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DESIGN AND EXPERIMENTAL STUDY OF HYBRID

UPPER LIMB REHABILITATION ROBOT

ABSTRACT

With the gradual increase of social aging in our country and the rise
in traffic accidents and other accidental injury incidents, the number of
patients with upper limb dysfunction is increasing day by day. Since most
of the upper limb rehabilitation equipment in our country relies on
foreign supplies, the upper limb rehabilitation methods in our country
mostly adopt manual rehabilitation. However, manual rehabilitation is
costly, the treatment course is relatively long, and it may also cause harm
to patients again. In order to solve this problem, this paper designs a
hybrid upper limb rehabilitation robot, which is used to help patients with
upper limb disabilities carry out rehabilitation training for the shoulder
and elbow joints.

This paper takes the upper limb rehabilitation robot as the research
object. A twisted-string drive structure composed of four twisted cables
was first proposed, and the corresponding mathematical model was
established, deriving the equations that the twisted-string drive structure
must satisfy. Subsequently, the gear driving structure is designed and the
equation that the gear strength needs to satisfy is derived. Based on the
torsion string driving structure and the gear driving structure, a new type
of three-degree-of-freedom hybrid upper limb rehabilitation robot is
designed, and the specific parameters of the rehabilitation robot and two
kinds of rehabilitation training movements are obtained according to the

specific data and movement range of the human upper limb. Then, based
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on the D-H method and the Lagrangian equation, the kinematic and
dynamic models of the hybrid upper limb rehabilitation robot are
established.

Secondly, to enhance the control performance of the drive motor and
thereby improve the effectiveness of rehabilitation training, this paper
introduces a control method for Permanent Magnet Synchronous Motors
(PMSM) that employs an Improved Grey Wolf Optimizer (IGWO) for
tuning the parameters of a sliding mode speed controller. The transfer
functions between various stages within the PMSM system's speed loop
were established, and the optimal parameter values for the sliding mode
speed controller were determined using IGWO in conjunction with a
speed loop simulation model. Comparative analyses through simulations
and experiments were conducted against traditional PID controllers,
conventional sliding mode speed controllers, and Improved Grey Wolf
Optimizer tuned sliding mode speed controllers. The results indicate that
this control method offers significant advantages in terms of overshoot
control, response speed, and robustness, thus enhancing the control
performance of PMSM.

Finally, based on the established PMSM control system and the
kinematic and dynamic models of the hybrid series-parallel upper limb
rehabilitation robot, MATLAB/Simulink simulation models for both the
torsion string-driven control system and the gear-driven control system of
the hybrid series-parallel upper limb rehabilitation robot were constructed.
Simulations analyzing two types of rehabilitation training movements
demonstrated the rationality of the designed driving mechanism and the
excellent robustness of the control system. An experimental platform for
the hybrid series-parallel upper limb rehabilitation robot was

subsequently set up using dSPACE 1202, where control experiments for
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two types of rehabilitation training movements were performed.
Experimental results confirmed that the hybrid series-parallel upper limb
rehabilitation robot could effectively execute the designed rehabilitation
exercises, verifying the feasibility of utilizing such robots for
rehabilitation training. Additionally, comparisons between experimental
and simulation results, validated by mean difference models, showed that
the designed hybrid series-parallel upper limb rehabilitation robot
possesses good stability, making it suitable for patient upper limb
rehabilitation treatment and enriching the variety of available upper limb
rehabilitation robots.

KEY WORDS: Upper limb rehabilitation robot, Twisted string drive,
Gear drive, Improved Grey Wolf Optimizer, Sliding mode control,
dSPACE
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K 2-13 H15Z0KEN BB HLAE N AR S I
2.5 WRIBERZSHEIER

N T PRAE TR IR BB E AL a8 A 2 9% 3K 3 7 IR LI 147 1230,
i EORIE LB FR T R VIR HUBCE T s J0E . A SCAEH 2R B 2 B 1
e FH 2 1) A S vy A A SR 1 7K [R5 FELAE DB sl HE L. [ IS 32k P 54 T
B s EE, EERERENUE R ARSI RS L.
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ARICHTESLINEET D-H K2 H AP R U1K 3-1 B,

A3(49) (]

N j ’
N "
7
Ve
r#m F%W\
I
i - »
|
N
(%)
|
|
|
|
|
|
|
|
|
|
|
1.
|

o P _

P 3-1 BB A bn &

28



X W YN R R AT

AT D-H A : Je n-1 AR RS Zio HieRe 6: ., 15 X 5 X7
175 BEIRIE Zia BOTRPAS & IBEES, 18 X BhS XiHE & SR)RTE X RhDs
RSN ai IEEES: Ja S Xi M A ERs o R, (6453 n ARFR RS n-1 2845 RAH

S V2SN D-H 2 E N 3-1 fin.
* 3-1 LEEENE A D-H S50

AT/ 0 di ai 0i
1 0; di L2 -1/2
2 0> 0 L 0
3 0s 0 L; 0

Hrbo . 0« o3 HIN=NEREEENAE: a VIER 1 BER 2 B EER

By Li~ Lo L3 3 VA=A ERKE
3.1.2 IEEBEHES
MRIEZR 3-1 TTAF R0S- AT (8] 1 3 ke B 7 R 0 R

¢, —ca;s; SA,;S; ac,

l 1

s, cac;  —sac, as,

ii]»T — i _
=, G-1)

0 0 0 1
X, ¢ =cosb; s;=sin0,, MIEXE-1)5FK 3-1, A1 BIAF ST 1) #

ECE

cos¢ 0 —sinf L ,cosf /2
singp 0 cosf L;sing /2

0
T= -
: 0 -1 0 d, (3-2)
0 0 0 1
cosf, —sind, 0 L,cosé,
sind, cos@, 0O L,siné
;T — 2 2 2 2 (3_3)
0 0 1 0
0 0 0 1
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cos@; —sin@;, 0 L,cosb,
sin€, cos@; 0 L,sind,
= (3-4)
0 0 1 0
0 0 0 1
B G-2), (3-3), G-HMF)E, 5.
T=TTT=
cosf cos(d,+6,) —cos@sin(d,+6,) —sinf, cosB[L /2+L,cosb,+L,cos(6,+6,)]
sinf cos(d,+6,) -sinfsin(d,+6,) cosf sinG[L /2+L,cosb,+L,cos(d,+6,)] (3-5)
—sin(6, +6,) sin(d, - 6,) 0 -L,sin(6,+6,)-L,sind, +d,
0 0 0 1

REXG-51F, P SN EITTEA:

X, =c0sG[L /2+L,cos,+ L, cos(b, +0,)]
yp=sinG[L /2+L,cosb,+L,cos(6,+6,)] (3-6)
z, =—L,sin(@, +6,)—L,sin G, +d,

3.1.3 HEHES
P REEN R NS B0t R P S EREN T, RECTIH
61, 6. O3,

AR H(3-2) AT AT A
cosd, sinfg 0 -L /2
opi_| O 0 -1 4 .
: —sinf, cosd, 0 0 3-7)
0 0 0 1
JUESE
T =TT TT =
cos(d, +6,) —sin(6,+6,) 0 cos6,L,+cosb,cosb,L, —sind,sinb,L,
sin(6,+6,) cos(6,+6,) 0 sind,L,+sind,cosb,L, +siné, cosb,L, (3-8)
0 0 1 0
0 0 0 |
i 20(3-8) 75
—sin6x, +cos6y, =d, (3-9)
B xp=pcosy, yp=psiny,
2 2 2
Xp+yp=p (3-10)

i 2 (3-9) AT AL T 9
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—sin @ pcos y +cos b, pcosy = d,
G- 1R A A2 15
sin(y—6)=d,/ p

. d
e _ arcsin(——~—)

Xp N+

0,=arctan

FRAE 20 (3-13) AT 15 I

cos@, sinf, 0 -L,
o | —sin@, cos@, 0 0
I =
0 0 1 0
0 0 0 1

UESE

cos@, —sind,
sind, cos6,
0 0
0 0

T T = i T =

H R(3-15) 715 :

S = O O

L, cos 0,
L,sin6,

cos 6 cost,x, +sin 6, cos,y, —sinb,z, —cos6,L, / 2+sin6,d, - L, = L, cos 0,

—cosf sinbyx, —sin6 sinb,y, —cosb,z, +sin6,L, / 2+cosb,d, = L;sin b,

B (3-16)nT 15

(x,co80, +y,sin6,—L /2)* +(d,~z,)" — L’ + L

6, =arccos( YW
2773

6, =arcsin( -
L, +L,(cos®, +sin ;)

3.1.4 BERKEDH

)

\/E(x/va"'yﬁ —zp—L/2 +d)) )—7/4

3-11)

(3-12)

(3-13)

(3-14)

(3-15)

(3-16)

(3-17)

(3-18)

MR EBENTUERSARMIR S 7. N Nisshid fEr, #5277 Rz

M 5H R KR EMAE .

Kl 32 NIRRT RIS SRR, IXzh %8 2 AE H 2 KB E E T,
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WRAE ] 3-2 W50, ) RTIAMNREAIZE ] 0 ML, JE RIS 4R 1

KRB AT

l,=b, 6, G-19)

{ll =b +06n
A, BRI 1R n=40mm, b1=215mm.
B 3-3 NS IKBhaR WA, AR AR KT T B B B R AL s ey
IR AT 0o, LB T 4 R K S W 8/ n 3 21

o[-

13+ 14~

b2

Kl 3-3 BT Ik shag AR A
HE 3-3 a4, MJERTEIEF A 3] 0 AR, oy B34 0KE)

HRKPERIEAIT
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l,, =b,+0,r,

L, =b,=06,, (3-20)

I ORI IS B 03 MFERE, RO TR IRBN 4R R KR R
/I

{lﬁ =b,+0r,

Ly =b—0, (3-21)
H (G320 X GE-21) AT KT IR AR KL By L 7370
L=L,+l.=b,+b,+r,(0,+06,)
3 3.~ 37 2 3 2\72 3 (3_22)
l,=1,,+1l,.=b+b,—1,(0,+06;)

X, KT LR »=40mm, 5=230mm, 5,=280mm. ZARK JF I
5 61, UK 67K, MRTHEMES BMREEIMEA L. B, ok
ENH B AR, U B A ) FE ST IR B A SRl 8 A S B8 51 A AR AL
3.2 RN LBRRENFZANNESH
R L RGN N B il R, A SRR & AN ST D R R
I T2 IRBN G 1 R R B A R A, PRI RR X A AT h 1 Hr e
3.2.1 NREAHEN N FEE
FE ML N3 D108 B R B A A o SEOO R oL kAT T, ok
FENLAS N R IO MR . B ESH. ARSCIE) )5 @R R Rk
BIHVE, HRRSnT:
L(9,,95,,9,5915 95> *>4,30) (3-23)
RNT12:6e, WA
L=K-P (3-24)
A, K ARG EBRE: P NRGLSIRE
YU B H 30 70 07 R

~d oL oL _d oL 8K opP

e e =1,2,---, )
“ 400 06 diod o0 o6 | " (3-25)

A P AERIEA AT, TONSRAT M 0, 9 RTTE S n NIEREH
FE =42 (Al AT o7 O 2 5 A JEE (13l e 2 AN BIEAT 1 Bhfe, HR
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EFGTT
1, 1, -
K= EvaGm +§a)Ga)G1 (3-26)
Ve, @g, Ixx ]xy Ixz
s v =|vg |3 @g=| @ |5 I=|1, I, I |s m AEHE: v¢
V. o L, I, I,

HERF G ERIERE: T R BB PE IR s oo J9XERT IO fE
AT O BLE N Geoy,2), WIFTLMEE] G A BRI T
L= +2)dm=m(y* +2°)
]w/::I(xz—kzz)dnzzin(xz—%Zz) (3-27)
L= [ +y")dm=m(x" + y°)
G R
1, =1, =—[xvdm=—xym

I1_=1_= —I xzdm = —xzm (3-28)

Iyzzlzyz—Jyzdmz—yzm
TR A B s B Re, AT shseRIE T
1 1 -1 1
K=5%%m+5n@%1+5%%m%+5J¢ (3-29)
N e 1 v = N
ﬁ¢,Jﬁ@%%%@ﬁE,EJ:T%ﬁ;mxﬁ@%mﬁE:rﬁﬁ%

AL 0 NKRTTEAM: vo NI PTLERE .
BT R IR AL RE B & AT AL RE 2, B T AR IE AP AL Re R IA

X Xo
P=-{m(g,.g,.8.)| ys |[+m(g,,&,,8.)| Yo |} (3-30)
Zg Zo
X Xo
K, |y, | N G RIAE; |y, | NEESERR P TTIER O ERIA B .
Zg Zo

322 BNESH
P 3-4 JiR Ik B B RER AL s AHUBE 145 44 1 B
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52 X1
***** G2 L2
24 O 1 _ _____________"_
- ;; T3 A
hY
’ L3
————— G3
- ___1_
P

3-4 HUBE S5 R

Bt G1 O ANUE SME FE G G2 AL AT E EE G G3 AN
BRI mis mos ma 094N E LB B pRE. e LE R, A
: AME EECG 61 5ETE EE D G2 B R LIRS AN s s,
AT B0 G3 BN KRATHORIEEE N s T oy T 0 AAJRSMNEXRTY, R AT
RATAL R EAE R 00, R R SRR I F R F, B rier,
BAm ;g NEITIEE .

O RIREMTT S 1 J55 Gl RES, Pl Gl mAEREALs R AL E
RERELN:

pei
el

s, cos(% +06)

Sy X1
0 . T
°G1=T'Gl1="T =| s;sin(=+6) |= Ve (3-31)
0 3 Za1
1 0 1

HAXG-3D)AE, Gl S E AR :
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X =5, cos(% +6,)

. T
Yor = sm(; +6) (3-32)

Z; =0

IR (3-32) 15, Gl HZHEEN:

5,0, sin(Z +6)
X5 3 Ve
. . T
Vo =| Ve |=| 6 COS(E"‘Q) =\ Vo, (3-33)
Zg1 0 Ve,
W G1 R EN:
0 22
w5 =|0 |= Wy, (3-34)
o W

W G1 SEALE N Gl(-(Li-1)/2,0,-V3(Li-s1)2), MIER(B-27). (3-28)7] 15,

G1 RABESKE Y-

3 s B
) Zm](LI -5) 0 4 m (L, —s,)
I = 0 ml(Ll_Sl )2 0 (3_35)
\/?_’ 2 1 2
—Tm](L]—s]) 0 Zm](L,—s])

BTSRRI DS O FEE HOvEE e, WArS 2] 55O e 5L A4
i A PR AN 50 2R T

Xo1 =
Yor =0 (3-36)
Zo1 =
Xo, 0 Vo,
Vor =| Yo |=] 0 |= Vo, (3-37)

Vou.

BRI R(3-29). (3-33). (3-34). (3-35). (3-37)Al1H, LEMIBhAEN:
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7 I N L T = DAY
1 .
K, = (mlsf +§m1(L1 -5 )2)012 (3-38)
RHER(3-30). (3-32). (3-36)F[ 5, LEHIALEEN:
P =-m,gs, [? cos(%+ 6) +%sin(%+ Hl)] (3-39)

O 5E x1 FTHRS) s2 Ja 5 G2 REA, bl G2 mifESLA bR R IALE
KERIEAN:

5, L cos(%+ 6,)+s,cosb, X,
G2 =°T°G2="T O 1| LsinZ+0)+s,sing, |=| Ve (3-40)
0 3 ZGa
1 0 1
1
X G-40) 015, G2 fA B AR N
Xg, =1L, cos(% +6,)+s,cos0,
. T .
Yoo =1, sm(; +6,)+s,sin 6, (3-41)
Z5, =0
WG4, G2 ALHEEN:
-L6 sm(g +6,)—s,0,sin 6,
Xgo Voo,
. . 7[ .
Vor =| Yor |=| L6, cos(§+ 0,)+s,0,cos0, |= Vor, (3-42)
ZGZ O szz
W G2 RUAE L :
0 W,
W5, =| 0 |=| @, (3-43)
0, /e
G2 FTEZEFF AR R 2 AL E N G2(L2-52,0,0), M G2 sSAGH 5K &R
0 0 0
I=|0 m(L,-s,)’ 0 (3-44)
0 0 m, (L, —32)2

HI T AT E R R IR0 S O MES HoOushiighe, WO RS AR £
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HDEVA-PS = CIESZVAF
Vs
0 L cos(g +6) X,
0 .
°02="7202="T| |=| Lsin(=+6) |=| (3-45)
0 3 Z02
1 0 1
1
A (G-45)A 153, 02 RAEFEAAR R HIALE Y-
X, =1L, cos(% +6)
T
Yor =1L, Sln(g +0)) (3-46)
Zy5, =0
RIEXG-46)FT 1, 02 RLIHEEN:
~L6,sin(Z+6,)
Xon 3 Vo2
) : T
Vor =| Yoo |=| L6} COS(E +0) |= Yoz, (3-47)
Z03 0 Voo,

W R(3-29). (3-42). (3-43). (3-44). (3-47)A15, Hi)E FERIBhAEN:

K, = %mz[Lfé'f #5307+ 215,00, 055 +6,-0,)]

| . . (3-48)
+Em2 (L, -s,)"0; +Zm%r12022 +Em%Lf912
R RX(3-30). (3-41). (3-46)n15, Hi)m HE A eRak T
T T
b, =—mgl, cos(=+6) —m,gs, 06, —m gL, cos(=+6) (3-49)

O3 5 x2 BT RSN 53 J55 G3 miEA, FTLL G3 miAfERAbbr R HIALE
RIEAN:
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L cos(z +0))+s,cos0, +s,cos(6, +6,)
53 3 Xe3
0 03 opr| 0 e . : Y3
G3=T°G3="T ol L sm(g+ 6,)+s,sinb, +s,sin(6,+6,) |= (3-50)
263
1 0 1
B (3-50)AT 15, G3 mlALE W HRRN:
Xgy =1L, cos(% +0,)+s, cosb, +s, cos(6, +0,)
yﬁ=gmmg+qywﬁm@+%gm@+@) (3-51)
Ze3 =0
WRIFEXG-51) A 1F, G3 mAHEEN:
—Lsin(= +6) 5,6, sin 6, — 5,0,0, sin(6, +6,)
Xgs 3 Ve,
. . 7Z' . . .
Ves =| Yoy |=| L6, cos(g +6,)+5,0,c086, +5,0,0, cos(6, +6,) | = Vo, (3-52)
Zg3 0 Vs,
W G3 RAESE N :
0 W3,
W53 =| 0 |=| &g, (3-53)
63 W

G3 SIEFEFALFE R 3 ML E R G3(Li-s3,0,0), HEIER(G-27). (3-28)17%,
G3 Hii sk = A

0 0 0
L=10 m(L-s,) 0 (3-54)
0 0 my(L, ~s,)’

BT RO 0 mES HOEhER, B AER AR R )
(VA-S-WF
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0 L cos(% +6,)+ L, cosb, %o,
0 . .
°03="T°03="T ol L sm(§+6’])+L2 sin@, |= i‘”
03
1 0 1
1
H0(3-55)T18, O3 S EA:
V1
X, =1L, cos(g +6,)+L,cos0,
. T .
Yos =L, sm(g +6,)+L,sin0,
Zp; =0
R R(B-56)7T 1, O3 skl EN:
. T -
—-L6, sm(g +6,)-L,0,sinb,
X3 Vos

Vos =| Vo3 | = Llé’l cos(% +6)+ L292 cosl, |=| vy,

Z
03 0 Vos.

RHEN(3-29). (3-42). (3-43). (3-44). (3-57)AI1%, HIEMIZHAEN:

K, = %m (1367 +5367 +52620} +2L5,6, s 5+6,-6)

+2Ls5,0,6,6, cos(§+01 —0,-0,)+25,5,026, cos6,]

1 212 1 2,2 1 2,92 212
+5m3(L3_S3) o, +ijé”1 0; +Em7‘é(L191 +L,0;)

WRHER(3-30). (3-41). (3-56)0]43, BB HINIBEN:
P, =-myg[L, cos(% +6,)+s,cosb, +s, cos(b, +6,)]
T

-m_.g[L, cos(g +0))+L,cosb,]

W # G8  Bh e -

K=K +K,+K,
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S ERN L TR VAT S
FWSY VAR
P=F+P +P
WRIE(3-24), TG RS W H R EERIA A T
L=K-P=K +K,+K,-F—-P P,

XF 01+ 02 LR 03 433 KA T 0T 15

gg:-@5+%HQ%Q@$M%+@—@ﬂ—m§¢@Q@Qﬁm§+@_@_@)
1
+_2m1gsl Sin(£+91)—(m2 +my+m)gL, sin(£+91)
2 12 3
aL .. . T o o » . T
@ = (mz + m3)[L1S10102 s1n(§+ 01 - (92 )]-1— m3S3L131018263 51n(§+ 01 _ 02 _93)
2

—gsing,(m,s, +mys, + m . L,)—m,gs; sin(6, + 6,)

oL s s s T .
5~ m,L,s,6,0,0, sm(g +6, -0, —0,)] - mygs, sin(6, +6;)

3

5O, 6, 6,4 RIS A

A} A}

aa—g =[2ms; + % m (L —s,)" + m%Lf]HI +L,5,0,0, COS(% +6,-6,-6,)]
1

+(my +m,)[L26,+ Ls,0, cos(% +6,-6,)]
oL .

Py mz[Szzg.z +L152él COS(Z"' 0, -0,)+(L, _Sz)zgz] + lm;‘é”lzez
00, 3 2

+m,[520, +5.0,6,7 + Ls,6, cos(% +6,-6,)

+1,5,0,6, cos(% +0,-0,-0,)+25,5,6,0, cos6,]

aa—g = m,[s26,26, + Ls,6,0, cos(% +0,—0,—0,)+5,5,0° cos 6]

3

0 (3-66) (3-67). (3-68):K T, W15:
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d oL | N P
zgg:VWf*z%Uf*f+m%ﬁﬂ+4%““§+@‘@‘@X@@+@@)

Ly, Sin(% +6,-0,-0, )(919203 - 92293 - 92932) (3-69)

+(m, +m)[ L6+ Ls 0 cos(§+ 6,-6,)-Ls,06, sin(§+ 0-6,)+Ls,6) sin(%+01 ~0)]

56_02 =m,s30, +(m, +m;)L,s,0, cos(§+ 0,-0,)+m,(L,-s,)’6, +Emjér1292

~(my +m,)(6 -60,)Ls, sin(% +6,-0,)+m,(5:0, +5:0,60,” +2520,0,0,)

+mys;[ L, cos(% +6,-0,-0,) 6,6, +6,6,) + 25, cos 6,(6,6, + 0,0, (3-70)
~L 6, Sin(% +6,-6,-0,)66,~66,6,~06,)
+25, 08 6,(6,6, +0,6,) - 25,6,6, sin 4, ]
d oL e - .
——=m,5,(20,0,0, +5,0,°0, + 25,0,0, cos 0, — 5,0, 6, sin 6,)
dt 96,
+m,Ls,[(66, +¢91652)cos(§+01 ~0,-6,) (3-71)

~(020,-66, - 9’19’29'3)5111(% +6,-6,-0)]

A, HUBRE o B DAL o0 B S 000t T A P LB ) =R R, e %
PEMEE , wTiEE TRAE s o 2 Jm v T BRS¢ Bt . DU & B AL

= 5RO LB IR 3-2 Aiw.
32 HUWE R A R R S R E

S5 HUE
mi/ kg 1.75
ma/ kg 1.23
m3 /kg 0.52
s1/mm 64.26
$2 /mm 150.13
s3/mm 142.15
g/N/kg 9.8

A& (3-25), WAFMAESNE R RT ER IR T, AFFAERTE JE R B
T8 Toy VLA FAERTJE IR SCT L I J0%E T35 2059005
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_d oL oL
)

-2 oL (3-72)
dt 86, 06,
_d oL oL
' dio6, 06,

323 BERNDHK

NT AT, TEXT AR R AT T, TR RN B . SRR R
PRERIR. HITRRZ AR, HERAMTE SRR . B, #HES
SEMBRINE ] Fmin=10 N, FFRUEZE R Z SN KT ) Finax=450 N

Kl 3-5 NI RIS IREN 48 2R 2 T

A f 3

A2 r3 Al

2 4

F> Fi

N

N ¥

T1

Kl 3-5 JHxTiANRIRE AR % 1K
Kb . BRI R R W um s /1, BE 3-5 nf1g

E=5+m
4 (3-73)

F2=—E

K 3-6 MR TR BN AR 52 ST
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Qe P

7Y

(o))

F4

F3 ﬁ!
N

T3

12

K 3-6 FFRATIREN4E R % J1E
Kt F3. Fa ARERBTORTT 4R Wivmds /1, K 3-6 7]45 2

F, :£+10
7 (3-74)

F,=-F,
3.3 KB
ARG ST D-H AT RIS b ST B A LR 47 (2
S GULE AN, FAT WA KA AT AT . B S Tk o I 50 724
RIS HU I HEAT T 30112 5007, TRE AT IR BN AR BT B JTHEAT 50T 9P A e
SEHLER ARt i SRR G
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FAE REVFAAZIREN X THEBEHIZHIRBIAR

N T ARIE RIS A FUAT B AT MO R, TR 7 S 4
SRR A B 1K )25 i B REJTEEAT DR, SRR DR A S0 AR BT 25 e
4] ARG A5 P B HOHA T
4.1 KHEEIL BN FRE

SRS L d-g BAKRR T, B im0, W) PMSM HLFE 7
QEZS.T

di,

u, =Ri,+Ljipo,—L, %

di 4-1)
u,=Ri +Lji,po,+L, 7;’+ POy,

X, u, i, N d WETHRIESRA: w0, N q HET AR
L, d B Lo d s p ARHEG ROVE THM: v, ARKEE

HiwE; o, ARG TAREE.

PMSM #5657 FE N«
T.=15py i, (4-2)
PMSM i3 5 F2:
dw
T -T =J="+Bw 4-3
e L dt m ( )

A, TACERHRIRSE; TR, J IAREE; B AAREE
4.2 BIRIREEHISRL T

R e KGR 2D LB A AR R T 45 7R 3K

di, 1 (R )
-, =7\, - Ri, —n,0y (4-4)
q q P f
dt L,
do, 1.3 .
D7 = 7(5”p‘//_f1q -1, -Bw,) (4-5)

€ X PMSM HIFZEH RGPS AR S 6|2 &
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X =0, —0,
X, =X =0, (4-6)
u=ti,

ﬁ¢‘7 Wrefyy%%%%i%}go
RHER4-5). 4-6)F:
X, =X,
X ——in u—gx @7
Y R
Mz S R G HPRE TR
X, B 0 1 X, . 0
%) 1o -2 \-p)" )
J
SE SCTE R T R 3
§=CX; tX, (4-9)
Xt (4-9)K 7+
$=(c—§)x2—Du (4-10)

ARSI B f I R R Ao, KON
S =—é‘sgn(s)—ks (4-11)
U B A P82 47 1 4% BRI B0 R
1 B
iq*:j”dt:B,[ [(0—7)x2+gsgn(s)+ks}dt (4-12)

L i q IS EHETL: >0, k>0, 0, NFFRITSH.
N T RAEER RS T TRE, FENESRERE KRR, WA

1
V=05 (4-13)

R (4-13) 7] 15
V:SS:S[—gsgn(s)—ks:|<0 (4-14)
R (4-14) T A1, BT i TE R4 1) 256 2 T P o) 3 150 T 2R 1
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WRE £ 3, Ay FE R R P P 25 O T, Al 4-1 B

ks

Nref-N sgn(s) ‘Mu 1 D
‘ Mu*sgn(s) u s Py

el 4-1 VA ) B 7 FURRS
4.3 BRIZEITHIZFEMML
H1 T PMSM Jrf s 86 7 5 R e AL BB MR R 1), DRI 5 B0 Vi 4
il A AT B R AR B

B RGWT
x(n+1) = Ax(n)+bu(n) (4-15)
x,(n) SR e \
XA, x(n)= ( ) s x1(n)s () WPIRELZE; un)NERIEE; A b N
x,(n
WU
R4 X (4-8) AT 15 2% i RANVIRESTTIEN:
X=Ax+bu (4-16)
0 1
A4 = b = 0 =™ X=0,6 -0 X, =X
ﬁ EF' ’ 1 0 _g 1 D X = X, 17 “ref m 2 1

B R E-160)INCRFEE B, B B EL AL PR AT 45 .

—x(n+l)—x(n) :Alx(n)+b1u(n) (4-17)

A, TR .
H 0 @4-17)r] 15
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x(n+1)=(T4 +E)x(n)+Tbu(n)
MR R @4-15)715, A=TA+E, b=Th.
SE SCES B0 AT R 4
s(n)=C"x(n)
X, C"=(c 1)
g R (4-15). @-19)715:
s(n+1)—=s(n)=(C"4-C")x(n)+C"bu(n)

R Aa B i s HoE AT UL AL, TAS

A=) san(s () ks

R4 (4-20). @-21)A 45
~oT sgn(s(n))~kTs (n) =(C" A=C")x(k)+ C"bu(n)
H R (4-22) 775«
u(n)=(C"b) ' [-eT sgn(s(n))~kTs (n)-(C" 4~ C" )x(n)]
C'b=-TD
CTA-C" = (0 [C—EJTJ
J

s(n)=cx,(n)+x,(n)
B x1s xo BT E B AL EE

x(n)=0,-o,(n)

N (n) _X (n +1;— X, (n)

(4-18)

(4-19)

(4-20)

(4-21)

(4-22)

(4-23)

(4-24)

(4-25)

FRPEF(4-23) 22 (4-25), T 454 G HH I R R 45 o) 4% I S B A R an ] 4-

2 Fli7s o
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Pl 4-2 BRI AL R 125 1) 2 17 TR Y
4.4 ET o GWO RBtiRIEEIEHIRSHETE
4.4.1 GWO ELRIE
IR —FRE, BN EVERTZREEE . KRBT HESIY, €
ATEE L5 2 12 JURME N — D EIR. TCHABRZ, ST ER SR
Rai, W 43 s, STFERIZEN o BRMBEHRSTSE, A58 IR
IRBERATIES . BB EN B, pATUIE—ERE LB o BEATIRAE, RN
FIMEIL o TR %4 T EBRRAFBPATIHER RS o WRFEFEFRT o BT
&, BN a Xt TRETIEES . @FHEZER 6, FENFTIIT LETIEH
8%, EFHENEN o, ATTYERFMEE AR R P,

a

B

w

K 4-3 IR AIAE 2 S G
(D552
£ GWO Sk, o RN BRI, IR 0 IRT o IR B
RO I AR LA A e fde,  RARE b ) f FURAAT BE BN SR . =R
WATTHITHER, o R LERIG 3 FITIES).
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Q)R
(IR RS e, AR AR R 7 ) R ot

=|C-X,|(t)- X (2) (4-26)

X(t+1)=X,(t)—A4-D (4-27)

R@-26)FBIRAK S M ERS, X, 5 X 2RI 5 FAR LRI
frE i, CARMNE. RE-2RERMBBHFEH AR, « NERARLL
AZK . R0 A 5 C Rk R

A=2d-7—-a
) (4-28)
C =27,

Xk, a AR T, B ¢ ORI, G M 2 RERVNEEN 05 7l

7y R0, 111 (R B 1 M «

G5

HARTT AR A 7 AL AT R, M IORKIVEWG o RS9 B
TR 6 M, TR BEEY . AR, R A E RSB
TEM RN E, RIS g . 7€ GWO Hikrh, JRAT L SRS AE I
2, SefRAFEE R B AL = AR, N =R R BAAGE . BE EER
TR TiATE 4, EOR HABRARYE AL EAW EH E CiJrhn, M LBz
WIS AR . GWO HRRARAL B 58 37 B & 4-4 FioR .
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\ \\("/ /

x y
L

Kl 4-4 GWO AR B 57 =
IRARNL B ST I BeA A A i R 5K

D,=|C,-X,-X| (4-29)

Ketr, D, Dy Dy K ay B 6 55 EARIRBEA VAT 55 B 2406

—

X, X, X, 0 0RE a0 pAS H4RIGE G, C, C, NBEHLIE:.

X,=X,-4, -13[, (4-30)

X(@+1)= 3 (4-31)

@30 ERBEEF o WA o, pF 6 =FORATHEEEE M H, X(@é-31)
KK o TRITAEH A ALE

(4Bt

£ GWO HiEr, WS F#ENE S 0, X R IR Bt 2 iE i
SEITAEY) . MBUE IS B , BORS KRBT, RSP BTEAL B e
VRN . FESE R, RECE A S a MR/ TR DS . R B

B CON[02] R M —ANBENLE, BT R C i, kiR hag
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BEMLPE, AT DA 280 B B3k il 5 )= ol e L A o

Gyttt e

GWO FEMFAE I 4-5 Fos, SOE B AT JORMIE AT a 1L, BEE R
& o p AN O FIALEAN T H e ARG B 08 B e KA AL

WAL BARTRHE . a. ARIC

!

VD BCAR AT W, (A7 0 P e 1193
Vida. B. &

— !

SECET AR 2 i B

!

Hfra. AFIC

!

USSR AT RS N

!

Hira, B. OSSN E

Kl 4-5 GWO HiEmAE K

442 Wi GWO Bk

T R BVETE SR — S % RS, AU SIOE . R BRI 46 10 25k
LB N RIS AN o 9 T R RIORFVE X BB i, A GWO 1
SEhh B3R T RO I RIREVEIGWO). IGWO £ GWO FIJEAE FnA TR
T Tent BT DL BENL 22 7038 5 Rl , VR Tent BRETTT DA AP BERT 46 40 1) 22
M, ARSIV R A A B AL ZE 2338 S S U T DA AR AR A AE B
IEH IR AR

(1)JE 7 Tent W

TRV Tent WU BA S SBENIE, & AT DUBE R SEVERR N R a A
IR BB VL A R R RS 0. Tk, ARSCOE R AR Tent RIS X FhBE ik
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ATHIIA AL 2.
A SCHE ) Tent WL R IAR IR
px,,0< x, <%(,u ~2)
" ;41—x)-l<x <1 A
n)y %=
Q)BENLZE 5328 57 S
BEHL2E 50 A8 S SR m gt 2 g Bt 4RI A BE AL = Fh ORI TR 4, B R
WA . BEATLZE 73 A48 e HEWE W] DL 3497 1B SR R, HARIE A UR:
X(t+1)=r[X, - X(0]-r{X'(0)-X(1)] (4-33)
A, ¢ ERIREG r N0 BENLEUE : Xo 21T SR AIRANAR A3
B XN AR E
gt bR TR, TERORE IR B SO KR A (Improved Grey  Wolf
Optimizer, IGWO)R M BAARFRAE WK 4-6 Fis.

PAR s}

Tent/EREM S I L AR FIHE . a. AFIC

!

P AR A AR B N, R E O B e i 13
Viiita, B, &

!

— ST AR A 2 A A B

!

Hora. AFIC

!

VBRI AT AR N P

!

HiHra. B. SIS EEFIATE

!

FAAT AL 25 3 A S e 7 A A

K 4-6 IGWO SR K
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443 FHIRIFEER

IR WIS 0852 5008 IGWO 57K HE R D BUP LI R4 ] 2 G0 5 20
(1] MATLAB/Simulink 1 EALRAHSE & . Bltk, 7 EEHENT R G000 B A AR A
Bl 4-6 JAKHEIR AL BN EHOE I 1 B H RGUER LI . T S R G
M EARAY, TELHES R G ¢ WEmIA M A L R4, T

Gi (S)open

G. =
i (S)close 1 + Gl. (S)

(4-34)

open

TL

Te | l - ekl
- C o

K 4-7 sk HEIR D HshHLTE 0k U 13 B WS R ) R G R
g FHHIAEEH P B4y, WAL PMSM 45k, ¥ PI #2511
ZH Ky=t:Ki, WAL 138 bR B R A U -

&5 e eft)

KP (Tis + 1) KSVPWM 1
T8 Ts+1 Lis+R,

Gi (S)open - (4-35)

XA, Ksypwy N SVPWM WARZRIE 25, T SVPWM ¥ 1A
% 1=La/Ra>» Ksvpwm=1, F]¥3(4-35)F40N:

K

)4

G, = -
l(S)open qu(]';s+1) (4 36)

BHE@4-36), A115:

G,(s), = ! oKL
! close Lq 5 Lq 5 1 Kp
—Ts"+—s+1 s +—s5+
K K T LT

P P s q-s

(4-37)

WRAE B R Gu AL s AR HEIZ 30, AT UG PR 3RIE

(4-38)




X W YN R R AT

FE BT R GRS, T LUK AR G A T oy — B dh ey, s 4-37).

(4-38) 1] 15

L, . 4CTs+1 (4-39)

P

B B (=0.707 H. SVPWM U B 8 7,=1/15000 s, M RGNS, N

H:
7500
G, = -
i (S)close s+ 7500 (4 40)
Pk B ML 4280 np=4, w~=0.0084 Wb, J=0.000025 kg-m?, H[7F:
3
SV, = 0.0504
001 30 (4-41)
7 Js  0.0000287s
H & 4-7 AT #5% PMSM &1l R FE# AT Simulink 7 B, W& 4-8 Fr
IN:
=
y1 scopel @
(D (20 scope
RERE

Pl AR

7500 D 30
" 5+ 7500 0.000028 * pis 'C3_—_)
ot

4-8 PMSM #£i| R4t # A Simulink 1/j H A Y
444 SHEE
Kl 4-9 24 IGWO 5 Simulink i EAEAARLS S IRALE . HJefE MATLAB
Hig4T IGWO 5%, HHE S BE R TIEX d . BEEAETIEXHEZ
HZE Simulink 77 BB G, BT EBEA, Hh REMEERE . RBHEE L
Jo R i gt B RAE B TAEX . IGWO PRl T/E X A& =12
B TS AR R BB E T B S 4R SR AT IR AR
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X W YN R R AT

AR A2 L I A s imul ink )

HARAY 1ZAT

| eonizg 1. T T
J52 i ke ’t'”ﬁ” HHMRE ¢ k&

1 el L I

MATLAB/Workspace Sime& %L

| "f','"l Ha ’ T T T T
e BRS g o g o

! . | o

O IRIRFLE: CIGWO) E——

T
5
L4

ERANESE 4N

1
i 14

H b eR B L (EBest )

4-9 IGWO 5 Simulink {jj FLAF A 7 &
N T AEIEAGE RS - e, W RASE I B A A R . R A
RE N5 AT Lk G a2 i Ead K, ARSCRA B H s 88 1 R~ /95
2
3= [ [@le(t)+ @ (0)]dr+ o, e(¥(1))20

=" @le(t))+ @ (1) + @, Je(y(1))| |dr + e, e(v(1)<0

(4-42)

L, e ORRRARZE: 0O)YRERGMTIRE; yORERGHH: u@)
REFEEHIFRH: 0 N BT o1y 0ov o3y 0 [REBUE, H o K EMN
B R <1

IGWO ik E : MtduE P=50, HAIEMKE M=50, 4% dim=3; &
JL P BR B I AUE 73 R s 01=0.999+ @2=0.001+ @3=2.000. @s=100; AT {5
PIEAM TR, fERE S HETE eS8 E NIRRT, BEERE AN E
I S BUETEE: ¢€(100,600). k€(100,1000). £€(0,300).
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GWO
IGWO | -

14.72

14.7

14.68

Fl b el B {

14.66

14.64

14.62

0 26 4b 50
AR UL
K 4-10 GWO 5 IGWO X}t K
HE 4-10 AT 50, MHET GWO, IGWO B fd H bx ik B 5 Pl s, R

"L, GWO ¥ HARBREUETE 45 ARA WS, M IGWO 7E 35 ARRITT s, Wiesk
HEFHE R, GWO ISR Best J=14.643, 1 IGWO Y85 ¥ Best J=14.61,
it IGWO AT LA 20k G BN SR B s R I 0 e 3B ARIEE 50 ki, RSy
HrsBUE RN, IGWO Hi i KIS B ARME 7390 9. ¢=498.2351, £k=920.6595,
£=0.2924,

4.5 FEF MATLAB/Simulink i EZE SR 94

9T BAIE B AR IR, A SO I R R S ) B
PID S F b8, i SMC LA K GWO B 5 [ 18 B B 42 1 48 HEAT 07 200 H o
45.1 FEEE

& 4-11 LT IGWO H5E MBS 5 K i R 25 M L% ) R %

aref $tLatia )

4-11 T IGWO 7KL [E5 LIz H R 8t
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PiE RIS ES SRR L S8 — 8, Wk 2-7 foR. IGWO #5E
TR PR 2SR N c=498.2351, £k=920.6595, £=0.2924, FHiifi¥f PID
IR IGWO HHTHE, #EHIZ S HUNE 4-1 Fros. #H2TH
(K] d-q SRR SEAIR, d ST PLIZEHI#E S 5078 K, =0.9, Ki=40;

PI %l ds g RIS EII BN Kp =8.7, Ki=9.3.
R 4-1 FokMEha S8

P P ] A
PID K,=0.03, K=0.7, K.=0.00005
SMC c=150, k=200, &=200
GWO c=401.6359, k=658.2834, £=3.1472
IGWO c=498.2351, k=920.6595, £=0.2924

T IGWO RS H PMSM ] R4 BRI 4-12 Fios.
.‘E] B ]
_} ") ﬂ "kl ol WM =

angle
qraxis current loop regulator
i —

Park inverse transform SVPWM

o
- Jﬂu—.u [

c

Universal Bridgel

8] 4-12 T IGWO 52 B 5 ¥ () /K A 7] 25 LW LA 1 477 ZLAE TR
452 HEZERSH
FEATA AT HESOE AR, TERA ode23th KRS, HEKER
24 V, JFRIMFUEN 10 kHz, REEAPIBEN 13100 s, FTEMAN 1 s, 4
SE LS BONTE 1000 pm, 7F 0.5 s B, AHMLEN 2 N-m FI6i3k, 0.8 s i
B AL EIE S E 1200 rpm.
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1400
1200 -
1000 -
H
800
HEN
A . ) 1200
600 1000 ——— 1m0 s
1050 | 980 1160
[ 1140
400 1000 900 i
950 4 5 08 081 082 083 084
L £ .. —IGWO
200 001 002 003 004 046 048 05 052 054 056 058 —GWO
SMC
o —pPID |
0 0.1 0.2 0.3 04 05 0.6 0.7 0.8 0.9 1
t/s

4-13 HEINLIGHE (T L 45
DU R Pl 2 T B LR R & 4-13 FoR. B 4-2 HGigoat LT
51, IGWO M ZHEHI S AE B 3 ARt O RIS, IGWO T #2455 15 50 i
A1 0.01s, SRR FH AR =Fismlas. 76 0.5 s 6FEMLIEDN 0.2 N-m [ £k,
UEET IGWO T8 # i 35 AEET R] 0.01 s, TR AR TR = Fhda il 38,
[N s, AN 3%. 24 0.8 s i, HPIEESEZRINE 1200 rpm K,

IGWO I & #2545 1 B 2R A% A HE ,  FE HLURSER [a) 508, A5 0.009 s.
F 4-2 ML HEXT

Gk JE B B 0.2 N'm %1% 1200rpm
AEYEE AN A N VERE EEE R
PID 16 % 0.14s 18 % 0.13s 25% 0.45s
SMC 0% 0.09s 15 % 0.05s 0% 0.05s
GWO 0% 0.021s 5% 0.013s 0% 0.014s
IGWO 0% 0.01s 3% 0.01s 0 % 0.009s
Kl 4-14 907 F R F R 22 Hh 22
1000 T ! IGWO
—GWO
SMC
800 —PID
600 |1 1Z: 150 \ 8
e, ,53 50 \\, |
-100‘ ﬂ‘ ‘ ‘ \/_7 ‘
200 N ‘ N . D?\s\ m? " ‘
/ AN } H | |
; ’/ \ : : .\\\\Ai L
o e e
-200 | | 1 | | | 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 09 1

Kl 4-14 Fhidae 2= th 2k
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X W YN R R AT

RIER 43 PoRMFEIRZEX LA A IGWO B E ¥ Tr BT 428 1) s e it
RZENA N e s BN S, IGWO B IR B i i 23 4 iR 2 AU
35 ipm, /N THE=FEGEE, HRBERZRR, RN, IGWO BEM
TR AR 2 A7 i 45 U R IS [ 4K PR F e
R 4-3 FeEuRZER T

ik Ja B 0.2 N'm 7% 1200rpm

T W WS M R % %
PID 1000 rpm 0.14 s 180 rpm 0.13 s 200 rpm 0.45s
SMC 1000 rpm 0.09 s 160 rpm 0.05s 200 rpm 0.05s
GWO 1000 rpm 0.021 s 50 rpm 0.013 s 200 rpm 0.014 s

IGWO 1000 rpm 0.01 s 35 rpm 0.01s 200 rpm 0.009 s

Kl 4-15 DR IE EEFE R SRS I AR 2R, 1 4-16 Dy DU sk B 4% |
TR I AR i 2

SMC =i L ifi e 1 PID = A Lt
15 15
10 10
5 5
L 0| frmmnrmmmnrmcmemnononeonemnnnone:| < oph
-5 50
-10 -10
-15 -15
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 09 1 0.1 0.2 0.3 0.4 0.5 06 0.7 0.8 09 1
s Vs
GWO = HitLifi i I IGWO=Hi il It
15 15
10 10
5 5 o -
L ()| prmmmmmmmmmmmmn s | < oy e I | ‘
| ) it
5 5 ’
-10 -10
-15 -15
0 0.1 02 03 04 0.5 0.6 07 0.8 09 1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 09 1
t's ts
N Ly S
K 4-15 3P 2 1 45 —AH HL U A 26
1 PID ! SME
0.8 0.8
0.6 0.6
Te (N/m) | Te (N/'m)
0.4 0.4
0.2 [~ 0.2
o 0
0 01 02 03 04 05 06 07 08 09 1 0 04 02 03 04 05 06 07 08 09 1
s s
1 Gwol 1 1GWO|
0.8 0.8
06 06/
Te Te (N/m)
o ©- 0.4
0.2 0.2 .
o s
0 01 02 03 04 05 06 07 08 09 1 0 04 02 03 04 05 06 07 08 09 1
s s

Bl 4-16 3o F5 4 i) 2 2 R i 2
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K 4-4 VYR 387507 AR TN B = R IR e LI R A B,
RAJH IGWO LS 85 TR AE S ShF BL, BN fa8ebi Be LA S g % b B

IR B RS 1) e )8 B 8] 5 1) B ) (] S48 T A = Fh s il 25
R 4-4 BRSNS
5 JRBhT B 0.2 N'm 3% 1200rpm
" 0 7 I ) Y 1] VS ]
PID 0.08s 0.05s 0.04s
SMC 0.06s 0.04s 0.03s
GWO 0.02s 0.023s 0.02s
IGWO 0.015s 0.02s 0.015s

MR EIRH 07 HA R 0T R : IGWO B A AR I J5E 7 ) s L6 R 2] Wi
I TE JEE VA S BV T TR T AR =Rzl g, UEW] T IGWO B i i 5
2 1) 5 AT LAAT 200 i AR [ 20 Fa LR s i 1 e
46 £F dSPACE St F & RIIE

H T 07 B 45 SR E O B AR, R SR A — T e, RIS IS
KIE IGWO 7€ 1 s B 42 S i PE e 2 S Uudk. Rk, £ dSPACE #
i 7 B 4-17 BRIk BERE AL & . S5 P & f4E PMSM. EAIFL. H
PFUIRZNAR . it ge. HBiE LK dSPACE 1202, SCIOHTFE B AL Simulink 45 % H
PMSM #Z il RS, FEBANBE T E. dSPACE 1202 ] HJFIa 1T 4%
JERIRERY, T S LSS . NEEAT SRR T, A ST BER 7E_EATHL
AT R, SO AE R AT IR I B AT LT IR R L Sl 26

2 it 2% AL

2VDE U LBR B R dSPACE 1202

2AVEL R H
Bl 4-17 7CHETRD 2D B ] SR 01 6
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SIS TR ZHEIN R 2-7 Fiw, SCRSH50 BSHHE, BT Bz
ATIS TEVE N A EL, DR ke S8 2 N P Al T
SZIG T 1 2558 EALEE A 1000 rpm, 3 s 5 EEALEL B I 1200 rpm.

1800
—PID
1600 | SMC
— GWO
1400 | — IGWO
£ 1000 | S ey
=3 ~ ~
= — N S
Z 800 e i
1200
600 N T
=1 1160}/
400 ‘
1120
200 32 36 4
05 1 1.5
0 1 1 L
2 3 4 5 6
t/s

Bl 4-18 Skgo s ith 2k
Bl 4-18 g F VU ookt 4 1) 4 I 45 31 1) S B0 RN LI S i 2k . FH3R 4-5 WTn,
TERRZN, 2 IGWO B 5E IR TR R0 42 ) 2 1) ok th 2 T ke 1, L e S 368 52 7
DO Fh ] 28 b et MR AIA 0.11s. B N#43E % 1200rpm J&, B& PID %4
BAh, HEEHITE I, b IGWO B2 78 R 5 42 i) 2% 1 5 5 Fe P
VAEE (A2 0.13s0 UEBH T IGWO % i (100 50T 4251 245 14 e S 36k 5 1 it
FERT T HR =Ml ds.

R 4-5 SRR LE
S JE Bl B 1200rpm
A Wi J87 P[] I VR AE I (7]
PID 119 rpm 1.38 s -20 rpm 0.45s
SMC 0 rpm 0.61s 0 rpm 0.35s
GWO 0 rpm 0.22s 0 rpm 0.21s
IGWO 0 rpm 0.11 s 0 rpm 0.13 s
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1000 =
-—smcC
800 —Gwo
— IGWO
600 .
20— ]
g | PR — e |
= 4001 — a
= 0 0
-5
-10
-10
200 1.8 2 M 34 4.6 42 i
or —_
200 . : : . .
0 1 2 3 4 5 6

t/s

Kl 4-19 SEU6 3R 72 ith 22
Bl 4-19 DR FHAS [RDE B P il 4 49 B 1 s 30 5 iR 22 i 2% . ek 4-6 W,
2 HL LAY 1000 rpm B, 22 IGWO B g (10 1 1551 R 425 1] 253 (R AR 245 1 22 X0 bl
REFIEHIE DN, RESONEL rpm; M EIE A 1200 rpm B, IGWO #5E
(YA T8 T 42 1) B A 5 R 22 M L L A = R 2R B/, 1R ZEUN£L 1pms
SIS EERAUEY] T2 IGWO 85 ¥ T A5 P 4% 1) #8845 B R PR D7 T B0 T R =

B H48 o
K 4-6 SIS HEHAIRZENT L

1000 rpm 1200 rpm
%ie
“h 2 2
PID -3-2 rpm 18-21 rpm
SMC 5-10 rpm 7-10 rpm
GWO -1-3 rpm 1-4 rpm
IGWO -1-1 rpm -1-1 rpm
14 14
12 1.2 SMC
1 oj g; . 1 03 “
08 01 u 01 H st o 02 E
% :: 1214 1618 38 < E:j ) 00.6 rr— il 03 =
0.2 0.2
0.4 1 3 P ‘ 0.4 1 3 4 s 2
I:l i3 " 1IGWO
l]Jli MW 011 M
- 06 ()i b 0
= 04 ¢ 0506 0.7 r 3 32
.0
-0.2 -0.2
0.4 0.4

K 4-20 SZEG g il EE I 2R
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2 v y y y v 2
15 PID 5 SMC
1 1
< <
205 208
0 0
-0.5 4.5
5 . ' . . . . .
0 1 2 3 4 5 6 0 1 2 3 4 5 6
ts 1/s
2 . . 2
GWO IGWO

4-21 SIH8 = i Hh £k
VUt AN [R5 1] 5 49 B RO S 98 g il AL AT il 2 55 S0 — AR R T 2 ) 4-20.

421 Pom. HIBEIWRD, 5 AR =Mk ISR AR AL, IGWO 7E B h A it
R g B S =R BB RIS E . SR R — I T IGWO
T [T AT P A ) B B R = P ) B B R S I 7

SEEG T 2: HHLLL 1000 rpm F#IZAT, 75 =2 s BF3EIN 2 N-m £k,

i =T
-~ SMC
— GWO
L IGWO
1000 p—m—— ——
g [
(=9
5
Z.
900 | ;
\I
500 : : : : : : .
0 05 1 15 2 25 3 35 4

t/s
4-22 SEUG R LG i il 2k
4-22 R DU R AN [ 3k 52 2 ol 49 2 O SE 06 T BRI i 4R . R 4-
7 AIED, (EVURREEERIEE S, & IGWO BEE [0 B B 1 i a8 M e R P i
N 36 tpm, KT H R =Fpshilds. EREEZTTH, 4 IGWO & 1ig s
P S OR B L, IR RN 0.11s. SEIREE FER T4 IGWO AL HIHE AR
AR S A BT H R AR 8 AT SR B
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£ 4-7 LI AETE

YRR N A (7]
PID 183 rpm 0.71 s
SMC 144 rpm 0.34 s
GWO 49 rpm 0.21s
IGWO 36 rpm 0.11 s

B EIRSEIR AT AN, 22 IGWO R [ 1013 J3 42 1) S A 45 T L = Pl 35,
FEM RO FE R . R ) DL R T T S . S5 R
LEIRLAAIR], HE—DUEW T4 IGWO B 1) A0 5 2 ) 2 L DR 75 (H P R
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