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TOM TAT: Bai bdo nay trinh bay kién triic VLSI cia PID (Proportional-Integral-Derivative) téc di cao pipeline da tang dé diéu
khién téc do dong co DC theo thoi gian thuc trén FPGA. Nhom tdc gid thiét ké PID theo huéng thiét ké so, voi div lidu dau vdo 16
bit bao gom gid tri cdc hé sé Kp, Ki, Kd va gid tri 'ngo vdo, két hop mach nhdan nhanh Booth multiplier, by cong Carry Look Ahead
va xit Iy pipelined, cho két qua ngd ra 32 bit (cé dau) Thiét ké PID nay dwoc danh gid bang viéc tong hop trén FPGA Cyclone IIvoi
tan s6 148 MHz va xdy dung mé hinh kiém sodt on dinh vdn toc quay déng co DC trén kit FPGA ddp iing thoi gian thie dat tan sé
128MH:.

Tir khoa: PID, Booth multiplier, CLA, Pipelined.

I. GIOI THIEU

Thuét toan diéu khién PID (Proportional-Integral-Derivative) da dugc ing dung hon 70 ndm va 1a mot trong
nhimg phuong phap thiét ké hé thong diéu khién cua lich st 1au nhat [1]. PID ¢é nhitng wu diém do c6 cau trac don
gian, d 6n dinh tot va hiéu qua. Cong nghé FPGA (Field Programmable Gate Array) ngay cang dugc st dung rong rai
trong thiét ké s6 nho co tinh linh dong, kha nang tai cAu hinh va téc do ngdy cang cao, co kha nang dap tmg thoi gian
thuc [2]. FPGA da duoc sir dung trong cac hé théng diéu khién chuyén dong robot, trong vong diéu khién PID [3].
Thiét ké trong nghién ciru [1] sir dung ADC 12 bit dé chuyén dbi van toc dong co va DAC 8 bit dé giao tiép diéu khién
& ngd ra va can dén 2 bo nhén, 3 b cong dé hoan thanh viéc tinh PID. Trong khi d6, nghién ctru [3] chi ¢6 ngd vao 12
bit, can 3 bo nhan 12 bit va 5 bd cong 24 bit dé cho két qua ngd ra 26 bit.

Trong bai bdo nay, chiing t6i s& trinh bay thiét ké bo diéu khién PID toc do cao pipeline da tang theo dinh huéng
VLSI, trong d6 sir dung 1 bd nhan nhanh Booth radix-4 va 1 by cong pipeline 2 tang gitp tiet kiém tai nguyén nhung
van dat toc do cao. Thiét ké PID sau d6 dugc thuc hién trén FPGA nham kiém soat toc dd dong co DC theo thoi gian
thue.

Noi dung bai bao gém céc phan sau day. Thuét toan va mé hinh sé héa PID dugc trinh bay trong phan II. Phan
I trinh bay mo6 hinh thiét ké PID va ‘chu trinh hoat dong; thuc nghiém mo hinh dic¢u khién vén téc dong co DC theo
thoi gian thuc dugc trinh bay trong phan IV. Két luan dugc dua ra trong phan V.

IL. THUAT TOAN PID

PID la mét bo diéu khién hoi tiép vi tich phan ti 1¢ dugc sir dung rong rdi trong cac h¢ thong diéu khién cong
nghiép. Thuat toan PID tinh dya vao su sai khac gilta tin hiu mong mu6n x(t) (Set Point -SP) va tin hiéu da duoc tinh
toan y(t) (Processed Value - PV) dé diéu chinh hé thong sao cho 16i tin hi¢u 1a nho nhat. Thuat toan diéu khién PID bao
g6m 3 thanh phan co ban 1a: Tinh toan ti 1¢ Proportional (P) Kye(r), tinh todn tich phan Integral (I) K, _fﬂr e(t)dt va tinh

toan vi phan Derivative (D) Ky dm}.

Muc tiéu cua PID la tao ra u(t) dé diéu khién hé thong sao cho tin hiéu tin hiéu y(t) cang gidng tin hiéu mong
mudn x(t) cang t6t. Dau vao cta PID la su sai khac gitra tin hiu ly turong x(t) va ngd ra thuc té y(1). Biéu thurc (1) the
hién ngd ra cia kh01 PID trong mién thoi gian, trong do Kp, Ki, Kd 1an Tuot 1a cac hé s6 ti 16, hé sb tich phan va hé sb
vi phan. Céc hé s6 Kp, Ki, Kd duogc lya chon sao cho hé thong c¢6 thé dap ing nhanh nhat.

cie( [3]

u(t) = Kye(t) + K, _f eltldt + K; — (D
Hé théng PID thong thuong, biéu thuc (1), dugc minh hoa trong Hinh 1, véi:
P = K,e(t)

¢

I =K, f e(thde
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Hinh 1. M6 hinh h¢ théng PID
Trong céac Umg dung s, ta thay dt trong biéu thirc (D bang chu ky ldy mdu c6 gia tri rat nho, dé roi rac hoa biéu
thirc (1), ta dugc hé thong PID & biéu thirc (2) ¢6 gia tri gin bang gié tri trong biéu thir (1).
u(n) = (K +- Kd)a(n} + K Eioe(f) — Kge(n — 1) 2)
Tir biéu thire (2) ta xdy dung xay dung nén so dd hé thdng co ban nhu Hinh (2). Hé théng bao gém 3 bd nhén
cho cac phép tinh (KL)+Kd)*e(n), Ki*e(n) + Ki*e(n-1) va Kd*e(n-1), 3 bo cong cho phép tinh 16i gitra x(t) va y(t), tinh
K; Z3-; e(f) va tinh tong tin hi¢u ngd ra u(t).

K,+Kq
Gia tri
+ ; N
Gia tri + tinh toan
it e(m) % o
L [ ][]
Gia tri

do
Hinh 2. M6 hinh roi rac hoa PID
Thuat toan PID trén phﬁn cung dugc minh hoa boi doan ma gia sau:
While(1){
error =Input - Setpoint;
errSum +=error;
output = (kp+kd) *error +ki *errSum - kd *1astErr;
lastErr =error;
delay _ms(100);
H
Voi :
error 1a e(n),
Input 1a gia tri do,
Setpoint 1a gi4 tri cAn bang mong mudn,
Chu ky tinh toan 1a 100ms.
II1. THIET KE PID
Mb hinh dé xuét dwoc thé hién ¢ Hinh 3, bao gdm 1 b nhan va 1 by cong tinh toan pipeline 2 ting, 2 méang
thanh ghi, 4 b¢ mux va bd dicu khién hoat dong hé thong.
Khéi thanh ghi
Bao gbm cdc thanh ghi 16 bit chtra cac hé s6 KP, K1, KD, KPD, ERRO, ERR1 va khéi thanh ghi 64 bit 1a UN,
SIGMA. Chi tiét cac thanh ghi dugc chira 6 Bang 1.
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B§ mux

C6 4 bo mux dé diéu khién 16i vao cho bd cong va bo nhan. Bo mux MR cé 4 ngd vao KD, KPD, KI va 0; bd
mux MD cé 4 ngd vao ERRO, ERR1, Sum, 0; bd mux A c6 4 ngd vao KP, ~ERRO, iSP, Product; by mux B c6 5 ngd
vao KD, ~PV, SIGMA, Sum, 0. C4c tin hiéu chon lwa két qua ngd ra ciia cic b mux dwoc bg diéu khién hé thong diéu
khién tuong (mg v&i phép toan thyc hién trong bang 2.

B§ cong va nhin

B4 cong duogc sur dung 1a bo cong Carry Look Ahead 32 bit cho tdc do cao va tiét kiém dién tich. B nhan
16x16 duoc xay dung trén thuit toan Booth Encoder Array [4]. Ca b cong va bd nhan duoc thiét ké 2 tang bao gdm
tang thanh ghi va tang tinh toan. Mdi bo lan lugt thuc hién cac phép toan theo xir 1y pipeline, dé ting tdc do tinh toan
nhu trinh bay trong bang 2. Tang 1, ting thanh ghi luu trit gia tri chuan bi cho tinh todn; tang 2, tang thuc hién phép
toan cong hodc nhan.

Bang 1. Chtic nang cua cac thanh ghi

Tén Do rong bit | Mo ta

KP 16 Luu hé s06 Kp

KI 16 Luu hé so6 Ki

KD 16 Luu hé s6 Kd

KPD 16 Gia trj Kp+Kd

ERRO 16 Luu tin hiéu 1061 e(n)

ERRI1 16 Luu tin hi¢u 161 e(n-1)

UN 32 Luu tin hiéu u(n)

SIGMA 32 Luu gid tri K; 25, e(f)

iKi_Data B
iKp Data | iKd Data iSEAData iPV_Data
;{1 6 i Tw 16 2 iClock, iReset, iStart
g Khdi Thanh ghi
KP, KI, KD
KD
KP, ~ERRO, iSP,
KD, KPD, KL 0 ERRO, ERR1,Sum, 0 e KD, ~PV,
SIGMA, Sum, 0 A
. i~ e ki
iSelectMR iSelectMD iSeleclA‘ iSelectB Bo lehuél;hlen hé¢
MR MD A Cafry B s
L Khéi Thanh ghi
Product KPD, ERRO, ERR1, ——Sum — Tarlg 2
SIGMA, UN ml
KPD ERRO ERR1 SIGMA UN
32
oUn 0Valileata

Hinh 3. M6 hinh kién trac VLSI cua thiét k& PID
Hoat djong

Boi vi chi sir dung mot bo cong va mot bd nhan cho cac tat cac cac phép tinh nén ta phai phéan chia thoi gian va
nhi¢ém vu cho hai by nay. Bang 2 mo ta hoat dong cua tinh toan u(n) ciia bo cong va bo nhan.

Céc heé s6 Kp, Ki, Kd dugc luu trit trong cac thanh ghi 16 bit riéng biét dudi dang s6 bu hai. Cac thanh ghi Kp,
Ki, Kd, SP dugc cap nhat sau khi reset hé thong va sau d6 tinh Kpd = Kp + Kd va luu vao thanh ghi Kpd. Tiép theo hé
thong tinh toan véi dir liéu dau vao 1a SP va PV. Viéc tinh toan dugc hién trong 7 chu ki twong ting véi cic trang thai
tr S CAL 1 d&&n S _CAL 7. Luu db trang thai ctia by diéu khién cta hé thong dugc minh hoa & Hinh 4. Trong qua
trinh tinh toan néu chwa tim duoc két qua u(n) thi cac thanh ghi nay s& khong dugc phép cip nhat boi vi cac gia tri nay
dugc sir dung xuyén sudt qué trinh tinh toan.
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~Start

iReset

iReset

FINISH

~Start

Hinh 4. Trang thai hoat dong cua thiét thé PID

Bang 2. Trang thai hoat dong cua bd cong va bd nhan

Trang thai M0 ta Hoat dong b cong Hoat dong by nhan
Ting 1 Téing 2 Téang 1 Téing 2
S IDLE Nghi
S LOAD K |Luu cac hé sb A=Kp,
Kp, Ki, Kd B=Kd
S CAL KPD |Tinh Kp+Kd Kpd =Kp + Kd
S CAL 1 A= SP,
B=~PV,
Carry=1
S CAL 2 Tinh A=~ERRO, [Sum=SP+ (~PV)+1, MD=Sum,
e(n)= ERRO=SP-PV |B=0, ERRO= Sum MR=KI
Carry =1
S CAL 3 Tinh e(n)*Ki va Sum=(~ERRO0)+1+0, MD= Product =ERRO*KI
ERR1=-e(n-1) ERR1= Sum ERRO,
MR=KPD
S CAL 4 Tinh e(n)*Kpd A= Product, MD= Product=ERRO*KPD
B=SIGMA ERRI1,
MR=KD
S CAL 5 Tinh -e(n-1)* Kd A= Product, |Sum=Product+ SIGMA, Product=ERR1*KD
B= Sum SIGMA=Sum
S CAL 6 Tinh A= Product, |Sum=ERRO*KPD
Sigma=e(n)*Ki+Sigm |B= Sum +SIGMA
a trudc do
S CAL 7 Tinh Sum=ERRO*KPD+SIGM
e(n)*Kpd+Sigma A+ ERRI1*KPD,
cap nhat UN=Sum
S FINISH  |Xuét két qua

Kiém tra hoat dong

Dé kiém tra hoat dong cua hé thong, chiing t6i xay dung mé hinh kiém tra bang verilog. M6 hinh dugc trinh bay
trong Hinh 5. Cac ddu vao dua vao hé théng PID dong thoi dugce tinh toan truc tiép trén mé hinh va ghi cac gia tri vao
thanh ghi két qua. Khi PID tinh toan xong gi4 tri s& dugc so sanh v6i két qua mo hinh. Néu c6 su sai khac s& thong bao
16i. Hé théng kiém tra va cho két qua chinh x4c hoan toan.
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A M6 hinh kiém tra :
i :
: |
| Test input |
I
| ! PID
l :
! |
! |
! I
! |
: |
I :
! |
i :
' | Tinhtodn s
] mém bang +——  Thanh cong
I
I
I
I
I

Bao 16i
Hinh 5. M6 hinh kiém tra thiét k& PID

Thiét }(é duoc téng hop trén FPGA Cyclone II. Két qua tong hop cho 151 PID dat tin s hoat dong t6i da 1a 148
MHz, tong so logic element 1a 1040.

IV.THU'C NGHIEM PIEU KHIEN PONG CO DC

[T T T 1
Gid trj dit | I | pidg 1nié
— PID > PWM |—p| Picu khicn ( —
. | Pong co
! . Pong co
I I DC
| I
: £ Xung | Bo
N —
! bém xung |- - M3 hod
| DE2 FPGA BOARD I

Hinh 6. M6 hinh kiém soat téc do dong co DC trén FPGA

Sau khi thiét ké thanh cong b diéu khién PID trén FPGA, ching t6i tmg dung bé diéu khién PID nay vao md
hinh kiém soég toc do dong co DQ. Mo hinh ne‘ly duogc trinh bay trong Hinh 6. M6 hinh dugc hién thuc trén FPGA két
hop véi mot s6 mach bén ngoai, gom c6 cac khoi dudi day.

) v ) B6 diéu khién PID theo qéu tric trinh bay & ph?m trén. Tin hiéu Véq Set Point, 16 bit, cua PID la hiéu
$0 gifra s0 xung xdc 18p va so xung dém dugc trong 100 ms (twong duong van toc quay cua dong co DC), tin hiéu
ra, 32 bit c6 dau, 1a duty cycle cho b tao xung PWM

v" B0 tao xung ‘PWMwnhallm diéu chinh tdc d6 quay dong co DC. Tin hiéu ra la xung PWM tan sé 80 Hz
voi duty cycle theo b diéu khién PID

v Mach diéu khién dong co la mot mach cau H, bo khuéch dai cong suat diéu khién dong co, két ndi bd
tao xung PWM,

v' Mach ma ho4 chuyén déi toc dd quay cua dong co DC thanh xung s6 (11 xung/vong)

v B0 dém xung (pulse counter) dém xung trong khoang thoi gian 8t = 100 ms

4 th_datapath visi_pidutfisClock
Jtb_datapath_visi_pid/u1/iReset
04 tb_datapath_visi_pid/u1/iSP_Data
4 [tb_datapath_vii_pidjut/oCk_dv

B4 [tb_datapath_visi_pidful/on

B4 [tb_datapath vis pidfutjoCount

B4 [tb_datepath_visi_pidful compare
# tb_datapath visi_pidjujoPum

Hinh 7. Dang séng md phong hé théng trén Modelsim
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Bang 3. Mo ta hoat dong cia hé théng kiém soat toc do dong co

Trang thai Mb ta

T1 Thiét 1ap van toc quay

T2 So sanh van toc quay thiét 1ap vdi van toc quay thuc te

Error = SetPoint — PulseCounter (xung)

T3 Tinh PID, két qua duty cycle cia PWM

T4 Tao xung PWM theo duty cycle cua PID véi tan s6 80 Hz

T5 Do van toc quay bang cach dém xung trong khoang thoi gian 100ms
T6 Lap lai tir T2

Hinh 7 1a dang séng m6 phong hé thong trén Modelsim theo qui trinh hoat dong md ta trong bang 3. Véi tan sd
moé phong 50MHz, trang thai thiét 1ap sé vong quay, SP_Data, lan luot thay d6i 100, 200, 100 vong dé kiém tra dap
tng cua hé thdng; sau khoang thoi gian 100ms, bd dém két thuc hoat dong bang tin hiéu xung oCLK div va bd PID
thuc hién tinh toan trong 8 chu ky xung hé théng dé didu khién duty cycle, tin hiéu compare, cho b PWM thé hién qua
oPwm.

Bang 4. So sanh két qua nghién ciru voi cac thiét k& 16i PID khac

Thiét ké 16i PID 1 3] P& suit
S0 bit ngd vao 12 12 16
S0 bit ngd ra 8 26 32
S6 bd nhan 2 3 1
S6 bo cong 3 5 1
Téc d6 16i PID 148 MHz
Tbc d6 tdng hop toan hé thong 128 MHz
Toc d6 thir nghiém toan hé thong 50 MHz 50 MHz

- Két qua tong hop toan hé thong, & hinh 6, trén FPGA, dat tan sb 128 MHz véi tong s6 logic element 1a 2114,

Nghién ctru dé suét 16i PID chi sir dung 1 b cong, 1 b nhan, xir 1y pipeline 2 ting; trong khi thiét ké [1] can 2
bd nhan, 3 b cong; thiet ké [3] can 5 bo nhén, 3 bo cong va ca 2 thiét ke [1], [3] déu xu ly song song két hop tuan tu.

V. KET LUAN

Bo PID da tﬁng pipeline tdc do cao thuc hién dbi vé6i cac hé sb dau vao Kp, Ki, Kd, SP va PV la s6 16 bit ¢o
déu, ngd ra u(n) 1a s6 32 bit. Hé thong chi str dung 1 bg cong Carry Look Ahead va 1 b nhan nhanh Booth multiplier,
pipeline 2 tang cho toan bé tac vy do do tiét kiém tai nguyén va cong suat. B6 PID da déap tng duge md hinh diéu
khién van toc dong co DC theo thoi gian thuc, duoc tong hop trén FPGA Cyclone 2 ciia Altera. Tan s6 hoat dong cua
hé thong tong hop trén FPGA Cyclone 2 cua Altera 128 MHz. Thiét ké PID trong bai bao nay theo hudng VLSI, tién
dé cho viéc thiét ké vi mach két hop PID véi cac thuat toan chon lya hé ) thong minh hon.

~ Nghién ctru duoc tai trg boi Pai hoe Qudc gia Thanh phd Ho Chi Minh (PHQG-HCM) trong khuon kho D@ tai
mi sb C2017-18-05/HD-KHCN.
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HIGH SPEED MULTI PIPELINE PID CONTROLLER FOR DC MOTOR ON FPGA
Bui An Dong, Huynh Quoc Thinh, Bui Trong Tu
Viet Nam National University of Science, Ho Chi Minh City

ABSTRACT: This paper presents the multi pipeline high speed VLSI design of PID (Proportional-Integral-Derivative) algorithm
and the real time DC motor speed control system on FPGA. The authors propose the ASIC (Application Specific Integrated Circuit)
of PID, includes 16-bit inputs (Kp, Ki, Kd and set point), Booth multiplier, Carry Look Ahead and pipelined processing and 32-bit
output. This PID design was synthesized on the FPGA Cyclone II at 148MHz and implemented successfully in real time this FPGA
to control DC motor speed with frequency 128 MHz.



