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PIEU KHIEN DU BAO CHO PONG CO KHONG PONG BQ BA PHA CAP
NGUON BOI NGHICH LUU BA MU'C SU DUNG MO HINH HIL-FPGA

Mai Viin Chung™?", Pham Thi Kim Hug’, P§ Tuén Anh? Nguyén Vin Lién’
YTvwong Pai hoc Himg Vieong,
Trwong Pai hoc Bich khoa Ha Néi

TOM TAT
Bai bao trinh bay cach thirc thyc hién phuwong phap diéu khién dy bao (MPC) cho dong co khong
ddng bo ba pha cdp ngudn boi bién tan ba mirc trén nén tang FPGA két hop v6i mo hinh HIL.
Phuong phéap FCS-MPC véi nhitng wru diém ndi bat khi két hop véi NLDM tré thanh mot hudng
nghién ciru ngdy cang dugc quan tim. Cung voi d6, FPGA dugc dé xuat nhu mot giai phap hiéu
quéa dé giai quyét cac van dé: khdi lugng tinh todn ning trong thoi gian ngin ciia MPC va s6 lugng
16n van ban dan can duge didu khién cia NLDM. Pong co va BBD dugc mo ta trén HIL nhu cac
déi tugng thuc voi d tin cdy cao theo tiéu chuén cua Typhoon, tir d6 dem dén mot cach tiép can
m&i, dé trién khai va thir nghiém hon ddi v6i nhitng bai toan dién tr cong suat. Két qua thir
nghiém phuong phap MPC trong méi truong HIL-FPGA dd ching minh dugc wu diém cia
phuong phép nay.
Tir kKhéa: Nghich heu da mire; Piéu khién dir bao (MPC); Nghich luu da mire cau H néi tang
(CHB); FPGA; Dong co di bg (IM); HIL
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HIL CO-SIMULATION OF MODEL PREDICTIVE CONTROL UTILIZING
FPGA FOR ASYNCHRONOUS MOTOR FED BY THREE LEVEL INVERTER
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Hanoi University of Sience and Tecnology

ABSTRACT
This paper presents a method to implement Model Predictive Control (MPC) for asynchronous
motor fed by 3- level converter H-Bridges, based on FPGA platform and HIL co-simulation. A
combination of FCS-MPC (Finite control set MPC) and multi-level converters which brings a
variety of advantages has become a tendency of power electronics research. Besides, FPGA is
proposed as an effective solution to solve the problems: the heavy computational volume in a very
short time of MPC and the large number of semiconductor valves that needs to be controlled of the
multi-level converters. Asynchronous motor and the converter are emulated on HIL in real-time
with high reliability according to Typhoon standards. Therefore, providing a new approach, easy
to test and experiment for power electronics systems. The result of implementing MPC method in
HIL- FPGA environment have proved the advantages of this method.
Keywords: Multilevel converter, Model Predictive Control (MPC), Cascaded H-bridge (CHB),
FPGA, Asynchronous motor, Hardware in the loop (HIL)
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Danh muc céc tir viét tat
BBD B6 bién d6i

NLDM  Nghich luu da mirc

HIL Hardware in the loop

DCKDB DPong co khong dong bo
FPGA Field programmable gate array

1. Gidi thiéu

NLDM 14 b6 bién d6i véi nhiéu wu thé néi
bat: van hanh vdi dién ap cao, tao ra dién ap
hinh sin tir cac budc dién ap nho hon, giam
dugc dién 4p dat 1én van ban dan va dugc su
dung rong rii trong dai cong suit vira va cao
hay trong viéc tan dung nhitng ngudn ning
luong tai tao [1]. Tuy nhién khi s mirc ting
1én, thiét ké diéu khién bo bién doi trd nén
phirc tap va sé lugng van ban dan can dugc
diéu khién 1a rét 16n [2]. Diéu khién du bao
FCS-MPC 1a mot chién lugc diéu khién méi
trong linh vyc dién tir cong suét duoc dé xuét
trong nhitng nam gan ddy voi nhiéu loi thé:
tac dong nhanh, c6 tinh linh hoat cao trong
viéc két hop cac myc ti€u trong mot ham danh
gi4, co thé 1am viéc truc tiép v6i hé phi tuyén
va loai bé dugc khau diéu ché dién ap khi lya
chon truc tiép vector dién ap dé thyc hién [3].
bay 1a mét ing dung moéi da duge ap dung
thanh cong trong viéc didu khién dong dién
bién tan ba pha [4], diéu khién cong sut
trong mét b chinh luu. Tuy nhién, phuong
phap ciing con mot s6 nhuge diém nhu tan s6
chuyén mach bién thién, nhip nhé momen &
ché d6 xac lap dugc dé cap trong [5] cling
thudt toan cai tién. Yéu cau khdi lwong tinh
toan 16n trong thoi gian ngén cia FCS-MPC
cling dem dén mot thach thuce cho cac thiét bi
xtr 1y s6 hién nay. Bai bao nay dé xuét sir
dung FPGA dé giai quyét hai van dé: sd
luong chan PWM 16n cip xung diéu khién toi
van va yéu cau khdi luong tinh toan ning
trong thoi gian ngin ciia FCS-MPC. Khéc véi
cic vi diéu khién va DSP thong thudng,
FPGA bao gdm sb luong 16n phan tir logic
1ap trinh dugc va 1/O, cho phép nguoi dung
c6 thé tai ciu trac mot cach linh hoat tuy vao
muc dich sir dung [6]. Nho d6, FPGA dap

tmg dugc vé mit yéu cau sb luong chan
PWM cho viéc diéu khién sb luong van ban
dan ting cao khi ting s6 mirc cia BBD. Mot
ru diém ndi troi khac ciia FPGA 1a toc do tinh
toan rdt nhanh nhd kha nang thyc hién cac
phép tinh song song va cac qua trinh song
song [6]. Hardware-in-the-loop (HIL) 1a buéc
rit quan trong dé trién khai tir 1y thuyét, mo
phong dén thuyc té va dang dugc cic nha
nghién ciru trén thé gidi quan tim. HIL mé ta
dbi twong thyc té can duoc didu khién véi do
chinh x4c va dd tin cdy cao theo tiéu chuan
clia cac tap doan 1on trén thé gisi. Piéu do
gitip cac nha nghién ctru d& dang kiém chimg
dugc tinh chinh xac va ding din cua thuat
todn trong khi trién khai trén thuc té ton tai
nhiéu khé khin. Bai bao nay ciing dé xuét su
két hop gitra HIL-FPGA d¢ kiém chimng thuat
toan FCS-MPC.

2. Noi dung chinh

2.1. Bj bién déi da mirc cau H noi ting

Hinh 1 mé ta cdu trac BBD ba pha ba mirc
ciu H ndi t?mg duogc cdu thanh tr mot cau H
trén mdi pha.
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Hinh 1. So' d6 cdu triic BB ba mirc néi tang cau H

Céu tric ciu H ndi tang ctia NLDM dugc sir
dung phd bién nho tinh modun hoéa cao, yéu
clu céc nguén mot chiéu doc lap, do d6 bo
bién d6i nay rat phu hop dé két ndi cac tim
pin nang lugng mat troi vao ludi dién [4].
Bing cach dong mé cac cip van (S1, S2) va
(S3, S4) dién 4p diu ra cua mdi ciu H nghich
lvu mot pha nhan cac gia tri +Vde, 0, -Vdc
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tuong Gng voi cac muc dién 4p 1, 0, -1. Tu
cac muc dién ap cua tung pha, xay dung dugc
khong gian 19 vector dién &p cho nghich luu
ba mirc trén hé toa do af [1] nhu hinh 2.

Hinh 2. Khéng gian vector ciia BBD ba mikc

2.2. M6 hinh héa DCKDB 3 pha
Cac phuong trinh dién cua dong co [3] voi
thong s6 trinh bay ¢ Bang 2
. d d .
—i R+ —W 0= .R +—¥, — jw¥,

Vs =1 s+dt s 1 +dt Jw (1)

W= L+ Lyd W, = L, + L g
Tu (1) thyc hién bién ddi thu duoc cic
phuong trinh vi phéan tir thong va dong dién
stator trén truc hé truc toa do af:
ay, | .
dt = L
L(,.d's_kr[

W4T,

. @

s R

T

1
.

dy

Sai phén hoa phuong trinh (2) theo phuong
phéap xap xi Euler Iui :

r

- jw]wr -V

dx_ x(te,) - x(t) 3)
dt T,
duoc cac phuong trinh dy bao:
¥ k4D = — T W () +—"i()  (4)
L. +T,.R Ty
T sty i_i_]_
TS
iy (k+1)= [1TS]iS(k)
TU
T, 1 1 (5)
==k [ iw(k)]"l’r(k) +vs(k)
To Ro Tr

Phuong phap FCS- MPC duoc sur dung dé du
bao dong dién nén ham muc tiéu c6 dang:

3 =[50 —isC+ 2| +[isC0 ~igC + )] (6)

Trong do:

i. (k) : gia tri dong dién dat tai thoi diém thu k.
i(k+2.is(k +1) : gid tri dong dién du bdo tai
thoi diém thi (k+1) va (k+2) tuong tng.

2.3. Nguyén ly diéu khién FCS-MPC cho
DCKDB 3 pha cip nguén béi BBD ba mirc

|

|
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| R p

| Bién tan 3
| mirc cau H
|

|
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|

ndi tang

Wk + Bo diéu
SO khidn tir

théng

Mo hinh ti thong w(k)

Hinh 3. Céu triic diéu khién FCS-MPC cho
DCKDB

Ciu trac diéu khién du bdo cho DCKDB 3
pha bao gom:
- Mach vong ngoai gdm bd diéu khién téc do
va bo diéu khién tir thong dua ra cac tin hién
dat ctia dong dién isg* Va isg*. Goc dién e, duoc
tinh todn tr m6 hinh tir thong, dua vao khau
chuyén toa do dq sang ap dé c6 duoc cac gia
tri dat trén h¢ truc of.
- Mach vong trong thuc hién dy bao dong
dién trén truc af va toi vu ham muc tiéu. Tir
thong rotor (k) téc d6 o(k), dong dién is(k)
va vector dién ap vs(k) dugc dua vao mé hinh
du bao dé ude lwong cac gia tri dong dién i
tai cac thoi diém k+1, k+2 theo cong thtrc.
Moi vector dién ap trong khong gian vector
biéu dién trén hinh 2, s& xac dinh mot gia tri
cua dong dién is du bao. Viéc lua chon mét
trong 19 vector sao cho t6i vu ham muc tiéu
duoc thé hién ¢ bang 1.
3. Thuec hién thuit toan FCS-MPC trén FPGA
3.1. Téng quan thiét ké

Thuat toan FCS-MPC chia thanh céc khéi
chirc nang thuc hién tinh toan. Mdi khéi chire
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nang nay s€ dugc ldp trinh thanh mach ph?m
ciing (Intellectua} prgperty—core) st dung ngon
nglt VHDL. Thiét ke trén FPGA dam béo cac
m’acl‘l phan cimg péy co khé} nang nhip tham
s0 dau vao, cfﬁn bang gitra toc do tinh toan va
tai nguyén phan cung trong FPGA.
Bang 1. So do tinh todn ham muc tiéu

bo i, (k),w(k),v, (k)
Tinh i (k) tir iy, (k),ig (k)
fori=1:19

Tinh i (k +1) theo (5)

Tinh i (k +2) theo (5)

Tinh J (k)

end
Tim vector dién ap dé J dat gia tri min

Mach phan cing trong FPGA c6 kha ning
nhap dugc tham sb: sir dung generic trong
VHDL, gitp ngudi ding khai bao thong s6
linh hoat, mém déo va co thé tai sir dung duoc
cac mach nay tuy vao muc dich ctia nguoi
dung. Vi du nhu thay d6i dong co dong nghia
v6i nhap cac thong sé méi vao cac mach phan
cung da dugc lap trinh.

Ti wu vé téc do tinh toan: tong thoi gian tinh
toan trong mot chu ky diéu khién phai nho
hon thoi gian trich mau. Cac mach phan cling
duoc lap trinh s€ sir dung chung tin hiéu clk
dé dong bo cac hoat dong ciia hé théng va dé
dang xac dinh dugc thoi gian tinh toan cla
cac mach phan ctng. Véi muc dich can bang
tdc do tinh toan va tai nguyén, yéu cau co sy
két hop linh hoat giita cac qua trinh thyc hién
song song va tudn tu.

Kién tric duong ong (Pipelined structure):
c4c qua trinh tinh toan déu tng dung kién tric
pipeline v&i nhiéu wu diém: c6 thé ting tan s6
hoat dong va tang hiéu suit tinh toan cua
mach phan cimg FPGA dugc thuc hién song
song va mot s6 duoc thuc hién tun ty.

3.2. Thiét ké FCS-MPC sir dung VHDL

Hinh 4 trinh bay cic hoat dong can phai thuc
hién trong thuat todn FCS-MPC tuong tng
v6i cac budc cac thuat toan dd néu ra ¢ phin
2. C6 9 budc can phai thyc hién trong vong

diéu khién FCS-MPC tuong mg v6i 9 mach
phan ctimg phai lap trinh. Mach tht 1 Ia
ADC read, mach 2 la abc to_af, mach 3 la
Dq to_ap, mach 4 la Is_toFlux, mach 5 la
Pre_model, mach 6 la J calc, mach 7 la
Find_minJ, mach 8 la off to dq, va mach 9
& Flux_model. Cac mach nay sé& duoc nhap
cac tham s duogc tinh tir cac thong sé cua
dong co. Mach 1 la ADC_read, mach 2 la
abc_to_af, mach 3 Ia Dg_to off dugc thuc
hién tuan ty. Do mach 5 Pre_model can dit
liéu tr hai mach la mach 3 va mach 4 nén hai
mach nay phai thuc hién song song nhau.

( Tinh dong dién dit tir BDK téc do(Rw) >

s 1Poc ADC-MCP3208| Vong diéu khién
! (Chuén SPI) FCS-MPC \
! §E ADC_read !
| i |
i 2. Bién dbi dong i abc !
| sang h¢ o |
} {E abc_to_af }
I I
| | |
i . ¥ 1 !
! |3.Biénddidong dit| |4. Tinh tir thong rotor| | 8. Bién ddi dong iop !
! i*dq thanh iap trén hé of thanh idg !
' §EDq to_aB fE Is_toFlux §E aB_to_dq |
I I
I I
I I
e S ;
| 5. Mb hinh dy béo |
1 dong dién tai thoi 1
! diém [k+1],[k+2] !
} ﬂ Pre_model }
i I v i
I | I
! 6. Tinh ham t6i wu 9. M4 hinh tir thong !
| (cost function) rotor !
I J 1 I
' TP Jcale §E Flux_model '
I *17 I
I I
' 7. Tim Vector dién ap |
1 1am ham toi vu dat gia 1
' tri nho nhat |
\ §E Find_minJ /)
N /

Phat xung diéu

khién dén Van
ban dan

Hinh 4. Trinh tw thuc hién tinh todan trong FPGA

Néu mach 3 thuc hién tinh toan xong va mach
4 van dang tinh toan thi tai thoi diém mach 4
tinh toan xong, mach 5 méi dugc cho phép
nhan dit lidu dau vao. Didu d6 s& tranh duoc
viéc va cham dir liéu khién két qua tinh toan
s€ sai. Mach 5, mach 6 va mach 7 sé tiép tuc
thuc hién tudn tu. Mach 8 cling dugc thuc
hién song song v&i mach 4 va mach 8, mach 9
s& thyc hién tuan ty. Nhin tong quan, cac
mach thyc hién song song hay ndi tiép véi
nhau mo6 hinh chung di tao ra cac nhanh dir
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liéu thuc hién song song, trong cac nhanh sé
bao gom cac mach thyc hién tun ty. Day
cling chinh 14 diém manh cia FPGA so voi
cac vi diéu khién hay DSP thong thuong. Dé
co thé tao duogc cac hoat dong tudn tu hay
song song cua cic mach, mdi mach duoc thiét
ké gdm hai tin hi¢u dong bo: Init va Done.
Khi cé tin hiéu Init, mach s& hoat dong, tinh
todn xong mach s& phat tin hiéu Done. Tin
hiéu Done caa mach nay s& dugc ndi véi tin
hiéu Init caa mach ké tiép dé tao cac hoat
dong tuan ty cua cac mach. Mach 3, mach 4
va mach 8 hoat dong song song nén tin hiéu
Done cua mach 2 s& duoc ndi vai tin hiéu Init

reset
init
Pre_model L J_calc \_ Find_minJ
reset reset reset

Init Done| Init Done |—_Jnit Donef—
ck=—p clk clk | b
—1 — C A r
isapk) >—{1S2B(K) . 1
‘[‘IrS:[?((k)) ;‘l‘m[}(k) isap(k+1 isaf(k+1) 2 2
vap(k) =—] Vap(k) isap(k+2) Index_volt =
w(k) =>— w(k) sap(k) ol yo J_min =

i*sap(k)
Hinh 5. Thiét ké mach 5, mach 6 va mach 7 chay
tuan ty

cua mach 3, mach 4 va mach 8. Nhu vay cac
mach s& chi hoat dong mét lan trong mét chu
ky trich miu, didu d6 s& giup tranh duoc su
lan truyén dir liéu sai va giam duoc cdng suét
tiéu thu cua FPGA.
4. Két qua
M0 hinh thoi gian thuc HIL 402 Typhoon cé
kha ning mé ta déi tugng gan nhu dung vai
thue t&. Viéc ghép ndi gita HIL 402 va kit
FPGA ZyBo Z7-20 trong Hinh 9.

Bang 2. Thong sé DCKDB thir nghiém

Théng so Gis tri Pon vi

Cong suat dinh mirc 2,2 kW
Téc d6 dinh mire 2880  Vong/phut
Dc-link Vg 700 \Y

HS cam L, 364,2 mH
Dién cam L L, 4272 mH
Momen dinh mirc My, 7,3 N.m
Chu ki trich mau T, 50 s
Dién tro Ry, R, 1,99 Q

4.1. Thoi gian tinh todn ciia FPGA cho vong
diéu khién FCS-MPC

Su dung ILA-core trong FPGA theo d6i qua
trinh tinh todn thong qua phan mém
Questasim

Mach IC
(budc thyc hié

>

clk

ADC_read n,
af_to_dq
dg_to_aP

Is_toFlux

NGNS

aB_to_dq ng

Pre_model ng
J_cal E%
Find_minJ E”e.‘

Flux_model

Chu ky clk (s)
Hinh 6. Thoi gian tinh todn cia cdc mach trong
FPGA
1
T= N —Nage ——= Mo =My f ~4,6us
sys sys

Tuy vao muc dich dé cin bang giita toc do
tinh toan va tai nguyén st dung cia FPGA.

Hinh 7. M6 hinh ghép noi HIL-FPGA thuc té
Bang 3. Tai nguyén da su dung trong Zybo Z7-20

Resource Estimation Available Utilization %
FF 14970 106400 14.07
LUT 11167 53200 20.99
1/0 15 125 12.00
BRAM 30.50 140 21.79
DSP48 46 220 20.91
BUFG 3 32 9.38
MMCM 1 4 25.00

4.2. Ddp ving ciia hé thong

Hinh 9 m6 ta ghép ndi HIL-FPGA trong thyc
té trén phong thi nghiém. Cac trang thai s&
dugc phin mém “Typhoon HIL control
center” hién thi va dir liu cac bién luu trix
dudi dang tép dudi “.mat”. St dung phan
mém Matlab va v& lai do thi cac bién.

Céc truong hop chay thir nghiém:
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- Truong hop 1:

Tai t=0.05(s), ®*=wqm, M =0

Tai t=0.5(s), ®*=wgm, M =0,5Mgm

Tai t=0.75(s), ©*=w®gm, M =Mgn

Tai t=1.55(s), ®*= - ®gm, M =Mgm

Tai t=4.35(s), o*= 0, m =My,

- Trudong hop2: Pit téc do dinh mirc va dua
tai dinh mirc vao cung mdt thoi di€m

Céc két qua thu duoc duoc trinh bay trong cac
hinh dudi day.

Trudng hop 1:

g o li “Tda 6 #iwg v
f o ™ 1 ™

i : .
=
¢ : Vi ‘J:(xd;" A 'i’i

Hinh 8. Téc d6, momen, dong dién, dién dp ddy
cua dong co tai truong hop 1

Tbc d6 quay cua d@l}g co bam sat tbc df} dat
ngay ca khi dao chiéu va co6 sy thay doi tai
dang xung. M6 men dap mach 12%.
Tdc d6 dao dong quanh gia tri 0.
Truong hop 2 (Hinh 9):

[ 3

omr i
L BEETE L
A LB
Av— )
e v
|
} ﬂ""f,r'w,v‘w‘-fm.mm_gww
L
B W ad A s o 4
.
== = B =1 & e -

Hinh 9. BPdp ting Momen trong truong hop 3 vdi
ty ¢ 1V~INm
Thoi gian dap tmg cia Momen dong co rat
nhanh sau 0.003(s) khi c6 Momen dit minh
hoa trén Hinh 10.

—
s —
[
[
I L s
i Bién tan 3 -
‘ ml'If: céu H
| | moitang Typhoon HIL 402
[
[
[
l _______ [a]io]ic] W [vac]
Xung diéu khié <= _[[CCC|C = =-Tin hi¢u do
LU A — i
we(k Bo ity |isqr () am | !
—(%O—Vxhién 1ée do|—» s o ml';':g‘éu | ab
w(k)“_ R a I : | af
| lap(k+2) iop(K)
e A I S B
I Du doéan I‘W(k)
| dong o <
to. | tai k+2 <Yac(k)
: I ZYBO-Z7
| .
Fow® i

MG hinh tir thong

<

w(k)

Hinh 10. M6 hinh ghép néi giita FPGA — HIL 402
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5. Két luan

Bai bao di ap dung dugc cach thiét ké cac
mach vong diéu khién DPCKDB trén FPGA va
kiém ching FCS-MPC bang su két hop gitra
FPGA-HIL 402. Céich thirc trién khai thuat
toan trén FPGA trinh bay trong bai bao da dat
duogc nhiing Kkét qua kha quan vé mit hiéu
suat tinh toan va tai nguyén st dung. Hon
nita, cach tiép can nay co thé ap dung cho
nhing bai toan diéu khién yéu cau thoi gian
tinh toan nhanh can sir dung FPGA trong linh
vuc dién tr cong suét va truyén dong dién.
Mo hinh thoi gian thuc HIL-FPGA két ndi
don gian, truc quan va quan trong hon la giap
nha nghién ctru dé dang phat trién cac phuong
phép diéu khién, rat ngén thoi gian nghién ciru.
Két qua thir nghiém khang dinh dwoc nhiing
diém manh ciia phuong phap FSC-MPC va
tinh thyc té trong viéc trién khai hé théng.

Lo&i cam on

Bai bao cam on d¢ tai trong diém cip truong,
Trudng dai hoc Hung Vuong.
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