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RESEARCH ON NEW ENERGY VEHICLE STEERING

SYSTEM BASED ON SSA-PID CONTROL ALGORITHM

ABSTRACT

With the rapid development of electronic information technology, the
requirements for the reliability, accuracy and driving comfort of the
steering system of new energy vehicles are getting higher and higher. In
the automobile wire-controlled steering system, the driver's intention of
steering manipulation is realized in the form of electrical signals through
sensors and electronic control devices. Therefore, it is of great significance
to study the steering motor control strategy for the requirements of
automobile steering characteristics. In order to deeply study the stability
control of automobile wire-controlled steering system, this paper takes the
steering motor as the research object, improves the shortcomings of the
sparrow algorithm, and designs the steering system control strategy based
on the improved SSA-PID. With the goal of improving the steering motor
cornering accuracy, the steer-by-wire system was modeled and simulated,
and the test was verified based on the steer-by-wire system test rig. The
main research contents and results are as follows:

(1) A mathematical model and a simulation model of the steer-by-wire
system are established, and the ideal transmission ratio is designed
according to the scheme of constant angular velocity of the transverse
pendulum. The simulation analysis and correctness verification of the
established model were carried out through three classical working

conditions. The results show that the parameter response curve of the wire-
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controlled steering system meets the requirements.

(2) Based on the working principle of permanent magnet synchronous
motor, the simulation model of permanent magnet synchronous motor is
established, analyzed for the space vector pulse width modulation strategy,
and the PI control of current loop and speed loop is adopted to improve the
speed and torque control effect of the steering motor.

(3) Aiming at the problem that the sparrow algorithm is easy to fall
into the local optimum and convergence accuracy, a fusion improvement
strategy is proposed. The effectiveness of the method is further verified by
comparing the convergence curves of the test functions, and the improved
algorithm 1s applied to the PID control of the steering motor. The
simulation results show that: in the step condition, compared with the
ordinary SSA-PID, the motor corner overshoot under the control of the
improved SSA-PID is reduced by 11.93%, and the time required to reach
the steady state is reduced by 18.98%; in the double-shifted line condition,
the mean value of the corner error is reduced by 38.53%, and the standard
deviation is reduced by 38.42%. The purpose of reducing the cornering
error is achieved, and a better corner following effect is also ensured.

(4) The proposed control strategy is experimentally verified based on
the wire-controlled steering experimental platform. The experimental
results show that, compared with the ordinary SSA-PID, under the step
condition, the motor corner overshooting under the control of the improved
SSA-PID is reduced by 13.24%, and the time required to reach the steady
state is reduced by 14.01%; under the double-shift line condition, the mean
value of the cornering error is reduced by 20.25%, and the standard
deviation is reduced by 24.94%. It can be concluded that the improved
sparrow algorithm can play a role in optimizing the parameters of the

steering motor PID controller, which improves the steering motor's
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cornering accuracy and following effect.

The research results obtained in this thesis have important guiding
significance for the in-depth study of the steering system control of new
energy vehicles, which can provide theoretical basis and reference for the
improvement strategy of the sparrow algorithm. At the same time, it
provides theoretical support and experimental proof for the steering

motor's cornering accuracy control.

KEY WORDS: new energy vehicle, steer-by-wire system, ideal

transmission ratio, improved sparrow search algorithm, SSA-PID control
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e 1) AL SR B U 0.00063 kg'm?
e 1m] FEHLREJE 2L By 0.00020 N-m-s/rad
B 1) LALLM EE Ko 172 N-m/rad
INEEE I FEIR AR 1y 0.00837 mm
% 1n) FLBLAL BIEL G 17 I
5 1m) FEUATL FELRX PR Ly 0.00096 H
e 1e) FLATL FEURK FELBEL R 0.44 Q
e 1) NS BN 3 R K 0.072 V-s/rad
B 0] FEBL /K AR TG B 0.0241 Wb
e 1) LSRN 2 P 3 T
kR M, 421 kg
ik FHJE R4 B, 1100 N-m-s/rad
R B Jew 0.7855 kg'm?
¥ %eRH e B3 Brw 203 N-m-s/rad
I EENIEE Kew 132 N-m/rad
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2.4 teiriE R IRIE IR
2.4.1 BIEERELAILITER

H % S I BLBRES 1F) 28 G R LIRSS M 42 10, A A s b B R 1 52 1,
(B R BEAE — € YU Fl A A B iR sl . XA RN IRZ, — il TR
A BIANEREE DU R s 53— 5 T2 B RSN AR I AR LR RS 1, e ) R 4
RGBS . XK e P EET M RIEAR, (G5 1A R GER I ™ H= 1Y
FELAERFPED . Kk, fER IR, F5 RS H T M AR AME I LA, L
SCHUHE AL TR ROR . XL MR RS R 2%, AL EIRTHe R T
IR A R AN R T e, BLORTEAS B A ICR , k25 3 Gy #2717
LI SEINEF IE AR, R I SO T 1 DL R KBS S AL BEAN TP 25 Bt 5
BAE, R S RIS @ R, IR R E AR

PRI ) 2R G AE G TR I 7 A AR 458 A7 o P 0 2 A

G, = 0. (2-30)

X, G AR TABRARBUL, o ABIEMIEIL, On NEEFIEF A
BRI 28 Gr Y-

G, =" (2-31)

QFW

A, GRBEAEEI A, O R EMNRTRIL A

MR MBS G R ERMN R G R E, BRERASH.

LBy 7 R ST 1 AR Y, DA SR 7 4% G 19) 38 G (% 1) R S P

TR A

BT CarSim HAFH BRI GRS, KUIE A 1E AT 7T GORIE IR
G0 1) 2R 295 (AR 58 R T i AR A o AR 70 il BB DN 20km/hn, 40kmv/h 60km/h,
80km/h. 100km/h. 120km/h. ¥ H15 5 M 0N 1rad, BrERIS RN Os. 73 2R
R 78 5 2R KOG R A 2-9 PR
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—20km/h —40km/h
——60km/h ——80km/h
——100km/h ——120km/h

0 2 4 6 8 10
B 8] (s)

Bl 2-9 i A id A1y o P58 06 o 7 A3k 2 AR AL

I BEART 60kmv/h I, % A RBUBEIR W . XA R VG, B
12 A R PRE R T 2 e PRIBUE B R RES . AR, IR T 60km/h B, AR
TR A P I i 2 DL S LR, TR BUREE IR A T 3 I (R A 757 ST
AT LA E], IR AR A B 120km/h B, R T RE I 5 0057 A5 P 17 it 2% 1 Bl
ENMEIEAE] T 028" iAo SRR BB B RN B8 S AT G 1R A PR 0T A
/N i 4 -
2.4.2 BIEEENLLAVIAE

SAEGHURFE RS L, 2ePe i R e T DUR TG I B A Zh kL, DAt
)2 1) FELATLAE AN [R) 223 R AT A L PR 170 R 2 5 BB Bl O ) BT AT 23 IR 2 B
JiR 3t e 1) DR e v e 1 PR K A S 2 82 T 1 5 B 170 i 2 TR %
B :

i=gﬂ (2-32)
Fw

A, i N5 R B 1 AR 2 TR AR Bl LE

RAER 2-32 WAF, AT AEEAALR, L SETR AR . Hik
AT CLY T EARE S LU S S e A AT BRI, AT DLRER B iR 2,
IRFELRE T RS /N (R 1] A, AT BE AT At S o T R AL IR B A T 3 BRI 2k
25 MR AR B R BUR ML I, AT DL RS B/ 2, DUHORIRAG R
IZERe e, TR, RN, 78 G Zp e v i f BOBS MU IR A, 3B N
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AR A AR o A e B MR sl E B R S, DUHOR SE B AR AR B L (1S
FFZE ) o
WRHE — B R Al 15

W, u/L 233
o m (a b\ » -
1 7 (= 7w
A 2-31 A DL Ak
Gy = ub (2-34)
I+ (k E)“z
B4k 2-30. 3 2-32 F12-34 A 45
Gy=—— Z/L T (2-35)
(- o)
W F) 3 AR A 0 P 8 25 O fE Ko MR B LE AT RN
. u/L
= (2-36)

(e - Dk,
N T B IR A 1) A B R WU PR AT, G AR B R AT AR 2R RS B n) A PR A
N30° ~40° 28], [FN 5 mEE AN 450° , FEalEEI L N imin A:

Imin = 5 O =11.25 (2-37)

QF W max

MR e/ IME B LT 753 U I 2555 10=9.355km/h . DNy 1 38 25 i e T
BRI ) He S BN AT % A R/ NECE B USE, 00 25 3 D3 AR T R 2 A A,
ML E EIR, MRAEE 2-9 MR T4, 42050y 120km/h I, BEFR A IE
JEHEZE R 0.216, RN 2-36 FTTEALE L imax=19.412,

LR L AT B L B A AR A R R IA O -

11.25 S u <<ug
u/L
P iy <u<120 )
=< [Hﬂ(a_%)uz]]{w (2-38)
19.412 ,u >120
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2.4.3 BIEEELLAE ST
{17 BLAS 31 B ARA 25 A 0 P 1 2 e 87 i 2R P 2-10 Bz ATRAEH, FRdkifE
FR I P 25 AN 2 B 4RI AR T AR AL, B T 28 I AN [ 40 T e ) PR A E

—— 20km/h
—— 40km/h
60km/h
_ —— 80km/h
C | —— 100km/h
¥E 0.4 HhAT —— 120km/h
% a5
i
# 0.3
®
i’é’ 5
0.1
0.0 :
0 2 4 6 8 10

i1 s)
Pl 2-10 52 A 0 52 18 2 P 7 2

2.5 izt m ARG HEERIE
2.5.1 HEEZAMERKIR

FHBTER L0 AT LAV VR 222 1) 3R G001 07 [ 284 N PR e Iz T 38 TGS o 1131
7E CarSim H1 ¢ B /S [F] (¥ 423 SR U0 UE T A8 4% 20 LUASE AL FR TR 1, 07 B T B A
7 I F OB BRAT S, BT BRIST (]2 Os, % #1° Lrad, ZE47 18 FE 53 5 5 B 4 60km/h
A1 90km/h. 1) Zgem N 2k an & 2-11 Fos. 3, (a) N%E#E N 60km/h I,
P ) AR G SO i A AR AL 2R, (b) MR TR D 90km/h B, R 1) R ST
JRCMUR AL 2R, () N ZETE Jy 60km/h I, PR ) 2R e RO E A T R AR AL
M2k, (d) %N 90km/h B, PN 0] R GRS A B AR 2k . MBI T
AT HH A [R) 2 T 42 6 T R LR 2% 1) 4D 2 [ i) 7 AR — 30, PR 40 AR AL, W]
AR AL By LU R VTR 5O T A A R R O 0 A PRI R MAREIL T T AR AR B LA
N T ZE TN R T VR ZE AR A A R
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0.6 ‘ ‘ , 25 ‘ ‘ ‘
e — U 1
g =S 5 2 ot
q% 04 215
&= gl,
g =
) 0.2 5 0.5
O ‘ ‘ ‘ L
o 1F (s) i i)
(a) (b)
‘ ‘ ‘ 25 ‘ ‘

20 — WIS 1A) WU
@ — R ) %:)20 IR
g 15 gw
%w =)

{ & 10
5 : 5
0 ‘ ‘ ‘ 0
0 2 4 6 8 10 0 2 4 6 8 10
B T8 (s) i [6] (s)
(c) (d)

P 2-11 B 00 % 1) 2R e [ pt 28

252 WHBLTETIR

7 FAFBIAS R 23 (0 50 o0 i 7 ARG A2 S8 P o 2 T 2 ) 2-12 BT
Horb, (a) 7R 60km/h B, RIS ) 22 40 10 0T O s £ 2 Ak i 26, (b) A R0
4 90km/h I, PIAE ) 2R G 5T A AR AL I 2K, (o) 94 A 60km/h IV, 7
Pl 1m) RGEVIREAE A TR AR 2R, (d)MZETEN 90km/h I, P iR ) 22 4t 1A A
RS AT 2R o AN P RT DU AN ) 2 T T e 2 vl R LA 9% 1o 11 % 1] i 52
AR B EEFRAGIN, ATARAE SN LG 0 T TR e 7 RS 3R A 5O s £
IR/, ARILY RTAR AL By LA AN () 25 T AN R 15 VR 2R T RG A 10A hE
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o

o
o
oo

WU ) ' | | B
— Rt )

)
2

}DTTA‘\
1

0
1 1

S S

i

o
o

00 6 (e
S —
- Do b
ol
_h L
o
RS (deg)

0
i ) (s) fit 1 (s)
(a) (b)
| WU | | | — WU
— 2R IR FE ) — LR e )

[\

S
[—
(9]

—_—
S

—_
S

HEEE £ 7 (deg/s)
RIS (deg/s)

1
[\
(e
[
W

4 6 8 10 20 2 4 6 8 10
I [F] (s) i} 17 (s)
(c) (d)

K 2-12 XUR R T T e 1) 22 G i b7 i 2k
2.5.3 IESxARZAEE TR

1F 5% i 28 T30 AT DAASEROLI5 4 7 il 2 18 I 4 e S AT B A o AT DU IR 4
TR 25 1R o 2R A AR AR B 1 o RSO T S0 IE 2R % [ AR U TE S SR 2 i
FEF AT SEME, B AE CarSim BUMF ¥ B 7 7] L% Sine Wave for Test (1E5%
fHER) Tut, ZE38 50 B ¥ E A 60km/h A1 90km/h. TR EAS A 453K T (8 17 2 4t
Pi A& 2-13 fros. Horb, (a) 8580y 60km/h I, PIFHEE [F] 2R G H o)
i AE A 2R, (b)) NZEEA 90km/h B, PIFRE ) 22 G A5 O A £ 22 Ak 1 22,
() NZEE N 60km/h B, PHFHEE ) R GE A RE 2 MR E R 2R, () NEEN
90km/h I, PN ] R GRS AR AR 2 . A R LU AN R 4258
LR B T ROR ARG 170 P 26 1 o 2 AR — B0, PEZR R AT, PR 2 LU I e
CSCAE Y REAE A EERBCo I0 fhs A FRY RIS AR B T AT AR A Bl BUAE AN [F) A ) R
TEHTHC 1 A R0

S
o -
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o T hmea] — L
20 L — Gt
2 0.4+ 1 8
& 02 & 2| ’
E 0 E 0
LS| B 4

-0.8 ‘ ‘ ‘ ‘ -6 ‘ ‘ |

0 2 4 6 8 10 0 2 4 6 8 10
i 1 (s) i 151 (s)
(a) (b)

N L7 1 N V=
o —dn | 2 — LAt
3 20 - ] é‘) 20+ ]
et 5
& 0 9 0
& 20 ;ﬁ
B - [ s L
;% %-20

40 - | ‘ | 1 0l | , | | |

0 2 4 6 8 10 0 2 4 6 8 10
5 T8 (s) fif [7] (s)

(©) (d)
] 213 TE3% 4 T 4 R 0 2%

B _E = AR T 4 50T DA Y, FE R I 1 A S S LSS R S
U7 2 A — B, 1 A YE A N R Y o T LU TR T R LIS
W BT 5 o
2.6 KE/NEE

B T LR 1) R GRS AR SRR, S0k H R R A 4
HEAT T ANTEERE, b BRI AR R, SRR T AR RS
B 7 BB o LR % 2 A (0T 25 T B R P R T B AR B b R
B S, = R g T U TR ST R R HEAT T 7 B4 R IE R IR . DU
17 5 R H 2 ) S e
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£ 3E izt m ARG EBIIEHEMR

3.1 518

N T SRR 1) (RS B AT R s R e M, R BN ) R BTL IR 5 A B Az ]
SRWSHEAT VELN I 7E o 7 B0 I S ST I 2R 4% e [F) RGU G Tm) FLBLBE AR, (95
e ey DL R ), D J S A ) SRS Be T SR AR A . LR, AR SRR SR A
PERESE bR, BT T BRI A AR PID Ffil g, T SEORBEMIL . 3@
T A5 FH A R AR AR R MLRAS S IR, AT it v s P A e
3.2 JKHAEIEHER

PMSM IS [AEAE AR R 00 2R 5 R G SRS A PR R 2R S 5 PR AT
N TR RR, R L R

(1) BRARTRIRR. (B 1 A58 T 1A B B2 3 &) HLAEE (1. X T BATRT AL
I e & o A A a1 0] 857 T L 7 i

(2) LeMEMERE: RRERE R LRIEN, BRI AT SR8 2 (R )8 R o2 4tk
(1o SXRETT ARG RS B THAR, I EL AT DA A% G2 0 B B AR EAT 20 AT

(3) fBUE BEIHLII =ANSRULILL 120° X7 AR T 25 ) s,

WRAE LA B, TE AL, ARG B % AH 22 120° , 7E = AHALAR R ABC
H1, PMSM HIBLEE 7 A2

P L, Mz M ||i4 (/’J/‘l
o |=| Mps Ly Mpc ig |+ 60_,9 (3'1)
(el Mcy Mcep Le ic (05

H oar 08y o ZAHGRANIREEE, Las Ls, Lo nlE = MSAm HIK, Mus,
Mac, Mpa, Mpc, Mcas Mcep 73 iR =AGHZ BRI EIK, is, is, ic 73 A=
SR, oy of, of R KEERI N = Ge2H 1Tk EE .
H T ARG B & AR 2 1200 HXFROM A, #OFELE:
Ly=Lg=Lc (3-2)
Myp=Muc=Mpy=Mpc=Mcy= Mg (3-3)
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cosé
cos (0 — 2n/3) (3-4)
cos (0 + 2x/3)

o;
%6 =Qr
o

K 3-2. 3-3 A1 3-4 AN 3-1 th el AL i s s 7 RN -

oy L, 0 0][i4 cosd
ps |=| 0 L, O ||iz|+¢,|cos(d—2n/3) (3-5)
Qc 0 0 L,]lic cos (0 + 2x/3)

Xrh, L=, 0 2&E T 5517 ZRIRM.
K IR 2 FERLIR) R S~ T RE DN

U,y R 0 O i4 00 d 14 cosf
Uc 0 0 R|lic 0 L [

ic cos (0 + 27/3)
A, was uss uc AR =AU EE, R Z2=METHM, o 2BV T
)
FAL G TR A -
T,=— Po;[i sinf +izsin(0 — 27/3) + icsin (0 4 27/3) ] (3-7)

o O N

A, P RN T IR 4L

Ebxt PMSM X P LU A AR ME RS, N 7 7 (B4 LR, SR A4
PRI IR 7 0 AT AR AN A
3.2.1 Clarke ZE#

Clarke B3 & fak = A AL bR & ABC BHe BB AH S L ABAR R o-B IILFE, W
ANEAKR BRI DR R AN EE 3-1 B0 fE#E 1E AR bR R b, o Sl RN B AR AZ 228 90°
BB BT R IRE A, HRECN 2/3, MG AR 5 B vl R R

L
!z’B] (3-8)
ic

:TZQEF‘, ia\ lﬁ%%*ﬁﬁﬁﬁ%%éﬂ%?}ﬁo
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3-1 =HHARAR 2R abe FIPIAHERIEAAKR R of ¢
ARG e ) H T T R T RO O

{ua}_{R-I—LS 0 Hia}_l_ {—sin@}
us| L 0 R+L|Lig POr| coso (3-9)
AR ) W R R T RN

T,= %Pgof[iﬁcosé—iasine] (3-10)

3.2.2 Park ZT#a
H A 1R AL BR R a-B A — AR HFE Ty, 15 34445 R d-q R FEFR N Park 4%
7, PN ALRR R R UM 3-2 Ao RFEHFE T N

T _{ cosé sin@} G3-11)
* | -sinf cosf i

H Park Z#1G 2] d-q A5 R T LN
{id}_{ cos® sinﬁ} {ia} 210
i,] L-sing cos@]|i, 3-12)

K dar ig 9 d-q TEFEAADR R AT HLIAL o
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K 3-2 ap AR R AN dq Aebs R R
2234 Park AF ¥ J5 1 HE S 5 RE N

i Pl e N
u,] LowL, R i, dt i, ) -13)

AR i R A R T R -

3 N_ 3,
To= 5 Ppais = 94ia) = 5 Posi (3-14)

A i oy 7358 dv q B EE .
3.3 JkHAE S EBALHIIRBhE
3.3.1 SVPWM £l SRBE 48

H T 7K B [ A2 FEL A AR AZ R R, 75 08 I 2 ) P AR R S IR
RV JEE PR o Pk B 8 9 1) B A R B FEL R B H 1) P AR e I T Bl
RISC IRt L o R K S8 PR I PMISM (%0t kAT 42, DA (s 4ok e L %) A
ST, DI ik e A R i S s IR SRRk ] (SPWMD: BB SEIE
SZU% 5 I AUAH A EAT LU, AR LA 4l ARA i s B A AR B i) K 5 TR R4S 5o
SPWM I LA AR B e 5 i, ELAE R AT I AT BEAEAE UK T R 45 . =
BV N K BE ] (THIPWMD:  IX Fhifi il 77 v [a) 22 IR 5L — A=
SIS S, (673 AUR VR 1B & R (K. THIPWM 1] AP 5 4 (1
BN A BRI RE . AR E=AKTE S (SVPWMD: I S% kK=
DRRRZA N RS, fE— M NIUE A R S A A S = A B R R .
T SR T A L R B R S T (R RIS 7, T DA P 5 PR PR 33T o DA
FEHRET LA ], SR T s ) B LR R PR 1 2 L9,

F - AR SCBIF F0 A2 45 7 1) R sk % 1) FEUATL IR 6% 1) G P R e v, TR R i 5%
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SVPWM #2 il] 772K 0 35 AL E 1 FL AL o

nEl 3-3 fow, N T IA BT RALIRS H K, VLIRS RS LS AR
AT AR P LAZR AR 1) B, (L oMb R 5 H R P (0 43020 R s {2 [ e 1 TR
SERATT 2 RT LIORE b Y 1 R A O R R R, X P R . X
LA FL S YR P ) = AR AR 2 T AR A SRR AR A AT DA L, 3X
M HOE AR . A )3 AR B LI = AN P ARGRAL, AR AR AR N = A AR
%, FNEAEMRE, HBIRCHN av by co BEAMFE LA HANITE, Bl
fE a tfl, A Vo M Vo BEANTER, BAT5 RS2 A 1) _E SRR 2B 1 2
AN N RURER L = AH SR 1 P Ao SR 30 AR H Y o ) AR S EAT
P, AT B0 H AL TR ) o

| Ra T:La €a

ANN—YNO—9¢ N
—

b
e g S A
-
V14 _E Ve —E VT2 Re e Le €

a

Kl 3-3 SVPWM {1l Jt PMSM Hi % 14
332 EAXZEXRE
N T TR {E R T SR T OIRAES KRR R, X S~ K a i I
Vo I, Vi K, Se=0 WA . ¥ Vv Visy Vs $38, Vi Vien Vi oK
H, MRS AERRA: Sa=1, Sp=1, S.=1, HHBEFRRAN11), H V%
e 2% 3-1 AANRITFIRZS Froxs L) = AH L s o
K 3-1 ANFETFIARA T =AH s R AE

AHHL
Sa Sb Sc ]_SJ %
Van Ven Ven
0 0 0 Vo 0 0 0
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1

1

0

1

1

1

Va
Ve
|2
V3
4
Vs

V7

2Upc/3 -Upc/3
Upc/3 Upc/3
-Upc/3 2Upc/3
-2Upc/3 Upc/3
-Upc/3 -Upc/3
Upc/3 -2Upc/3
0 0

-Upc/3
-2Upc/3
-Upc/3
Upc/3
2Upc/3
Upc/3

0

K 3-4 i fgoR 1 A H] [F & Vo-V7 £ of 2845 2R LRI A1 L« AL br R0 oy
L& VIS X o 8 20 8] F R 2 of A0br &R E, AT OISR BN A &
IR AN, AR AT 2 18] [ B ) o ST 1

V3(011)

V1(00 1)

Vs(1 0 1)

3-4 HUEERRE

R TS E PR A e Y, T EAE ARG 3B A IESZ SR vas up-
Ucs ﬁulzl 3-5 Fﬁi_\‘o Um %4@4l‘]ﬁl‘]@fﬁ, We %ﬁiﬁ%o Vé% Ua~ Ub~ Uc E‘J/ﬁ\ﬁi%}_“7

AL RN

3

;. o . o j - N3
V=, +uy- e/ 2 4y o120 :Eume/ o,

(3-15)

A, PR T R, AR 07, M A FHII B BERe 1200 H
e/ PRI, A FHIBI B e 12000 e 712K .
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&:Umcos(wet—lzo‘j

Ua=UmCOS(wet)

Uc=UmCOS(met+1209

3-5 ZHHGHHE

3.3.3 SVPWM &5l 5RE& T8

W S AR BRI OSIRES, PTLLE L PWM A HUE Vou K EAR Vso
IS AR PWM A Ty, AT LASEINE 8 Vow FIREL, AE Voue TH A28 BE A1
P LB Vs TS 00,

PAVSTERRIX 1B, R Vow 5 Va ZIAIIRIAN Oy NT B Vour, &R
KR 3-6 FTR. TIPS T N Ve FREEHORTIR], To PSRRI Ve RF4E
T I7)

HRYEE 3-6 47 Al 15

T, T T,
Vou = TSV“ + TSVé + TSVO (3-16)
— \/gTv \/gua u/} _
/3T,
To= 5"t (3-18)
1
Ih=T,= E(TS_T4_T6) (3-19)
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BA

Ve

up 4

Ts Vs

/
/
/
/
/

Vout

/
/
O
€ =/\ /3
Ta

\ 4

Ua Va o

K 3-6 Vo FERSIX T & RER AR

i% 3'2 I—\Eé Voutﬁ%’/l\ﬁjgﬁﬂ‘%%/f/ﬁﬁﬁﬁﬂ‘rmo

* 3-2 X A A R & A F I ]

B IX E R A1)
r V3T (V3u, w,
YT Upe 2 2
37,
I T6:‘\/U_ Up
DC
1
T0:T7:§(TS_T4_T6)
T_\/gTV ‘\/gu(l_l_ﬂ
7 Upe 2 2
11 T VAL (VBu
T Upe 2 2
1
T0:T7_E(Ts Tz_Té)
V3T,
Tz— UDC Up
v@l V@% ug
. L==T.""2 2
DC
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T 37, _.x/gua_+ Ug
T Upe 2 2
3T,
v T=— i Uy
DC
1
%=E=5@—E—m
o V3T V3u,
" Upe 2 2
v r_ V3T (V3u, u,
> Upe 2 2
1
T0:T7:§(TS_T1_T5)
V3T,
T5:_ UDC uﬁ
VI T_\/gTs (\/gua_l_uﬂ)
= VU, | Ug
Upe 2 2

1
T0:T7:E(TS_T4_T5)

M I 326 1k Y 2 O B AR [ B A FH OO B 70 BE B B, R DA D ok
MSEPREL, DL B TF A ke d /MEPT . AN B X T R DI I Fr i 3k 3-3
Fi7R

* 3-3 TR

Vou WTHE R X TFR VI TFIRE R IR ZS
I 0—-4—6—7-7—-6—-4—0 000—-100—110—111—-111—-110—100—000
I 0—-2—6—7-7—-6—-2—-0 000—-010—110—111—-111—-110—010—000
11 0—2—-3-7-7-3-52—-0 000—-010—011—111—-111—-011—010—000
v 0—1-3-57-7-3-1-0 000—-001—011—111—-111—-011—001—000
\'% 0—-1-5-7-7-5-1-0 000—001—101—111—-111—101—001—000

VI 0—4—>5—-7—-7—-5—-4—-0 000—100—101—111—111—101—100—000
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3.3.4 SVPWM = HIRIE(FE
76 SVPWM #5035, 1 5518 LU B Vow HO o ALBRE S B X 1A S5 &R
AT CAHFI 3 Vo FRTERI R X o BAR 55 XCHIWT 78 B, RIEE 3-4 Fosi s

V3 V3

1 1 X
AT B EIR A B Sma— 2 f=0RI- Loa— 2 =0, FAHAR

o FICEEANATL 008 7N X PR BBz R 5

Vsl - U/;
V3 1
< Vsz - TUa - EU/} (3_20)
V3 1
%Z—jr%—zw

R4 LA _ERRBUR S R T 8N T 0 AL Vou FTEERI X . 2 Vsi>0 (H]
Us>0), 1EN a=1; 24 Vs:>0, 18N b=1; X4 Vs3>0, it N c=1. BN & a, b, c
fRrf ST, N=at+2b+4c, TN XA E S5 A T LA & 3-4 R

K 3-4 B DOHE A

5 X a b c N
| 1 1 0 3
II 1 0 0 1
11T 1 0 1 5
v 0 0 1 4
\Y 0 1 1 6
VI 0 1 0 2
H &l 3-6 7T LA 22 (A R AR IS TR], O 7 ARy, &
V3T
X=X
Upc
_\ﬁﬂ %ﬁa Up
 r= UM;< > *‘z) (3-21)
7o V3L NBu.  u,
Upec 2 2
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C(s)=G '(s)L(s)=G"L(s) (3-36)

ﬁt{:l’ L(S):a]/(S‘I‘a), ay‘ji‘&_ﬂ_‘%%ﬁo
a3 3-36 FIR 3-34 715

Ld + R/s 0

F&)=a = L,+ Rs (3-37)
#2 3-37 A 3-35 Al 45
G.(s)= s-+-a‘l (3-38)
B, HRAREGEE SO
Kpd = Och
Kid: aR
K.l (3-39)
K,,=aR

AR AT U (0 AR IR, Dy T S VELI AT 705 i) FLE AN IR 00 % i
B R AR AL, SERDE EALEE 1R PMSM 1 BB RN, B ) ERLALAG
B HbME . a0 MR SR AR B s AL, SO R P
3.43 BT PLIEHIMEBALAE DT

T UL BRI, FEOF ISR, A DU AL AT SR AR R i @i
PiEAIHT, BT LARN T AR AL Sh AR PR B ) 28 D PERER I, s br B 42 i
185 AT ERENLE GRS B RES SO AT PT S8 RO MERE, B YA e
2 TR A AL S B 8 0 M B S B A . B H AREE A 1000rpm,
AN 10N-m, FETRARN AN 0.2s, 7 EE]Y 0.5 47 EAF 21 i e s e 7 i
ZaniE 3-10 fros. Hor, (A AEE s G LT B R AL IR, (b) AR
AT NI R E ST A

45



S W YN R VAT

1200 ‘ . ‘ . 1200
100015 1000 H
= —— B bRELE = — HipfeikE
E- 800} —— bbb ]  E 800 Sk
§§ 600t 1040F ‘ : ] ﬁﬁ 6000 1020 — 1 1
= 1020} ] = 1000 ———
5 400 1020 /\ N = 400 Vv,
200 |V . ] 200F 980 .
002 003 02 0.205
%0 01 0z 03 04 05 00 01 02 03 04 05
i ) /s it /s
(a) (b)

3-10 ARG BN 1 AL AR 1L

MEHFRTBVE W, i B8R sn I T, BRI ER N, EiRRREE
JI it LU TR 5 AE SR RAR I DL FEHLAR SRS U K, R N 780
RN 2 gy, (EFE PT IR SARBRIE 2 H AR . st 07 45 Rk
T KHETRZD B U (1) IR A P DUR S SR RAR PR RE . [, #E PT HHIT,
LR e 8 R LA 31 H B E I

N T G IR LR RS, AE BRI AR O WS r B LR M S AR A
Ik 3-11 frome Hordr, (v B R s O T B AL AE IR, (b) 95N 7
TR0 T I HBLEE HE M N o

40
35
£ 30 E
£25¢ &
o0t . ®
ﬁilS_ i ﬁ
= =
E”mﬁmmmnuwummmmmm =E
5_ d -
0 : ' - : 30 - : ' '
0.0 01 02 03 04 05 00 01 02 03 04 05
i 7] /s i () /s
(a) (b)

Bl 3-11 AFEAEAE T 1L AR
MEFETPUE , A nEEsBA T, BRI, 7E 0.016s B iA
PIFEIRAS, A RAETE 10N-m [T, fERA BN T, BRI,

46



S W YN R VAT

E 0.021s IERIFa s IRAS, R fE ON-m i, 76 0.2s fihnfidk)fs, L mgE
L F] 18.28N-m, FEIRIHk/NE] 10N-m, FHAFEA 10N-m [z, 4By
PIE SR UIE Y, A RRIAAEEIR PTA2HR, FHLI AR RE s 76 B bR )
WIEBIFG RS, JRARE AR B AR

FEAN R 5 B 1 5L N L8 B AL = AH FRIR e SR Ak, ] 3-12 Fios. o,
(a) 5 R B G OL T AL IR IR, (b) A RN HL T Y BATL FEL R B

40 ———— 40

307 " 30}
g;l 1O F [l b | AR A ; 10
= e, =
1 A6 Rt T W I ]_
5-10 ~ 510
—P’ZO —:EJ'ZO

=30+ -30

400 01 02 03 04 05  Wo o1 02 03 04 05
I 6] /s REENS
(a) (b)

Pl 312 AR SR I T L H AR
P 3-12 WTLAT KRR L = A IR R B R S IR 2 120°
(AU, ZEA SRR SO R, FUIREE 0.019s AR R A 78 AR TS
BUR, ARG, HAL R R I ) 3 SRk B R RS AR H
RAR 2R T DA HY, ST SRR ER AL R P #J5,  FEL Pl I 7 2 i) Py
KRR, PR AT
3.5 KB
A et PMSM 45 M TAE LT 7 ik . fE B h,
Clarke A5l Park S #eEAT 74007, Witk T bl EssI A it it ST 0Lk
BT T 23 2 Bk SR ] (SVPWMD BREZHISE0E . Mg LA F Mg i s
T 3T RS SO E BRI PID i S 7 BB . SRS, b TR S (R A
SN HEAT T 07 BLAHT S ER MR IRAE . DUSEHEAT J5 8 42 S i

47



G TR AT 22 B

48 EFRE-PID AR ImEIF

4.1 5|8

£ bE—F, QX m AL TAE R, BRI 5 36 ST 1 1%
I FC. 7E PID ML 2, G2 SHOHTT RO EE, e H R &
BB T E R YR LI SEPR N TR SRR S, G BREE SR NIAA
B, RfaEd iR S, URBIRENSEHE . FR, STA
[F) TS 3 s Ao i) 2K, AT B 7 ZEET PR RL R S 40, DI 2 e 195 I 4 g
R o WA E0KE KRR S SR AL PID 528 S 80, DABR % n) B LK) 2 1) 2L
Fo AR RN PID #1i #8 S8 i AL 2 7] UL E Sh R 280w 8], $31K
FEMSEA A, I EiEd R . S0 R B 5 d N 5 3 s L g AP 2
FEMEBAR R R, SN T 2 SRRl G 1 C50dh SR o 38 e 2645 3T TR o7 B AN =0
PRAGE N BEAE, i 244K B i 1) PID 30 &, DASEIIASE PR HLERA IR 42
42 MEBEZERA
42.1 REEZEEN

PR SREASALL 1 BR A L DR FLT A R o AT R 2 RE AR SR K2R
B EFLAENT 2020 AFE4RH, RIBOR B TR TR BRSO AR I ETT
U7 R SR ) AR R AR d i B AU RR A2 1) B B AT AEAT ok S AL, B
A LA R

(1) MBI RAE R B, B, ST ASRNg, fEfE a5
UM - XA B SRAT 9 B T7 AL A BIRAE AR RACAL I I B B AR
HUKE L

(2) TERREFIESY, RRAED NRKIMERMAZ WL K 75T PRE
FHEEY), FHIRUEE ERIT R N R B R I AT R X TS
M RIS R 2 R B AR R, #aid BN R

(3) MRAEEILREEARYE i P E AR B B R RS . S TR A
BN, KRIET LT 2R YR EEN, raMetlia iz eX

48



S W YN R VAT

BT . XM R BMAEFIRR A RO RIF R R R AR
422 REFEEIMNRE

JPRE SR R R SR AU G

RIYEBEI A RDMTT, N EBREERIEEY). WU RN 2R
I, s ARG v it 7 R AT T o A o o B A5 A 22 4, SRAI T 2
FICBREE R E N Z e X KT IREYCY, FAN SRR E 4-1 Fros.

( JraEs )

A 4

VIRRAC R AR REAUE, BLHRA DL B BE 1 EL A

A 4

PIaa AR L, THERHE PR N

v
07 2 i S R M A 22 36 P A DA S A A B

|-

=
z

y

R DA B R AL E

y

g RaEES T i T VA=Y

y

B4 A B DI AN e 23 N (. S A

e Ik B RIS A ER

it B I PR

A 4
(&%)
4-1 pReEHATRRE A
T n SRR 2L R T LR R

fm

Xi,1 X1,2 0t X4
X2,1 X2,2 " Xoa

X=T 4-1)
xn’l s cee Xn,d

49



S W YN R VAT

X, d AHRAL IR R K A AR, n VBRI E .
VS ONIENL AR, U BT R R N BEAE TR RN
f([xl,l Xi,2 xl,d])

o ANE IR ) 4-2)
S (xa xn,:z e Xaa)
CESRREPRNIE, WL T I R 3 R O
ijl:{ X (- ) R ST (43)
XL+0-L if R, = ST
Ao, SHEI =1, 2, 3 ds iterms NERAIEIUKL, X, W55 § MR

55 j ERIRLE, o N0, 12 IBENLEL, R ATIEME, R,€[0,1], ST N4
fd, ST€(0.5,1], Q ——AMHENLEL EWie —MRER IS, L2 1xd

W, HAp R ITRAE 1o

SELE VA& WAL
Xwarst _ Xlt,] e
X = O - exp <—i2 ) if i >n/2 )

X + |Xit,j — Xl A" L otherwise
S Xivorse R7s HATHIRZENL B 5 Xpest RN KIVE BT ERIFIIALE, A &4 1xd
HIFERE, EREE—DITaREE 1 8E-1.
T WA & ST 0N
Xliest+ﬁ°|Xit,j_Xl§est| lfﬁ>fg

|er,]_thv::Lrlvt| . -
G Fore) WA

A, pNP KRBT, K N0, 128 EEHLEG f09 B ATRRE RE R AR, f A H
2 R TG N AR, £ O H 2R iR 22 1 I R A
4.3 WRERARNUT

N T SER BRSSO ERTR S5, M bR 28 SV (R B AT 1 it . B
X RREE SR 2 REN SR A8 e A A AR e 22 PR PR 1), 14T 1 U it 9

Xit= (4-5)

Xz‘t,j'l‘K'(

50



S W YN R VAT

PNUNE =3 S T B 1K P G s B S S il A R N A= RNk e W iy ]
TR ERVEM RGBT S AURE 001G S B IR, A AT v AR
A AR S 7 2 8 AR b s AR AR A SR T 2 BRSSP
TR E, e AR TR
43.1 EFALAITRESING]

I T SR AERACK AR R R o, PR AN AR B E ) B A S e, 3 3R
T Z PP MR v T X — 8, 51N T AL S % 247 i AR R ek
EFBE LR, BT AP AEEA B AT R, BT IR 2 &
“UFR)” TS EE, ROMAAE 28 “5087 AT 18I X Fh B AR T 18 Bl Ar
B TG . BRSO AR

5T SRR AT AR O N R e 22 A, B4R SR B 22 M Xovorst 9

X vorse = max{ Fit (X,),Fit(X,), - - -, Fit(Xy) } (4-6)

TERBEA AL B B RSN I N T s SR AL 255047,
ry~NO, 1), MRMIRUEIEZS DA RIBENLEL . 24 >0 B, SPRIBEAMARE S “ Rt
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