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Abstract:  The effect of winding chording on five-phase synchronous reluctance motor (SRM) modelled in
phase variables is presented. The stator winding configuration is shifted a pole pitch from a full-
pitch configuration to a 54 degrees over-full-pitched configuration incorporating the effect of 3rd
harmonic of the air-gap magneto-motive force in the inductance equations. The models are
monitored on starting, synchronism, loading, faults and loss of synchronism. These are considered
simultaneously with vector potential, rotor speed, air-gap flux linkage and winding current. The
phase variable (analytical) models have been simulated by using MATLAB/Simulink software
while ANSYS Maxwell software has been used to simulate the finite element model (FEM) of
the motor for corresponding chording ranges for comparison on direct online starting (DOL).
Under all conditions considered in the work, the detailed results are presented and very close
similarity is observed between the analytical and the nearly ideal FEM model for all chording
ranges and the similarity is enhanced with increase in chording angle.
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1. INTRODUCTION

The development in power electronics has contributed greatly to the development of efficient electric
machines. Despite the contributions of power electronics, the efficiency of electric machines can still be
improved with optimize geometry and winding configuration design for direct online (DOL) starting
machines. The synchronous reluctance motor (SRM), having reduced losses due to the absence of rotor
winding, can be modelled for direct-on-line starting [1,2] by using a cage in the rotor and a suited
winding configuration to enhance efficiency. The SRM seeks to improve the saliency of the machine
when considering the geometry design, thus enhancing the reluctance torque [3,4]. Many researchers
have contributed greatly to the improvement of the saliency of the machine [3-8]. To minimize the
harmonics, the winding configuration is modelled to suit the supply voltage, as these are very essential
for the multi-phase machine. The utilization of the multi-phase machines helps in the reduction of torque
pulsation as compared to the three-phase machine [9-13]. The recognition of the direct phase variable
(DPV) model when considering analysis of machine performance during faults and unbalanced
conditions cannot be ignored [4,14]. The DPV model accounts for harmonics and even the rotor d-q
windings of the machine, without transformation to a fictitious reference axis.

The Finite Element Method (FEM) has become a household name in electric machine design and
analysis both in the academia and the industry [4, 14-22], aided in design optimization, in geometry,
windings, drives system, stress analysis and temperature considerations with minimal error margin. The
use of the high-order phase machines has yielded a torque enhancement with a negligible rise in copper
loss because lower order harmonics could add to the fundamental component of mmf [10,23]. Five-
phase machines have a lower torque pulsation than a corresponding three-phase machine [23] and this
benefit manifests very much in SRMs. The five-phase machine has the ability to utilize the fundamental
and third-harmonics of the air-gap MMF for torque, and is more capable of loss of phase (fault) tolerance
when compared to a three-phase machine. Even though higher phase machine, other than the five-phase
machine may look attractive, so also a recorded increase in the number of switching devices as well as
the cost [10,12,13]. With consideration to the suppression of certain harmonics in the phase EMF and
MMF, chording in both integral and fractional windings are encouraged [24-26].

This study analyses chorded stator winding of five-phase SRM from a full-pitched (FP) to over-full
pitched (OFP) configurations considering the machine characteristic performance under normal, loaded,
faulty and unbalanced conditions. In this paper, a detailed DPV model was used in the analysis
incorporating all the winding, slot openings and rotor geometrical effects without using the simplified
sinusoidal or d-q models. The finite element analysis (FEA) was used to validate the models, while
considering the effect of chording ranges.

2. ANALYTICAL (PHASE-VARIABLE) MODEL OF THE FIVE PHASE SYNCHRONOUS
RELUCTANCE MOTOR

A five-phase (5-ph) SRM having a cage rotor was modelled using phase variable method. Beginning
with the classical volt-ampere relationship of a mutually coupled coil [4] in a rotating magnetic field:

V=IR +%(L1) (1)

The voltage equation for the five-phase SRM can be resolved to:

12



% = (L(gr))_l (VV - {Rrs + Wy [M }II> (2)

do.,
de,
w, = 3
r dt ( )
II = [isa; isb; isc; isd; ise; irq; ird] (4)
VV = [vsa; Vshs Vscs Vsds Vses vrq; vrd] (5)

where I; is the machine current given in Eq. (4) and Vy, is voltage matrix given in Eq. (5). R, is the
resistance matrix of the machine. Wherever it appears, 8, is the rotor position. The dependence of
inductances on rotor position will not be eliminated by the usual d-q transformation as this will entail
the discontinuation of the use of the harmonics in the analysis.

The combined matrix of inductances of the machine consisting the stator and the rotor is given in Eq.

(6).

LSS L,ST
L) = E W) L;l ©

In Eq. (6), Lss and L., are the inductances of the stator and the rotor respectively while LY, is the stator
to rotor mutual inductance. Lj,, and Lj,, are the leakage inductances in the g- and d-axis respectively.
The electromagnetic torque is given in Eq. (7):

p(1, 79(Ls(6)) 7 9(Ls-(6,))
Te = E Elss Tlss + Iss Tlrr (7)
r r

Ig = [isa: Usp» Iser Isqr ise]T (8)

. .7
Ly = [qu, lrd] )

In terms of mechanical quantities, the torque can be written as:

T,=] (B) de, +T, (10)

e 2/ dt !

Here I, and I, are the stator and rotor current matrices respectively while J is the polar moment of
inertia (kgm?), p is the number of magnetic poles while T; is the load torque (N m).

The stator winding resistance Rg can be calculated from Eq. (11).

L
= 11
Re= = (11)

In Eq. (11), o, is the conductivity, [, is the length and a,. is the conductor cross-sectional area. The total
length of the conductor is given in Eq. (12).

Le=— (12)
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Where v,; is the total volume of conductors per machine phase, the slot conductor’s volume v, and the
end turn volume v, are given in Eq. (13), Eq. (14) and Eq. (15), respectively.

Vs = Uxs + 20y, (13)
Sy
vy = (L+20)a ) [Ny (14)
i=1
2m _
Uxe = S_rxacEx (15)

y

e, i—" E,, Ty, Ny and s, are the axial length from the end of the machine lamination to the centre for the
y

end-turn bundle, angle of the end conductor sector, end connector sector length, total number of
conductors and the number of slots respectively.

For the different models, change in volume is only recorded with the end turn volume since the
chording does not actually change the volume of the slot conductors. To accommodate the changes
across the models, x;E}, is introduced as in Eq. (16)

21 _
Uxe = S_rxacxiEk (16)
y

where E}, is a constant term for the end connector sector length, while x; represent the change in sector
length across the model for i;;, model.

3. CONFIGURATIONS (MODELS) OF THE MACHINE UNDER STUDY

In this paper, four configurations, termed models are considered for the purpose of analysis. The five-
phase SRM stator is wound as full-pitched, over-full-pitched 18 degrees chording, over-full-pitched 36
degrees chording and over-full-pitched 54 degrees chording and represented as Models | to IV in Table
1 showing only for one pole for brevity. These models also offer a negligible variation in the length of
the windings and end connections.

Table 1: Five-phase four-pole winding configuration.

Model | Model Il Model 11 Model IV
Slots _Full-pitched  Over-full pitched 18 deg.  Over-full pitched 36 deg.  Over-full pitched 54 deg.

L1 L2 L1 L2 L1 L2 L1 L2

1 Af At At D~ At D~ At B*
2 At At At At At D~ At D~
3 C (o c~ At c™ At c™ D~
4 C- (o c~ c~ c™ At c™ At
5 E* E* E* c~ E* c™ E* At
6 E* E* E* E* E* c™ E* c~
7 B~ B~ B~ E* B~ E* B~ c~
8 B~ B~ B~ B~ B~ E* B~ E*
9 Dt D* D* B~ D* B~ D* E*
10 Dt D* D* D* D* B~ D* B~

Legend: L1 — Layer 1, L2 — Layer 2
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4. INDUCTANCE CALCULATION

For the purpose of analysis, an approximation can be made on the winding expression by limiting it to
only the fundamental and the 3rd harmonic constituents for each phases together with their
corresponding phase shifts. Each phase winding function for any typical phase will be of the form:

4N 1
Ny 02 = == k1050, +0) = S kyacos(3(8,+9)| )

In Eq. (17), kw1 = kcikais kws = keskqs; wherein k., and kg4, are the chording and the distribution

factor of the nth harmonics. « is 0, — 2?” — 4?”4?” 2?” for phases A to E respectively, while @ is the stator

angular position. To find any inductance expression, we use:

Lyy = torl f N, ()N, (9)g™ (9,6,)de (18)
0

In Eq. (18), Nx(¢) and N, (¢) are the winding functions of phases X and Y respectively. g~*(¢, 6,) is
the inverse air gap function while [ is the axial length of the air gap, r is the radius to the mean of the air
gap and y, is the permittivity of free space. The inverse air-gap function including the 3rd harmonic
component is given in Eq. (19).

9 %(®,,0,) = a—bcos2(d, — 0,) + Scos6(®s —-0,), (19)
where,
1/1 1
a= E (a + a) (20)
2/1 1
=— (— — —> sinmtf (21)
T\ga Ib

In Egs. (20) and (21), g, the air gap at pole face, g, is the airgap between the poles and j is the pole
arc/pole pitch ratio.

5. SIMULATION OF THE DPV (ANALYTICAL MODEL)

The parameters of the 5-ph SRM used in the simulation of the machine are given in Table 2.

Table 2. The parameters of the 5-phase SRM.

Quantities Value Quantities Value
Stator outer / inner radius ~ 105.02 /68.09mm  Number of poles 4
Rotor radius 67.69mm Frequency 50Hz
Effective stack length 160.22mm Ratio pole arc / pole pitch 2/3
Number of slots 40 phase voltage Vs, 370v
Number of turns 48 Rotor g-axis leakage inductanceL,q,  4.2mH
Main air-gap length g, 0.4mm Rotor d-axis leakage inductance Ljg,  3.5mH
Inter polar slot space gy, 21.3mm Rotor g-axis resistance R g, 0.08 Q
Stator slot depth 18mm Rotor d-axis resistance Ry, 0.52Q
Stator slot pitch 9° Moment of inertia J 0.0389kg/m?
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The developed machine stator winding models: Models I-1V which were modelled about a slot pitched,
were studied for machine behavior at synchronism, loading, fault and the vector potential. The plots of
the Finite Element Model (FEM) are shown in Figs. 2, 3 and 4 respectively, and tabulated in Table 3. A
fault leading to loss of e-phase was created for a period of 0.5 s while the machine is loaded.

Table 3. Vector potential characteristics.
Models Synchronism Loading Fault % Drop on loading % Drop at fault

Model | 19.15 18.44 18.28 3.71 0.87
Model 11 18.86 17.99 17.88 3.59 0.61
Model 111 19.09 18.73  18.62 1.89 0.58
Model 1V 19.37 19.35 19.25 0.103 0.52

The plot of the vector potential at synchronism shows a maximum value of 19.37x 10~3 Wb/m for
model 11, and a recorded 1.44 %, 2.63% and 1.14 % decreased in value for Models I1I, 1l and |
respectively. This variance in the vector potential of the models is an indication of the developed
potential at each of the coils in the slots. On loading, a corresponding drop in value is recorded for all
the models, decreasing as the chording angle increases. A similar drop in percentage value is also
experienced with the models during fault, with decreasing value as the chording angle increases. Model
IV showed the least drop in value on load and during fault with a percentage drop values of 0.103 %
and 0.52 % on load and during fault respectively as can be seen in Table 3.
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Figure 1. A-phase vector potential plot at synchronism.
The machine was loaded with a continuous duty cycle load torque of 50 N m lasting for 3.2 seconds as
a step load before an additional ramp load torque was introduced, reaching a maximum torque of 110 N
m at 3.5 seconds. The speed characteristics of the machine was monitored under these loading conditions
as shown in Fig. 5.
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Figure 3. A-Phase Vector potential plot on Load
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Figure 5. Plot of Load Torque against time

The machine was loaded with a continuous duty cycle load torque of 50N-m lasting for 3.2 seconds as
a step load before an additional ramp load torque was introduced, reaching a maximum torque of 110N-
m at 3.5 seconds. The speed characteristics of the machine was monitored under these loading conditions
as shown in Fig. 5.

The speed characteristics for Models | to IV for FEM and DPV are presented in Figs. 6 to 9, respectively,
while the speed characteristics for the DPV and the FEM are presented for all the considered models in
Figs. 10 and 11, respectively. Longer settling time is observed with increase in chording at synchronism
and on loading, but a decreasing settling time with increase in chording during fault. At loss of
synchronism, Model 1V record the greatest time for both the DPV and the FEM models, as compared to
time value of 3.279 seconds, 3.141 seconds and 3.115 seconds for Models 111, Il and I, respectively,
while a time value of 3.212 seconds, 3.191 seconds and 3.168 seconds for Models I, Il and |
respectively. The settling times for the speed under different conditions are shown in Table 4.

The speed transient characteristics at starting, loading, under fault and when the fault has been cleared
are shown in Table 5. The speed transients at starting showed the least percentage value rise of 8.9 %
about the synchronous speed for Model | as likened to a percentage rise of 10.13%, 16.40% and 23.33%
for Models IV, Il and Il respectively for the FEM, which has a comparable lower transient rise as
compared to the highest and the least percentage value rise of 31.53% and 15.27 % for Model Il and
Model | respectively.
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Table 4. Settling time and time of loss of synchronism for the considered characteristics.
Model Synchronism Loading Fault Faultcleared Loss of Synchronism
Finite Element Method (FEM)

| 0.887 1.601 2.189 2.905 3.115
1l 0.890 1.662 2.154 2.977 3.141
11 0.930 1.679 2.013 >3 3.279
v 0.975 1.689  2.093 >3 3.351

Direct Phase Variable (DPV) Model

| 0.889 1.600 2.182 2.854 3.168
1 0.901 1.664 2.177 2.925 3.191
11 0.933 1.678 2.167 2.951 3.212
\Y 0.977 1.688 2.155 2.968 3.339

The speed transient when loaded showed a minimal percentage rise of 1.93% and 2.13% in Model 1V
for FEM and analytical models respectively. When fault occurred the percentage transient rise of 4.47
% and 6.07% were observed in Model | for analytical and FEM respectively. When the fault of e-phase
loss was cleared, the percentage rise value of 2.93% and 6.27% were recorded in Model I in analytical
and FEM respectively.

The FEM Speed characteristics plots showing transient for Models I, 11, 111, and IV at starting, loading,
loss of phase fault and synchronism loss are shown in Figs. 12,13,14 and 15, respectively.
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Figure 6. FEM and analytical (phase variable) plots of speed for Model I.
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Table 5. Speed performance characteristics.
Speed Transient Start Loading Fault Fault cleared

(rpm)

Finite Element Method (FEM)

(max —min) % (max—-min) % (max-min) %  (max-—min) %

FP (Model I)
OFP (Model I
OFP (Model I
OFP (Model I

1564 -1430 8.93 1512-1480 2.13 1528-1437 6.07 1564-1470 6.27
) 1677-1327 23.33 1513-1480 220 1531-1411 8.00 1584-1467 7.80
I) 1629-1383 16.40 15131479 227 1527-1422 7.00 1595-1454 9.40
V) 1577-1425 10.13 1512-1483 193 1535-1411 8.27 1603-1437 11.07

Direct Phase Variable (DPV) Model

FP (Model I)
OFP (Model I
OFP (Model I
OFP (Model |

1642 -1413 15.27 15131479 227 1531-1464 4.47 1527-1483 2.93
) 1755-1340 3153 1513-1449 4.27 1532-1460 4.80 1533-1479 3.60
I) 1789-1316 27.67 1513-1479 227 1534-1458 5.07 15361477 3.93
V) 1834-1280 15.27 1513-1481 2.13 1541-1448 6.20 1543-1471 4.80
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1500 F : Pgmmm—\/
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time (s)

Figure 10. Comparison of speed plots for the four models using the phase variable (analytical) method.
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the machine flux linkage at were monitored during synchronism, loading fault

and then clearance of the fault with the FEM and the phase variable models. The result are shown in
Table 6. The a-phase flux plot for all the considered models for FEM at synchronism, loading and faults
are presented in Figs. 16, 17, 18 and 19, respectively. A difference of 2.43% is observed between the
FEM and the DPV for Model I, while 3.47%, 5.92% and 8.03% differences are seen for Models II, 111
and IV between the FEM and the analytical model at synchronism, respectively. The value of the flux
linkage is generally observed to decrease as the chording angle increases, and is observed in both the
FEM and the analytical models as tabulated in Table 6.

Table 6. Flux linkage characteristics

Model Synchronism Loading Fault Fault cleared

Value(£) Value(+) Value(Max-Min) Value(+)
Finite Element Method (FEM)

| 1.126 1.104 0.8534 -0.8537 1.105
1 1.112 1.087 0.8417 -0.8429 1.088
1 1.081 1.064 0.7882 -0.7881 1.065
\Y4 1.054 1.034 0.7684 -0.7692 1.032
Direct Phase Variable (DPV) Model
| 1.154 1.146 1.117 -1.144 1.145
1 1.152 1.143 1.112 -1.143 1.143
1 1.149 1.138 1.107 -1.139 1.140
\Y4 1.146 1.133 1.100-1.135 1.135

flux linkage (W)

Figure 16.

time (5

Flux Linkage characteristics for FEM (at synchronism before loading).
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The current plots for each of the five phases are analogous as a symmetrical winding following the

application of load. Varied characteristics can be observed for the different models when the currents in
phase A is presented. These are shown in Figs. 20, 21 and Table 7.
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Figure 21. Current characteristics for DPV model.

During starting, a transient rise is observed in the FEM model, and particularly in Model 1V with a value
of 118 A as compared to other models. Similar higher transient rise in current was seen in the phase
variable with a high as 91.16 A for Model IV.

At synchronism, Model IV still has the highest value of 19.41 A and 21.61 A for DPV and FEM
respectively as compared to Model I, having the values of 16.56 A and 16.11 A for DPV and FEM
respectively. On loading, a current rise of 15.91% and 12.88% was observed in Model | for FEM and
DPV respectively, as compared to an observed Model 1V current rise of 5.72% and 4.15% rise for FEM
and DPV, respectively. During the fault, for Model |, a 52.16% current rise was observed for FEM as
compared to a 50.54% current rise for DPV, while in Model 1V, a 53.14% current rise is observed in
FEM as compared to 49.61% rise for DPV.

Table 7. Phase A current performance.

FEM
Model Start Transient  Synchronism Loading Fault Fault cleared
(max —min) (A) (A) (A) (A)
Finite Element Method (FEM)
| 111.3--61.15 16.11 19.16 40.05 19.11
1l 114.9 —-59.34 17.23 19.73 41.14 19.73
1 116.9 —-65.64 18.89 21.01 46.61 21.02
v 118.0 —-69.52 21.61 22.92 4892 22.92
Direct Phase Variable (DPV) Model
| 87.73 —-53.97 16.56 19.01 38.44 19.01
1l 82.93--52.2 17.91 19.57  39.19 19.58
1 83.06 —-56.86 18.95 19.80  39.87 19.82
v 91.16 —-64.01 19.41 20.25  40.19 20.64
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Loss of synchronism occurs during ramp loading as Model 1V shows a higher load carrying capacity for
both the FEM and DPV with a carrying capacity of 92.06 N m and 90.62 N m respectively for Model
IV. For Model I, the corresponding values are 63.74 N m and 70.16 N m. As the chording angle
increases, the carrying capacity (pull-out torques) also increases as recorded for the considered models
as tabulated in Table 8.

Table 8. Pull-out load torque.

Load Torque (N-m) Loss of Synchronism
Torque  Time(s)
Finite Element Model (FEM)
FP (Model I) 63.74 3.115
OFP 18 deg. (Model 1) 67.04 3.141
OFP 36 deg. (Model I11) 83.48 3.279
OFP 54 deg. (Model IV)  92.06 3.351
Direct Phase Variable (DPV) Model
FP (Model I) 70.16 3.168
OFP 18 deg. (Model 1) 72.86 3.191
OFP 36 deg. (Model I11) 79.38 3.212
OFP 54 deg. (Model IV) ~ 90.62 3.339

6. CONCLUSION

Comparatively, authors are aware of the multiple coupled circuit model developed by Munoz and Lipo
[27] but the method is not used here because several variables are involved whereas this paper intends
to provide actual results based on DPV model which can be extended to other machine variants.
Accounting for chording in the stator winding, the developed model of five-phase synchronous
reluctance motor has been investigated with MATLAB/Simulink and ANSYS Maxwell and compared
with FEM simulations. In this study, machine performance during starting, load application, during
losses of phase synchronism due to loading were considered. The behavior of the machine’s vector
potential, rotor speed, air-gap flux linkage, stator winding phase current and the pull-out capability for
the modelled stator winding configuration of full-pitched, over full-pitched with chording angles of 18°,
36° and 54° were investigated. These models showed similar characteristics with no more than 10%
deviation in value between the FEM and the DPV models.

For the flux linkages, difference of 2.43% is observed between the FEM and the DPV for Model I, while
differences 3.47%, 5.92% and 8.03% are observed for Models II, 111 and IV, respectively between the
FEM and the DPV at synchronism. The value of the flux linkage is generally observed to decrease as
the chording angle increases, and is observed in both the FEM and the DPV models. On loading, a brief
transient oscillation was observed, but at loss of phase fault, the machine still runs at synchronous speed
with fluctuations about the synchronous speed, and is observed in all the considered models. The full
pitched machine showed the minimal loading accommodation of 70.16 N m at 3.17 s for the DPV and
63.74 at 3.115 s for the FEM is recorded in Model | (full pitched) as compared to a maximum loading
accommodation of 90.62 N m at 3.339 for DPV and 92.06 N m at 3.351 s for FEM in Model IV (over-
full-pitched 54 degrees chording). From the above results, it is fundamentally observed that there is a
very close similarity between DPV and the nearly ideal FEM model for all chording ranges thereby
justifying the use of DPV model as a superior alternative to the d-q model which has lots of
encumbrances. It is also particularly observed that the similarity between the DPV and the FEM
increases with increase in chording angle. Finally, it is pertinent to mention that all the developed models
still gave enough necessary information on the analysis of five phase SRM, but based on the required
application, a particular model can be adopted.
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