristics (Transient at loading)

An enlarge view of the plot of the torque characteristics
before loading after synchronous speed is attained is
presented in Fig. 10, while the plot of the torque
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characteristics on start of fault and subsequent restoration
of e-phase are presented Fig. 11 and Fig. 12 respectively.

Torque against time

Torque (Nm)

time (s)

Fig. 11. Torque characteristics (at start of loss of e-phase
fault)

Torque against time

Te PVM without PDP | |
Te PVM with PDP

Torque (Nm)
3

4.96 4.98 5 5.02 5.04 5.06 5.08 5.1
time (s}

Fig. 12. Torque characteristics (Torque oscillations during
loss of phase and subsequent restoration)

The performance characteristics of the different models of
without PDP and PDP of speed and torque are tabulated in
table Il and table III respectively.

TABLE II. SPEEDPERFORMANCE
CHARACTERISTICS

(N-m)
PVM (PDP) 36.59 - - 18.94 - 1.64 41.16 - -
33.14 14.29
PVM 29.71 - - 18.43 -2.41 51.14 --
Without PDP 23.81 25.03

To a greater percentage, the period between the models
during transient is constant despite the change in
oscillations value as shown in Fig. 13.

Both models of utilizing the phase dependent coefficient
and not incorporating the phase dependent parameter still
settles at the synchronous speed even though the settling
times varies between the models. The model without PDP
settles after transient at start at 1.3 seconds as compared to
a recorded value of 1.97 seconds for the model utilizing
PDP.

Speed against time

45 4505 451 4515 452 4525
time (s)

4475 448 4485 449 4495

Fig. 13 Speed performance characteristics (speed
fluctuations during loss of phase)

V. CONCLUSION

The effect of the third harmonic component of the air-gap
MMF has been accommodated in both models, but when
utilizing the phase dependent parameter, a higher
percentage of oscillation is observed as compared to the
model without phase dependent parameter. percentage
difference in transient of 0.46%, 0.1 % and 2.4% at Start,
loading and on fault respectively with the PDP model for
the Speed Characteristics. Both models have the same value
at synchronism before loading and after the loss of phase
fault is restored. Despite observed oscillation in model PDP,
it takes longer time to settle at start but lesser settling time
on loading, as compared to observation with the model
without PDP. On restoration of the loss of phase fault, an
increase in phase shift is observed with the PDP model
having a shift of 42° for the first out of phase oscillation,
and damped faster as compared to the without PDP.

Speed Start Loading Fault
h .
¢ araccsterlstl Transient(m Transient(m Transient(m
ax - min) ax - min) ax - min)
(rad/s)
PVM (PDP) 382.4 - 260 325.2 - 331.4 -
299.8 291.1
PVM 3454 - 324.6 - 332.2-
Without PDP 288.1 299.5 284.3
TABLE I11. TORQUE PERFORMANCE
CHARACTERISTICS
Torque Start Loading Fault
Characteristi
cs Transient(m Transient(m Transient(m
ax - min) ax - min) ax - min)
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Considering the observed oscillations, variance in
amplitude is between the models as the angle of oscillation
is maintained. This is an indication that the PDP model,
while presenting an approximation of the stator
inductances in a sinusoidal form, introduced an increase in
the value of the amplitude. The PDP model gives an
acceptable result but a more accurate result is given with
the model that neglect the use of the PDP.
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