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a9 2-12& FUYIE o] &gk A9 TR W] A& ARG
290173 As W S (Pole voltage) o]l ik oAl E LEFAITE o] uw, S
off, Sii= onoZ TAE AHolH, S (RDHASL A AEH
Atelel Al AA = FZ(turn on)y= FASA k. 7]ES] AT vl

oMt
ftlo

WA 2904S (RDUAS b AEY AflelA ol 8F A%, o
s9AE BEQW A93S FA =6, o s s
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s 24E o wepd, Fa 2 d [B9elde B 239
(46104 Abet FuU3t o] g A9F WHE Fote], 1A AMEH
AAFOM S ZF Ak #HE e AdE QI7F AlRe] n/(Ge)E FUsH
A28 EHes FEE ¢ JEF stk O¥ 2-12(he
2927 AXE Aol dis dErd Zojm o] we] FuIk= 104
00 = Zradh= FHolvh Rt E 7= &2 (Tum off)= 3 efofst=
BFelz, 004 12 F7keks FY IS ARgafof Stk o]& ot
" 2-11(EhHe 2ol AE o o9 #to® WMAT + A €k
T 9 B9elAE AAEE SAEe H3A 2elA g
293 e el on, o2 Qo Hul A0S AVE ol7F 9
g wd [39]=, HERE AE A7) o] A9 AlelZE 717 6009
st Fx F4H EIE Aosts AorlE FASSH o W, E=
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Vigs, oo™ Bun R \V
O(tr) = Pun : 2 A(t) :_wr(t._tn) + Py
kdr wr(t_tl‘l)\\ dr
R ‘\ ....................
ObHt=t, (W) tn<t<tun
40
Vi 1
d.q.S,: a)r(tntl—('[,.il‘ \
: ST O(ther) = dunn
A Ly’
(th =ty
a9 3-1. 3 AR 71F FHEA A uitE A HE
¥ 3-1. 713 W o] Az
H A v a1
" A A% ME | L} AR A
Pun nAA At HE ] I7F Azt d #HxEF 7+
6, QA7FE 3 Qe At AE ] =AZ d HAxEF 7F
Aty nAA At HE e I7F AlZE Aty = tys1 =ty
Ay (ntD)AA e} n A At HY QA7F Al ZFZ; Z}o] A= Bunc1 = Pun
AOy, | A At WE ] Q17F ZF 314 (Angular interval)
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I8 312 999 piA Gl 7tEE A WEHE FHA 7
A e AHolth 7AW AE Fx HuA oA A3

Aot WEy} <rtEE kAo ® Folgtth 18 3-1o] g 7|59}

RGP R A R 2 [ i ) = S B i e R B s
LeRd T 3327 WA A o R AE It 7H skl Bt
715 #HEA AelAM A SAE2S AA BEFeR 4S5 s @k
a9 3-1(Whell vER o), Al dAlM o] A A o= et

7Lo] _;D.J‘_z‘;LsL 2= o]q_

6,(t)=-o,(t-t,)+4,,. (3.1)
A8 QA Q7bEE At AV|E 23Vaeo|EE, nH A WA

' 2
Vi (1) = §Vd° (-, (t-t,)+4,,). (3.2)

A7IM w@)= &9 2718k H 05 THX w9 MR ofelel Zol
g elE.

Ak WME L ohe A §49 BAPoE w2tk alA WA}

ZUT (nt)AA A7 AZEE 9 3-1(thE g AlES YERy e,
% 3-19 FYe wat sld = 1= tao] Dok o] w, miA AL
b A A0 ThE o]l TEE 4 QT

AHv,n: @, (tn+l _tn) = %_A¢v,n . (3~4)

= Ao ®E F& A7} AIZHE 27Fss] Wil Agu w38 s

7HA A E A = e nell tiske] Ay, = /3, Ady,=0°] F T}
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A B e e AL Agdew FIEHITE, AFIE ofd
Apzol dis A¥ B Zlo] @A ot wo] dAstthE M dtell 2
(3.6)°] Awtsl= ofgsl o] vER 5 gl [47].
M (1)= exp(—a)r(t—to)J)-{ s (1=1)) jexp (t'—tO)J)-vgqs(t’)dt’}
r t ’ r ’ ’
=R (-, (t-t,))- {xdqs( t)+['R(o,(t —to))-vdqs(t)dt}.
o714 ROE 3 W3t dH =, 02 A4~ 3= (Exponential matrix)2]
exp(A))<} &L sttt
21 309 A WA e x70gkel Este FoE, 4 (3.6)2 If
$-(Natural response)el all@3tch. T W] & <lytdEl Mt 23t

A& WE Q] whe- o7 7FA| -2 (Forced response)°l &l &3tc}. Wk # 3k

(3.7)

21 3.7l 2 3.2 ddatd A A AN pAA GA o A2

EA A% AHS A4S % ek

1= = =

;“I’

s (t <t <t )=R(-o,(t —tn))-{Anl+§vdc (t —tn)-u(qﬁm)}. (3.8)

A7 A (-D)HA Al A Folx nA dEAe] AlF
Aol Mo x4 wlE gho =z olglel o]l g Hr}

L E h (E=t,). (3.9)
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313 9996 A% A4
Arsg g9 PAREelA 2zkel A WEE 4717 600 B

A7bET e nell thsko], At WE &) QI7F Al At o2 2k 2

1

At =—. (3.10)

w3 G Ad ondt 2 A AR g el ofeh et

¢v,n :0v1+_' (3.11)

APFEelA 2 g A% AR A webd A% A
9}

Mg (t th1) =P (T=t,). (3.12)
2 (3.9)-(3.12)F AHzsto], S E AAL Al ZAE F Aesk A A 2

WA S e} ol XW & 4 Ytk

7r2Vd
¢ 0,—
3 30, U( " ) (3.13)
r A o, (t—t, 2
Mg (1 )—’;_3&;1 -R(—a)r(t—tn)+9vl—%j.{u(0)+%-u(?ﬂj}. (3.14)

AN olt — t)E 03} /3 Akole] ke 7HAH, Fi A #E
dgsavg= OFel e} Fol Yehdt)

r "oy o 1 2Vc
Migs.avg = J': xdqs(t)dtz——du(evl—%j. (3.15)
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a9 325 29y A9 AP A% o

A5 AZolth 6. diste] 0° FE 360744 15° 7FA 0% YEFH O
= Aol F=Ho vk MTPAS}

AFE IPMSMO] A3 ApFe
g E F(Maximum torque per Ampere,

[
1
oft
)
= —{E

MTPF+= 7}7} &9
MTPA)Q} ¢ A4 F FHul E I (Maximum torque per flux, MTPF)E&
ojmlgtth. A 0%, PMSME] &4 AF Alghs elsto] MTPAS)
MTPF =71 Afojo 91X gttt

a9 320he AEH A5 AFoR, Hd 942 Ouel BlEl 90°

AAAH, 7t S7tgss 2717 2olEs Jle gd = Stk
A4 2WE FHE HEdl, ol o143 SPMSM & 319 A

zS|
A7 AAHL fFAbstth (48] 19 32(the AAAAH AR AAe=,

=l 9 2 3l A (Finite element analysis, FEA) 7]HF2]
AF-A5 #AE Setol ddv. a¥ 320he HAdem undd
TUAEE W IPMSME FEA A4S onlgith o] w, FEAC|A =
Z7) xsh, Ak A, 33 123 ko] uH Ik

A5 AAL o0 D 3 HEe tisto] FHR A i E 7FA= vbd
A2 AL PMSME|  H]o] A4 (Non-ideality) © & Qlato] Abr A o

AT FUE woh 4 (1) wEHsHs oldHA Ay mdg

-

18t ets, 2 3.6 AF=E XdsbE Ao
AeEs oade venpuA £4 Wk Sec. g
EEIME A4S AEl WS(State variable)® Tl A A-AED e
TR Adel] it BAs APsd, oA AR Ade Ak AE
A7 FEAR T3 AE A% BAS 4 dnE 30}
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3.1.4 Ao W& A5 A

A2l 0 A EH A A DS Ads 60°0] T, Ous HHT]
AMAE A0, # 60°%1 dhit o]Fe] A9 ©AVE Fasttt [35]. &
o] AGE 5002 Ett Tl 60°F TAHAZIHE h0] 10° F7}EkT)

wel Ag AF A% WEr BEE S A% A o)zt girkd
A RS AR ] Qg oplwth Wiy webd HE ZF
A WMEZE BRER Sk AE A4 Thess P oHe AAE

Ak B S NA Wk Bl oA, B Ao 7

48 A% AHE =z T, 4 BT A G140l diise] 3
WA ALA To] A& WE AS IS 4 Yt

A )“(rqu ( 2

7% nf ot - A ot-t) (27
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22 (- Zeag e, -5 o a- S o2 O

3 30, 713" 3
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=——=R|0,+A¢,, —— Ju(0)———=-u| = |;.
3 3o, A 2}{ (©) 713 "\ 3

S A (6% A Gl skl oA 2903 F A%

WE A A 5 9T
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A A 3.17
:%ZV"°R 91+A¢VY1+A¢V‘2—%)~{U(O)— ¢“u(o)— ¢“u(%)}. G

3w ! 7/3 7l3

r

9 AE wESE, 49 kdAel W AR AF AF A% W

w2V, T K AQ,; (i-k+1)7
A, =="®.R AQ, —= - d
. (9v1+ 0, 2j{u(o) 2”/3 u( 3 j} (3.18)

i=1
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3213k Ao A A3}

- /\;qs (Calc.) = Initial locus (Calc.) = Target locus (Calc.)

—= /\;qs (Sim.) = Initial locus (Sim.) Target locus (Sim.)
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Abstract

Six-step operation of a three-phase inverter maximizes the utilization of dc-link
voltage using only the six vertices of the voltage hexagon. Thus, the six-step
operation can enhance the torque capability of ac motors. Furthermore, the switching
loss of the inverter is conspicuously reduced compared to the PWM operation. Due
to the advantages of the six-step operation, a number of studies have been conducted
on the six-step operation.

Since the magnitude of the output voltage is maximized under the six-step
operation, the phase angle of the output voltage remains as the only degree of
freedom. Focusing on the voltage angle, most research has modeled the six-step
operation of a permanent-magnet synchronous motor (PMSM) as a linear system
with a change in the fundamental component of the voltage angle; the controllers
have been designed based on the frequency domain analysis with a linearized model.
However, this model is based on small signal analysis near the equilibrium point.
This means that the accuracy of the large signal is not guaranteed. In addition, the
frequency domain analysis only focuses on the fundamental component of the output
voltage, so it does not take into account the effect of the harmonic component on the
dynamic performance. This modeling error makes it difficult to improve the dynamic
performance of the six-step operation.

This thesis presents a method for improving the dynamic performance of PMSM’s
six-step operation. In the rotor reference frame, the instantaneous voltage vector of
the six-step operation has the effect of rotating in the opposite direction of the rotor.
In this thesis, the analysis proceeds in the time domain to reflect the effects of the
instantaneous voltage. The instantaneous trajectory of the stator flux-linkage is
formulated according to the time interval of the applied voltage. A time-optimal
transition method for the six-step operation of PMSM is theoretically derived from
this formulation.

In the rotor reference frame, the time-optimal path of the flux vector seems like a
detour to the target locus. It is difficult to implement using a linear regulator designed
in the rotor reference frame, and an open-loop structure is needed. In contrast, in the
stationary reference frame, the time-optimal path appears as a shortcut when the

output torque increases and a detour when the output torque decreases. Based on the
> _ £ 11
A =—1T1
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analysis in the stationary reference frame, this thesis proposes a closed-loop time-
optimal transition method. The proposed method utilizes a dead-beat control
structure and applies a voltage vector so that the flux vector follows a time-optimal
path through the prediction.

This thesis also proposes a current control structure to be used in conjunction with
the previously mentioned time-optimal transition method. By configuring the time-
optimal transition method as an inner controller, the dynamic performance of the six-
step operation is secured; the torque control with the current limit monitoring is
performed through the outer current controller. The performance of the proposed
method is verified through simulation and experiments for a 30 kW-IPMSM for HEV
application. It is shown that the dynamic performance of the six-step operation can

be conspicuously improved through the proposed method.
Keywords: Six-step operation, permanent-magnet synchronous motor

(PMSM), flux control, predictive control, time-optimal control.
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