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ABSTRACT

In this paper, a five-phase brushless permanent-magnet (PM) motor is introduced. The proposed motor has
concentrated windings such that the produced back electro-motive force is almost trapezoidal. The motor is
supplied with the combined sinusoidal plus third harmonic of currents. This motor, while generating the same
average torque as an equivalent PM brushless dc motor (BLDC), overcomes its disadvantages. The motor
equations are obtained in the ¢191 43230 rotating reference frame. Therefore, the so-called vector control is
easily applicable to this kind of motors and the motor has the same controllability as a PM synchronous motor
(PMSM). For presenting the superior performance of the proposed five-phase motor, its three and five-phase
PMSM and BLDC counterparts are also analyzed. Finite element method is used for studying the flux density
and calculating the developed static torque. Also, the developed torque is obtained using the mathematical
model in the d—7 reference frame. The average torque and the torque ripple for all cases are calculated and
compared. Experimental results are in good agreement with the simulation results.

Keywords—Finite-element analysis, five-phase permanent-magnet (PM) motor, rotating reference

frame, vector control.

Fig. 1. Top to bottom: PMSM, BLDC, and the proposed five-phase motor current and back-EMF waveforms.
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I.INTRODUCTION

The permanent-magnet ac (PMAC) motors are classified into sinusoidally fed PM synchronous motors
(PMSMs)and rectangular-fed brushless dc (BLDC) PM motors [1], [2]. The stator winding of a PMSM motor is
wound such that the back electromotive force (EMF) is sinusoidal. Therefore, a sinusoidal phase current
produces constant torque. The stator winding in a BLDC motor is wound such that the back EMF is trapezoidal.
In order to produce constant torque, quasi-rectan-gular currents should be supplied to the motor. BLDC motors
benefit from higher torque density in comparison with PMSMs below rated speed. However, the BLDC
operation above rated speed is being performed by advance angle technique. In this method, turning on each
phase sooner allows the current to build up before the back EMF reaches its maximum value. This method has
proved useful in some cases. However, it is difficult to achieve quantitative speed or torque control as compared
with a PMSM drive in the flux-weakening region. In other words, either at a given torque or a given speed, it
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Digital Object Identifier 10.1109/T1A.2004.841021 is difficult to find the exact advance angle to be applied. On
the other hand, the stator winding inductances can cause the phase current to deviate significantly from the ideal
rectangular waveform which will reduce the torque production capability at high speeds.

In sinusoidally fed PMSMs the torque-producing and flux-producing component of the current have been
decoupled based on the d—7 transformation. More advanced control techniques such as vector control are
applicable to these drives, therefore, they have better controllability over the complete speed range.

Previously, third harmonic of current has been used to in-crease the specific torque of induction and
synchronous reluctance machines. These machines were capable of developing more torque for the same
amount of copper and iron as equivalent three-phase induction, and synchronous reluctance motors [3], [4].
Considering the above-mentioned points, a new five-phase brushless PM (5BPM) motor is proposed. The stator
is wound such that the induced back EMF is quasi-rectangular and is sup-plied by combined sinusoidal and third
harmonic current which nearly replicates a rectangular waveform as shown in Fig. 1. The mathematical model
of the motor is derived in the di71ds? 0 rotating reference frame. Vector control is easily applicable to this kind
of drive. The motor uses the advantages of both BLDC motor and PMSM. This means that it uses the
controllability of a PMSM while having the high torque density of a BLDC motor.

Besides providing the ability of injecting third harmonic component of current and increasing the torque
production capability of the motor, multiphase motor drives posses many other advantages over the traditional

three-phase motor drives such as reducing the amplitude and increasing the frequency of torque

65|Page




International Journal of Advance Research in Science and Engineering (&
Volume No.07, Special Issue No.06, March 2018 IJARSE
www.ijarse.com ISSN: 2319-8354
PARSA AND TOLIYAT: FIVE-PHASE PM MOTOR DRIVES

Pulsations, reducing the stator current per phase without in-creasing the voltage per phase, and increasing the
reliability [5]-[9]. The high phase order drive is likely to remain limited to specialized applications where high
reliability is demanded such as electric/hybrid electric vehicles, aerospace applications, ship propulsion, and
high-power applications where a combination of several solid-states device forms one leg of the drive. There-
fore, the requirement of n separate drive units in a multiphase system is not oppressive for large drives since

many of the necessary components are presented in the contemporary designs.

uN["-'.'
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Nonlinear finite-element method [10] and dynamic simulation in MATLAB are presented to support the
superior performance of the proposed motor compared to its BLDC and conventional PMSM counterparts. Five-
phase PM motors and five-leg insulated-gate-bipolar-transistor (IGBT)-based inverters have been designed and
fabricated in the laboratory. A Texas Instruments TMS320C32 floating-point digital signal processor (DSP) is
used to implement the digital control. It is shown that the experimental results are in good agreement with

simulation results.

1. MATHEMATICAL MODEL OF THE 5BPM MOTOR
In this section, the mathematical model of the five-phase motor will be derived and the voltage, flux, and

torque equations will be established in the rotating reference frame.

The stator voltage equations are given by

dA

V,=RJI, + — @)
dt

Where 77 | T and A+ are the stator resistance, current, and flux linkages matrices, respectively.

The air-gap flux linkages are presented by
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(@)

Substituting for the flux linking stator windings due to the cur-rents in the stator windings in terms of the stator
currents and stator winding inductances,

-'IIL_-. = -|r-'_1_-. -|r_-. | -'1|-|.'|- (3)

The stator currents are given by

L=l Iy L. L. I.] @)

I is the stator inductance matrix which contains the self-
and mutual inductances of the stator phases, and ¥ is the established flux linkage matrix due to the PMs
viewed from the stator phase windings. For simplifying the model, only the fundamental and third harmonic

component of the magnet flux linkage is taken into account. Considering this approximation ‘¥ can be written

as follows:
sin(f,) sin( 36,
sin |:H.- — {T_:I sin |:H" - {T_]
{ (- 31 [ ( ]1
A = Ay |80 B, — 5 [ d,s | sind 0, — = | ©
lﬁi” |:|E|,. } _::|J {-ﬂu E(H { -:]J
sin |:|':J|.- { {T_:I sin 3 (H" | _)'T_:I

Fig. 2. Stator phase winding function.

Am1 and Ams are the amplitude of fundamental and third harmonic components of magnet flux linkages and & is

the rotor position.

As previously mentioned, this motor has concentrated windings as depicted in Fig. 2 where the air gap is
assumed to be uniform. The self- and mutual inductances of the stator have constant values. In order to simplify
the modelling, only the fundamental and the third harmonic components of the winding functions are

[ ”

considered. The Fourier series of the winding function for phase “”” can be written as follows:
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Nl = — cos( g 3 cos( S

Where ™V the total number of turns is, P is the number of poles, and ¥ is the spatial angle. The winding

functions of other phases are shifted by 72 electrical degrees with respect to each other.

The self- and mutual inductances of the stator phases can be computed by using the corresponding winding

functions and are given by

L’rm = L’l’.-l'.- = L’r'r' = L’:IJ = L’rr

perl jrovl
g
7

=LIJI.\1 1 Lm.\-i
L'ral'.-.'u = L’l’.-r'.'u = L’r':h = L’:Ir &

ar
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L’rﬂr'.'u = Ll’ﬂ]’.\ = Lr'r 5 = LJru
4 4

= L., = cos TL,MI F cos TETLH._-.J ]
where
N,y = _I-""F~
14N
Noa= — = j':' )

To simplify the machine model, an arbitrary coordinate transformation is introduced, which transfers the
variables of the five-phase motor into a reference frame rotating at an arbitrary angular velocity. Including the

effect of third harmonic,
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a di—T1—ds—1 —n transformation can be applied. The di-71 coordinate is rotating at synchronous speed and the

ds—1 coordinate is rotating at three times the synchronous speed. The transformation matrix for this system is

vgst®; d
:‘ > d,q,daqq,.L, ias R—
163 A vgs3¢ / 7 ibs
is3*| < L, o \ »  5Phase
— — '
’H‘% " \ds1el Ve — Inverter ics { PM
wr | T o __VC__ ,sPwm | 2 N
) ¥ vds3¢] A — L
ids3 ﬁx"" Pl _, abcde ve L es :
< / — e
‘J
igs1* d,9,d;9, _ ias1® d,9,d,9y7
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— -
/ abede®

4,9,d.9.°

Fig. 3. Complete control block diagram.

By applying this transformation to the stator voltages and flux linkages equations and calculating the torque,

the following equations will be obtained:

Stator voltages:

A1
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where ¥V . is the co-energy and - is the mechanical rotor angle. The co-energy is defined as follows:

.H':r'r.l = ,_ITLA -r.'u 1 -r_?-ﬂ'tm . (19)

&

(10)  Taking the partial derivative of the co-energy with respect to

yields
(11)
- (20)
(12)
or
(13)
a (21)
where stator flux linkages are given by
The transformation matrix has the following pseudo-orthogonal
) (14)
property:
) (15)
) (22)
- (16) therefore,
- 17) T (23)
The electromagnetic torque is determined by and, finally,
(18) (24)
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Substituting from (14)—(17)

0 (o
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The electromagnetic torque can be written as
P

- . . . . ) . 25
I = Ti}-.r,lw,l — Agstidal + 3Aaaaiges — 3 aaia.) (25)

whereAds1, As1, Ad=3, and As3 are the stator fluxes in the di,
i q

71, ds, and T axes, respectively. ius1, is1, ids3, and i=3 are the transformed stator currents in these rotating axes.
The improvement in the developed torque due to the third harmonic can be noticed from (25). As can be
understood from the equations, the so-called vector control is easily applicable to this kind of motor. Fig. 3
shows the control block diagram of the proposed motor where the difference between the reference speed and
the actual speed determines the reference stator currents in the rotor reference frame. The reference stator
voltages in the rotating reference frame are generated by the associated proportional plus integral (P1) current
regulator based on the difference between the commanded currents and the transformed sensed currents.

Sinusoidal pulse width-modulation (PWM) technique has been used to drive the inverter.

IILLFINITE-ELEMENT AND DYNAMIC ANALYSIS

Simulations have been performed using both finite element method and MATLAB/Simulink to verify the
superior performance of the proposed motor. A three-phase 7.5-hp four-pole 460-V 10-A 36-slot off-the-shelf
induction motor is used for this study. The rotor of this motor has been replaced with a PM rotor as shown in
Fig. 4(a). In each pole, 12 pieces of magnets are used. Fig. 4(b) illustrates the cross section of the PMSM motor
which was built on the same stator frame as the induction motor, and is used as our reference motor. The

magnets are NdFeBr of type
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Fig. 6. Torque of the 36-slot PMSM motor.

35EH with ¥ =121 T. The stator coil pitch is 7/9, and the number of turns per coil is 30. The stator outer
diameter, inner diameter, rotor outer diameter, shaft outer diameter, and stack length are 228.6, 127, 124, 40,

and 101.6 mm, respectively.

The induced back EMF of coil A which is calculated from the flux linking coil A using the Ansoft finite-

element package is shown in Fig. 5. The system uses virtual work principles to compute the torque on an object

-0

.-f-u — (==} — _E . H
aHrm inrm v 1] "'t rI

The motor has sinusoidal back EMF and is supplied with sinusoidal currents. The developed static torque is
shown in Fig. 6. The average torque in this case is 42.62 N m. The torque pulsations due to the slots openings
are clear. With a 12-slot stator, the back EMF is quasi-rectangular and the motor can be supplied with current
pulses of 120 to produce almost constant torque. The developed torque using finite element is 46.9 N m. The
torque is 10% higher than the 36-slot PMSM.34
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five-phase machines
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Fig. 7. Cross section of five -phase, (a) 20-slot,
(b) 40-slot single layer, and (c) 40-slot double
layer.

The five-phase 20-slot, the 40-slot single-layer which is used for experimental verifications, and the 40-slot
double-layer motors have been designed using the same frame size as the original three-phase motor. The
number of turns and slot widths has been adjusted to maintain almost the same amount of copper and iron and,
therefore, almost equal copper and core losses are maintained. The performance of five-phase 20-slot, 40-slot
single-layer, and 40-slot double-layer PM motors is compared. In this study, the motors with quasi-rectangular
back EMF are supplied with both combined fundamental and third harmonic of current and current pulses of
144- with four phases conducting at each instant of time. In this way, it can be shown that both kinds of
excitation will generate almost the same output torque while those supplied with combined fundamental and

third harmonic of current have better controllability due to vector control.

The 40-slot double-layer motor has been considered as the reference for comparing the five-phase
conventional sinusoidally fed PMSM with the motors supplied with fundamental and third harmonic of currents.
Fig. 7 shows the cross section and winding distribution of all three motors. Fig. 8 shows the back-EMF

waveforms of these motors. The back EMF of the 20-slot motor is trapezoidal. It progresses toward sinusoidal
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waveform as the number of stator slots increases to 40 slots, and the number of layers changes from single to

double layer.

The developed torques of all the motors supplied with different current waveforms has been obtained using

the finite-element method. In each case, the peak values of

Fig. 9. (1) Sinusoidal, (2) combined sinusoidal and third harmonic, and (3) 144. pulses of current with the same

rms values.

Current have been adjusted so that the rms current for all the cases is kept the same as shown in Fig. 9. The
amount of the injected third harmonic of current is 15% of the fundamental frequency current. From Fig. 9, it is
clear that the 144- pulse of current has the lowest peak value among all the three types of currents. The 20-slot
and the 40-slot single-layer motors with quasi-rectangular back EMF have been supplied with both 144 current
pulses, and the combined fundamental and third harmonic of currents. The double-layer 40-slot motor has been
supplied with sinusoidal current. The static torques of these motors with different excitation currents under rated
condition are shown in Fig. 10. From Figs. 6 and 10, the developed torques by five-phase 20-slot and 40-slot
single-layer motors are higher than that of the three-phase 36-slot and five-phase double-layer 40-slot PMSMs.
Fig. 11 shows the torque-angle curve for the 40-slot single-layer motor when supplied with combined

fundamental and third harmonic of rated and 50% of the rated
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Fig. 10. Torque of (a) 20 stator slots motor supplied as BLDC, (b) 20-slot motor supplied with combined
sinusoidal and third harmonic, (c) 40-slot single-layer motor supplied as BLDC, (d) 40-slot single-layer motor

supplied with combined fundamental and third harmonic, and (e) 40-slot double-layer motor supplied with sine

currents.
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Fig. 11. Torque versus load angle curves for rated and 50% of the rated currents.

Current Fig. 12 presents the flux densities in the stator tooth and the stator back iron for the proposed five-phase
40-slot single-layer PM motor supplied with combined fundamental and third harmonic of currents. The tooth
and back-iron flux densities of other motors have been calculated and presented in Table I together with the

average torque and torque ripple of all the motors.

The developed torque can be computed using ¢4 transformation as explained in Section Il. The results of
digital computer simulations have been summarized in Table | as well. As can be seen from the table, the five-
phase 20-slot motor supplied with the combined fundamental plus third harmonic of currents produces about
17.3% more torque with respect to the original three-phase PMSM. The proposed five-phase 40-slot motor sup-
plied with the fundamental plus third harmonic of currents produces about 14.5% more torque than the original

three-phase

Fig. 12. Top to bottom: tooth flux density, and back-iron flux density of 40-slot motor supplied with combined

fundamental plus third harmonic of currents.

77 |Page




International Journal of Advance Research in Science and Engineering Q
Volume No.07, Special Issue No.06, March 2018 IJARSE
www,iiarse_c()m ISSN: 2319-8354

motor. The proposed five-phase motor (supplied with combined fundamental plus third harmonic of currents)
has 10% more torque than the five- phase PMSM. The torque of the proposed motor is higher than its similar
BLDC motor. However, since the peak current in the case of the BLDC motor is lower, the tooth flux density is
lower as well. Also, it should be noted that the tooth and the back-iron flux densities in the proposed motor are
lower than the PMSM counterpart.

In all cases, the flux densities in the tooth and back iron are within the acceptable range. The table also shows
the torque ripple for all the motors. As expected, the torque ripples of the five-phase motors are lower than that
of the three-phase and have higher frequencies. As mentioned earlier, the last column of the table shows the
torque computed using the -4 model. From the table, it can be realized that the torque values agree well with
those calculated using the finite-element package. It should be mentioned that the percentages of torque
improvement of five-phase 20-slot and 40-slot motors with respect to that of the three-phase 36-slot motor are in
fact a few percent lower than those numbers calculated above since the effect of end-windings lengths has been
neglected. Considering the effect of end windings on the number of turns, the torque improvement of the
proposed five-phase 40-slot motor with respect to the three-phase motor decreases from 14.5% to 12.4%. It is
expected that the torque improvement of the five-phase 20-slot motor compared to the 36-slot motor which
initially was calculated to be 17.3% should also drop by a few percent after considering the end-windings effect.

IV. EXPERIMENTAL RESULTS

The five-phase PM motor has been fabricated in the laboratory. Fig. 13 shows the rotor made from small pieces
of loaf magnets and the five-phase stator. The five-leg IGBT-based inverter has also been fabricated in the
laboratory. The TMS320C32 floating-point DSP is used to implement the digital control.

This motor is supplied with combined sinusoidal and third harmonic of current. Fig. 14 shows the current

waveform and the

TABLE |
SUMMARY OF SIMULATION RESULTS

Motor type Current type Ave Torque | Torque T'ooth flux Back-iron flux | Ave. torque
Ifrom FE ripple®a density density from d-g model]
3 phase 36 slots Sine 42.62 6.37% 1.54 1.57 43.31
3. phase 12 slots 120 (deg) pulses 16.9 8.5% 1.53 1.567 47.1
5 phase 20 slots 144 (deg) pulses 49.6 4% 1.551 1.492 50.12
3 phase 20 slots Sine+3" h S0 1.86% 1.558 1.498 50.9
5 phase 40 slots single laver 144 (deg) pulses 48 4.3% 1.545 1484 48.7
5 phase 40 slots single layer | Sine+3™ h 48.8 3.72% 1.55 1.49 49.5
5 phase 40 slot double layers | Sing 442 3.4% 1.56 1.5070 44.6
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Fig. 13.Rotor and stator of the 5BPM motor during assembly.

Fig. 15.Torque versus load angle curve.

1 - : : ,
; E
: z
‘ w
: [~
: f ]
: : 5
: : =
3 5 6.
1 i i i i =
0 02 04 06 08 1 &
8 - . : :
;_ ................................ ................................. 1 E
: : =
“ - .....v........‘: .................................. :, ................................ - ?
i s 3
2....V......A.....,: .................................. , ................................. - __5
: : = -
0 i i i i k) ; : ‘
0 0.2 o4 06 0.e 1 - 2 1 i 1 i 1 i 1
timels) 0 20 40 g0 &0 100 120 140 160 180

Raotor position (deq)
Fig. 14.Top to bottom: Stator phase current and output torque.

Fig. 16.Top to bottom: Back-iron and tooth
flux densities.
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produced output torque of the motor. The rms value of the cur-rent in this case is 1.4 A, and the produced torque
is 7 N m. The torque obtained from the finite-element package under the same condition is 6.84 N m. Fig. 15
shows the torque-angle curve of the motor under rated and 50% of the rated current. This figure is in good
agreement with Fig. 11 which has been obtained from the finite-element study. For the rated current, the peak
torque from finite element is 50.6 N m and from experiment is 51.1 N m. For 50% of the rated current, the peak

torque from finite element is 25.1 N m and from experiment is 25.4 N m. The tooth

flux density and the back-iron flux densities have also been monitored and are shown in Fig. 16. It is clear from
these figures that these two waveforms are in good agreement with those obtained from the finite element shown
in Fig. 12(a) and (b).

CONCLUSION

This paper has analyzed a new 5BPM motor, which has near-trapezoidal back EMF and is supplied with the

combined fundamental plus third harmonic of currents. The flux and torque

\ equations have been obtained in an arbitrary rotating «—7 reference frame. The performance of the proposed
motor has been evaluated with respect to its three-phase and five-phase PMSM and BLDC counterparts. Finite-
element method has been used for calculating the back EMF, the static torque, and the flux densities in the stator

tooth and back iron

The results of dynamic simulation using the ¢—2 model have been verified with finite-element results. The
superior performance of the new five-phase motor compared to the PMSM ma-chine has been shown. This
motor has better performance than the BLDC motor due to its controllability and compatibility with vector
control technique, especially for high-speed applications and also during the field-weakening region.

Experimental results were provided to support the theoretical findings.
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