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Var = Ryl + pLyiy — w0, Lyiy

Vi =R iq1 +pLi

s Jig T O A @, Lyiy,

Vaz = Rylgy + pLyiyy = 0,510,

Voo =R, +pLi

q°q2 +a)r2/1f +wr2l‘dld2 .
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rml el

pJe,,, +Bow Ty =Tps- (3.21)

rm2 =
oA7IA, J2t B ZH7F B EHE(Moment of inertia)®t ®FZ Al (Friction
coefficient) & YWEFATE 7,2 AF 7]l 7MelA = H3FE Qu|stt}, o] & &9

st Aog thA Aelshd oo P

B 1 1

pwrml 7wrm1 +7Tel - TLl > (322)
B 1 1

pa)rmZ = _7wrm2 +7T€2 _7TL2‘ (323)

A7NN AFA AATA FE 0,3 ANHA A FHE 0,0 e B

AE 7RI
a)rzn?pa) . (3.24)

2414 Qe vhe} gol, F ABI|e] QbHE AGY Fhst 2] o
Tl F A%7)9 AAdE (A SEt FAAA, A4 AR5 Hapl

et A Aol b 4 vk webd, e ol T AE/ Y &% 9

0,=06,-0,. (3.25)
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Vaz | cosf, sinf, | v, (3.26)
Vo —sinf, cos0, vql' '

o PANE =Ew

s

(32007 (3219 714 AlAE RERRE 2F A|AE
TS
Jpw,, . +Bow,, =T, =T, -T,+T}. 3.27)
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iy =0+ AL, (3.28)
lqy =lgpo + Ay, (3.29)
W, g = Wy00 =Dy +AD, 4, (3.30)
0,=0,,+A0, (3.31)

olml, £ Aol A A e A 002 = 5
AEE EdZ SdolB HE7]e g as Tekd vhs 2k
pAx = A(xy )Ax + B(x, )Au . (3.32)

1714 Ax, A(x), Bxo), Auiz Tk et

Ac=[ri, Aip Ao, A6, (3.33)
i R, L, " Ap+Lyigyy vy 086, +v, sind,, |
- 5 %20 - -
Lq Lq Lq ) Ld
iw R L—qi Vg Sin B — v, cosby
Alx)=| L, L, L, L, ,
3n’ _ 32 B
8_Jp(if + AleZO) 8_JPALI‘120 —7 0
I 0 0 1 0 |
(3.34)
B(x,)=|0 0 —Z o], 3.35
w)[o 0 2 0 339
Au=AT,, —AT,, . (3.36)
o714 91 HA T& AX|(Transposition)E & W8kl AL LsL,C1TF. (3.32)004]

Seloln AEY1Y YEE @AY 98 vhaE AFIE 9HY
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30 / e Bl = -
L 10Hz -
200Hz
40 AR - .
Q N
o) i SHz T
g 1Hz 1Hz 1Hz
- C C -
i 0
A~ 5 5Hz i
o
-40 | 200Hz |
- 10Hz .
20 F -

-140 -120 -100 -80 -60 -40 -20 0
A5 [rad/s]

O 32 A% AAEe 2 AFEYE GFAA E71d%7)

=
ox
lo
il
e
e
£
N
4
p
ol
ol
=3
it
)
)
g
r>~1
ox
=2
=

1
AAA] =S BESE 5 A Aot o, AAEY e AH Fo

3 & (State transition matrix) 4(xp) & I #k(Eigenvalue)s AAFE O 2 4] olE 4=

Qe ol e Aol WO mfgto] AARS FH(Pole)d] AE et
7] wol ok,

olE FHFHE olgstol Aatdt FH, nAAe] WY Fakge] wEp o A

(Root locus)= ¥AlStA 17 329 Zt) o], AMES ds7]9 AT F
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o 25t
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A5 [rad/s]

O™ 33 2bs AAEe] F 54 2 AFIYE A S5

= 3% A28 T, ARRE AEY VA ASE J= 0.01Kgm?, B
0.002N-m-s/rado]tt. B3 H-g7]e] A7tH = EAs 2474 ONmE 7HE383 e
o, 718 Aol= vkAH AEriwk agsto] Alofsigith. 5, vkAH dE
71¢] AR Ad B3 do] Fy Gk

9 32004 B 5 Ql%ol & AAS AA F N A4 2EA €k o
Fo| H2 AAE Ade719 nA4A dYEAaet AFe] oal] Tysts =70
1, LEF aAEs FE AHS A7 AR ZAFJD Fe W
Bl ol o] FHe uAAe] A7 FHe) vl e g3 Fak
2 7}A Y, wpeba A AEle] 3= Z%(Dominant pole)o] H T} o] =

= 9 el 1eRd 29 333 2o 19 33004 g

-

zgle] Frgo] Ay

-

FrQl Bey JAOE bt 2e HAT 5 9
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o} 2o Ag Ao o] FueE 50Hz WO R J|AF R B 1,500r/min
ool vk wheb AAAQ s Fak Wl 9lel gl wa, whebA o]
S AfstA o AE AlAagle] Wabsh: @Afo] WAsA "k ol
T AT &5 Ap7h dAste] Edloln dErvt gxde e st
wheba] AJAELS QB AI7] 7] 98 Alojr Hedhs o ¢ itk

ERRAY AN BAAEG ANAT B4 RO S

i3

A= 29 34%H I8 377k Aok o, der] A e

= A3 E A48 2o, A AAss Wdd A 1w

g FdsA A FY 239 A% 2R 474 F

NAE7e] B AE7) BE ONmE RejEtglon, AAY 57457

o Aol 7 Aer] BF 3NmE JHSlth ol AVIAT $71E 7]

o 7§ =7 ool AL E Y Agtol 0ol¥o] MRS & V] o
s}

ol Bol A9 Aiteld FdE g glkol tE F7IAE ] el s

Jow, F FAVE wAT & WA =, 3302 B 444 E F h

o 2zke] FelE yERd 4 QA BH91]. oW ] AA¥lE ¥ 383 ol

2ago] 7hasttk. A71A KO 1= 0001 A 6,8 vlA Hsto] st 25
o

£330 WstEgs UEbdth = 6,00 sk B3 9 JgzeA e V2T E
Bhuivh, mEgh, BEox o = Qo] Kbw)= 7] ZIAAR] SE s

(Electromechanical spring constant)@ 343 4= Ity T.&o ASYH EAZHA F

A7) Aol el Bgel g Wyt £AE vk 1,e AE A5
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<74 [rad/s]

[

3] =4 [rad/s]

S

3 =
- 200Hz -
1Hz
1Hz
- e ()
1Hz
40 5Hz -
200Hz
10Hz
-80 1

Al 5 [rad/s]

36 AHF AlzEel 2 AREINAG BRE7)

50
45 ¢
40 t
35t
30
25 ¢
20 }
15

6 -5 4 3 -2 -1 0 1 2 3 4
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A5 [rad/s]

A5 Az F 2R 2 AAENAL E71A%)

62

S e ki



[>
g
>
+ [
o)
) 4
t\;|§
>
S
QU

of = g ot B4
AE719 28 234 Tl sidw
T 389 ot B tigt Agdees v 2tk

Ao, _ n,s . (3.37)
AT,  2Js* +2Bs—n,K,(0,)

upeba] AlAEe] 54 g Al e 2t
2J5 +2Bs—n,K,(0,0)=0. (3.38)

(3.38)ZFH Frekste AlAES) S thE Zo] vErd 4 gl

P : (3.39)

-n K,0
w, = % (3.40)

B

¢ = .
J-27n,K,(0,)

(3.41)
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2 A H AR 6,05 olFshe Blo] ofyt 5,7k HFstaA A1A
3] 6,02 FHsHA "t olul, £ R ShellA] ATE W wet
el A Hv, o] =5 Alo](Droop control)E F3F o] 5gkel uwhet debA] )
dot ol HH7IZF AHAE 69 Huge 2™ 300004 = Re] A
Wgel osf A olux] ape] 4,0 AalE 5 e vl elvA 4.7 &
Hu= A7 Ak oy A zbe] 4,5 AHEke 4E ST 5 ogles UE
A Mol A7 dHHE A5, F7|E 57 Aol gxsA fAt. o]
IY

v ABe Aba Hate) 14

)

Bk AR ARZ B AL Ao 59, Fi

5o AolHol YAW T AXYS FEAA EHL ks Ae & 5 9

Var = Rylg =0, Lyiy, (3.48)

Vo =Ryl +o, A+, Lyiy . (3.49)

o714 ot A k= vhAE G SElolB dETE HTIE 1, 2000 A
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v R, -olL,|i 0
Gl aa ar : (3.50)
Vak ,L, O o, Ay

Vi 0
H{MD Gsh)

3509 Zedloln %7 HelM Ag HEE (32602 AHge] vhay A
$7] A 0,8 AHgstel B gt Pt

in| | R, -ol, - cosf, sinf, | v, 0 (3.52)
in| |oL, R, —sinf, cosl, | v, | |®4,|) '
71 wiaH AE71el Ak T 35002 ol gdtel thAl di]lskd, g

FEelA e Abole] AfF BAE v 2ol =EE 5 Stk

in| [ R —olL, ‘lx
iqz erd Rs

(3.53)
cos, sinf, R, —owlL, i 0 0
+ - :
—sinf, cosb, ||| w,L, R, iy oW o,
o5 AYstd v At
l:dz _ cos0), lidl N sind, I:ersAL Z, } i.dl
%) Iy Z, -Z, —o,RAL | iy
(3.54)
W, A L, -R,
—— L (1-cosh,) * " |+sin6, :
Z, R, Lo,
AVNN Zy, Za, Zyi= W= ¥ 3E0] G olE
Zs :R52 +C()3Lqu, (355)
Z,=R}+wll}, (3.56)
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Te2 [Nm]

gd [rad/ S]

I 301 gdolB A B =Y (HAE A s713E )

Z, =R+l (3.57)

(B.54)E EUE &Yoo)y AF7e EAE 3.19F E3 Axtstn 1R
T 3a1gk 2k old, AE7]e] £ 4,0000/min, PFAE AE7] AR
ke AErlel 99 ARE Hd B3 2 dFE dAsialch adelA
719 29 Eas AAZ Ba witel nAagH

A 54& Eola Qvh AW F A7) EAavt & W, 7 AE7]|7 o
)R AQl FEE Holth EF (343)9 el 9

& &ElolBn HErlel 474 EAA ANm7t 7tHO E b How FEo] 7b

S e ¢ 5 Ak BF SEelN vhay A%7)9 B mE &4
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FTAA FNAE7Id ANAG FI1AF7E] B P Ao He dE
7] Aol BH F shurt viE 99 AR Ho Ea

TE AAEe Y & AR Ao BEx 4 TS AERy] g4 gddd
5719 w9 AFT
57 759 ABF
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A4 FRAE S AS AR BEAade] A Wil % AR RS 0
o% sz Ag Ao EaE 4& & Ak MYd A 57135719
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719 B 2 S AdEe At 239 Al 7HA7E A o] FellA

B 271 (3.18),(3.19)9F #1l, o]E rEFslsto] thAl Ao (3.58)¥

Tel Kthllql (3 58)
TeZ - KtKCZiq2

o714 K=0.75n,, Kei=ArtALias, Keo=Ar-ALigr©) TF.

Gd JAWEE o] ge ME VA5 7w AA"A Y Ak 22 b

vs2 :"311 -H/:1 =vf,2 +v32. (3.59)
ol % WEslol ArlEE Aste] =717k AMEldl FHHE Agke] 2
712 Fdshr] wWEolth @9 ARd Hd Ed 241 ZYAHE Ve =®

Az AAAE S AtAel (348)7 (349)2 EUR (3592 thAl A

2 2 2 2 .
Zo,(ld1 —ld2)+Zq(lql —lq2)+2a)rRSAL(ld1 g — il

+2wr/1f [erd (idl _id2)+ Rs lql 2

0Q
T~
=

-

~.
A

-

~
U

[}

-

~
£

S}
SN—

1

ﬁ (3.60)

HAa Ao Ha if +id =iy +il +ig, +id,. (3.61)
T;l ZKIKcliql
A 27 To=KRolp (3.62)

g(ldp’qla’dz:’qz): 0

g e AAE Ao Hxek AloxA, Ged B.62)F HIFoE
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L. T R B
f(ldl’lql’ld2’lq2’il’/12>i3)_ldl+lq1+ld2+lq2

+’11g(id1 slgtslanslyn )+ 2o (Tel -K, K. i, )+ A (Tez -K,K i ) =0.
AZNA Ay, Az, s BF1% Al (Lagrange coefficients)©] T}

49 ARG Ho ET WL (3.63)9 staHF o mE #HulE gho)

~

0o] & w WA = 709 2E #AuES AAE FQ 7t Q) A v o)
708l HuE FolA g1®T Aol st el Ay (3.62)8 A A S

b Zh el ik 4709 vl Aapnt AvEd v g

% =2i, +2/ [Zdid, +RALw,i, + Ld/lfa)f]— MKALi,, (3.64)
% =2i, +2) [Zqiql +R ALw,i, +Rssz,]—/12Kth, (3.65)

?L =2, ~ 20| Zyigs + RALw, iy + 7, Ly |- 1K AL, (3.66)
d2

T g, -24[Z,i s + RALw, iy + R o, |- K K. (3.67)

9 ANT 0% s AR At 9 4SS ARstel TF 5 Ak oW,
%

F AFNE Aol A sl F AFNY dF AR etol P3)
W gt g

Ai% + Bi, +C=0. (3.68)
ojuj, AHE-H W 4,B,CE Yo Erh
A=—AL(L 20} =0, 2,y +30, Z i gy +20LZ i3~ ALZ % ~ALZ,i%),  (3.69)

q°q2

B=—d (L 20! ~20,Z,ipy + 40, Zigy + AL[3Z, ~ 2,)2 + (2, —22, - 2,2, ]}, (3.70)
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C=AL|AL(Z, + 2, )2 - L2l 2+ A, 02, - 2, + 2, )2 - LR ol i,

2 .2 .2 2 2.2 2 2.2
“2AL°Z jigyi, + LALZ o1y + L ALE w)ds, .

of
o
ri
>
9
>
o
M
o
L
1o
)
i

—B—+B>-44C

i =
d1,MTPA,IPMSM .
24

(3.72)

olul, mAE WE719 ¢F AF e (3.18)2 F3Fo] AT = ) (3.68)°]

ok

stolB AF7]e] A7 9 nAy dwr|e] AR ggolng £ Adw7]9

—

Rah 4g] Rge A8 ARAS TE 5 Uk

322 A%718 d9 AFF Hy EF A
2 A
2 A 23 edgel waksh &xel wet AFY] W oW geheA

EEEACH

hH MY TR 571 F
e SIHE S o] g3 WHE F|dE7] AlaEAA widE o FAY Fr1A
5719 HAd = 3.68) &3l (3.72)¢ o] & F Aut. AL LA vt

2E AE7]ol AN'me ON-m7F QU7HE Sl v Edlo]lB HE7]e] Fofol| w
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nAE AE7]9

MTPA =41
12 T T T .o T 12 T T T T
=7vf s e 4N
To %"7* ------------- Lo P "
Y 2 AE71o | | op e =)o
R =FNE o AsAe L o R et 2 dE1e)
IN-m <% MTPA =41 N . MTPA =41
8 e L A
\. ‘\‘i -------- \~ \ /‘ ................ 3INn1
S o= A . 8 _ﬂ____:;‘. -------- v
...... . LY come=="" [N .
E 3N'm \ * E ‘;: AN \
S 6 : ‘\_ ............ L6 O\fs b SN R
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AT USRS ° ) ST IR | Y
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! Voo L
AL Aol AN
INm et . 7 R eeemmect !‘- """""" IN
N i \ \ 5[ MTPA =41 | "
g Ll 1)
@ dE7)e [ =
MTPA f—alﬁ - : {15
ol.... AT (O] S Y ol PFAE AE7] -JM
ON-m .‘ MTPA =41
-6 -4 2 0 2 -6 4 2 0 2
iap, i [A] iap, i [A]
b (h

a9 318 W¥E dddE vilY A sr1dET e w@e] AR A B

7 24 (70 To=4N-m. (L) T./~0N'm.

Mo

44

719 BA7b aNmE BLE ASelE T AEI] BE EY 9 A%
o

r

A”E 29 3183 Zh 18 3.18 (HolA & 5 Aol F HAE

MTPA =41 €] ol A
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ig [A]

(h
9 3.19 vlAEH HAEF7] 45 A W] AdE7] AR AZ (O i (W) i

g F, o4 Ea A felM 7oA Ad viAH dET|e BEAt &
719 BEAaRn & A, vhAH 7)o a9 zste] AXAl F
aL, olE Eol7] 8l miaH deTlde 59 a5 AR S e
slels Ak E27] S8 el dF AR FAEA Ao o
=), Ackd ¥YE Al U Fd AR AVIE HAEE 5 ok oY@

Fb F9 AR AN sdoln A%/ B Fhskel F A%/ &
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A Apel7h Zolmel weEh Zols k.

ntaE A1 EA7F ONmel (Whel B, vhAE A rleds F7hA<d
ks S8l d5 A7k Fex FAEA Hia, Sdelr derles
= A7k Fd=EA Ed

9 3195 mpAE AE7|9 SdolE AZr|e =dEAV 27 4Nm

Q

9

ON'md o, nfA~E 57 45 A7 Wstel] e ds57] A7 Al

el

el Al
Z(Root sum square)#t Edlo]B AF719] 45 AR/ s HERdAT oju, A

$7) AR AFE ATE A it S 2ol Pelark

H

. .2 2 .2 .2
i = \/ld1 g Figy +iy, . (3.73)

A%l 38A A2 HH A RAM it HRTE He AE F<l
& olrh ®FE ool ol W rle] el 9k Ha A RS &
ALk ol A& iz 1L53AR WH Ag7] g5 AlARe] e did A
A A duEEes AR @a viaE derivks e &9 A5
A B3 w4 s ARESlE W] il 11.95A°] B8 oF 3.5%°]
AfE dod & das gl

T Aotk E MTPA =12 Z42e] dE7lE 718 dHEE ol &3t

ol MEAo® Ao AFg-olth 19 320004 B 5 Q%o T HAEV|Y E
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e 2 MTPA & \‘ \
4 7| MTPA &%
2
0
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27b 2E Aol A PHY ik BF A S B2 Aolsh washd
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et ARe A% Y 5 9S AT £ Ak BE F A5/
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ABSTRACT

This dissertation proposes the control method for mono inverter dual
parallel (MIDP) synchronous motor (SM) drive system. The MIDP motor
drive system 1s widely used in fan, belt conveyor, and traction with
induction machines thanks to the high stability comes from the slip.
Meanwhile, despite the high efficiency, power density, and high overload
capability, the SMs are not generally driven in parallel because of the
natural instability. This dissertation analyzes the characteristics and
instability of the parallel SM drive system and presents the stabilizing
method for MIDP SM drive system by using the active damping method.
The generalized active damping relations between the motors are
calculated through the small signal analysis. The active damping control
method for MIDP SM drive system is also proposed based on the analysis
on the active damping relation. This dissertation also proposed the
maximum torque per ampere (MTPA) operation for the MIDP SM drive
system. The controller for MTPA operation using iterative convergence
manner is also proposed. In addition, this dissertation considers the control
methods for general SMs including not only non—salient surface mounted
permanent—magnet (PM) SM but also the salient machines such as interior
PMSM and synchronous reluctance motor, while the previous researches
only treat the surface mounted PMSMs thanks to its simplicity. The power
transferring operation is also investigated as a novel application of the
parallel machine drive system. The effect of parameter variations of the
motors on proposed MTPA and active damping control methods are also
analyzed for practical applications.

The simulations and experiments are accomplished to verify the validity
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and performance of the proposed control methods.

Key Words: Active damping, Parallel motor drives, Maximum torque per
ampere (MTPA)

Student Number: 2013—30248
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