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CHALERMPON PEWMAIKAM : TORQUE CONTROLLER OF
AUTOMATIC SCREW MACHINE IN SCREW FASTENING PROCESS
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DC MOTOR/ TORQUE CONTROL SYSTEM DESIGN/ OBSERVER/ ADAPTIVE

LOAD TORQUE COMPENSATOR/ FUZZY LOGIC CONTROL.

Screw fastening process with using automatic screw machine plays an
important role in the industrial applications. To do the process efficiently, it requires
an accurate output torque value. However, it is hardly to maintain the required output
torque. Also there are some deviations caused by using the damaged screw grooves or
the nonstandard screw groove, etc. Consequently, the disturbance torque is unsteady,
which make automatic screw machines respond inefficiently. This research presents
the torque controller design of automatic screw machine. The controller of the
machine has been design based on the concept of feedback control system. The speed
sensor and current sensor are used to monitor the torque. Output data from the sensor
is monitor the control system and to estimate the output torque of the machine. Use
the observer with adaptive load torque compensation by fuzzy logic method. As a
result, the output torque and the disturbance torque can be a calculated precisely. The
response of the torque control system is improved. Furthermore, results of disturbance

torque can be used to make the automatic screw machine working more accurately.
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Magnetic field

?

One wire of
armature coil
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1. Armature — Controlled Motor

2. Field — Controlled Motor
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(3.8

X = Ax+ Bu+ HI
y =Cx
B A = WEINFAAAv0ITEUY [2x2]

B = wa3ndounavessyuy [2x1]

C = wANHoMNAVDITZUY [2x2]

H = wesngaisunIuvedssu [2x1]
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T, =K. -i (3.10)
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3.2.2 gﬂizuumuﬂmmuﬁ‘la (PI - Controller loop)
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s
4 o o Lo  ,
e Kp = dulseanidimuquuuudadiu
Ki = duilsgansainmuguuuusunnia
T
T v T
Kt M Cg? R
Is+b

A 9 A o J J 9|
glhfl 3.5 !LWHﬂWWIﬂﬁﬂﬁi%ﬂigﬂﬂﬂ'JUﬂﬁJLLﬁQUﬂaWﬁGU@Qll'ﬂm@ﬁvlwv\hﬂigllﬁﬁiﬂ

3.3 fdunn

a A o

lumalfiRdusanavesszuunemed Ifhnssuaasaiiinsanymiy limunsa
a1 Tagnsq doiu sufuzdedsznamdusana Taolddrdunagszuudesd
auauialumsduna’ld ssoufisraunsadszinudidnlsmna Taeldmdunaldiudos
AWITONTIVAIDUNA Uz yAveITzuY 18 nann1siauvessIdunarziiiain
uanaszH IR NAvessTULiideIn szl sTnam I man Az R NARINITULYEL

1] Y
ﬁﬂlﬂ@m”lﬂizll’mNaW”I‘Llﬂ”Ii’]ﬁi”IEUEJ”IEJ“]J’O\WI’JE‘NLﬂmﬁﬂaﬂﬂ"lﬂ’J”IiJNﬂWﬂ”Iﬂi%Ti’JN‘VNﬁ@Qi%U‘U

Y
Av A

v o { g v o g ! { o 1A U { o
Tunuitsilldmdunanilusuduay Tashszuuinhimsaneiisduna e Anszuaean



23

J 1 4 1 J < 4 {
amuauaeliunuemes (U ) daueidna Ao Anwi3asouvewemes (o) uaznszud lWihn

4 J . 4 9 v v o I
D13LULDT (Ia) LLNuﬂ1Wi%‘]_l‘]Jﬂ’J‘]_lﬂiJ“Uﬂ\ﬁJﬂmﬂill‘w‘1/\|1ﬂ53LLE‘WI5\1ngﬁjﬁ\ilﬂﬁﬂuﬂﬂmmuﬁﬂﬂ

193109 3.6
Fnput - Output
PI controller Plant ~ Observer Gain
+
L
Error
Observer

A J 9 v W v v 3
qﬁllhfl 3.6 LLWUﬂWW'ig‘U‘UﬂTUﬂﬂJ"Uﬂ\ﬁJ@Lﬁf)3111'\'1/\]1ﬂ3$Llﬁﬁﬁ\ulagﬂ’lﬁ\uﬂ@lﬂuﬂﬂlﬁu

1 14 FY Y a g =
%1ﬂﬂ1ﬁllﬂ1ﬁsUfN3Jme®iul1/\l“V‘hﬂ'i%!l,f:’fﬁl‘i\i&lugﬂlmﬂ State Space Form Ulﬂﬂ%llﬂiﬂ%@nx‘] ‘] D

_Kadd 0

Rk
La La
. b




24

auauialumsniuguldvesszuy
P=[B AB A’B| (3.13)

winm det®, )= 0 szuvaziiguanialumsaiuguld

auauianuduna ldvesszuy farsan

P =| CA (3.14)
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|S| —(A- LC)| = (S— ) (58— 1,)(S— 1t3) (3.15)
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Tagnonsversazeglugl

L=|L, (3.16)
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34 mrvawes¥asdnuuulSunala (Adaptive Fuzzy Logic Compensator)
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gﬂﬁ 5.1 U3 UU Precision Modular Servo

gunsaldnilszneuvesszuu fie

1. 33 — 008 — PCI — Precision modular servo and software packed for PCI bus

2. DCM 150 F — DC motor — primary control power source

3. LU 150 L — Magnetic brake load — apply torque load to DC motor

4. GT 150 X — Gearbox/Tachometer — tachometer for motor speed measurement.
Provides an output voltage proportional to the speed. The gearbox provides a different drive ratio
to the output potentiometer

5. 33-300 — Digital Encoder — provides an accurate angle measurement corresponding
to the motor position. The digital signals from the encoder are sent to I/O board via the wide
ribbon cable.

6. PS 150E — Power Supply — power supply for the whole system. Provides +15 V
and -15 V rails.

7. SA 150D — Servo Amplifier — the amplifier provides the controlled power to DC
motor

8. PA 150C — Pre-Amplifier — a pre — amplifier which provides the correct signal
range to the servo amplifier.

9. 33 — 301 — Interface unit — use to scale the analog input and out to the I/O board in

the PC to the correct operating range.
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10. AU 150B — Attenuator — use to set the input to the motor control circuit to correct
operating level.

11. 1P 150H — Input Potentiometer — establishes the set point for manual position
control. Provides an analogue voltage proportional to its angular position.

12.  OP 150K — Output Potentiometer — used as a visual display of motor (gearbox

shaft) position. It provides an analogue voltage proportional to the position.

3% 5.2 udA3 PCI 1711 Card
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Voltage (V) Ia (A)  (rad/s) b (Nms/rad) Te (Nm)
0.000 0.011 0.00 3.4193 x10™ 0.00077
0.247 0.094 0.00 3.4193 x10™ 0.00658
0.501 0.180 0.00 3.4193 x10™ 0.01262
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3.507 0.242 50.46 3.4193 x10™ 0.01519
4.000 0.249 59.54 3.4193 x10™ 0.01539
4.498 0.255 68.79 3.4193 x10™ 0.01550
5.013 0.261 78.40 3.4193 x10* 0.01557
5.507 0.266 87.30 3.4193 x10™ 0.01566
5.997 0.272 96.21 3.4193 x10™ 0.01577
6.503 0.276 105.46 3.4193 x10™ 0.01571
7.030 0.281 114.89 3.4193 x10™ 0.01577
7.513 0.286 124.32 3.4193 x10™ 0.01579
8.003 0.291 133.40 3.4193 x10™ 0.01581
8.370 0.294 140.03 3.4193 x10™ 0.01579
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J <
n2  mafBauiagunsaianiniisen (GT150X)
o I o @ { v 1 3
sutludesriimisfTeudaginsainl¥lumstaninnusiseuvesneames i
4 ' e . 3 v 4 v 2
NIEHAATUNDHIA Sensitivity Y09 Potentiometer LAZ11M1511/3 8110 VAUIATOITANIINIG)

S ISINER!

v ) 1 <3 1 1 [
13719 N.1 !,Lﬁﬂ\?Wﬂﬂ”liflﬂl!azﬂ”liﬂ”lu?ﬂ!ﬂ”lﬂ?”mﬁ']iﬂﬂlla$ﬂ1ﬂ31ﬂﬁ1ﬂﬁﬂgﬂlﬂﬂi’2ﬂﬂ3iﬁ

GT150X GT150X GT150X Stroboscope
(rad/s) (RPM) (Volt) (RPM)
0.00 0.00 0.00 0.00
29.32 280.00 0.68 285.23
38.75 370.00 0.94 376.55
48.17 460.00 117 466.21
56.55 540.00 1.42 545.70
63.88 610.00 1.63 615.17
71.21 680.00 1.83 685.12
78.54 750.00 2.05 755.24
86.92 830.00 2.28 835.00
94.25 900.00 2.46 904.87
101.58 970.00 2.68 975.11
108.91 1040.00 2.88 1044.17
116.24 1100.00 3.08 1103.67
12357 1180.00 3.29 1184.00
130.90 1250.00 3.48 1255.15
138.23 1320.00 3.69 1325.83
14556 1390.00 3.90 1396.50
152.89 1460.00 4.10 1465.25
167.55 1600.00 4.48 1604.85
183.26 1750.00 4.89 1754.00
197.92 1890.00 5.28 1894.67
213.63 2040.00 5.69 2044.95
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GT150X Signa Amp meter

(RPM) (Volt/Amp)
0.00 -1.322 -0.141
330.00 -1.022 0.235
680.00 -0.973 0.267
980.00 -0.940 0.295
1280.00 -0.894 0.320
1570.00 -0.875 0.345
1870.00 -0.800 0.360
2150.00 -0.790 0.380
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[ 1 v d < 4
13719 N.3 BEAINANITIAAINTSLLE ANUANANY ﬂ'J”IllLi'JGIJ@Qll’E)m’f)'illw%l\hﬂizuﬁﬁiﬂ

1 A A <] 1 =~
!,Lazﬂiwmmiwamwmmm*nmsa 500 5UMBUIN

500rpm

Amp | Voltage | Speed | Disturbance | Magnetic Power Net

(A) (Volt) | (rpm) | Torque (N.m) Level (watt) Current(A)
0236 3.385| 485 0.01649 0 0.79717 0.2355
0237 | 3.378| 480 0.00011 1 0.80047 0.0015
0.283| 3335| 445 0.00329 2 0.94214 0.0470
0.353| 3.266| 400 0.00819 3 1.15126 0.1170
0456| 3.159| 335 0.01540 5 1.43870 0.2200
0635| 2969| 220 0.02797 10 1.88499 0.3995
0977 | 2.645 0 0.05187 | stopped 2.58284 0.7410

[ 1 v d < 4
13719 N.4 BEAINANITIAANTSLE ANUANANY ﬂ’J"IllLiTJGUf’Nll’E)m’f)'illw%l\hﬂizuﬁﬁiﬂ

1 a A 5] 1 ~
!,!,az‘ﬂizummiwamtsm@mmmgi’; 1000 59UADUIN

1000rpm

Amp | Voltage | Speed Disturbance | Magnetic Power Net

(A) (Valt) (rpm) | Torque (N.m) Leve (watt) | Current (A)
0.265| 6.220 995 0.01855 0| 1.64830 0.2650
0271 | 6.215 985 0.00042 1| 1.68427 0.0060
0.366 | 6.120 920 0.00707 2| 223992 0.1010
0502 | 5.980 825 0.01656 3| 299897 0.2365
0.716 | 5.755 690 0.03154 5| 4.11770 0.4505
1.099| 5.325 470 0.05838 10| 5.85218 0.8340
1951 | 3.500 0 0.11799 stopped | 6.82675 1.6855

[ 1 v d < 4
AT N N5 HEAPNNDNITIAAINTSUT ANUANANY ﬂ'J”IllLi'JGIJi’Nll’E)m’f)'illw%l\hﬂizuﬁﬁiﬂ

1 A A <] 1 ~
!,Laxﬂigll”ImﬂTTWaﬂLLiﬂ']Jﬂﬂﬂfnllﬁ? 1500 59UADUIN

1500rpm

Amp | Voltage | Speed Disturbance | Magnetic Power Net

(A) (Valt) (rpm) | Torque (N.m) Level (watt) Current(A)
0.298 | 9.115 1515 0.02086 0| 271627 0.2980
0.309 9.105 1500 0.00074 1| 2.80889 0.0105
0438 | 8.975 1415 0.00977 2| 3.92656 0.1395
0.652 8.750 1270 0.02478 3| 5.70500 0.3540
0.981 8.395 1080 0.04781 5| 8.23550 0.6830
1585| 7.750 725 0.09009 10 | 12.28375 1.2870
1964 | 3.900 0 0.11659 stopped | 7.65765 1.6655
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[ 1 v d < 4
13719 N.6 LEAINANITIAAINTSLLE ANUANANY ﬂ'J”IllLi'JGIJ@Qll’E)L@ﬂ'illw%l\hﬂizuﬁﬁiﬂ

1 A A <] ' =
!,Laxﬂizmmﬂﬂwamﬁmﬂ‘nmm&i’s 2000 59UNBUIN

2000rpm
Amp | Voltage | Speed Disturbance | Magnetic Power Net
(A) (Valt) (rpm) | Torque (N.m) Level (watt) Current(A)
0.336 | 12.135 2030 0.02352 0| 4.07736 0.3360
0.358 | 12.105 2010 0.00158 1| 432754 0.0225
0.513 | 11.940 1915 0.01243 2| 6.11925 0.1775
0.819 | 11.620 1730 0.03385 3| 9.51097 0.4835
1.226 | 11.100 1465 0.06237 5| 13.60860 0.8910
1.900| 9.335 900 0.10952 10| 17.73183 1.5645
1972 | 3.850 0 0.11459 stopped | 7.59220 1.6370
Digturbance Torque Estimation
0.12 “ T T ‘I T
i ——2000 RPM | |
= 0.1~ i ——1500 RPM i Expert Le\/el/
= i ——1000 RPM | l¢ >
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< 0.04 ! !
=} 1
@ | i
o 002 ! i
i
I 1
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Load Level

g1 n.8 uaasInaaussdialunaazszaunldvinmsiszanuves Magnetic Brake Load
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(Torque — Speed Curve)
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[ 1 v d < 4
TN N7 LEPNNDNITIAAINITSUT ANUANANY uazmmgs:ﬁummmaﬂﬂ%msmamq

A o a 1 ~
nanuGIEazlna 2000 50UMBUIN

2000RPM
Current(A) Voltage(Volt) Speed(RPM) Estimated Torque(N.m)
0.336 12.135 2030 0.023520
0.358 12.105 2010 0.025025
0.513 11.94 1915 0.035875
0.819 11.62 1730 0.057295
1.226 11.11 1465 0.085820
1.900 9.335 900 0.132965
1.972 3.850 0 0.138040

o 1 ' v J < J
AT N N.8 HFAAINANITIAAINTEUT ANUANANY LLazﬂ’me’JﬂumﬂJamaﬁ"l“l/mmimﬁmi

A < a ' ~
nNaNuGIEAIZUNA 1500 5UABUIN

1500RPM
Current(A) Voltage(Volt) Speed(RPM) Estimated Torque(N.m)
0.298 9.115 1515 0.020860
0.309 9.105 1500 0.021595
0.438 8.975 1415 0.030625
0.652 8.750 1270 0.045640
0.981 8.395 1080 0.068670
1.585 7.750 725 0.110950
1.964 3.900 0 0.137445

o 1 1 v d < 4
#1379 N.9 BEAINANITIAAINTSLLE ANUANANY uazmmzs’mmmm@s"lvm”msmamq

A o a 1 A
nanuGIgAzYnG 1000 39UADUIN

1000RPM
Current(A) Voltage(Volt) Speed(RPM) Estimated Torque(N.m)
0.265 6.220 995 0.018550
0.271 6.215 985 0.018970
0.366 6.120 920 0.025620
0.502 5.980 825 0.035105
0.716 5.755 690 0.050085
1.099 5.325 470 0.076930
1.951 3.500 0 0.136535
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[ 1 v d < 4
13719 N.10 UFANINANITIAAINTSUT ANUANANY uazmmgs:ﬁummmaﬂﬂ%msmamq

A o a 1 ~
nanuGIEazdna 500 5URNBUIN

500RPM
Current(A) Voltage(Volt) Speed(RPM) Estimated Torque(N.m)
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Adaptive Fuzzy Logic Compensator for Permanent
Magnet Synchronous Motor Torque Control System

Pewmaikam C., Srisertpol 1., and Khajorntraidet C.

Abstract—A torque control system of Permanent Magnet
Synchronous Motor (PMSM) is an important process in
industries, especially in the hard disk drive assembly processes.
For example, the automatic screw machine is one of important
machines in the hard disk drive assembly processes. The PMSM
is a fundamental comy of the aut screw machine.
The feedback torque control system use estimated torque
received from motor current. The disturbance torque caused by
the screw process depends on the quality of the screw heads and
screw holes. The automatic screw machine requires precise
output torque because the error of output torque affects the
automatic screw machine performance. The damage in the hard
disk drive assembly process may result from an inaccurate
output torque. For instance, the defect of product is broken
threads of the screws and the out of length of the screw heads.
When the control process requires precision output torque, the
machines must be calibrated by operator with standard value
consumed 20-30 minutes per machine. This paper presents a
torque control system with an adaptive fuzzy logic compensator
for torque control and torque estimation simultaneously. The
method of the research can increase the efficiency of torque
control system and decrease the calibration time of the
automatic screw machines,

Index Terms—Permanent magnet synchronous motor,
control theory, observer and adaptive fuzzy logic compensator.

I.  INTRODUCTION

The PMSM has also been expolit in many fields. The
serew driving process, one of the important machines in hard
disk drive industry, can take part of hard disk drive to adjoin.
By using a feedback control system of the automatic screw
machine, torque of the machine converted from current and
Linear Variable Differential Transformer (LVDT) is used to
verify length of the screw heads. The torque screw driver
must be controlled both speed and torque. In the original
method speed control of PMSM use the procedure that ensure
robust speed contrl against the variations of the moment of
inertia and step change of load torque [1]. A screw driving
process requires precise output torque. Many problems
happen in the screw machine process, for example the screw
and screw groove do not match and a quality of screw groove
out of standard. The machines have to increase an output
torque affected the physical system of the machine. Because
of this reason, the physical system is changed. Each screw
machine has different values of PID-controller parameters
that improper for screw driving process. The screw driver of

Manuscript received March 11, 2012; revised April 4, 2012. This work
was supported i part by the Suranaree University of Technology

The authors are with the school of mechanical engineering, Institute of
engineering, Suranaree University of Technology. Nakhon Ratchasima,
Thailand, 30000 (e-mail: chalermpon_tle@hotmail.com; jiraphon(@sut.ac.th;
chanyut_k@hotmail.com).
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automatic screw must be calibrated by standard machine,
which takes time in calibration process about 20 — 30 minutes
per machine that affects the hard disk drive assembly
processes performance.

The dynamic responses of the PMSM motor transformed
to the estimated rotor frame are nonlinear, thus the observer
and observer error dynamics are nonlinear. The stability of
control system is analyzed as a linearized error model [2].
Nowadays. fuzzy logic is one of the well known methods,
which is used to overcome the problem in many fields, and
also in electrical machine control problems. The main idea to
design the fuzzy logic is based on the exact behaviors of the
machines. Therefore, fuzzy logic can perform very well with
nonlinear system, e.g. AC machines [3]. A Fuzzy control has
been employed to control temperature. The error-count is
used to trigger the fuzzy inference process [4]. A novel
self-tuning PI controller is real-time designed according to
the identified parameters based on pole assignment theory;
the least-square estimator and a torque observer are used in
the system [5]. A fuzzy Pl-Controller is described that take
into account some of the unique characteristic of such a
furnace. Entries in the rule base are used to prevent integrator
windup, and a fuzzy gain scheduler allows the controller to be
tuned and used over the whole operating temperature range of
the system [6]. The structure hierarchy and computational
complexity of the controller were simplified by reducing the
number of fuzzy groups in the membership function without
losing the system performance. The tuning of fuzzy logic
controller is achieved by development of a knowledge/rule
base with scaling factors [7]. Additionally, a fuzzy logic
based direct torque control of PMSM can improve the
performance of the drive in term of torque, flux, speed and
current ripples [8].

A worldwide energy-saving emission has stimulated
extensive application of permanent magnet synchronous
motor in industry. This work is a contribution to velocity
control of the permanent magnet synchronous motor. The
model of the permanent magnet synchronous motor has
multivariable, highly nonlinear, strong coupling character
with external load; in order to control this complicated
nonlinear model, the hierarchy model reference dynamic
mversion control method has been developed [9]. The speed
Sensorless Indirect Field Oriented Control (IFOC) of a
Permanent Magnet Synchronous machine (PMSM) is studied.
The closed loop scheme of the drive system utilizes fuzzy
speed and current controllers [10]. A DSP-based nonlinear
speed control of a permanent magnet synchronous motor
(PMSM) is robustness for unknown parameter variations.
The model reference adaptive system (MRAS) based
adaptation mechanisms for the estimation of slowly varying
parameters are derived using the Lyapunov’s stability theory
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[11]. The current control schemes for a voltage source
inverter-fed PMSM drive can be classified as the hysteresis
control, ramp comparison control, synchronous frame
proportional-integral (PI) control, and predictive control.
Among them, the predictive control is known as a superior
performance control scheme [12]. A technique for torque
control of DC servo motor uses an adaptive load torque
compensation method. The load torque can be compensated
to the observer, the result show that the estimated current
error from the observer is reduced [13].

This paper presents a torque control system with an
adaptive fuzzy logic compensator for torque control and the
torque estimator of the machine for torque measurement. The
method in this research can increase efficiency and decrease
the calibrated time of the automatic screw machines.

1. MATHEMATICAL DESCRIPTIONS

The governing equation of an AC servo motor consists of
two parts, electrical and mechanical systems.

A, Electrical Governing Equation

The mathematical model of the PMSM is composed of
three phase’s stator windings and permanent magnets
mounted on the rotor surface (surface mounted PMSM). The
electrical equations of the PM synchronous motor can be
described in the rotor rotating reference frame, written in the
(l-g axis) rotor flux reference frame are described as follows:

dA

vy = Ry + de - IUL,J.([ 0
da,

Vq = R_\,iq +—+ 0,4, (2)
dt

’{d =Lzt /{m (3)

Aq = Lqiq (4)

B. Mechanical Governing Equation

The torque that is generated by the energy conversion
process is used to drive mechanical loads. Its expression is
related to mechanical parameters via the fundamental law of
the dynamics as follows:

dru,,
T =J

+Bo, + 1, (35)

In the servo applications, the unknown load is a significant
parameter. The propose scheme for permanent magnet
synchronous motor torque control is shown in Fig. 1. This
control system consists of PMSM and PI controller. In
addition, the system will work with a full-state observer and
an adaptive fuzzy logic load torque compensator. The
feedback torque for this torque control system receives from
estimated current of the observer.

Observer |

L
L=

Fig. 1. PMSM torque control system

111, OBSERVER DESIGN

A cost and a complexity of the control system increase if
the number of required sensor increases. A state observer can
be designed to estimate the state variables of the PMSM via
current measurement.  Fortunately, if the system is
completely observable, then it is possible to estimate the
states that are not measured. The equations of observer are.

di, v, R i b (6)
—E =Lt —+el

a1, L, £ b T

i - ; ) (7
e/ —f=ni, L_ @, Ay +el,

di I / :

q ‘4

where I; and L, are the observer gains, (") is the estimated

state and an erroris e = 7 -7
q ¢

[V. CONTROLLER AND COMPENSATOR DESIGN

A torque control system of the PMSM is an important
process in industries, especially in the hard disk drive
assembly processes. A PI controller is used in feedback
control system. The current of the observer is the feedback
signal to the torque control system before it is converted to
torque of the motor. If the d-axis inductance is equal to the
q-axis inductance (PMSMs with surface mounted magnets),
the motor torque depends only on the g-axis, and motor
current is show In equation.

3
s Y ] @)

er x e,
telog T J controtter]—| G | Yot | InerLoop | U
T

Cantrol

I1L'ud|l.|uk ref
Fig. 2. Inner-loop control.
From Fig, 2, The G; is the integral in the inner loop of

control system and the inner loop control equations are show
in equation (9) and (10) respectively.

K.
PI Controfler = KP o 9

R
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|
G[ = TS‘ (]n)
The structure of fuzzy logic controller is shown in Fig. 3.
There are four main parts for fuzzy logic approach. The first
part is ‘fuzzification unit’ to convert the input variable to the
linguistic variable or fuzzy variable. The second part is
‘knowledge base’ 10 keep the necessary data for setting the
control method by the expert engineer. The ‘decision making
logic® or the inference engine is the third part to imitate the
human decision using rule bases and data bases from the
second part. The final part is ‘defuzzification unit’ to convert
the fuzzy variable to easy understanding variable.
The compensating control using fuzzy logic controller in

Fig. 3, iq and Fq are the actual compensating current and
the reference current, respectively. The inputs of the fuzzy

logic controller are the error and the error rate that can be
calculated by equation (11) and (12)

error =i -i (11
¢ q
d (iq - fr] )
error rate = ———— (12)
dt
knowledge base |
Y L
mpm,, fuzzification unit culpuib

defuzzification unit —
x
A d

= decision making logic
Fig. 3. The basic structure of fuzzy logic controller

The shape of the output signal from the fuzzy logic
controller is the pulse waveform that can be adjusted. The
linguistic variables of input and output for the fuzzy logic
controller to control the compensating torques in the paper
are shown in Table | and the parameter values of the input
and output membership function are shown in Table I The
error input, the error rate and the disturbance torque output of
the fuzzy logic controller are shown in Fig. 4, 5, and 6,
respectively.

TABLE L. THE INPUT AND OUTPUT LINGUISTIC VARIABLES OF THE Fuzzy

LoGIC CONTROLLER
Waitiahle Variable value ‘ Meaning
name
Input of the fuzzy logic controller
Error input neg The error is negative.
Zero The error is zero
pos The error is positive
F‘ rror rate dec_rate The error rate decreases.
input =
zero_rate The error rate is zero.
inc_rate The error rate increases.
Output of the fuzzy logic controller
Torgue | ZEro | The zero.
| pos The positive value.

Degree of membership function

neg 1 pos
zaro
Y
0.3 ° 0.3
Error

Fig. 4. The error input

Degree of membership function

Inc_rate

dec_rate

-3 4] 3
Error rate

Fig. 5. The error rate input

Degree of membership function
! pos
zero
T
1 0 1
Torque

Fig. 6. The disturbance torque output

TABLE I1. THE PARAMETER VALUES OF THE INPUT AND OUTPUT
MEMBERSHIP FUNCTION

Error Input (A) | Error Rate Input (A/s) | Output Torque (Nm)
0.0247 [0.3] 0.1
0.0505 [0.3] 0.2
00772 [0.3] 03
0.1048 [0.3] 0.4
0.1334 [0.3] 0.5
0.1629 [0.3] 06
0.1933 [03] 0.7
0.2245 [0.3] 0.8
0.2565 [0.3] 0.9
02893 [03] 10

V.  SIMULATION RESULTS

This section demonstrated the simulation
permanent magnet synchronous motor torque control system
when the system and controller parameters are as follow:

143
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J=1854x10 " ke m2 frad K =2224N m/ A
P=8.B=l.leO_éN~m-s!rad./lm=O.I852Wb
R =16Q.L =L =6365x107H

K d g

K =2500 4/ N-mK. =254/ N-m

P i

V=20V L f=501
s

rms rh

The simulation of the torque control system was be applied
the disturbance torque as the step function, as shown in Fig.7.
In the simulation, there were three patterns of desired inputs.
The first pattern of desired input was the step function. Then,
the desired input was the ramp function. Finally, the step and
ramp functions were combined as the process of torque screw
driver. Ifno load torque interacted with the system, the torque
control system which used estimated current from the
observer had high efficiency to control the output torque. On
the other hand, an error between the desired torque and the
output torque was occurred when the system received the
disturbance torque because of the incorrect estimated current
from the observer. Therefore, the adaptive fuzzy logic load
torque compensator was be used to compensate load torque to
the observer. The results of torque compensation to the
torque control system were shown in Figure 8,9, 10 and 11.

Flnetee)

Fig. 7. Disturbance torque
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Dynamic response of torque control in the case of the step
function input with load torque compensation
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Fig.9. Dynamic response of speed in the case of the step function input
with load torque compensation
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Fig. 10. Dynamic response of torque control in the case of the ramp
function input with load torque compensation
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Fig. 12. Dynamic response of torque control in the case of no-load
operation

For the control process of the torque screw driver in the
case of no-load operation, PI controller can control the output
torque of permanent magnet synchronous motor by using
current feedback from the observer as shown in Fig. 12 and in
Fig. 13 shown the speed response of the torque screw driver.
The response of torque and speed depict good results because
of without system disturbance,

s

s peed
o Olseryer s

3 7 ¥ O "

Timetsec)

Fig. 13. Dynamic response of speed in the case of no-load operation
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Fig. 14. The disturbance torque of torque screw process
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Fig. 16. Dynamic response of speed in the case of load operation without
load torque compensation

When the permanent magnet synchronous motor system,
an actuator of screw driver, receives disturbance torque
during the operation as shown Fig.14, the state variable
which is estimated form the observer was incorrect. If the
incorrect estimated current is used to control torque of the
system, the inaccurate output torque will occur. The result is
shown in Fig. 15 and 16.

After compensate the estimated load torque form the
adaptive fuzzy logic compensator to the observer, the error of
estimated current was reduced. The responses of torque
control system are shown in Fig. 17 and 18.
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Fig. 17. Dynamic response of torque control in the case of load operation
with load torque compensation
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Fig. 18. Dynamic response of speed in the case of load operation with
load torque compensation

Additionally, the responds of load torque from the adaptive

fuzzy logic compensator can indicate that the torque screw in
assembly process work well or has some problems during the
process. For example, if the value of load torque increases
rapidly, the misalignment of screw may occur or some parts
of the product are not match with each other.

VI.  CONCLUSIONS

The feedback of the torque control system of this method
hinges on the estimated current from the observer. The load
torque not only disturbed the system but also affected the
quality of estimated current. This paper demonstrated
advantages of the adaptive fuzzy logic compensation
technique that can be developed to the PMSM torque
estimation. The results of the rescarch shown that, this
method can improve the efficiency of the torque control
system. Additionally, this method leads to the process that
can apply to decrease the calibration time of the automatic
screw machines, reduce the cost of sensors, and develop the
diagnostic system.

NOMENCLATURES:
R, —Motor phase resistance (Q )
L‘, — d-axis inductance (H)
,'_q — q-axis inductance (H)
p — Number of magnetic poles
Tr Electromagnetic torque (Nm)
T, - Load torque (Nm)

B — Viscous damping coefficient (Nm.s)
J —Moment of inertia of the motor (kg/m’)
& — d-axis current in synchronous frame (A),

f,, — g-axis current in synchronous frame (A)

L""‘ — d-axis voltage in synchronous frame (V)

1','" — g-axis voltage in synchronous frame (V)

- Mator electrical angular veloeity (rad/s)

,- The machine angle velocity of rotor (rad’s)

-)h ,— d-axis flux linkage in synchronous frame (Wh)
/14 — g-axis flux linkage in synchronous frame (Wb)

A~ PM flux linkage in synchronous frame (Wb).
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Abstract. A torque control system of Permanent Magnet Synchronous Motor (PMSM) is an important
process in industries, especially in the hard disk drive assembly processes. For example, the automatic screw
machine is one of important machines in the hard disk drive assembly processes. The PMSM is a
fundamental component of the automatic screw machine. The feedback torque control system use estimated
torque received from motor current. The disturbance torque caused by the screw process depends on the
quality of the screw heads and screw holes. The automatic screw machine requires precise output torque
because the error of output torque affects the automatic screw machine performance. The damage in the hard
disk drive assembly process may result from an inaccurate output torque. For instance, the defect of product
is broken threads of the screws and the out of length of the screw heads. When the control process requires
precision output torque, the machines must be calibrated by operator with standard value consumed 20-30
minutes per machine. This paper presents a torque control system with an adaptive fuzzy logic compensator
for torque control and torque estimation simultaneously, The method of the research can increase the
efficiency of torque control system and decrease the calibration time of the automatic screw machines.

Keywords: Permanent Magnet Synchronous Motor, Control theory, Observer and Adaptive fuzzy logic
compensator.

1. Introduction

The screw driving process, one of the important machines in hard disk drive industry, can take part of
hard disk drive to adjoin. By using a feedback control system of the automatic screw machine, torque of the
machine converted from current and Linear Variable Differential Transformer (LVDT) is used to verify
length of the screw heads. A screw driving process requires precise output torque. Many problems happen in
the screw machine process, for example the screw and screw groove do not match and a quality of screw
groove out of standard. The machines have to increase an output torque affected the physical system of the
machine. Because of this reason, the physical system is changed. Each screw machine has different values of
PID-controller parameters that improper for screw driving process. The screw driver of automatic screw
must be calibrated by standard machine, which takes time in calibration process about 20 — 30 minutes per
machine that affects the hard disk drive assembly processes performance.

The dynamic responses of the PMSM motor transformed to the estimated rotor frame are nonlinear, thus
the observer and observer error dynamics are nonlinear. The stability of control system is analyzed as a
linearized error model [1]. A novel self-tuning PI controller is real-time designed according to the identified
parameters based on pole assignment theory; the least-square estimator and a torque observer are used in the
system [2]. A Fuzzy logic has been employed to control temperature. The error-count is used to trigger the
fuzzy inference process [3]. A fuzzy Pl-Controller is described that take into account some of the unique
characteristic of such a furnace. Entries in the rule base are used to prevent integrator windup, and a fuzzy
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gain scheduler allows the controller to be tuned and used over the whole operating temperature range of the
system [4]. The structure hierarchy and computational complexity of the controller were simplified by
reducing the number of fuzzy groups in the membership function without losing the system performance.
The tuning of Fuzzy Logic Controller is achieved by development of a knowledge/rule base with scaling
factors [5]. A worldwide energy-saving emission has stimulated extensive application of permanent magnet
synchronous motor in industry. This work is a contribution to velocity control of the permanent magnet
synchronous motor. The model of the permanent magnet synchronous motor has multivariable, highly
nonlinear, strong coupling character with external load; in order to control this complicated nonlinear model,
the hierarchy model reference dynamic inversion control method has been developed [6]. The speed
Sensorless Indirect Field Oriented Control (IFOC) of a Permanent Magnet Synchronous machine (PMSM) is
studied. The closed loop scheme of the drive system utilizes fuzzy speed and current controllers [7]. A DSP-
based nonlinear speed control of a permanent magnet synchronous motor (PMSM) is robustness for
unknown parameter variations. The model reference adaptive system (MRAS) based adaptation mechanisms
for the estimation of slowly varying parameters are derived using the Lyapunov’s stability theory [8]. The
current control schemes for a voltage source inverter-fed PMSM drive can be classified as the hysteresis
control, ramp comparison control, synchronous frame proportional-integral (PI) control, and predictive
control. Among them, the predictive control is known as a superior performance control scheme [9]. A
technique for torque control of DC servo motor uses an adaptive load torque compensation method. The load
torque can be compensated to the observer, the result show that the estimated current error from the observer
is reduced [10].

This paper presents a torque control system with an adaptive fuzzy logic compensator for torque control
and the torque estimator of the machine for torque measurement. The method in this research can increase
efficiency and decrease the calibrated time of the automatic screw machines.

2. MATHEMATICAL DESCRIPTIONS

The governing equation of an AC servo motor consists of two parts, electrical and mechanical systems.

1) Electrical governing equation:

The mathematical model of the PMSM is composed of three phase’s stator windings and permanent
magnets mounted on the rotor surface (surface mounted PMSM). The electrical equations of the PM
synchronous motor can be described in the rotor rotating reference frame, written in the (d-¢ axis) rotor flux
reference frame are described as follows:

da

. ’ d

Vg = Rig + -84, )
d/lq

l’q % Rsiq +—+ (uexld (2)
dt

Ay =Lyig+ 24, (3

Ag =Ly, “

2) Mechanical governing equation:
The torque that is generated by the energy conversion process is used to drive mechanical loads. Its
expression is related to mechanical parameters via the fundamental law of the dynamics as follows:
do

- 4 i
7€=JT+BQ)E+IL (5)

Where R is motor phase resistance [Q], L, is d-axis inductance [H], L_is q-axis inductance [H], Pis
number of magnetic poles, 7, is electromagnetic torque [Nm], 7; is load torque [Nm], 5 is viscous damping
coefficient [Nm.s], J is moment of inertia of the motor [kg/m2], i, is d-axis current in synchronous frame
[A]. fq is g-axis current in synchronous frame [A], 77, isd-axis voltage in synchronous frame [V], Vq‘ is g-axis
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voltage in synchronous frame [V], @ is motor electrical angular velocity [rad/s], @, is the machine angle
velocity of rotor [rad/s], A, is d-axis flux linkage in synchronous frame [Wb], 4 is g-axis flux linkage in
synchronous frame [Wb]. 4, is PM flux linkage in synchronous frame [Wb].

In the servo applications, the unknown load is a significant parameter. The propose scheme for
permanent magnet synchronous motor torque control is shown in Figure 1.

Inner-Loop Tt

Controller Contral

Qbserver Gain

Fig. | PMSM torque control system

3. OBSERVER DESIGN

A cost and a complexity of the control system increase if the number of required sensor increases. A
state observer can be designed to estimate the state variables of the PMSM via current measurement.
Fortunately, if the system is completely observable, then it is possible to estimate the states that are not
measured. The equations of observer are.

dfd a R x ol

T:W_IJ%+M€'@IF+€LI (6)
dig Vg R e Ly Am

Tzfr—:i;'t;'?-ﬂ’euq-%'q“‘ﬁz @

Where L, and L, are the observer gains, (") is the estimated state and an erroris e = i -/
q q

4. CONTROL THEORY AND CONTROLLER DESIGN

A torque confrol system of the PMSM is an important process in industries, especially in the hard disk
drive assembly processes. A Pl controller is used in feedback control system. The current of the observer is
the feedback signal to the torque control system before it is converted to torque of the motor. If the d-axis
inductance is equal to the g-axis inductance (PMSMs with surface mounted magnets), the motor torque
depends only on the g-axis, and motor current is show in equation.

r 3
T, =7 Phy, (®)

.G . Iner-Loop U
.| Control

T
ref .o » Controller

1 =0
Tl'c:d back dref

Fig. 2 Control Loop

From figure 2, The G is the integral in the inner loop of control system and the inner loop control
equations are show in equation (9) and (10) respectively.
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K.
PI Controller = Kp 4 i 3 -
§

G =< (19)

5. ADAPTIVE FUZZY LOGIC COMPENSATOR

The structure of fuzzy logic controller is shown in Fig. 3. There are four main parts for fuzzy logic
approach. The first part is ‘fuzzification unit’ to convert the input variable to the linguistic variable or fuzzy
variable. The second part is ‘knowledge base’ to keep the necessary data for setting the control method by
the expert engineer. The ‘decision making logic’ or the inference engine is the third part to imitate the human
decision using rule bases and data bases from the second part. The final part is “defuzzification unit’ to
convert the fuzzy variable to easy understanding variable.

The compensating control using fuzzy logic controller in Fig. 3, / and i are the actual compensating
current and the reference current, respectively. The inputs of the fuzz;y logic controller are the error and the
error rate that can be calculated by equation (11) and (12)

error =i -i (11)
q q

d(iff-if)
4 12
di (12)

error rare =

li knowledge base *]

input outpul
—| tuzzification unit defuzzification unit f——

decision making logic

Fig. 3 The basic structure of fuzzy logic controller

6. SIMULATION RESULTS

This section demonstrated the simulation results of permanent magnet synchronous motor torque control
system when the system and controller parameters are as follow:
2
J= l.854x!04l(g-m‘ fl'ad,l(f =22224N-m/ A

P=8,B=1.0x10 6;’\’-#1-5!:‘(15[./1 =0.1852 Wb
m

R =1.6Q.L =L =6365x10H
s d q

K =2500A/N-mK =254/N-m
P i

v =20V f=50H:

The simulation of the torque control system was be applied the disturbance torque as the step function, as
shown in Figure 7. In the simulation, there were three patterns of desired inputs. The first pattern of desired
input was the step function. Then, the desired input was the ramp function. Finally, the step and ramp
functions were combined as the process of torque screw driver. If no load torque interacted with the system,
the torque control system which used estimated current from the observer had high efficiency to control the
output torque. On the other hand, an error between the desired torque and the output torque was occurred
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when the system received the disturbance torque because of the incorrect estimated current from the observer.

Therefore, the adaptive fuzzy logic load torque compensator was be used to compensate load torque to the

observer. The results of torque compensation to the torque control system were shown in Figure 5, 6, 7 and 8.

Fietsec)

Fig. 4 Disturbance Torque

Fig. 5 Dynamic response of torque control in the
case of the step function input with load torque
compensation

Fig. 7 Dynamic response of torque control in the case
of the ramp function input with load torque
compensation

Fig. 6 Dynamic response of speed in the case
of the step function input with load torque
compensation

12000,
—— Quipui speed
10000, === Observed speed

000

6000

Specdiradsec)

4000

2000,

2 4 3 10
Timne(see)

Fig. 8 Dynamic response of speed in the case of the ramp function input with load torque compensation
For the control process of the torque screw driver, in the case of no-load operation PI controller can control the
output torque of anent magnet synchronous motor by using current feedback from the observer as shown in Figure 9.

mie 3500

000

Crurpui wrque

2500,

Spoedirdiaecy
Syl

0 z 4 @ 5 10 (0 2 ] 13 i 10

Timtsec)
Fig. 9 Dynamic response of torque control in the
case of no-load operation

Time(sew)
Fig. 10 Dynamic response of speed in the case of
no-load operation




150

When the Permanent magnet synchronous motor system receives disturbance torque during the operation,
the state variable which is estimated form the observer was incorrect. If the incorrect estimated current is
used to control torque of the system, the inaccurate output torque will occur. The result is shown in Figure
11.

After compensate the estimated load torque form the adaptive fuzzy logic compensator to the observer,
the error of estimated current was reduced. The responses of torque control system are shown in Figure 13
and 14.

1000,

Fig. 11 Dynamic response of torque control in the Fig. 12 Dynamic response of speed in the case of
case of load operation without load torque load operation without load torque compensation
compensation

Time{sec)

Fig. 13 Dynamic response of torque control in the case of load operation with load torque compensation

3000
—— Output speed.

25001 —— Observed speed

2000

1500

Speadisec)

1000

500

(1 2 4 o ] 10
Time(se )

Fig. 14 Dynamic response of speed in the case of load operation with load torque compensation

7. Conclusions

The feedback of the torque control system of this method hinges on the estimated current from the
observer. The load torque not only disturbed the system but also affected the quality of estimated current.
This paper demonstrated advantages of the adaptive fuzzy logic compensation technique that can be
developed to the PMSM torque estimation. The results of the research shown that, this method can improve
the efficiency of the torque control system. Additionally, this method leads to the process that can apply to
decrease the calibration time of the automatic screw machines.
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