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Tém tit. Pong co dong bd nam cham vinh clru c6 hiéu suit cao vi thé dugc sir dung rong rai trong cong nghiép. Bai bao
nay trinh bay cac buéc thiét ké, mé phéng bang Simulink/Modelsim va thuc nghiém trén Kit DE2-70 b¢ diéu khién tdc do
cho PMSM biang phuong phap vector dua trén cong nghé FPGA. Noi dung bai bao gdm 3 phan chinh: Dau tién thuat toan
SVPWM va phuong phap diéu khién vector dugc xay dung va ap dung; Tiép theo, ngon ngir lap trinh mé ta phan cimng
dugc st dung dé thyc thi thuét toan diéu khién; Cac budc mé phéng chi tiét dugce xay dung nham kiém tra tinh ding dan
clia tirng phan thuat toan diéu khién. Toan b thuat toan dugc danh gia tinh hiéu qua va dé chinh xac lan nira théng qua
thuc nghiém truc tiép trén kit FPGA. Cubi ciing két qua mo phéng va thuc nghiém dugc so sanh va thio luan.

Tir khod: FPGA; M6 phéng; Thuc nghiém; Diéu khién dong co

Abstract. The PMSM has been increasingly used in many automation control fields as actuators, due to its advantages of
superior power density, high-performance motion control with fast speed and better accuracy. This article presented the
system design and simulation steps with Simulink/Modelsim and experiment on Altera’s DE2-70. The content includes
three parts. Firstly, SVPWM algorithm and vector control were developed; Secondly, the very high speed intergrated
circuit description language was used for coding the control algorithm; Thirdly, the simulation and experiment steps
were designed for checking the correctness of system; Finally, the simulation and experiment results were discussed and

compared.
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1.GIOI THIEU

Cong nghé mo phong ngay cang duoc st dung rong rai
trong moi linh vuc hoat dong cia con nguoi. Chuong
trinh mé phong gitip tiét kiém thoi gian, kinh phi, nguyén
vét liéu, tranh duoc nhitng trudng hop rui ro, nguy hiém
trong diéu kién thwc, tham chi c6 thé 1am duoc céai khong
thé 1am trong diéu kién thyc. Sir dung chuong trinh mé
phong trong diéu kién co s& vét chit con thiéu thén giap
khai thac hiéu qua cong viéc dao tao va nghién curu.

Mot chuong trinh mé phéng phat trién boi EDA
(Electronic Design Automation) dugc khai thac dé kiém
tra tinh chinh xac cuia ma VHDL hoac Verilog. Chuong
trinh mo phong cung cip moét giao dién giita
Matlab/Simulink va ModelSim dé thuc hién viéc kich
hoat, thuc thi cac doan ma viét béng VHDL/Verilog trong
thoi gian thuc. Trong bai bao nay, chuong trinh mo phong
Matlab/Simulink va ModelSim dugc su dung dé mo
phong thuat toan didu khién dong co c6 ciu trac nhu
trong hinh 1. Pong co PMSM, bd nghich luu, bd cai dat
toc d¢ duoc thiét ké trén Simulink, thuat toan diéu khién
vector, bd diéu ché vector khong gian, bd diéu khién tdc
d6 duwoc lap trinh bing mi VHDL va nhing vio
Matlab/Simulink théng qua phan mém Modelsim.

Pong co ddng bd kich tir bing nam chdm vinh ctru
thuong duoc sir dung trong cac hé thong doi hoi do chinh
xac cao nhu robot, gia cong co khi, v.v. vi thé bo diéu
khién té¢c d6 dong co dong mot vai trd rit quan trong. Bai

béo trng dung phuong phap diéu khién vector va didu ché
vector khéng gian dya trén ngdn ngit mé phong phan
cung dé thiét ké bo diéu khién cho PMSM. Hién nay rat
nhiéu phwong phép diéu khién da dwgc nghién ctru nhur
dicu khién thich nghi, diéu khién thong minh,v.v. Hau hét
cac bo didu khién déu sir dung chip xir Iy tin hi¢u so
(DSP), v6i nhugce diém 1a chiém ngudn tai nguyén va tén
nhiéu thoi gian dé phat trién ung dung. Trong khi d6 cong
nghé FPGA 1a mét ngén ngit l4p trinh phin cing voi diy
dl nhitng tinh nang nhu tinh toan nhanh, tiéu thu nang
lugng it, tich hop CPU, d6 chinh xac cao, v.v. [1]. Y
tuong thiét k& bo didu khién vector 13 moment va cac
thanh phin tir hoa cua tir thong stator dwoc didu khién doc
1ap. Dong dién ba pha stator dwgc bién dbi thanh vector
dong dién cung cip cho bd diéu khién (Hinh 1). Mot khi
c4c thong sb bd didu khién duoc chon lya tot dong dién
didu khién ; , ~0, gilip cho viéc diéu khién dong co
PMSM tuong tu v&i viée didu khién dong co mot chidu.
Moment ciia déng co duoc didu khién thong qua dong
dién trén truc q (ig).

2. THIET KE BQ PIEU KHIEN
2.1 B) diéu khién dong dién va cac khau bién ddi

M6 hinh toan hoc cia PMSM:
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di 1 R L trong Hinh 2. Sau khi 4p dung phwong phap diéu khién

= —V,——i,+ —qpa)riq vector momen ciia dong co chi phu thude vao iq:

e L, L, L (1) T.=15P{Ai, +(L,~L)i,i, ~Ki, ©)

di 1 R L ) PO Phuong trinh toan hoc ctia dong co khi mang tai:

J=*Vq_*lq_7d W1y~ - dw 1

“ﬁ [jq L~ L L({ “ ©) Ttr = J_ (T,-Fo, -T,)) 4)
B¢ diéu khién dong dién va cac khau bién do6i (Hinh 1) m

bao gom bd PI, phép bién doi Clark, Clark ngugc, Park,
Park ngugc. Cac khau bieén doi dugc thé hién chi tiét

‘Modelsim Bj diéu khién dong di¢n Simulink
. va cac khau bién doi ! DC
: Current : . Power
* . controller -1 -1 1 H
@, | PI 1 ll{ Park Clark V"@fll L_epwmi l ,
3+'Q Controller: E d,q 7’0,,]3 v f’2i %» IGBT-
_ G o " ySVPWM ™ pwms *| base
: o [31[3> b.dVyers! ~rwwis Inverter
v 3 > a,b,q " ref3: F—wve
, : e j _PwMe
i e B2
: d,q o/
1 ; « b
: Ig N
; a,f abal L
g Park Clark i 0 1 ABC
: sin /cos of : ¢ | Fluxangle
E Flux angle : ! | Transform. PMSM
B @,

Hinh 1. So d6 khéi ciia toan bg hé thong diéu khién

2.2 B diéu ché vector khong gian

SVPWM la k¥ thuat didu khién dwoc tng dung rong rii
trong didu khién thiét bi dién tr cong sudt. Trang thai
dong cit cua 6 khoa dién tir cong sudt (Si~Se) dua trén
thuat toan SVPWM tao thanh tam vector dién ap cung cip
cho dong co. Trong do6 vector Vo va V7 cho dién ap ngo ra
bing khoéng. Vi vay vector dién ap Uou trén dong co duoc
tinh toan dwa trén 6 vector con lai [2-3].

q axis 4
5 TJ
110 . —.
Vref1 1 0 O, Vref1 }{1 el "'"r"_-'
v o || Ve —
ref2 2 2 v T, ;E
vre/3 %l 773 ‘ erB ¥ / v
(b) 1
. @/ 1 N\ aoy
i L Ly
“Jdq /| ta, a Ty 2/3.0) d axis
lg i, ]
— a,p +—
Park _
ig| | cosf, sind, ||, -
i, "|-sin@, cosé, iy (-1/3,-1/-3) V. v, (1/3,-1/-7)
(001) (101}

vV, Parkt Hinh 3. Sau vector dién dp cung cdp dién cho déng co

—fdq 2> a Tai mdi cung 1/6 clia hinh luc gidc dién ap ngd ra c6
v v thé dugc tinh toan theo cong thirc sau:
d o,B| "B

A T Ty(Oyy 0r O,1))

[va]_[cosap —sinﬁe}[vd Vo T Vit T Veat ®
vy | |sin@, cosO, ||v, Trong d6 To = T - Ty - To va T 1a nua chu ky
(d) PWM.Nhu hinh 4 tai khu vuc 1/6 nam gilra hai vector Vo

Hinh 2. Cac phép bién d6i hé truc toa dé trong diéu khién va V; thi vector dién ap ngd ra co6 thé duoc tinh nhu sau:

vector

34 Tap chi Khoa hoc Lac Héng S6 04




Mé phéng va thuc nghiém bé diéu khién toc dg dong co PMSM bang phuong phép Vector

2

V==V, (6)
3
1 1 =
V, =V, d+—=V, %)
273 pc \/g P

Thay cong thtric (6)~(7) vao (5), ta dugc:
T T,

U =2V 2V,
T 2 _ T V.. . ;o
“2Ey g loe g4 loc ®)
~ V,a+V,p
Vi
V L V
=——"Vpnc )
SNy
2T, T, 2T, 1
Va_3 IVD(, 3TVDc 37-1,VDL+\/§V/? 10

Tir cong thire (9) and (10), gia tri ciia Tyva Ts ¢ thé
duoc tinh toan nhu sau:

- T e, -31,) an
Ve

7,=3- 1 v, (12)
Ve
Tuong tu cho cac cung 1/6 khac gia tri cia Ty va T»
dugc tinh toan va dugc liét ké trong bang sé 1, voi Tx, Ty
va Tz dwoc biéu dién boi cong thirc:

T, =1y, (13)
DC
T, =L @y 431, (14)
ST d
T, =L (3, + V3r,) (15)
DC

Néu nhu tai diéu kién bao hoa noi ma T + To> T, thi T1 va T2
s€ duoc thay doi nhu sau:

T
TlSAT=Tlﬁ (16)
T
2841 — 42 (17
R

Sau khi tinh toan gia tri cia 7; va T, ching dugc
chuyén qua thoi gian tic dong cia SVPWM & ngd ra
(Hinh 4.a) thoi gian tac dong duogc tinh toan dua trén cong
thue:

Taon= (T-T1-T2)/2 = To/2 (18)
Thon= Taon+T (19)
Tcon= ThontT2 (20)

Thoi gian tac dong cua PWM tai moi cung 1/6 dugc
xac dinh va liét ké trong bang so 2. . ]
T hinh 4b mdi cung 1/6 duge xac dinh bang biéu thuc:

If Vier1 > 0 then a=1 else a=0; 2n
If Vier2> 0 then b=1 else b=0; (22)
If Vs> 0 then c=1 else c=0. (23)
Vi vay

Sector = a+2b+4c. (24)

“Hon nita tir céc cong thire (13)~(15) va cong thirc bién
doi clark nguoc (Hinh 2b) ta co:

T

X \/_T refl
Tv Vref2 (25)
r,| Vel

z ref3

Do d6, T, T, va T. c6 thé thu duoc truc tiép tir gia tri
dau vao ctia SVPWM Vyeyt, Vyepr VA Vi (Hinh 1)

T6m tit cic budc tinh toan SVPWM:

Budc 1: Dya vao cong thirc (24) xac dinh vi tri cac
cung 1/6.

Budc 2: Tinh toan gia tri ciia Tx, Ty va Tz tir cong thirc
(13) ~(19).

Budc 3: Xac dinh gié tri cia T, va T, tir bang sé 1. Néu
gid tri Ty va T2 roi vao diém bio hoa thi 4p dung cong
thirc (16)-(17) dé thay dbi.

Budc 4: Xac dinh chu ky tac dong cuia PWM Taon,
Tbon va Tcon tir cong thirc (18)~(20).

Budc 5: Gan chu ky tic dong cia PWM ra ngd ra
CMPR1, CMPR2 va CMPR3 dua vao Bang s6 2.

Bdng 1. Gia tri cua Ty va T2

S1 S2 S3 NE S5 Sé
T T, Ty -T,  -Tx Tx -Ty
T, Ty, -Tx Tk T, -Ty  -T,
Bang 2. Gid tri so sanh tai méi cung 1/6
S1 S5 S4 S6 S2
Tc Tc Tb Ta
Ta Tp Te Te
Ty Ta Ta Th

S5\
e
[S;

" 1
PWMI 1 : i
L
1T 1 A ! 1
PWM2 : | | T | . | :
PWM3 i rT, y ! 1 !
1
Oy 1 Uy 'Ug1 0y, |

O, 1Ug P Uy Oy !
(000)|(100) (110)!(111) (11 )I(110).(100)l(000).
«——— T —k— T ——»

(a)
/\reB )

ref2

/\reﬁ

120 80 240 00 0 60!

\Si/ 51 S5 54 \iﬁ/ 52 \EB/

(b) \

Hinh 4. Thoi gian dong cat ciia PWM trong cung 1/6 dau
tién (a) va dang song dién ap cung cap cho khoi SVPWM (b)

2.3 B) diéu khién PI

Ngay nay bo didu khién PI duoc tmg dung rat pho bién
trong diéu khién cac qua trinh cong nghiép vi ciu tric
didu khién don gian, pham vi ng dung réng va hiéu qua
didu khién cao. B6 diéu khién PI gdm hai khau chinh 14 ty
1¢ (P) va tich phan (I). Dudi day bai bao trinh bay viéc lap
trinh bo diéu khién PI sé bang ngbn ngit lap trinh VHLD,
phin antireset-windup dugc thiét ké trong module riéng
(4]

Khau ty 18 va khau tich phan duoc tinh toan bing cong
thtrc:
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u,(n)=K en)
u(n)=u,(n—D+Ke(n-1)

B¢ dicu khién PI s6 1a tong hgp cta hai khau trén:
i;(n) =u,(n)+u,(n)
=u,(n—-1)+K e(n)+K,e(n—1)

3. CAC BUOC MO PHONG BQ PIEU KHIEN.

I Modelsim :
| modify |
-1 -
; I Park Clark! v, of1 —
q d —P(x B PWM:
g /e V.2 Crwhis
Qi —on . 2 SVPWMy bt
R B A,b,qVrers PWM

1

0 e sin /cos
function

Hinh 5.S0 do khdi kiém tra thugt toan SVPWM (a) va mé
hinh mé phong Simulink kiém tra SVPWM (b)

(26)

(28)

DPé dé dang kiém tra tinh hiéu qua va chinh xdc cia
thuat toan diéu khién vector va SVPWM, bai bao thuc

(27) hién mé phong va thuc nghiém trong 6 buédc

Buée 1: Kiém tra thuat toan SVPWM. So do khdi kiém
tra SVPWM dugc md ta trong Hinh 5(a), chuong trinh
modelsim dwoc st dung dé nhung mi viét bing VHDL
clia cac phép bién ddi Clark, Park, Clark nguoc, Park
ngugc va thuat toan SVPWM vao Matlab/Simulink.

Tén s6 chuyén mach cia PWM duoc thiét ké 1a 16kHz
va thoi gian tri hodin dong cét giita khoa dién tir cong sudt
phia trén va phia dudi la 1.2ps. Gia tri ngd vao dugc dat
tr 0.1 dén 0.5 vé6i chu ky thoi gian 0.1s, gia tri ig duwgc dat
bang khéng, tin hiéu address (@,) mod ta goc tur thong
rotor thay déi tir 0~360 d6. D& d& dang quan sat tin hiéu,
ngd ra PWM duoc két ndi v6i mach loc RC (R=1002,
C=47 yF'). M6 hinh m6 phong Simulink thé hién & Hinh
5(b). Két qua SVPWM thé hién & hinh 6 d thé hién tinh
chinh xac cta thuat toan SVPWM

Budc 2: Sau khi kiém nghiém d6 chinh xac cua thuat
toan SVPWM thong qua mach loc RC, budc nay sé& kiém
nghiém lan nira béng cach két ndi truc tiép téi dong co.
Str dung thu vién Power system blockset dé thiét ké bo
bién tin dwa trén cong nghé IGBT va bd xung thém
ngudn DC, PMSM.

So db khéi ciia budce 2 thé hién & Hinh 7a va md hinh
mo phong ¢ Hinh 7b. Géc quay tir thong rotor dugc phan
hoi vé thay thé cho tin hi¢u address & budc 1. Ngé vao iq
duoc dat voi cac gia tri twong ung 205, 410, 614, 410,
205.

Budce 3: Bo diéu khién téc do PI dugc thém vao h¢
thong, toc d§) cg’la PMSM phan hoi vé bd dicu 'téc. Luc
nay ta c6 thé diéu khién PMSM chay theo cac toc do dat

*
trude tai ngd vao @, (Hinh 8a), md hinh md phong cia
bude 3 thé hién ¢ Hinh 8b.

Budce 4: Tin hiéu dong dién 3 pha do duogc tir dong co
phan hdi vé& qua phép bién dbi Clark va Park dé kiém tra
ig va iq. Podng thoi trén md hinh mé phong PMSM, ngoai
tbc do, goc tir thong, moment ... con cung cép tin hiéu iqg
va ig. Tin hiéu nay dugc su dung dé so sanh véi tin hiéu
thu dugc théng qua phép bién ddi Clark va Park.

Budc 5: Sau khi d3 kiém tra toan b cac chirc ning cia
tung khdi, mdét md hinh méd phong Simulink dugc thiét
lap nhu Hinh 9. Hai bo PI didu khién dong dién duoc
thém vao hé théng, tin hi€u id va iq ¢ budc trén duoc

Time (s)

Hinh 6. Dang song SVPWM ¢ ngo ra sau mach loc RC

phan hdi vé bd diéu khién dong dién. Trong Hinh 9, M1
chira md VHDL cta bo diéu khién téc d6. M2 chira ma
VHDL ciia b diéu khién dong dién, cac phép bién d6i va

7 * 2
SVPWM. Gia tri toc d6 dat @, dwoc thay doi tu

Orpm—>500rpm > 1000rpm -> 1500rpm > 2000rpm ->
1500rpm nhim kiém tra dap tng tbc d6 cua dong co. Két
qua dap tng tdc do ciia dong co dugc thé hién & Hinh 10.

Dap ung tdc d6 dong co bam rét tdt duong toc do dit,
thoi gian thay déi ting hodc giam 500 vong/phut khoang
16ms, khong co vot 16. Dong didu khién iq xdp xi bing
khong, dong 3 pha dong co cin bing.Két qua mé phong
d3 thé hién tinh hiéu qua va chinh xac cua thuat toan diéu
khién.
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Mé phéng va thuc nghiém bé diéu khién toc dg dong co PMSM bang phuong phép Vector

== =—======7 emE e —— C
IModeli - |
Modelsmll“l iy I Power . modity | Power
| ) " v Park!  Clark'V, §
Park!  Clark! Vo1 I pwn - refl 1w

I
q g g PWM2
Vo Vyera 2w 1GBT-
i —OI v Z=»SVPWM, pwws | base
d v, T pwms Inverter
84 ref3 —rwme

I i
| I 1 ]
- 0, 1 ABC
I| sin/cos of ¢ Flux angle
L Flux angle [| Transform.|~ | PMSM

@

Rotor speed

0.001

E,<t—"'sl Load

g v L PWM2 1GBT.
f T pwMs N
L2, SVPWMT swaie—%| base
a d Vm/.1 1 ‘l:x ’7:1!: Inverter|

(o)
Hinh 8. So do khéi budc 3 (a) va mé hinh mé phong Simulink-
modelsim (b)

do dat, thoi gian chuyén d6i tdc do khoang 120ms, hoan

. ®
Hinh 7. So do khoi kiém nghiém ¢ budc 2 (a) va mé hinh mé
phong Simulink (b)
i
— i Scope-1
et L Rotor_speed
Cumrent_cmd | und_i?udgls;mp\"ﬂ\.ﬂ
oy s External Load <Riotor spasd wm (radis)= o
e Addiess S <Rotor angle thetam {radj>
Cl:'.n"}jn_and M 1 P <Stator current is_z (Al Flux Angle
8_phase_cument - =Stator cumant is_b (Al> 't - |:|
PWth PMSM <Stator cument is_c (A) ; =
— b_phase_cument Eril
id_out Scope-3
c_phase cumrent ig_out
r M2 Scope-2
(Convert
Hinh 9. M6 hinh mé phéng Simulink — Modelsim ciia toan bg hé thong
£2500 speed va QEP duogc thém vao dé doc tin hiéu dong dién va goc
2000 ,
"'1500 command U \ quay cua PMSM. . .
1000 N Tuong tu véi phan mo phong, phan thuc nghiém ciing
500 Rotor speed thay doi gia tri dat cia toc d¢ dé kiém tra dap ung cla
4 n n L L A A A - A \
g % o1 02 (3) 03 04 Time (5) 05 dong co. Toc do dat thay do6i theo trinh ty nhu sau
2 4 i 300rpm=> 800rpm=> 1300rpm—> 1800rpm—>1300rpm—> 18
¥ /'q 1 00rpm=>1300rpm. Két qua thuc nghiém trén hinh 12 cho
o thay toc do dong co dap Gng rat tot voi su thay doi cua toc
2 i R
4 ‘ ‘ ‘ ‘ .

o

02 (p) 03 04 Time ()0

Stator current (A) Current

() 0 02 (c) 03 04 05
Hinh 10. Dép iimg téc dg, dong diéu khién va dong ba pha
cua dong co

4. THYC NGHIEM

Sau khi kiém chung toan bo cac chuc ning cua hé
théng théng qua md phong, mid VHDL duoc tai vao chip
FPGA DE2-70 dé kiém nghiém lai l4n nita thong qua hé
théng thue té. Téng quan vé hé théng thuc nghiém duoc
moé ta & hinh 11. Cac thanh phan chinh bao gdm FPGA
board cia Altera, PMSM, mach diéu khién, inverter.
Trong thuc nghiém c6 thém 2 doan ma VHDL cua ADC

toan khong bi vot 16. Dong diéu khién ig xép i béang
khong. Két qua }hup nghiém cho thay bo diéu khién dong
co da dap tng rat tot cho hé thong khi co tin hiéu dat thay
doi.

5. KET LUAN

So sanh két qua mo phong va thuc nghiém tir hinh 10
va hinh 12 cho théy, dap tng toc do ciia dong co twong tu
nhau. Phdn mé phong c6 thoi gian nhanh hon phén thuc
nghiém vi dong co' ¢ phin mé phong duoc thay dbi thong
s6 nhim giam bét thoi gian chay mé phong. Tuy nhién
toan bd cac budc moé phong va thuc nghiém da cho thiy
sirc manh cua diéu khién vector, cac két qua ching minh
dugc hé théng d3 duoc thiét ké chinh xac va hoat dong
hidu qua. Céng nghé mé phong hoan toan co thé dap tmg
duogc yéu cau cua hé thong.

Tap chi Khoa hoc Lac Héng S6 04 o4



Nguyén Vii Quynh, Hoang Thi Nga, Nguyén Hoang Huy, Lirong Hodng Son

" Drive board “‘s'
- Y 3 §'Zﬁx PR

i 3

S Encoder board

ADC board | :EB

Hinh 11. Phan cieng thuc nghiém

2000
2000

‘ speed controller," in Industrial Electronics and
Speed . . . )
1500k command N | ékgppzlt)claiuons (ISIEA), 2011 IEEE Symposium on, pp. 24

Rotor

speed [2] R. K. Pongiannan and N. Yadaiah,“FPGA based Space
[ E Vector PWM Control IC for Three Phase Induction Motor
Drive”, IEEE International Conference on Industrial
0 o5 1 1 2 @) 25 3 35 )‘Time " Technology, pp. 2061-2066, 2006.

500

Speed Response (RPM)
3
=3
=3

[3] A. O. Rait and P. Bhosale — FPGA,“Implementation of
space vector PWM for speed control of 3-phase induction
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