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Abstract: This paper aims at the fabrication of five phase
induction drive for laboratory purpose from three phase
to five phase transformer connection. Here, five phase
drive is proposed rather than conventional three phase
drive because by increasing the number of phases torque
ripples are reduced hence amplitude of the current is
reduced without increasing the voltage per phase
therefore it increases the reliability of the system. In five
phase drive, failure of one phase, the performance does
not degrade to that extent in the three phase drive.
Considering these advantages than conventional three
phase drive fabricated the induction motor. To facilitate
five phase supply, obtained from the transformer setup it
takes three phase supply as input and five phase supply
as obtained as an output by properly connecting the
secondary windings of the transformer. Experimental
Results are analyzed both three phase to five phase
transformer connection scheme and five phase induction
motor drive.

Key words: Five Phase Induction Motor Drive (FPIMD),
Thee phase to five phase transformer( 3Ph-5Ph),Turns
Ratio, Phase loss, Unbalanced.

1. Introduction

The feasibility of a phase order is higher than
three, grown in the area of multi-phase machine for
high power applications, which are both rugged and
energy-efficient. Increased phase number drive
acquire a number of advantages than conventional
three-phase drives such as: falling the amplitude and
rising the frequency of torque pulsation, without
raising the voltage per phase, lowering the rotor
harmonic currents, current per phase and dc link
current harmonics, higher reliability and higher
power in the same structure. Hence multi phase
induction drives are employed where reliability is
required with the great extent such as Electric ship
propulsion and hybrid electric vehicles, Air craft’s
etc.

The research has been in progress for the last two
decades only look into the different problems which
are associated to utilize the multi-phase machine
drives are possible choice by the existing three-
phase machine.
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On behalf of multiphase motor drives are concerned,
the first proposal was given by Ward and Harrer way
back in 1969[1] and since then, the research was
slow and steady until the end of the last century.
Among the accessible multiphase machines, five-
phase induction machines are most likely considered
multiphase machine drive in recent research. Here,
examine the odd phase drive than even phase. If deal
with even phase (i.e. 6, 12, 24....etc), they are likely
to be multiples of 3, and operates like a double cage
three phase drive. So as to avoid this problem
consider only odd number of phases. However,
increasing the number of phases certainly increases
the difficulty of the system. [2]-[3].

In a squirrel cage induction motor the stator is
excited by source and the rotor bars are short
circuited. So there is a flexibility of increasing the
number of phases in the stator side. Which can be
done through three phase to five phase transformer
connection scheme. The rotor phases get
automatically adjusted.

The proposed block diagram is shown in Fig.1.
This paper, elaborates how the conventional three
phase transformer provides the output five phase
supplies and fabrication of five phase induction
motor by traditional three phase induction machine.
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Fig.1.Block Diagram of the Proposed Drive.
2. Fabrication of Laboratory Three Phase To
Five Phase Transformer
The transformer primary three phases and
secondary five phases can be connected in four
different ways.



A. Star- Star

B. Star- Polygon

C. Delta- Star

D. Delta-Polygon

The phase difference between the two consecutive
phases is 72° and this exact phase difference
obtained by properly selecting the turn’s ratio [1].
Here conversion is done by considering  three
multi-winding transformers T-I,T-11,T-1ll. Each
primary winding of three multi-winding transformer
has only one winding. Secondary side of T-Iland T-
Il transformers are have three windings and T-I
transformer has two windings in case of star
connection and three windings in case of polygon
connection. The phases are labeled “A”, “B”, “C”
of the input supply and “a”, “b”, “c”, “d”, “e” are
the phases of output supply respectively. Balanced
three phase supply is given to the input terminals as
designated as A, B, and C.Va, Vg V¢ are the phase
to neutral voltages. V, , Vy, V., Vg, Ve are the output
phase voltages to neutral. [1]
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Fig.2.Connection scheme of Transformer in Star-Star
mode

In this type of transformer connection
scheme, input and output windings are connected
in Star-Star fashion, Primary winding of each
transformer consists of two terminals, overall Six
terminals of primaries and similarly the sixteen
terminals of secondary’s are connected in star.
This scheme of connection is shown in Fig.2.

Phase “A” of the input and phase “a” of the
output are in same phase. Phase “b” of the output,
obtained from the phasor sum of winding voltage
“cg Cs” and “by b,”.Similarly “c”, “d” ,“e” output

phases are obtained from phasor sum of “a; a3”
and “bs b3”, “as a3” and “cy €7, “cq4 €37 and “bg
be ’respectively [1]. By proper connection winding
terminals the five phase output would be obtained.

Now, developed the laboratory experimental
setup of three phase to five phase transformer with
power rating as 2 KVA in star-star mode only by
using the connection scheme shown in
Fig.2.Dimensions are considered to fabricate 3ph-
5Ph transformer shown in Fig.3.Also E&lI
laminations are shown in Fig.4.Complete
experimental setup of 3ph-5Ph transformer shown

in Fig.5.
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Fig.3.Dimensions for Fabrication of Transformer
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Fig.4.E & | lamination Dimensions used for Fabrication
of Transformer

Fig.5.Experimental Setup of Five Phase Transformer



Table |
Turns Ratio’s For All Four Types of Transformer Connection Schemes

Primary

Phase —

Phase —

Phase —

Star-Star Star-Polygon
Secondary  Turns Secondary  Turns
Ratio(Ns/N,) Ratio(Ns/N,)
a; 1 a; dy 1
dzay 0.47
az as 0.47 asag 0.47
b. b, 0.24 b, b, 0.24
bs b, 0.68 bsby 0.68
bs be 0.858 bsbg 0.858
C1Co 0.68 Ci1Co 0.68
C3Cy 0.24 C3Cy 0.24
C3,Cs5 0.858 Cs5Cq 0.858

Delta —Star Delta-Polygon
Secondary  Turns Secondary  Turns
Ratio(Ns/N,)
a; dy 1 a; o 1
dgas 0.47 dzdy 0.47
dsdg 0.47
by b, 0.24 b. b, 0.24
by bs 0.68 bsby 0.68
bs bs 0.858 bs be 0.858
Ci1Co 0.68 C1Co 0.68
C4C3 0.24 C3Cy 0.24
Cs5Cq 0.858 CsCq 0.858

B. Star-Polygon

Here supply voltage will be in phase with the
primary winding and secondary connected as
polygon, phase to phase voltage will appear across
the secondary terminals, the output voltage 54°
lagging from the primary as well as the supply
voltage.

C. Delta-Star

Here, the supply voltage will lead the voltage
across the primary winding by 30°.Secondary
winding phase-a will be in phase with the primary
winding phase-A. As a result the secondary
voltage will be lag behind the supply voltage by
30°.

D. Delta-Polygon

Here, Primary winding voltage lags behind the
supply voltage by 30° and secondary winding
voltage lags behind the primary by 54°. There by a
total of 84° phase shift is observed from supply to
the secondary side.

Experimental setup of fabricated five phase

transformer under rated load in star-star mode shown
in Fig.6.Further the 3ph to 5ph transformer fed to

five phase induction motor drive.

Wa

Fig .6.Experimental Setup of Fabricated Five hase
Transformer under Rated Load Testing.

3. Fabrication of Five Phase Induction Drive

Before going to the fabrication of the drive,
modeling the drive by using simulink library, in
which the mathematical equations are modeled
and used for computations of various inputs. In
real time it is difficult for a designer to directly
make computations on hardware for required
output parameters. So mathematical modeling of
the machine helps the designer to observe the
output responses for different inputs. Therefore
modeling of machines has become such an
important tool for machines [4]-[10].

After simulation, Hardware setup of

induction motor designed by existing conventional
three phase motor to desired phase output by
rearranging the copper winding in slots, here the
slots are only the multiples of five earlier designed
the slots only multiples of three in case of
conventional three phase motors.

Fig.7.Stator and Rotor of Three phase'_ir‘{ductibn'driv
Fig 7.Shows the squirrel cage rotor and 24
slots,4 -pole stator of three phase induction motor.

Ratio(Ns/N,)



By using this motor drive fabricate the five phase
induction drive. Here five phase stator core slots
are multiple five, so possibility to fabricate 2-pole
machine instead of 4-poles. Slots are becomes
reduced as 20 for five phases. Four slots are
leaving with no winding.

Fig 8.shows the two pole, 20 slots five phase
induction drive. Even there is four slots deficiency
the drive runs very smoothly. Fig .8.represents the

4. Results
The proposed work simulated first by using star-
star connection of the five phase transformer fed to
five phase induction motor drive. Next, the
laboratory experimental setup was developed. Both
the results are analyzed and shown below under
steady state condition and unbalanced condition or
phase loss condition.
» Simulation Results of 3ph -5ph Transformer

five phase stator with five phase terminals a, b, c,
dande.
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Fig.11. Input voltages of 3ph to 5ph Transformer
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Fig.12. Output voltages of 3ph to 5ph Transformer
Observe the Fig.11 and 12 the phase voltages of
input and output voltages are same in star-star
scheme of connection i.e.240V/ph.

Input Currents of 3pl| to 5ph Transformer

Fig8.Slots with copper windings of five phase induction
drive
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Fig.13. Input currents of 3ph to 5ph Transformer

3ph to 5ph Transformer input currents observed
.\ fromFig.13 as 4A.Input no load currents are 3 to 5%
 of the full load current of the primary. Transformer
operated without induction motor drive, hence the
output currents are zero.

» Experimental

Transformer
Table. II Turns Ratio’s of Star-Star Connection

Results of 3ph to 5ph

Primary  Secondary Turns Ratio(Ns/Ny)

Theoretical ~ Practical
Phase ~A 1% 1 !

az ay 0.47 0.47
b, b, 0.24 0.237
Phase B b;b, 0.68 0.669
bs bg 0.858 0.856
C1Cy 0.68 0.688
Phase -C ¢, ¢, 0.24 0.237
Fig.10. Experimental Setup of Five Phase induction motor Ca,Cs 0.858 0.883

drive



Table. Il Transformer on No- Load

(@)Input and Output voltages

Table. V Transformer on Load (FPIMD)

(a)Input and Output Line Voltages

3-Phase Input
Voltages(V) 5-Phase Output Voltages(V)

3-Phase Input
Voltages(V) 5-Phase Output Voltages(V)

VAN VBN VCN Van Vbn Vcn Vdn Ven

VAB VBC VCA Vab Vbc Vcd Vde Vea

240 240 240 240 240 240 240 240

415 415 415 282 284 286 282 282

(b)Currents and Power

3-Phase Input No Load Primary No-Load
Currents(A) Current(A) Power (W)

IA IB IC IAO IBO ICO WO

4 4 4 038 036 04 116

Table. IV Transformer with Resistive Load
(a)Input and Output voltages

3-Phase Input
Voltages(V) 5-Phase Output Voltages(V)

VAB VBC VCA Vab Vbc Vcd Vde Vea

415 415 415 282 284 286 285 282

415 415 415 272 276 278 278 276

415 415 415 240 250 264 240 248

415 415 415 222 232 244 222 232

(b)Input and Output Currents

3-Phase Input
Currents(A) 5-Phase Output Currents(A)

la ls lc YR S S R

038 036 04 0 0 0 0 0

6 54 56 33 35 31 35 33

108 103 104 62 66 66 6.2 65

128 122 122 73 77 76 73 76

(c)Input, Output and Total power

Total 5-Phase Output Power (W) Total
input Output
Pow Power(V
(W)

Wi Wan Wen Wen Won Wen Wo
116 0 0 0 0 0 0

4040 720 760 680 640 720 3520
7680 1220 1360 1340 1200 1340 6460
9120 1400 1520 1480 1360 1488 7248

» Simulation Results Of 3ph -5ph Transformer
With Five Phase Induction Motor Drive

Input and Output Line voltages
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Fig.14. Input and Output Line voltages of 3ph - 5ph
Transformer with FPIMD

Observe the Fig.14 the line voltages of input are
415V and output voltages are 283 V for star-star
scheme of connection of 3ph to 5ph Transformer

with FPIMD.

(b)Input and Output Currents

3-Phase Input
Currents(A) 5-Phase Output Currents(A)

N Ig Ic la Iy [ lg le
3.1 32 31 18 21 19 19 2

Three phase Input and Output Five phase Currents (A)

0.01 0.2 0.03 0.04
Time(Sec)
Fig.15. Input and Output currents of 3ph to 5ph
Transformer with FPIMD

Observe the Fig.15 the three phase input currents
are 3.2A and output five phase currents are 2A for
star-star scheme of connection of 3ph to 5ph
Transformer with FPIMD.
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Fig.16. Speed and Torque of FPIMD under balanced

condition.
Observe the Fig.16 the rotor speed and no load
Torque of the FPIMD are 2985 Rpm as 2.2Nm
respectively. The laboratory experimental values
are also tabulated in Table.VI and shown below.
The settling time of the torque will be 0.3Sec.



Table. VI FPIMD Input and Output Powers, Speed

and Torque
Total Total
input output Speed(Rpm) Torque(Nm)
power(W) power(W)
920 760 2984 2.43

» FPIMD when phase loss condition

The input and output voltages of FPIMD are
same when phase loss condition. Speed and torque
are changed slightly, the results are shown both

simulated using MATLAB and through
experimental setup. Also practical values are

Speed of Induction motor with one phase loss condition

tabulated.
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Fig.19. Speed and Torque of FPIMD under (a) one phase

(b) two phase (c) three phase loss condition.

Observe the Fig.19 of speed and torque under phase
loss condition; there is no much difference even at
phase loss of FPIMD. Experimental values are also
tabulated in Table VIII. Torque ripple content also
reduced by using proposed induction motor drive.
Table. VII FPIMD Speed and Torgue under phase
loss condition

No. of
phase Speed(Rpm) Torque(Nm) %Torque
loss
1 2980 2.3 95
2 2972 2.05 84.36
3 2944 1.98 81.48

Similarly the input and output currents are also shown

below in Fig.20 under different phase loss conditions.
Input and output currents(A) when one phase loss condition of FPIMD
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Input and output currents (A) of FPIMD under three phase loss condition
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Fig.20 .Input and Output of FPIMD under (a) one phase
(b) two phase (c) three phase loss condition.

Observe Fig.20 the input currents are changed
slightly but the output currents are increased, without
increasing the voltage under phase loss condition;
Experimental values are also tabulated in Table VIII.



Table.VIII Input and output currents when FPIMD
phase loss condition

No.
pr?z:se Scchgst;?g;t 5-Phase Output Currents(A)
loss

Ia Is Ic b Ic lg le
1 35 36 35 18 22 19 2 0
2 29 34 35 22 32 31 O 0
3 38 38 37 36 34 0 0 0

Observe the Fig.20 of input and output currents
under phase loss condition; the performance of
FPIMD does not degrade much. Compare Table. Il
and VIII, the stator currents are increased when phase
loss condition. Therefore the advantages of the
proposed drive, without increasing the voltage, the
stator currents are increased with minimum torque
ripple in the drive. Hence the reliability of the drive,
get enhanced.

The efficiency and no load power factor (p.f) of
same IM with 3 phases and in 5 phase connection are
shown in Table IX.

Table.IX Comparison 3ph and 5 Ph Induction
Machine Drive Efficiency, No Load Power Factor
under Phase Loss Condition

No.
of 3-Phase Induction 5-Phase Induction
phase Machine Machine
loss
Efficiency No- Efficiency No-
%) Load %) Load
p.f. p.f
1 85 0.125 83 0.24
2 -- -- 81 0.17
3 -- -- 78 0.14

The proposed drive valid under faulty condition i.e.
even at failure of phases the performance of the does
not degrade. This condition also verified experimental
laboratory setup. Different phase loss cases are shown
in Fig.21.

Phase a, b, ¢ and d (i.e. lose of phase ‘e’) are
producing a toque pulsations nearly at 2.3Nm and
observations are conveniently shown in Fig.21 (a) in
zoom mode. After loss of two adjacent‘d’, ‘e’
phases, toque pulsations are nearly equal to 2.05Nm
and depicted in Fig.21 (b). Later, loss of adjacent
phases ‘c’,‘d’, ‘e’ toque pulsations nearly at 1.98Nm
and depicted in Fig.21(c).

(c)
Fig.21 .Laboratory Experimental setup of FPIMD under
(a) one phase (b) two phase (c) three phase loss
condition.

5. Conclusion

Laboratory type five phase transformer
successfully fabricated and tested. Phase and line
voltages under no load and load are accurately
verified with respect to theoretical calculation done
in this paper. Five phase induction motor effectively
run at rated speed with input fed from five phase
transformer. From results obtained, torque attained
by five phase induction motor is superior to
conventional three phase induction motor. Also 95%
torque if one phase loss, 84% toque at two phases
loss and 81% torque even if three phase loss. Also
observed, five phase induction motor effectively run
at rated speed even if three phases are loss. The
compared results from both the simulation and
fabricated experimental setup and observe that both
are in the significant region.

Appendix
FIVE PHASE INDUCTION MOTOR DRIVE

power 1HP
Frequency 50 Hz
Line to line voltage 415V
Stator resistance 0.56 ochm
Stator inductance 0.0342 H
Rotor resistance 0.6 ohm
Rotor inductance 0.0342 H
Mutual inductance 0.0298 H
Inertia 0.0345 kg.m"2
Friction 0.0043 N.m.s
Number of poles 2
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