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FPGA-Based PMSM Control Using Linear Hall Effect Sensors
and Sensorless Control Algorithms

Student: Tse-Wei Yu Advisor: Dr. Ying-Yu Tzou

Department of Electrical and Control Engineering
National Chiao Tung University

Abstract

This thesis presents the design and implementation of a sensors or sensorless speed
control IC for permanent magnet synchronous motors (PMSMs). By using the
hierarchical and modular realization strategy, the designed circuit can be re-used to
reduce the design complexity and the total gate counts for optimum design. Two
methodologies are presented: 1) a speed control architecture employing linear Hall
effect sensors, and 2) a sensorless speedicontrol:scheme with a flux-based rotor position
estimation algorithm. By using linear. Hall'effect sensors, the rotor position information
can be obtained, and flux-oriented;control (FOC)-is achieved. On the other hand, the
sensorless algorithm uses the incremental values of flux linkage and the normalized
back-EMF functions to estimate “incremental rotor” position. An internal closed-loop
correction mechanism within this algorithm“can correct rotor position estimation drift,
which could due to quantization error of digital processing or measurement noise.
Mathematical analyses and numerical simulations demonstrate robustness of this
sensorless algorithm. However, motor parameter variations and measurement
inaccuracies still introduce rotor position estimation error. Sensitivity analyses to motor
parameters and measured signals are also presented. According to this flux-based
sensorless approach, a new algorithm is proposed. The estimated back-EMF peak value
is involved in the new algorithm as an additional parameter. By tuning the weighting of
the new parameter, better performance than the original algorithm’s can be obtained. By
using ModelSim/Simulink/PSIM, the system-level simulation can be achieved and the
influence of sampling rate on speed error is also presented. All registers in the proposed
control IC can be observed via the JTAG download cable. An experimental platform has

been constructed and results are given for verification.
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3-phase permanent magnet synchronous motor

Type Y-connection, 12 poles
Rated voltage 12V
Stator resistance 0.6 Q
Stator inductance 0.102 mH
Back-EMF constant 0.595 mV/rpm
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Hb[11..0] Da[a..0]
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5.1 BRI R Rl RTHICHEMT R

BI5.15 B ipler B iplid B3 dlICH & = BBl > L8 & 45 v il TR
ARPIERGRIE -J* ZRERPIBLERGRE -2 RIFFITH & T
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| 1 I |
| ! 1 Sensor |
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%51 @ RZFIICHFTERE A
NO. Name Range Description Status
PWM control related parameters
0 Servo 0/1 (Servo on/off ) R/W
1 D, -280~280 a-axis voltage command R
2 D, -280~280 b-axis voltage command R
3 D, -280~280 c-axis voltage command R
Current(Torque) control loop related parameters
4 I, -2048~2047 a-axis current feedback R
5 I, -2048~2047 b-axis current feedback R
6 Ic -2048~2047 c-axis current feedback R
7 | _cmd -1500~1500 | Current command R
8 H., -2048~2047 a-axis Hall sensor signal R
9 H, -2048~2047 b-axis Hall sensor signal R
10 H. -2048~2047 c-axis Hall sensor signal R
11 I a_err -32,768~32767 | a-axis'current errorssignal R
12 I b_err -32,768~32767+ | b-axis currenterror signal R
13 I c_err -32,768~32767 | c-axis current error signal R
Speed control loop related control parameters
14 | Speed_cmd | -10000~10000 Speed command R/W
15 | Speed_fed | -32,768~32767 Speed feedback R
Speed estimator related parameters

16 (o -10000~10000  |Sensorless speed feedback R
17 est 0~500 Sensorless rotor position signal R
18 DOpan -10000~10000  |Sensors speed feedback R
19 O 0~2880 Sensors rotor position signal R
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#iveha & > FHe YFPGAF & g BB R Pl#E R IHIIC > &% & &£ 12 K P (gate
count)* | > B ARIP T ELE F e ff 0 (e A *gd Logic Elements(LES)i# * 9% & »

4 7 TEGK G w A o

52X B RFANCR * TihA{r4 > B¢ a2 PlERERIE R GRIEEFHICS
- L

A eng ko @ gt 3ECyclone £y

R #l1C

2 LES% 12,0601 » ¥ 11 % Sh 4 it = B chps B & R PE

%52 @ REIFAIICE* FTihish 474

TR L i % 7k (LEs)
PWMA 4 7 i 63
EILPER A4 TR 18
i# R PPl B 500
AR PIE R BB E 4018
BRliE R R R 2370
e AT R 1264
BE VL B 4k T 503
#h 2R 2 A 949
T 77
Total 9763
7oA (%) 80%
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5.2 "? B JE ,f’: Ak

BIS.25 Nk Hh BEd Bird| s g BT 5y 288450 — Bl2HP5a L 4K
BEHEE s # FRTE > MELE P2 w T B - Alteraz. Cyclone % 7] # EP1C12F256
P - SR AT N B R EEA AL o FPGA G 4 k sz w0 f
FRB IR s LA 2 R R R AR ERARGR o B #F BT RN
B R BT RAALEE e F % o Cycloneds * ~ vz a k- E 7R
REFPGAI- 414 » SR 5d FPGAf #1422 %5 :C BUSE 1 5 i o F Shir
PEETR AERAGENAEES LMo FoRF DB F TS 2 gk BREBERILE
d C BUS:% 3|FPGA#; 414+ o ¢t #t % g ByteBlasterll > # & B 4 & "4 * Quartus Il¢
Signaltap Il Logic Analyzer[19]:# B~Cyclonep $8#7 75 Benficie » kX F 5|5 F @& B I 4]en
o P -

Signaltaio |

Logic Analyzer

B5.2 1FPGAL fdtz XEF#H 5 EFHFET 29 WH
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%5.3
AW AL dhE e iliciE

3-phase permanent magnet synchronous motor

Type Y-connection, 12 poles
Rated voltage 12V

Stator resistance 0.6Q

Stator inductance 0.102 mH

Back-EMF constant 0.595 mV/rpm

Rotor inertia 1.056 x 10°® kg - m?
Mech. time constant 0.27 sec

521 FPGA#z## 1 %

A< #* Altera Corp.#72 A Cyclone % 7| 3] 5L 5 EPIC12F256:% & » # % & < /|
P8 BBER > -3 USRAMGZ A#H 2 FPGA» £ 5 7 £47 &Y 1
Lo 2 AR SRF B o T P RE S P TR 2 FPGARHIE o iR d
Mg L Fs F R B R W BAeBIS.3 TR ord & H o e 35
(1) #& & - B 8M*16bit:Flash Memory
(2) # £~ B4AM*32bit:"SRAM
(3) # #21® 10-pinde5f - & % & ¥ ¢ ALTERA= # cdownload cable--- ByteBlasterl|
MITAGHS:S E 32 ¥ Cyclone s 738 7 » &% 11 ASHC;Y $TEPCSA:E 7% » o
(4) 4% &~ 8 if 12-biterg vt e (= T B (ADS7844) o
(5) FPGA¥z#lfF e hkih i B d B Ao F%FHRE %ﬁ?’ C BUS# &5V E i
TR FBEHEAFE L DT RTEBRERE L33VHERT R BB FPGAIL I
F TR IR R e
(6) C Bus = **FPGAr 4l eh¥ & » 2 3 E A g Fpd 2 ming > 81 5

v .

PWM ~ ADC/DAC ~ LCD ~ SPI -
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BE DL A TR : '5”"Q C 57 R RRIEAICH 3
s BHcE > R B TR s ﬂgﬁ,ﬁv%é P 8 T TR WO Iy [
T P *tFPGAZ DSPinS £ 3 % 5 45+ FPGAR DSPE #14 » J5 4 4p 2
CBUSE # 5 /i o W iiEid » P %Mo d A2 FAIFHDPE FR - B5435

BEAGAERFAH R SRR AR TR I HREA G TR B TR
BEESGFITREIEA TR TR -

d M EP T A LB ER%RT S8 1 DSPE B i LB FPGAS B i Bt - © s
Flet i % F LB BDSPRE k2 T T ILLS 0 fORE B 2 5 BFPGA & L iz IC
FAR RESEF R A APR A BRI .
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USB
[
SEE LSS FPGA or DSP

Control Board

P it e

ADCIMN10~15, PWMT~11,

CBUS

CBUS

oi~3,001~4

ADCIM O~7

ADC
Interface
Circuit

i

Spindle Motor Driver

_ AN
Spindle Mutur(\ /‘> :
{ ¥ Hall Amplifier

CBUS /\
CBUS

P 1~6

DAC
(ZircLit

Serial
Interface
Zircuit

DAC 0~3

RS 232

B54 BEFHKAN G A HE

5 5% T EACHES o 1 BIT 2 $2uBAE 26X E ~ IRFT404(P-channel)? IRF7301(N-

channel) 7 H = 2. = Ap 3 5 B 2 RWML & FAER By disusl » § B gL 3 B impe o

IRF7404RT 38 > 4p & & > § UGGtz pio RIM B 5 PWM2 5 ™ AR B B 33 450
o HUBE B e IRFTI0IRIM B i F # 0 f BB s s pk o i

@ OB R 2 Vs 20V 0 % EDC Link Voltage 5 12Veng f 0 = 345 5+ 8 E1MHz

F o

12\;1\

5.1\#% _TouF
1 56k
<3900
J—| n 1.6ak
FLL 2.2k
1.2k0 ETE,
‘ 47k

B5.5 B E5d TR
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Tl Corp.2 # 2. DAC7513[20] & % v enfic (24 V. & 4% T B 4cBI5.6 0 1 (F 3 R &
27-3.6V B l-B A F 2 20MHZ » ¥ § LB HD Heim i & 0 A1 12:bit 47 B
AR RE T ERIRE S S SO R I

AIVE
o

1

T o1

VREF

SPISS0 ST
SPICLK SCK
SPIMOSI DIN

DACO

GND  WDD
VFE,
<=
\:./
'S

DACTS13

N

B15.6 #cimapt fEE TR

Tk R T EACFIST > A AR £ Foet > T TR
BepHE RS Bt TR LD § G 123 0 3dBAR 5 & 1.76kHZ - O ena v

WHLT R F 5 0-3.3V 0 1% T ADSTBAART - B UL B -

|
|
|
S |
|
10k ,
— W * 1 To ADC
10K | J%L
|
|
|
|
|
|
|
|

f?ﬂ:ﬁﬁ To Motor = 10k = 3k
D i 10k
phase current | 1
:DR 0.01u
EES R

URUEE RS SRR I
(1) Port1 : CBUS

(2) Port2 : NBUS » 1 & £ USB /i & 5L °
(3) Port 3 : DC Power Supplyﬁ%] o
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@ Port 4: 2 #FBEERETHL FEEFRABNNERFS FE AN OG R
# oo

(5) Port5 : 5 | # % 5 i Bpde T RS AR A 5 i AR

(6) Port 6 : FPGAZ JTAGH 3¢ % » i # 3% -

(7) Port 7 : FPGAZ ASH-: & » i 438 -

(8) Port 8 : DSP% » i #: 4 ©

(9) Port 9 : 4 iz jﬂ: . 3..‘@5@;713@] M ARERERBIEEL o

(10) Port 10 1122 PWM3L 5L » ~ 4l ffci 47+ 3UELE ~ ~ 16/ 470 i e su 5t

F158 BEFHRw
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5.3 # sk % a4

B15.9 % Quartus 117k 35 T #72 T#m’\lﬁi’%ﬁ SR R A W ¢ 3
AR TR R R TR R ER R R R E - e TR
% PWM# Dead-Time4 2 &

o

- feedhackicnnlml

—{ ik _Shd u_srr[15.0]
DOoUTD[1S..0] v _am[15..0]
DOUTI[15..0] Iw_err[15..0]
DOUTZ[15..0] I_sentrol_enable
DOUTZ[15..0] Hu[15..0]
scaler_enable Huw[15.0]
Speed_srr[15.0] Huw[15_0]
Speed_sontrol_enable Ha[15.0]
SPI_CLK
SPI_DOUT

B 50, EREGIR HAT 48 > K F)

531 #* MBARERREL AT REE L

B15.10(a)(b) & F_i# $=41] A 1 (500 rpm) 25T o B4 520 kHz¥2 100 kHzz & A&
Fh XEFERBAFZENFZELHI AL BN DPE HEIZHESF LR
AR AT B A 67 BRREA N 0 TS & BPIIEE R Rl o f SRS
20 kKHzP# > #id 5 pIEE A £ % 9300 rpm 0 7 i F PR 3% % 1100 kHzpF o i
PIEAE B~ 5200 rpm > 7 P ez o B]5.11(a)(b) & % 454 B i (4000 rpm)F-
A5 o BoARAE 520 kHz£2100 kHz2 i# & 5% % BoR4E 520 kHzps » &3¢ & R34 &
B % 5260 rpm o 7 iE g BoRAE 4% B 3100 kHzPF o i iR L £ &+ 5150 rpm e

i E ks TR T LTSS X
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532 ERPIERITHFTHRESE ST
B15.12 5 %8 £ fdi# (4000 rpm) ~ B~ 4F 220 KHzH25™ > (2)X=1(b)X=0.252
SRS d BT P B N ATl ehf B Rl 5 2 (X=0.25) sl i Rkl BB A eh
o B15.13 5 F_id 4 4] f 9 & (4000 rpm) ~ B~ 4E % 100 kKHzH25 T > (a)X=1(b)X=0.252
@A SR 4 F AR o o B5.12825.137 F 90 J M BEAE 4% 3 1100 KHz

)

F] b AP RO PR AR 5 20 KHz ~ X=122X=0.25p% » H fid BRI AL ¥ P R el o B
5.14 5 i# $74] t i i (4000 rpm) ~ X=0.25pF » B~ 4547 ¥ (a)20 kHz(b)100 kHzz i# B %8
Moo BT A5 o 5155 A BHR4E 5100 kHz ~ X=0.250% - 524 & 4 4 1400 rpmi
6000 rpmeiag A& dp4] o Bor 2t B PLE B E 2 B L R BRI 0 B5.16 5 P HRE 5
100 kHz ~ X=0.25p% » = & & 1400 rpm3 6000 rpm ik A& R EE TR
o BRBIFEZREZETE RaWRFEAIRA > AT BRBIHLELERGR A
toqR b o B15.17 5 TiEi# 6000 rpmpF > S R BRI 0 d R E R R BT
ZEFSd BT g N EERRBEAGATRRIZES AR TERT T
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