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Design and Characteristic Analysis of
Multi-phase Motor

Kwan Jun Jo

Department of Mechatronics Engineering

The Graduate School of Korea Maritime University

Abstract

Before 1980s the propulsion system for submarines were driven
by DC motors using storage batteries as their power resource.
Since then, PMPM  (Permanent Magnet Propulsion Motor) was
developed with a unified structure consisting of an inverter and
motor together. This structure has a number of advantages
compared with DC motors. In particular it is smaller, takes up less
space and has a greater power output.

Recently, It is needed for submarines to have bigger spaces and
speedy characteristics so that the PMPM is required to have
greater power per unit volume. The 'multi-phase motor' is believed
to be the best PMPM to meet the needs of modern submarines.
This paper proposes the use of the ‘multi-phase electric’ motor
which has an independent-connected structure and uses an
H-bridge inverter. The multi-phase electric motor has more than 3
phases and its phases are individualized.

To analyze its specific characteristics mentioned above, I
compared simulations by using several motors (Y-connected 3, 7

phase BLDC motors and independent connected 3 phase BLDC



motor). As a result, it is found that torque pulsation of
Y-connected 7 phase BLDC motor was reduced more than 3 phase
motor. In addition to it, comparing the simulation between
Y-connected 3 phase BLDC motor and independent-connected 3
phase BLDC motor, phase-voltage of independent-connected 3
phase was increased in a same condition.

It was also found that the phase voltages of the independent
connected 3 phase BLDC motor were increased. When the stator
resistance and inductance are stable, phase voltage increases
maximum torque. Thus the independent multi-phase BLDC motor
has the specific characteristics of reduced torque pulsation and
high maximum torque compared to the 3 phase BLDC motor.

In conclusion that the multi-phase motor has the characteristics
of reduced torque pulsation and higher torque output by analyzing
control characteristics of multi-phase propulsion motor and
H-bridge inverter. Additionally, suitable control for submarines has
been found with the multi-phase motor by using current control
algorithm to produce reduced torque pulsation in the commutation
period. For practical purpose, additional experiment-based research
and development of the control algorithm for commutating of the

multi—-phase motor is required.
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Fig. 2.7 Structure of bell-shaped MIIR
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Table. 2.1 Summary of masses and volumes

MSI Type MIER Type | MIIR Type

Mass 118,000 Kg | 110,000 Kg | 113,000Kg

Gravimetric

0.169kW/kg | 0.182kW/kg |0.177kW/kg

PowerDensity
Volume 68m’ 60m’ 53m’
Volumetric
) 294kW/m’ 333kW/m’ 377kW/m’
PowerDensity

2ol vstel AAPol o He& FNL AAFE AL L & glov], W
Aol AE AAFo] Reldel va) we AL o & Ark21-23]



2.3 IWE e dE7] A4
ARl 2 AE/E o FEle) Bt FE olFa vk Fd A7
= ALoRE A Hed, 349 A ALFoRE A S ARl A
AAA Ho] Fds Ao WA st =93 EAo] AAA Hrth ol9F &g b
A2 34l Hlste] g Agke] o adBEE ALow T o A
b AAFAe] 293 4 2D 5 o] AgelA mEol U
rfgﬁﬁzﬁq State coil T—Tﬂl‘ﬁig _J
E M1 ! | M7 :
: —— o |
e —.—_ -j— e
| —— L= !
s _ _T w L
! —— o :
W H- -—;— o L
! —— [ o i
[ | — —
; —— - Rowr — ;
| |
e —*:-_ -T iz |
i — L :
DC1 DC2

Fig. 2.8 Structure of Permasyn motor

Fig. 2.8& 72418 57 A57]¢ Permasyn? FZXo|t} IM CIHE

e Uy & 12702 A9 st I E 2ES FURe] H-bridge

HE 2 45, 24719 H-bridgeIHE = F31 ds7]e] 1719 AAS Al

g}, Fig. 2.89] 7k-dle] =4 ®AlE= d7]17ZF 360°0] A dAde] A5t

A& HETh

AA Al="e] 24719 AA F skl Ao
[e]

e 2 o g



Uehgo] B9 A%S 9 5 Jduh 5 A dE5719 FEel ol At
I Sl E Fote] AML H-bridged eSS eI Fig. 2.9% ¢ E 9} A%
719] Z3Ake] AMES YERATH16-20].

Inverter modulel Inverter module2 (Ipy.e.rter. module3  Inverter modulel2

| Vo ! | |

; a< i; iyt

I‘ | |

i{K ] IK} 4}:«} 4@ @ +K}“+K} +K} K} ] | M 14 ]

| ot :} 1 | IGBT module

1| Windng I '| | | '

s ! : | :

N i mm s e e A SRS S :...: Pl |

N I [ | '

| | | | |

| f 1 | |

:4@ Iﬂ IK} 4};4} 4@ @ ﬂw @ 4$ £3 :IK} Iﬂ I}ﬂ I}vi

' ! i | |

| I I I | |

o I’t‘_ ____________________________ l"_ _____________ ) o ,’

Inverter modulel3 Inverter modulel4 Inverter_module15 Inverter moduleZ4

EK I@ IK} 4}«} 4@ 4@ @i«} +K} 4@ 41 M 4@ 4@ ﬂ
IRRIR IR RR
::; fmiw-\—dmm E B o il Rhane ...i —qu-\——nmmi
| i §| | :
ik LIEALTIR

Fig. 2.9 Inverter schematic diagram of multi-phase motor



A3 =724 BLDC AE7]|9 EA
3.1 BLDC #%7]
3.1.1 BLDC #A%7]

BLDCAE71E 714 dMe] 1 Zo Hsle] Qu AxE 724
o] B4 Aol g Fxolth oleld BLDCHEYE

A BE7E AR Qa. $HAYCl MEM nHEAAA TR el grk ®
4

BLDCHE7]& T5 WAolA AFd JAHEHE o] &5t 9%
st WA A JIMHE o83t FHF
T JAHHE o] &at= WAS
= Q3 A JAHHE o] &ste] TR I AHFE Aojste B4
AHEETE BLDC A%7E A& 71d8 3 A4 2148 e A5 2g
Ak 3)dEE A 7198 A5 AAE VIEe® A A7 A
FE AR Q7be] Fojof ot g & A HAF W 9@ =A4E
HHE7] Qa4 Bl Akl A Al KA 7} 8
715 T-538t7] A= Fig. 3.1 WEhE A H dr|H o vhr] 5 120°
o] 71F Ft A71HE gho] A @S zteth oW JIMEHE o] &ste] A
AFTE9 de2 324 o

oy}
=
v
O
2

f
~N
1o,
tote
2
2
1o,
o2
=
R
12
1o,

A 45E 16l AR sha A%

O
r>~1
of
X
o

2
2,
i)
_E
o
2
u

[rt



Ea
E la \ _ _ _ i]( %1[
Zn

SR \

BLDC

Fig. 3.2 Back-EMF and phase current waveforms of real
BLDC



Fig. 3.2 44 BLDCAS719) 97142 sg< vhebd olch A4 A%
9 AMEE Ax9e TR A5 A%/ W AA A, Auy 4R
2 oARE A% Age 2 <dstel T Fee AT Aoisiehs
A7) AFHGe FYo 94 Fad £@ QA FAT Fol oA
Q1 ASAY DARA RBIA Hudl, olHF BAL FAE A 2 A
ARl AR WFom vehis A

Fig. 3.2014 AdF7F +du dejrp ¥# &

_<;
k]
>
o
AL
o rr M
oft
fluj
fu
e
ot

= ASE ¢ F Udb. dutygo=r Hygd o]‘ﬂag A8 45 PWM
(Pulse Width Modulation)ﬂ A W EHE AME3T. PWMASYSY AW HE
AbgetE A B WE 2 PWM 293 mE Edd] &3 At oa &

P

Fig. 3.3 Equivalent circuit of 3 phase BLDC

motor(Y—-connected)

d

VA :R[A dt

— (Ll + Lpydp+ Loyly) + B, (3.1

A@B.DE 34em gAste] Aeshd 4 (3.2)9



Vy RO 07|44 Ly LpyLey 1 Ey
Vp|= |0 RO | |15+ LABLBLOB_t Ip|+ | Ep (3.2)
A BN Vi Ve Ve 7 40ste Jehith sabe] mAR AdAG
9 27] e e Ag) 4 QgE st Sdstttn AT RS 1A AM
A8y L, Ip I~ ZF A9 AFolth =y odwl

HE A= Lap Lpe Lea©lth 1714 3173d2ke) f12]o w& 34 aA
o] oldE ~9o Wy} gl JhASHA ZHade] 7] QdE 49k A5 oluE
47t FdsA "ok A7) AYRAE Loy, 45 AHEAE

7+ 27t 5
W 4 337 ol Hek

LAB LBC LCA M

2 (.25 A (B.39)= o8&t e shd w3t 2.

Vy RO O 4] Loy M M J Lyl | Ey
VB =|0RO0 ]B + | M Lself M E [B + EB (34)
Ve 00R] I, M M Ly Io| | Ec

s1¢ 2ol BLDC 2171 A% @ Qe€srt Aoty /g oy w
= oldHel AR sgstel Ray sl FARNA 33 44

7o gL 00t} o]F 3x39 = el oSy g

I+ I+ 1.=0
111744l [0
111]|Z5|= |0 (3.5)
111z, o




2(3.5)5 Aol ¥eto] wE afar el g -Me wehd 4(3.6)3

tt.

0 4111 1
O:E 111 || (— M) (3.6)
0 1111,

2@l A (3.6)= Hskol A7 sk A (3. )3 2.

Val [y [
V| — MMM% Ip (3.7)
vo| |ararad @,
RO O] 4| |Lsey M M Ll pmmm  |la] B
0RO||p|+ MLSCZ/'M E[B— MMME I+ | Ep
00RI| I | M MLy Il MMM ™ I |E¢
RO O[] [Lsep=M M—M M-M 1| [E,
0RO [B + | M—M Lself_M M— M E [B + EB
00RII| | M=M M—=M Ly—M Io| | Ee
VA ROO 7[A Lself_M 0 0 d ]A EA
VB =|0RO ]B + 0 Lself_M 0 % [B + EB
Ve 00R] 1, 0 0 Ly~ M 1| | Ec

A @BDANAM Lyy— M= 57 AR L2 4o s vh53 o] Ael &

& qrh

2 (3.8)=
ot

Vil [ROO7]44] [LOO J Ll [E4
VB: 0RO ]B+ 0LO|— ]B+ EB (38)
vl looRl|7| l00L Ll |E,
AF vl P es 4 sl 4393 gol v W & 9l



1, L [100 Vil 1RO 01|44| |£4
EIBZZ 010 Vel— 0 RO ||z — | E5 (3.9)
I ootll|v, looRrl|z| |E.

Tie AR BASE B4, o, & REe] 84 4558 Uehd Aolth
4 (3100 A WS B 272 UEl Rtk o4 F &
2= vehid A4 3103 2k

SN o) W R (3.11)
E 0+ Eyl,+E]l,

w’ITL

olwl 7y, Ty Tc © ZPFolA TAsk=E E45 UEPAT. Tiow < A A
EF ot} o7IM 7Y A dF 9FE o] o F Fig. 3.13% #th
& TR F A7 HEYH AT/ A e gho] Hrh
5

AR A8 7S AR [ SELS ke oAl 2o

2E,(6) « 1,(6)
Ty = Ty+ Tyt Tpo= l - l (3.12)

Fig. 3.2914 & & Slxe] Adfi= F MY 4=
Fig. 3.49] (a)= Al Alxagle] dF E555 Yehd Zola (b o5 119

o e



(B)

(A)
Fig. 3.4 Equivalent circuit of 3 phase BLDC
motor(Y—connected)
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motor(3 phase)

| Lorr bbb yoper it

_--T--/’\ ! A " ?{-r-/\-ﬂ-n----ﬁefarenoe

|_MEX | — — eyl eyl
- /;\./\/4 VA L_\.Z_L\\ _ cumnet
T T R R B T Lower limit

i i
R
NN
R Real oo .
R T current ‘ AR theta
| S B B m e = — —
o T edt 0 .
T -
I T T L IR T e N
=2
IR T T T L R R ! ! [ . ¢limit
i B e “!‘““!“/‘\‘4‘7&‘*‘ BT e
LM e = e o e e e — = — = — A S e
A e e e NI NN LNCIIN
i 0 RN | | N Lower limit
[ e b b el
;| S1 [D4;51,D4;51,D4;51{D4 ;81 I 84 |D1‘54|D|S4|D”94|D1|34‘

L Onnan - Apna
Loguoy HUUH

293 WEe F 413 e Aoz A9 A A9 B9 &9

= & =wollAe 7IE AR 10279 HeE A HevE ZopA

AH F37F EolA Al At Hysteresis A7l 71479 A9 44

S YYo= wrol 294 e uwpe} =93 shA ") Fig.

4.28% Hysteresis E=xo|t}, Fig. 4.273% F 4.1o] vz} 2993 &
Fig. 4.29° a’ Hysteresis #0171 2 #4313 tH[32].

_4



Table 4.1 Switching pattern of hysteresis current controller

Current state Switching
L<Lower limit Sl _on
L>Upper limit S1 off, D4 on
1a>0 %[a >0 Sl_on
Lower limit</a<Upper limit d
E[a<0 S1 off, D4 on
la<Lower limit S4 on
[a>Upper limit S4 off, D1 on
1a<0 %[a >0 S4 on
Lower limit</a<Upper limit d
—Ila<0 S4 off, D1 on
dt
>
labc 554
To Workspace
——P»ss b
R To Workspace1
o Workspace3 - s ¢
imax
(32 P imax ss_a To Workspace?2
I_ref — | theta
Subsystem
P b
P Imax ss_b
( 3 } P theta S5 @
theta Subsystem1
P ic
Pl Imax ss_c
L theta
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controller(Y-connected)
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Fig. 4.28 Simulation block diagram for hysteresis current
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Table 4.2 Motor Specification(3 phase)

Pole 4
Stator resistance 1.5[Q1]
Self-inductance 0.0061[mH]
Mutual inductance O[mH]
Rotor inertia 8.2614%10°[kg'm°]
Back EMF constant 0.21486[V/(rad/sec)]
Torque constant 0.21476[N-m]
Load Torque 0.662[N-m]

Table 4.2% 3% HAs7]9 A4S UEd A9
1800rpm +&3lglom, ¢

@ 7% A7) AlEHelA 24

Table 4.3 Motor Specification(7 phase)

Pole 4
Stator resistance 1.476[Q]
Self-inductance 2.18[mH]
Mutual inductance O[mH]
Rotor inertia 1.32341%10 °[kgm’]
Back EMF constant 0.003824[V/(rad/sec)]
Torque constant 0.04774[N-m]
Load Torque 0.662[N-m]

Table 4.3 7% A&719 AFYS vEld Folth 98 A4y £+ Y4
A 3% AE719 LA et 28-32].
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