Tap chi Khoa hoc Lac Hong
S6 4 (12/2015), trang 53-58

Journal of Science of Lac Hong University
Vol. 4 (12/2015), pp. 53-58

r)
<

MO PHONG VA THUC NGHIEM BQ PIEU KHIEN TOC PQ PONG
CO PMSM BANG PHUONG PHAP VECTOR VA THUAT TOAN
SVPWM DUA TREN CONG NGHE FPGA

Co-simulation and experiment PMSM speed controller with vector control
and SVPWM algorithm based on FPGA

Nguyén Vii Quynh!, Hoang Thi Nga, Nguyén Hoang Huy?, Lwong Hoang Son

vuquynh@Ihu.edu.vn; 2nguyenhoanghuy@gmail.com
Khoa Co Bién - Dién Tur Truong Pai hoc Lac Hong, Dong Nai, Viét Nam
Dén toa soan: 12/12/2014; Ch4p nhan dang: 3/1/2015

Tém tat. Pong co dong bé nam cham vinh ciru c6 hiéu suit cao vi thé dugc sir dung rong rai trong cong nghiép. Bai bao
nay trinh bay cac buéc thiét ké, mo phong bang Simulink/Modelsim va thuc nghiém trén Kit DE2-70 bd diéu khién toc do
cho PMSM bang phuong phap vector dua trén cong nghé FPGA. Noi dung bai bao gdm 3 phan chinh: Dau tién thuét toan
SVPWM va phuong phap diéu khién vector dugc xay dung va ap dung; Tiép theo, ngdn ngir lap trinh md ti phan ciing
dugc sir dung dé thuc thi thuat toan diéu khién; Cac buéc mé phéng chi tiét dugc xay dung nham kiém tra tinh ding dan
ctia timg phan thuat toan diéu khién. Toan b thuat toan dugc danh gia tinh hig¢u qua va do chinh xéc 1an nira thong qua
thuc nghiém tryc tiép trén kit FPGA. Cudi ciing két qua md phéng va thuc nghiém dugc so sanh va thao 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.GIGI THIEU

Cong nghé moé phong ngay cang duoc sir dung rong rai
trong moi linh vuc hoat déng cua con ngudi. Chuong
trinh mo phong gitp tiét kiém thoi gian, kinh phi, nguyén
vt liéu, tranh duoc nhitng truong hop rui ro, nguy hiém
trong diéu kién thyc, tham chi c6 thé 1am duoc cai khong
thé 1am trong diéu kién thyc. St dung chuong trinh md
phong trong diéu kién co s vat chat con thiéu thon giup
khai thac hi€u qua cong viéc dao tao va nghién cuu.

Mot chuong trinh md phong phat trién boi EDA
(Electronic Design Automation) dugc khai thac dé kiém
tra tinh chinh xac cia ma VHDL hoac Verilog. Chuong
trinh mdé phong cung cip mot giao dién gitra
Matlab/Simulink va ModelSim dé thuc hi¢n viéc kich
hoat, thyc thi cac doan mé viét bing VHDL/Verilog trong
thoi gian thuc. Trong bai bao nay, chuong trinh mé phong
Matlab/Simulink va ModelSim dwoc st dung dé mo
phong thuat toan diéu khién dong co co cdu triic nhu
trong hinh 1. BPong co PMSM, b nghich luu, b cai dat
toc do duoc thiét ké trén Simulink, thuat toan diéu khién
vector, bo diéu ché vector khong gian, bo diéu khién tbc
d6 dwoc lap trinh bing md VHDL va nhing vao
Matlab/Simulink théng qua phan mém Modelsim.

Pong co ddng bo kich tir biang nam chiam vinh ctu
thuong duoc st dung trong cac hé théng doi hoéi do chinh
xac cao nhu robot, gia cong co khi, v.v. vi thé bo diéu
khién téc do dong co dong mét vai tro rt quan trong. Bai

béo g dung phuong phap didu khién vector va didu ché
vector khong gian dya trén ngdén ngit mé phong phan
ctng dé thiét ké bo diéu khién cho PMSM. Hién nay rat
nhiéu phwong phap diéu khién da dugc nghién ctiru nhu
diéu khién thich nghi, diéu khién thong minh,v.v. Hiu hét
cac bod diéu khién déu sir dung chip xir 1y tin hiéu sb
(DSP), véi nhurge diém 1a chiém nguodn tai nguyén va tén
nhiéu thoi gian dé phat trién ng dung. Trong khi dé cong
nghé FPGA 1a mot ngdn ngir lap trinh phan cung voi day
du nhitng tinh nang nhu tinh toan nhanh, tiéu thu nang
lugng it, tich hgp CPU, d6 chinh xac cao, v.v. [1]. Y
tuong thiét ké bo diéu khién vector 13 moment va cac
thanh phan tir hoa cua tir théng stator dugc didu khién doc
lap. Dong dién ba pha stator dugc bién ddi thanh vector
dong dién cung cip cho bo didu khién (Hinh 1). Mot khi
cac thong s6 b diéu khién dugc chon lya tét dong dién
diéu khién iy ~0, giup cho viéc diéu khién dong co
PMSM tuong tu Véi viée diéu khién dong co mot chiéu.
Moment ciia dong co dugc didu khién théng qua dong
dién trén truc g (ig).

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

M0 hinh toan hoc cia PMSM:
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trong Hinh 2. Sau khi 4p dung phuong phap diéu khién

i, 1 R, L . au K .,
— = Vgl t— Pl vector momen cua dong co chi phu thudc vao ig:
d L - L 4 (1) T, =15P[A, +(L, — L)y, = Kd, ®)
i Ph trinh toan hoc ctia do khi tai:
%—iv _Bi _5 i _Apa’r uvong trinh toan hoc cua dong co khi mang ta
d L L LT do, _ 1
L, q q q @) W:J_(Te_Fa)r_Tm) 4
B¢ diéu khién dong dién va cac khau bién d6i (Hinh 1) m
bao gom bo PI, phép bien doi Clark, Clark ngugc, Park,
Park ngugc. Cac khau bién d6i dugc thé hién chi tiét
‘Modelsim B4 didu khién dong aign | Simulink
3 va cic khau bién dbi | DC
N o T ! Power
a): : Pl é Iq controller Parkt Clarkrlvreflg i PWML : :
§+’A) *Controller Vq d,q /v B Voot —% IGBT-
- Vv Va SVPWN 1 PWM4 ; base
o, _, o, B 78| ,b,Cvref:’:g L_pws 5 [Inverter
—
Iq d,q o, B /1% ia
. i « b
Iy IB A
a,p ab,gg e
Pérk Clark 5 0 | ABC
sin /cos of i & | Fluxangle| |
Flux angle ) '|Transform.|” | PMSM

Hinh 1. So do khai ciia todn b hé thong diéu khién

2.2 B diéu ché vector khong gian

e | /b SVPWM la k¥ thuat diéu khién dwoc tng dung rong rai
Clark trong diéu khién thiét bi dién tir cong suat. Trang thai
|2 dong cat cla 6 khoa dién tir cong suat (S1~Sg) dua trén
{'“} _|3 3 thuat toan SVPWM tao thanh tim vector dién ap cung cap
b o L cho dong co. Trong d6 vector Vg va V7 cho dién ap ngd ra
B biang khong. Vi vay vector dién ap Uoy trén dong co dwoc
Clark® v tinh toan dya trén 6 vector con lai [2-3].
Ve refl .
T V4 q axis
o] A c|Veers, v v,
Vier1 1 0 O, Vref1 (-1/3.1 -"'G_'I:DID 1
Vrefz 771 é |: ﬂ:|
Vers | |2 £
v,
i : (011
*,dg a, 4 (-2/3,0) 2/3.0 d axis
i» o,p ,i,
Park

iy | [ cosg, sing, ||,
iy “|-sing, cosé, i (-1/3,-1/-/%) v o (173, -1 R
&

(001) (101)
Hinh 3. Sdau vector dién ap cung ccfp dién cho dong co

Vy Park! v 1
— dg /F— ¢ ’ Tai moi cung 1/6 cua hinh luc giac dién dp ngd ra c6
Vo | S| Vs thé dugc tinh toan theo cong thirc sau:
"t _ L 12 To(Oy O Oyy) 5
v cosf, —sind, ||V V. Uou = T Vit T Vit T )
a|_ e ( d | v
{VJ Lin 0, coso, }[VJ ! v, “ Trong d6 To = T - T1 - T2 va T 1a nua chu ky
(d) PWM.Nhu hinh 4 tai khu vuc 1/6 nam gitra hai vector Vg

Hinh 2. Céc phép bién déi hé truc toa g trong diéu khién va V; thi vector di€n ap ngd ra c6 thé dugce tinh nhu sau:

vector
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M6 phong va thuc nghiém bé diéu khién téc do dong co PMSM bang phirong phdp Vector

2 -
Vl = gVDCa (6)
1 _ 1 =
VZ = §VDCa +ﬁVDCIB (7)
Thay cong thire (6)~(7) vao (5), ta dugc:
Uout = EVO + szvz
~ LV P Vi =
l( VDC )+*2( o %ﬂ) ®)
~ V,a +Vﬁﬁ
VGi
T
V, =—V,. )
NG
2T T 2 T 1
V, = 3 Tlch 3*2r Vpe == — vDC fvﬂ (10)

Tu cong thiae (9) and (10), gia tr1 ciia Tiva T2 o thé
duoc tinh toan nhu sau:

T
T,=—— @3V, —-3V,) (1)
2VDC g
T,=v3-1v, (12)
VDC

Tuong ty cho cac cung 1/6 khac gia tri cua T1 va T
dugc tinh toan va duoc liét ké trong bang so 1, vai Tx, Ty
va Tz dugc biéu dién boi cong thuc:

T, =31V p (13)
VDC

T, = 3V, +/3v,) (14)
DC

Néu nhur tai diéu kién bdo hoa noi ma T1 + T2> T, thi T1va Tz
s€ dugc thay doi nhu sau:

T
TlSAT = T1 ﬁ (16)
1 2
T
25AT = 12 (7)
T, +T,

Sau khi tinh todn gid tri cua T1 va T,, chung dugc
chuyén qua thoi gian taic dong cia SVPWM & ngd ra
(Hinh 4.2) thoi gian tdc ddng dugc tinh toan dya trén cong
thirc:

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

Thoi gian tac dong cua PWM tai mdi cung 1/6 dugc
xac dinh va liét ké trong bang so 2. . i
Tir hinh 4b mbi cung 1/6 duoc xac dinh bang biéu thuc:

If Vier1 > 0 then a=1 else a=0; (21)
If Vierz > 0 then b=1 else b=0; (22)
If Vreis> 0 then c=1 else ¢=0. (23)
Vi vay

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

_Hon nira tir cac cong thire (13)~(15) va cong thuc bién
d6i clark nguoc (Hinh 2b) ta co:

Tx ref 1

3T
T, |= \/_ V.5 (25)
TZ > _Vref 3

Do d6, Ty, Ty va T, ¢ thé thu duoc tryc tiép tir gia tri
dau vao ctia SVPWM Viett, Vier2 va Viers (Hinh 1)

Tém tit cac bude tinh toan SVPWM:

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

Budc 2: Tinh toan gié tri cia Tx, Ty va Tz tir cong thuc
(13) ~(15).

Budc 3: Xéac dinh gia trj cua T1 va T, tir bang s6 1. Néu
gia tri T1 va T, roi vao diém bdo hoa thi 4p dung cong
thirc (16)-(17) dé thay ddi.

Budgc 4: Xac dinh chu ky tic dong cia PWM Taon,
Tbon va Tcon tir cong thirc (18)~(20).

Budc 5: Gan chu ky tac dong cia PWM ra ngd ra
CMPR1, CMPR2 va CMPR3 dya vao Bang s 2.

Bdng 1. Gid tri cua Tiva T

S1 S2 S3 S4 S5 S6
T]_ Tz Ty - Tz - Tx Tx 'Ty
T [Ty -Tx Tx T, Ty -T;
Bdng 2. Gid tri so sanh tai méi cung 1/6
S3 S1 S5 S4 S6 S2
Tb Tc Tc Tb Ta
Ta Ta Tb Tc Tc
Tc Tb Ta Ta Tb

CMPR1 |- =

1 1
__|__1___L__.|.__J.__

-

PWM1 |__0

1
1
T,/2 1
1
1
1

PWM2

PWM3

K
c
K
IS
o
K
5
g
K
B
g
c
K
3
K
<

(000)/(100) ,(110)1 (111) 4 (111) (110), (100)1 (000),
— T —e—— T —»

(@)
Areﬁ mreﬁ < \ref2
0 60 120 80 240 00 0 60
\Si/ S1 55 54 \Sf/ 52 \33/
(b)

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

2.3B diéu khién PI

Ngay nay bo diéu khién PI duoc tng dung rat pho bién
trong diéu khién cac qua trinh cong nghiép vi céu tric
diéu khién don gian, pham vi (mg dung rong va hiéu qua
diéu khién cao. Bo diéu khién Pl gém hai khau chinh 13 ty
I¢ (P) va tich phan (I). Dudi day bai bao trinh bay viéc 1ap
trinh bo diéu khién P1 s bang ngon ngit lap trinh VHLD,
phan antireset-windup duoc thiét ké trong module riéng
(4]

Khéu ty 1& va khau tich phan dugc tinh toan bing cong
thirc:
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u,(n)=Ke(n) (26)

u(n)=u (-1 +Ke(h—-1

Bo diéu khién P1 s6 1a tong hop ciia hai khau trén:
iy (n)=u,(n)+u;(n)
=y, (n-)+ K e(n)+Ke(n-1)

3. CAC BUOC MO PHONG BQ PIEU KHIEN.
I'Modelsim ™~~~

modify

Park®  Clark!V, ¢,
| da o o B Vref2 SVPWM
: OL,B_ﬁ’ ,b,CVref3
|
eel sin /cos
function

T
.

<

<

(b) =
Hinh 5.50 d6 khai kiém tra thudt todn SVPWM (a) va mé
hinh mé phong Simulink kiém tra SYPWM (b)

(28)

Dé dé dang kiém tra tinh hi¢u qua va chinh xac ciia
thuat toan diéu khién vector va SVPWM, bai bao thuc

(27) hién mo6 phong va thuc nghiém trong 6 budc

Budc 1: Kiém tra thut toan SVPWM. So dd khéi kiém
tra SVPWM dugc mé ta trong Hinh 5(a), chuong trinh
modelsim dugc sir dung dé nhung ma viét bang VHDL
ciia cac phép bién d6i Clark, Park, Clark nguoc, Park
ngugc va thuit toan SVPWM vao Matlab/Simulink.

Tan sé chuyén mach cia PWM duoc thiét ké 1a 16kHz
va thoi gian tri hodn déng cat giita khéa dién tir cong suat
phia trén va phia dudi 1a 1.2us. Gia tri ngd vao dugc dat
tir 0.1 ¢én 0.5 véi chu ky thoi gian 0.1s, gia tri ig duoc dat
bang khong, tin hiéu address (6,) mo ta gbc tir thong
rotor thay doi tir 0~360 d6. Dé d& dang quan sét tin hiéu,
ngd ra PWM dugc két ndi voi mach loc RC (R=10Q,
C=47 4F ). M6 hinh mo phong Simulink thé hién & Hinh
5(b). Két qua SVPWM thé hién & hinh 6 da thé hién tinh
chinh x4c cua thuat toan SVPWM

Budc 2: Sau khi kiém nghiém do chinh xac cua thuat
toan SVPWM théng qua mach loc RC, bude nay s& kiém
nghiém lan nita bang cach két néi tryc tiép toi 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 dd khéi cua bude 2 thé hién ¢ Hinh 7a va mé hinh
mo phong ¢ Hinh 7b. Géc quay tir thong rotor dugc phan
hdi vé thay thé cho tin hiéu address & budc 1. Ngd vao iq
duoc dat voi cac gia tri twong tng 205, 410, 614, 410,
205.

PWM1 PWMS3

Time (s)

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

Budéc 3: Bo diéu khién téc do PT dwoc thém vao hé
thdng, toc do cua PM,SM phan hoi vé bo dieu toc. Luc
nay ta cé thé dieu khien PMSM chay theo céac toc do dat

trudc tai ngd vao @, (Hinh 8a), md hinh mé phéng cua
buéc 3 thé hign & Hinh 8b.

Budc 4: Tin hiéu dong dién 3 pha do duoc tur dong co
phan hoi vé qua phép bién ddi Clark va Park dé kiém tra
ig va iq. DONg thoi trén md hinh mé phong PMSM, ngoai
tdc d9, goc tur thong, moment ... con cung Cép tin hiéu ig
va ig. Tin hiéu nay dugc sir dung dé so sanh véi tin hiéu
thu dugc thong qua phép bién d6i Clark va Park.

Budc 5: Sau khi da kiém tra toan bo cac chirc ning cta
ting khdi, mot mé hinh moé phong Simulink dugc thiét
lap nhu Hinh 9. Hai bo PI didu khién dong dién dugc
thém vao hé thong, tin hiéu id va iq & bude trén dugc

phan hdi vé b diéu khién dong dién. Trong Hinh 9, M1
chira ma VHDL cua bc} diéu khién toc do. M2 phﬁa} ma
VHDL cua bo diéu khién dong dién, cac phép bién d6i va

SVPWM. Gia tri toc do6 dit O, dugc thay ddi tir

Orpm->500rpm - 1000rpm -> 1500rpm -> 2000rpm ->
1500rpm nham kiém tra dap ng toc do ciia dong co. Két
qua dap ung toc do cta dong co dugc thé hién ¢ Hinh 10.

Dap ung tdc d6 dong co bam rat tdt duong tée do dat,
thoi gian thay d6i ting hodc giam 500 vong/phit khoang
16ms, khong c6 vot 16. Dong diéu khién ig xdp xi bang
khong, dong 3 pha dong co can biang.Két qua mé phong
da t}lé hién tinh hiéu qua va chinh xac cua thuat toan diéu
khién.
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M6 phong va thuc nghiém bé diéu khién téc do dong co PMSM bang phirong phdp Vector

—_—— === === 1 51 - ———-—-—-—--—-—-—-—-—-—-—-———C =
I Modelsim 'Modelsim - ! Power
modify | Power L ” modify .
Park- L
i I bkt clarkiv,y,, [ ! " AT ot
q g > PWM2 A/ v, ref2 s | 1GBT-
I d,q v, L VA VIR H—wvs | 1GBT- Vv » SVPWI ]%:Ibasie
i =0 B v —PSVPWME Pwwma__ | base Ya TN /B 4,b,qVrer3 H—fans __ Inverter
d = o, B8] Ab,dV PwMs __|Inverter I
— ,0,9 Yref3
1 | refs) PWM6 T | ‘ ‘ ’
: | ‘ I - 0, ! ABC
sin /cos of ¢ Flux angle
I 0, 1 ABC Flux angle || Transform. [ PMSM
1| sin/cos of ¢ Fuxangel (| L oo —=-=-== T @,
! Flux angle [|Transform. ™| PMSM
@

Rotor speed

0.001
! External Load
Z Tm
) P— E |z|
C

L)
Hinh 7. So do khoi kiém nghiém ¢ bugce 2 (a) va mé hinh mé
phong Simulink (b)

Madeism,
ara_in  TMMIT

WIAZ

F
F
P4
PWMS
=

SVPWM

Hinh 8. So d6 khéi buée 3 (a) va mé hinh mé phéng Simulink-
modelsim (b)

el
TAnARET, l =. Scope_l
Rotor_speed
i 0.001
Cumrent_cmd s crn:l_in;mmls mF‘WhH -
External Load “Rotor speed wm {radis)>
Speed_cmd PWMZ |5 5-Fun—
Address <Rotor angle thetam {rad)>
Speed M1 4|'5 FAWM2 _ W
Command B <Stator cument is_a (A} ux Angle
a_phase_cument i <Etator current is_b (A ':I N
P PMSM _ 1 _;I—
- <5tator current is_c (A)
— b_phase_cumrent FuinMe
id_out Scope3
c_phase_cument ig_out
Scope-2
F M2 P
Convert |
Hinh 9. M6 hinh mé phong Simulink — Modelsim ciia todn bé hé thong
S2500 speed va QEP dugc thém vao dé doc tin hiéu dong dién va gboc
& 2000 5
§1500 command quay cua PMSM.
51000 Tuong ty Vi phan mo6 phong, phan thuyc nghiém cling
500 Rotor speed thay doi gia tri dat cta toc do dé kiém tra dap tng cua
% o1 02 @) 03 04 Time (5 05 dong co. Toc do dat thay doi theo trinh ty nhu sau

0 o1 02 (c) 03 04 05
Hinh 10. Pdp g téc dg, dong diéu khién va dong ba pha

Cua dong co
4. THUC NGHIEM

Sau khi kiém chimg toan b cic chirc ning cua hé
thong théng qua mé phong, ma VHDL duoc tai vao chip
FPGA DE2-70 dé kiém nghiém lai 1an nita thong qua hé
thdng thuc té. Téng quan v& hé théng thyc nghiém duoc
md ta & hinh 11. Céc thanh phan chinh bao gdm FPGA
board cua Altera, PMSM, mach didu khién, inverter.
Trong thuc nghiém c6 thém 2 doan ma VHDL cua ADC

300rpm->800rpm->1300rpm->1800rpm->1300rpm->18

00rpm->1300rpm. Két qua thuc nghiém trén hinh 12 cho
thdy tdc d6 dong co dap wng rat tt véi su thay doi cua tbe
do dat, thoi gian chuyén doi tbc d6 khoang 120ms, hoan
toan khong bi vot 16. Dong diéu khién ig xap xi bang
khong. Két qua thuc nghiém cho thay bo diéu khién dong
co di dap ung 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 thdy, dap wng tdc do cua dong co twong tur
nhau. Phin mé phong c6 thoi gian nhanh hon phan thuc
nghiém vi dong co & phin md phong dwgc thay ddi thong
s6 nham giam bat thoi gian chay mé phong. Tuy nhién
toan bd cac budc md phong va thyc nghiém da cho thay
sirc manh cua diéu khién vector, cac két qua ching minh
dugc hé théng da duoc thiét ké chinh xac va hoat dong
hiéu qua. Cong nghé mo phong hoan toan c¢é thé dap ng
dugc yéu cau cua hé thong.
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