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In CNC milling machine position control, accuracy is importance because
most of work pieces are used for prototype work such as mold using with plastic
injection machine. CNC milling machines have many mechanical components such as
motors, bearings, ball screws, linear guideways, and etc. It’s sure that the friction

effect is a main problem that affect to position control.

In this research, the friction effect problem is solved using both friction
feedforward compensation and position feedforward controller. To use friction
feedforward compensation technique, friction model and its all parameters must be
known. The selected friction model is Armstrong’s model. Simulation using
MATLAB with Simulink is illustrated. For implementation, NI-Data Acquisition
Card: PCI-6251, and MATLAB with Simulink is used. Moreover, a prototype control
board using a high-performance Freescale DSP, MC56F8345, is used to control the
motor position by 2-phase pulse counting. INEX experimental board, JX2148, which
use ARM microcontroller, LPC2148, is used to measure position of motor. The

program on DSP and ARM microcontroller is developed by using C language.
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POSITION FEEDFORWARD AND FRICTION FEEDFORWARD
COMPENSATION ON CNC MILLING MACHINES

INTRODUCTION

CNC milling machine has the friction problem which affects performance and
precision. Friction is in each mechanical component of CNC milling machine such as
motor, linear guide, and bearing. This friction effect decrease precision of X-Y table
on CNC milling machine. Due to this problem, this research is focused on studying
friction effect and identifying friction model in the system. Friction models are
discussed by (Erkorkmaz and Yusuf, 2001), and (Olsson et al., 1998). One of
interesting friction models is Armstrong’s model, which is illustrated by (Olsson et
al., 1998) and identified by (Rafael and Jesus, 1999). Motor and driver block diagram
used in this research is described by T. Yamazaki (2003) and T. Mcintosh (2004).
Block diagrams of both friction model and motor with driver model are considered for
designing a friction compensator. Many researchers use different techniques to
compensate friction such as (Lee and Ahn, 2008), (Lee and Kim, 1995),and (Lee and
Tomizuka, 1996).

This research proposes a controller designing method using the Position
Feedforward Controller (PFC) with P-Controller and Friction Feedforward
Compensation with PI-Controller. The simulation yields satisfactory result. For the
experiment in this research, MSMAO82A1C Panasonic motor with MSDAOS3ATA
motor drive which is set to the torque control mode is connected to a PC via a PCI-
6251 NI data acquisition card. The experimental result is similar to the simulation
one. The result of using PFC and FFC in torque control mode is better than using PFC

and FFC in velocity control mode.



OBJECTIVES

1. To improve tracking performance of CNC milling machine using position
feedforward controller with friction feedforward compensation.

2. To identify friction model using Armstrong’s model.

3. To build the circuit board that can be used to control the CNC milling

machine.



LITERATURE REVIEW

To design a CNC milling machine, position control is one of importance thing
to be considered. Accuracy of position control depends on many parameters such as
friction of mechanical part, controller type, and precision of measurement tools. There
are many friction types found by many researchers. The friction models can be

divided into two main categories that are dynamic models and static models.

Olsson et al., (1998) presented description of many friction models that
include both dynamic and static friction models. The example of friction

compensation is shown in this research by simulation and experimentation.

Erkorkmaz and Yusuf (2001) presented the designing method of high speed
CNC system that the identification method of friction characteristic of machine tool
drives is described. Moreover, this research is focused on the friction model for

lubricated metallic surfaces in contact.

Friction model identification is a problem for designing the CNC milling
machine. To identify the friction, high technology tools have to be used. However it

has an easy way to identify it.

Rafael and Jesus (1999) presented friction identification method using torque
ramp input and determine speed of motors. A friction model of this research is a static

friction, Armstrong’s model, which includes all friction parameters.

To eliminate friction effect which is a problem of position control, friction
feedforward compensation technique is considered. This technique has to know the

friction model of a plant to be controlled.

Tsai et al., (2004) presented the friction compensation technique for feed drive
system using Kanopp friction model for obtaining a transfer function to compensate

friction in the system.



MATERIALS AND METHODS

Materials

Personal Computer (PC), Intel Core2 duo processor
MATLAB Simulation Software
CNC Milling Machine
Panasonic Motor, MSMAO082A1C
Panasonic Motor Driver, MSDAO83A1A
DSP Circuit Board using MC56F8345 digital signal processor
ARMY7 Circuit Board, JX-2148, INEX’s Product
Switching Adaptor 100-240VAC to +/-12VDC 2.0A and +5VDC 3.0A
Switching Adaptor 100-240VAC to +12VDC 3.0A
. Switching Adaptor 240VAC to +9VDC 1.2A

° ® N kWD =

—_ =
—_ O

. Oscilloscope
. RS-232 Cable
. USB Cable A to B Type

—_—
W N

Methods

This thesis has both simulation and implementation which use PCI-6215 and
DSP circuit board to control a servo motor. The simulation use motor driver setting
both velocity and torque control mode to compare performance of controller which
can be divided into six simulations. The motor drive is set into two modes: velocity

control mode and torque control mode.

Velocity Control Mode

1. P-Controller

2. Friction Feedforward Compensation (FFC) with P-Controller

3. Position Feedforward Controller (PFC) and Friction Feedforward
Compensation (FFC) with PI-Controller



Torque Control Mode

1. PI-Controller for velocity loop and P-Controller for position loop

2. Friction Feedforward Compensation (FFC) with PI-Controller for velocity
loop and P-Controller for position loop

3. Friction Feedforward Compensation (FFC) with PI-Controller for velocity
loop and Position Feedforward Controller (PFC) with P-Controller for position loop

After simulation in both velocity and torque control mode, The simulation
with best result is selected to implement on PCI-6251, Data Acquisition Card. After
that, It is implemented on DSP circuit board which is programmed by using C-

language.



Friction Model and Friction Identification

Friction force is a resistance force that it’s direction is opposite the normal
force be applied to an moved object. Friction force have both advantage and
disadvantage, example of advantage are the break on a car, grooves on a screw top
bottle, and etc. In producing CNC milling machines, Friction force is a disadvantage
such as friction at bearings, ball-screws, linear guideways and etc. The friction model
has many type which each model different. For this research, It use Armstrong’s

model that will be described in next section.

Friction Model

Friction model in this research use Armstrong’s model. The Friction model
can be divided into 4 components: static friction, coulomb friction, viscous friction,

and Stribeck effect. The friction model is shown in Figure 1.

Torque (Nm)

Viscous Friction

Static Friction f
Coulomb Friction

0 I

Velocity (rad/s)

A

Stribeck Effect
— e

Figure 1 Friction model.



1. Static Friction

The static friction occurs when the object is stationary. If the external force is

greater than this friction, the object will be moved. This friction can be obtained as

T T. if w=0and T, < T 1)
| Tesgn(T.) if w=0 and T, > T,
Where 1. = external force
T, = maximum magnitude of static friction,

2. Coulomb Friction

The coulomb friction or dry friction is the opposite force to object motion that
has a constant magnitude. Coulomb friction, 7., is a function of force which is

represented as

where T. coulomb friction

i = coulomb friction coefficient

T'v = normal force.

3. Viscous Friction

Viscous friction is a linear force function which proportional to velocity. This

friction is function of speed which is represented as

T="Tw (3)

where T, = the viscous friction coefficient

w = the velocity.



4. Stribeck Effect

The Stribeck effect is occurred when the object begins moving as shown in

Figure 1. Stribeck effect is a non-linear function that can be identified by
experimentation. The lowest speed at bottom of curve is called Stribeck velocity.

The friction model used in this research is approximated by using Armstrong’s

model that is shown in friction model identification section. The Armstrong’s model

is given by
T(w) = Tyw + Tosgn(w) + [T, — T.)sgn(w)e” ) 4)
where T, = viscous friction coefficient
T. = coulomb friction coefficient
T, = maximum magnitude of static friction
vs = stribeck velocity coefficient
w = angular velocity.

Friction Identification

The friction model in this research is the Armstrong’s model, which is a static
model. This model has all important parameters, i.e., static friction, coulomb friction,
viscous friction, and the Stribeck effect. The model parameters can be identified by
generating a torque ramp input to the motor and then measuring the speed.
Considering the friction model is used with a motor model, the dynamic equations of

a motor are described by

ﬁ w
dt
| , )
d_w j [’mt - TU(U — ,I‘(Sgn((,d) — [Ts _ Tc]Sgn(w)e_(u)“
dt



where m is the slope of the torque ramp input, and .J is the motor reflexive inertia.

The relationship between the velocity and the time in (5) is shown in Figure 2. The

friction parameters can be obtained by (Rafael and Jesus, 1999).

[

Welocity (rad/s)

slope =
p; &
bia »
-
] - -
i e Time (s)
» s
7 4
bt
r
Y
Figure 2 Armstrong’s model graph.
T,=" 6)
T.=-m (7
a

where a

slope of velocity

the point that output velocity line cross to the velocity axis



10

Tracking Performance Improvement

Fricion Feedforward Compensation

The goal of designing friction feedforward compensator is to reduce tracking
error or disturbance of the X-Y table position control. Figure 3 shows the diagram of
using a feedforward compensator to the reduce tracking error, where G, (s) is the
transfer function of the mechanical component of the motor, C,(s) is the transfer

function of velocity controller which is PI-controller.

{Nm)
L Gsys(s) — =T (o
R.(s) Ut(s) Y\,rr(s) Y,(s)
e 1K) C.(s) G, (3) ] 1 Yo(S)
Ll Ryr(s) v ™ {mmis)|__S P
T () et (radis)
Figure 3 Friction feedforward compensation.
Ry(S)— G (5) - Y,(S)
Figure 4 Reduced block diagram of feedforward friction compensation.
The overall transfer function of the represented system in Figure 3, is
Y, (s)
Gop(s) = -2 8
IYI[( ) R,U(S) ( )
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and the transfer function of mechanical part of motor is

1
va = T a4 9
Js(Tips + 1) ®)
where, T}y = time constant of torque filter in motor driver

<
|

= moment of inertia of the motor’s rotor.

To create the velocity perfect tracking, the transfer function must be equal to one, i.e.,

T,o(s) = 702 = 1 (10)

Therefore, the friction feedforward transfer function, Tprp(w) must be the

same as the plant friction, 7,,(w). Note that

Cy(8)Gmo(s)
1 T Cv (S) va (*S)

Gays(s) = (11)

is the system closed-loop transfer function when the feedforward path is not applied,

and the plant friction is not included.
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Position Feedforward Controller

Feedforward controller is usually used to improve tracking performance if the

plant model is well understood. Figure 5 shows the block diagram of using position

feedforward controller.

PFCy(s)

Rp(s) 28 CD(S) Ru(S) Gmp(s) - Yp(s)

Figure 5 Position Feedforward Controller.

To achieve perfect position tracking, the position controller, C,(s), which is P-
controller, and position feedforward controller, P F'C,(s), is considered. The transfer
function of Figure 5 is described in (12). The output of the system is position in mm

unit. The transfer function of the position feedforward controller can be obtained as

1 (s) = 2ol _ PEG)Grnp(8) + Col9)Crn(s) .
R, (s) 1+ C,(5)Gop(5)
To create perfect tracking control, Tp( s) = 1, then
1
PFC,(s) = 13)

Gonp(5)
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Identification of Plant Friction

To identify the friction model on X-Y CNC table, coulomb friction and
viscous friction model are considered for the Panasonic motor and its driver in Figure
6. The experiment of identification of the plant friction is conducted by using the
motor driver in the torque control mode and applying a torque ramp with the slope of
m, equal to 0.5, for 1 second to the motor drive. After that, the speed and the time data
are captured. The data is plotted, where the x-axis is time (s) and the y-axis is velocity

(um/s) as shown in Figure 7.

The friction model parameters can be obtained by using fitting curve by the
least square technique. From Figure 7, the captured data from 0.5 to 1 second is
considered to identify the friction parameters, and the Curve Fitting Tool in

MATLAB is used to fit the curve.

Figure 6 Motor, Driver, and X-Y table.



o x

.} Curve Fitting Tool =
File wiew Tools Desktop window Help
5| ® |k
I Data... ] l Fitting... ‘ l Exclude... I l Platting... ‘ l Analysis... ‘
10000 F T T T T T T T T T ]
[ o me]
9000 R
8000 e =

7000 | -

@

=

=

=
T

i
=
=
=
T
|

Velocity ([Lm/s)

3000 J
2000 | i

-\ /. ¥y |\ s X ’ 1

0 01 0.z 03 05 06 07 0.8 0.9 1

04
Time (s)

Figure 7 Velocity and time relationship for torque ramp slope 0.5.

The parameters as shown in Figure 2 are a = 16,670, b = 7,634 and e =0.5. Then,

0.5
T, = % = To.670 = 2994 X 107°(Nm - 5/deg) = 0.0017(Nm - 5/ rad)
b 7,634
T.=-m=— (0.5) = 0.229,
a 16,670
where
T, = viscous friction parameter
T. = coulomb friction parameter.
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From (4), the static friction parameter, 7%, cannot be obtained using this
technique. However, this parameter can be achieved by trial applying constant torques
to the motor from zero and increase it until the motor begin to rotate. The just-started
torque is the static friction parameter which the parameter from the experiment is

0.3145 Nm. The real friction can be obtained as

T(w) = 0.0017w + 0.2295gn(w) + 0.08555gn(w)0.5(/2) (14)
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Simulation

The simulation of motor control used in the CNC milling machine shown in
this section is processed on simulation software, MATLAB and Simulink. The motor
parameters used in this simulation are Permanent Magnet Synchronous Motor
(PMSM), MSMAO082A1C and the motor driver is MSDAOS83A1A. Both of devices
are developed by Panasonic. They can be called servo motor which include motor and
its driver. The servo motor model can be found by using the motor and driver
parameters supported by the Panasonic’s manual and servo motor modeling technique
by Yamazaki (2003). The motor driver can be set the control mode to either velocity
or torque control mode. The simulations are divided into two categories, i.e. velocity

control mode and torque control mode.

Velocity Control Mode

1. Motor control with P-Controller
2. Motor control with FFC and P-Controller
3. Motor control with PFC, FFC and P-Controller

Torque Control Mode

1. Motor control with P-Controller for position loop and PI-Controller for
velocity loop

2. Motor control with P-Controller and FFC with PI-Controller

3. Motor control using PFC with P-Controller and FFC with PI-Controller

Velocity Control Mode

Before describe the detail of each simulations, the plant model or motor with
driver model is described. The motor with driver model in velocity mode is shown in
Figure 8.



Motor and Driver model

;
:
Cdrive_v
Int 4 A

Speed Controller of driver

T(wm) -
Plant Friction
1 1 1
It o —
L.s+R .| THf s+ Js
Electrical Model Torque Torque filter Dynamic
constant model
Kt |<
BackEMF

Figure 8 The model of motor and its driver set in velocity control mode with plant friction

L1
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From Figure 8, the input of the block is the voltage used to control the motor
and the output is the voltage referred to the speed measurement value of the motor.
The input voltage is converted to velocity in revolution per minute (RPM) unit by
gain K, that can be adjusted on the motor driver and, then converted to radian per
second (rad/s) unit by the gain K. The velocity error, the input velocity or desired
velocity is subtracted by the output velocity, is an input of internal speed controller of
the motor driver, which has the model shown in Figure 9, where K, is proportional
parameter and 7, is time constant of integral part of the velocity controller. The
electrical part of the motor model composes of the inductance, L, and resistance, .
The output of this electrical block is the current that is converted to torque by motor
torque constant K;. The torque generated by the electrical part is subtracted by the
friction torque shown in Figure 10. The subtracted torque is the input to the torque
filter of the motor driver. The dynamic block diagram of the motor composed of
moment of inertia, .J, is used to convert from torque to velocity. Moreover, the
friction of the motor and linear guide composed of viscous friction, K., and coulomb
friction, K, is considered. The parameters of motor, motor driver, and friction model

are listed in Table 1.

R D{K\f
In
radfsec

Dt
rad/sec

g ol D
Fricti Speed
FE::c:aDn Yiscous Gain pee
kel |4 ——
Coulamb Gain Sign

Figure 10 The model of plant friction, 7'(w)
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Table 1 The parameters of motor, motor driver, and friction model.

Detail Symbol Value Unit
Unit conversion from Volt to RPM K, 1000 RPM/Volt
Unit conversion from RPM to rad/sec K, 0.1047 rad/s/RPM
Unit conversion from RPM to Monitor
Voltage K. 500 Volt/RPM
Motor Inductance L 0 Henry
Motor Resistance R 0.55 Ohms
Moment of Inertia of Motor J 0.000131 Nm/rad/s’
Torque Constant and Back EMF K 0.558 P g

Volt/rad/s

Time Constant of Torque Filter Ty 0.00025 s
Proportional Gain of Velocity Controller K, 0.178486 Nm/rad/s
Time Constant of Velocity Controller e 0.02 s
Viscous Friction K,. 0.0017 Nm/rad/s
Coulomb Friction K, 0.229 Nm

1. Motor Control with P-Controller

The motor control with P-Controller is sufficient for position control. From
Figure 13, the velocity reference is converted to position reference by integrating the
velocity reference. In this simulation, the reference position is in both forward and
backward directions in order to observe position error at near zero. The trapezoid

velocity profile shown in Figure 11 is used.
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Velocity (mmls)
o

3
Time (s)

Figure 11 The velocity reference for position control simulation with P-controller

After pass the velocity reference through the integral block, the position

reference shown in Figure 12 is obtained.

Position (mm)

Time (s)

Figure 12 The velocity reference for position control simulation with P-controller

The block diagram of the position control with P-Controller shown in Figure
13 uses proportional parameter K ,,, of 100. Input of the simulation is velocity but it
must to be changed to position by integration for position control. The gain
RPM2Volt, 1/K,, can be adjusted on the motor driver. The linear guide has
transmission ratio 6 mm per revolution, then the parameter, /;,, used to convert from

RPM to mm/s unit is 0.1.



RPM 2% alt

Integrator
VOt2RPM mon T MZmm/sec g

| d 1 M
velo _comman =
- vy mmisec 5 mrn

Ref Speed Integrator

b 4
}h?

Motor and Drive Model

mim

. |
"— ]
>
FOS_PID_Y
pl ]
PosEr_PID_Y

Figure 13 The block diagram of motor control system with P-Controller
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2. Motor Control with FFC and P-Controller

In this section, the simulation of motor control with Friction Feedforward
Compensataion (FFC) and P-Controller is illustrated. The block diagram of this
simulation is shown in Figure 14. Adding the friction force to compensate the friction
of the plant, which includes motor, motor driver and linear guide, cannot be done
directly because the motor driver is set in velocity control mode. To compensate
friction of the plant, the simple moving block diagram technique must be applied. The
final block diagram of system with FFC and P-Controller is shown in Figure 14. The
friction model of this block diagram is same the friction model of motor and driver in
Figure 10. The block G, 1s close-loop transfer function of P-Controller and motor
with driver model when FFC is not applied. T'F, is the inverse transfer function of
electrical part of motor model and 7'F is the inverse transfer function of the speed
controller of the driver model. This simulation uses the same velocity profile as the
first simulation. The result is better than the control with only P-Controller as shown

in Table 2.



w Frition Feedforward Compensator
for Velocity Control Mode

1
velo _commandyy T Lt

Re fSpeed Int

L.stR Tv.s
rW{in1 Outl —Pwin1 Outl —w  ——
Kt Ky Ty .5+
- TFe TFs radfsec RPh
Gsys Friction Model
> ";@ - Kpp O w
A

RPM2Walt

Maotor and Drive model
with friction

WoltZRPM _rmon

RPM2mm fsec

it 1 mm
In1 i} =
Int

¥ v

S_FFC_V

e

]

Figure 14 The block diagram of motor control system with FFC and P-Controller

PosEr_FFC_V
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3 Motor Control with PFC, FFC and P-Controller

In this simulation, Position Feedforward Controller (PFC) is added to increase
tracking performance of the motor control. The placement of PFC is same as FFC
position that is shown in Figure 16. The position controller has parameters that &, is
100 and K, is 0. FFC block diagram is same as previous simulation, motor control
with FFC and P-controller simulation. The transfer function of Position Feedforward
Controller, PFC,, in Figure 16 is inverse transfer function of motor with driver model
which is multiplied by integral block diagram. Position Feedforward Controller can be

obtains as

PFCy(s) = -—— (15)

gGmd<S)

where G,,4(s) is transfer function of motor with driver model shown in Figure 15. To

obtain this PFC, the m-file code is

B C:\Documents and Settings\JiniMy Documents\MATLABAMATLAB_THESISASIMULATIOMInitia. .. EI@|E|

File Edit Text Go Cell Tools Debug Desktop  Window Help N
N H fRaR9c o Aes | k-850 88E B | st

= BoBIB| -0 [+ | =11 x|« 0

ar B WY NI F W AN —Z =l
42 %% Motor Transfer function (Velocity Control Mode) A
43

44 — Gmotor V = feedback(tf ([0 Kt],[L R])*cf ([0 1],[TcE*JT J 0O]),Et)

45 — Cdrive ¥V = cE£([Kw*Tv 1],[Tw 0]) :

46 — Grod_ W = feedback (Cdrive V*Gwotor W, 1) *cf([0 1],[1 01}

47 - LpFilter ¥ = (tf£([0 1],[Tv 11))"3 :

45

49 — PFCw = (1/Gud V) *LpFilrer ¥V ;

50 bt

sCript Lln 42 Col 51

Figure 15 M-File code for obtaining PFC transfer function



where Gmotor_V
Cdrive V
Gmd_V

LpFilter V =

PEFCv

25

motor transfer function

speed controller of driver transfer function
motor and driver transfer function

Speed controller low-pass filter transfer function

Position Feedforward Controller transfer function
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Torque Control Mode

In this simulation, the motor model is changed because the motor driver is set
to torque control mode. The motor model is remained only dynamic part which is
included torque filter. The motor model for simulation in torque control mode is

shown in Figure 17 where Kvt is a driver parameter used to convert voltage to torque.

T(w) <
Plant Friction
Motor and Driver model
H
H
1]
! . ] P 1/Kb ;
Tif .s+1 Js - RPM Y oul

E Wolt2Torque Torque filter Dynamic rad/secZRFM F!F'M2Vu\t_mnnitm€
' model [

Figure 17 The motor model for simulation in torque control mode with friction

1. Motor Control with P-Controller for Position Loop and PI-Controller for Velocity
Loop

The simulation use P-Controller to control motor position and PI-Controller to
control motor speed. The position controller use P-Controller that proportional gain,
K,,, 1s 100 and the velocity controller use PI-Controller that proportional gain, K,,,, is
0.2 and integral gain, K;,, is 0.01. The parameters of position and velocity controller
are obtained by experimental. The simulation block diagram is shown in Figure 18.
The velocity controller, C',, compose of both proportional and integral term that can

be obtained as

Kiv

S

Cy(s) = Ky + (16)

And position controller, C,, can be obtained as

Cp(s) = Kopp (17)
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Figure 18 The block diagram of motor control using P-controller in position loop and PI-controller in velocity loop
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2. Motor Control with P-Controller and FFC with PI-Controller

This simulation shown in Figure 19 uses P-Controller for position loop and
FFC with PI-controller for the velocity loop. The parameters of position and velocity
controller are same as the previous simulations of both torque and velocity control
mode. The input of FFC of this simulation is velocity output from position loop and
the output of FFC is sum with the output of velocity controller, C',. The FFC uses
velocity as the input and torque is the output. Moreover, the FFC is composed of the
plant friction model in equation (14) and close-loop transfer function in (11), Gy, of

the velocity controller, C,, and motors with drivers model, (G,,,, in Figure 3.
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3. Motor Control Using PFC with P-Controller and FFC with PI-Controller

To simulate position control using Position Feedforward Controller (PFC) and
Friction Feedforward Compensation (FFC) technique, FFC and the velocity controller
which is a PI-Controller are used for the velocity loop. For the position loop, PFC and
P-Controller is used. The block diagram of this simulation is shown in Figure 21. To
obtain Position Feedforward Controller, PF'C,, the M-File code is shown in Figure

20 is processed. Other block diagram is same as the last simulation before.

B C:\Documents and Settings\JiniMy Documents\MATLABAMATLAB_THESIS\SIMULATIOMInitia. .. IZ”E|E|

File Edit Text Go Cell Tools Debug Deskbop Window  Help L
Dt HE R0 o Meani|B-8%K BB @ | st

= | =318 | - ED |+ | + il_.l_ x| o ot a‘,

Y T &K\ 7 r \ Ee (W A \ A_JW |
3l %% Motor Transfer function {Torgue Control Mode)

32 — Gmotor = cfi[0 1], [Tcf*J J 0])

33 - Gs¥3 = feedhack (Cv*Gmotor, 1)

34 — Grp = Gsys*cfi[0 1],[1 0O]) ;|

35

36 — PFCp = 1/Gmp :

37 - LpFilter = (tc£([0 1], [Tt 11))1"3 ;

35

39 - PFCp = FFp*LpFilter

an W~ AL/ 0 Chad) il \) I BBV N "_|

sCript Ln 34 Col 32

Figure 20 M-File code used to obtain Position Feedforward Controller, PFC,

Where Gmotor

Motor transfer function

Gsys = Close-loop transfer fucntion of motor and velocity controller

Gmp = Close-loop transfer fucntion of motor and velocity controller
with integration.

LpFilter = Low pass filter transfer function

PFC, = Position Feedforward Controller transfer function for position

loop
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Implementation

The control system is implemented on the CNC milling machine designed by
IMARC laboratory that the X-Y table consists of the MSMAO082A1C Panasonic AC
servo motor and ball screw with the transmission ratio of 6 mm per motor revolution.
The AC servo motor is connected to the MSDAO83A1A Panasonic AC servo motor
driver. The servo motor is controlled via the PCI-6251 NI Data Acquisition Card
(DAQ) with interface to Simulink in MATLAB software. The measured velocity
signal is sent to the interface card through the motor driver, and the torque command
signal is sent from the interface card to the motor driver to control motor torque. The

hardware setup diagram and the system configuration are shown in Figure 22.

Control Signal

3Phase thags §

—————
2-Phase Encoder

Measured Signal

Figure 22 Hardware interface block diagram

From the hardware interface block diagram, PCI-6251 sends the position
command to the motor driver, and it receives the measured voltage that refers to the

speed from the motor driver.

The algorithm used in the implementation is considered by selection a
technique which has best result of simulation that is position control using PFC with
P-Controller and FFC with PI-Controller in torque control mode. Moreover, the
technique is compared to motor control using PFC, FFC and P-Controller in velocity

control mode.
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The two implementation block diagrams used with Simulink in MATLAB are
shown in Figure 23 and Figure 24. Figure 23 shows the implementation block
diagram of motor control using PFC, FFC and P-Controller in velocity control mode.
Figure 24 shows the implementation block diagram of motor control using PFC in
position loop and FFC in velocity loop. The motor and drive model in simulations is
changed to block diagram of an analog output and an analog input of PCI-6251. The
analog output connected to command input of the motor driver and the analog input is
connected to speed output signal of the motor driver. All of parameters using in this

implementation is same as in the simulation, including the controller C), andC’,.
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Control Unit With Digital Signal Ccontroller (DSP) Design

DSP Circuit Board Design

In this section, the idea and method for designing the prototype board for
control CNC milling machine is illustrated. A CNC milling machine used in this
research is composed of two servo motors for drive its X-Y table and one servo motor
for drive Z-axis linear guide. The motors have their encoders. The prototype board
receive the signal from encoder to measure both speed and position to control the
motors via their drivers. The prototype board has main functions using in motor

control, i.e.,

1. +/-10 Volt Analog output 3 channel
2. 0-10 Volt encoder input 3 channel

The prototype board use Freescale DSP, MC56F8345, which is specifically designed
for motor control. Designing the prototype board, DAC is an important component
used to generate the control signal. The range of signal from DAC is 0-5 Volt but the
motor driver require input in range +/-10 Volt then the converter circuit is designed
using Op-Amp. The encoder input channel used in receiving pulse from motor
encoder is designed using opto-isolators to separate signal between motor drivers and

the DSP because it is a method to protect the DSP from over voltage in the signal line.



The prototype board can be divided into 7 modules

Processing Unit (DSP)
Analog Output
Encoder Input
USB-RS232 Interface
Digital Input

Relay Output

AU R o A

Power Supply

The block diagram of the prototype board is shown in Figure 25.

Figure 25 The block diagram of the prototype board

Analog
Output Voltage DAC 12 Ditital
+-10 Volt Level bits Input 0-12
Convertor resolution Walt
3 channel
usB-
2N
anvertor
i oo MC56F8345
+/-10 Volt Isolator
3 channel UsB
Interface
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The prototype board is shown in Figure 26.

Figure 26 The prototype board

1. Processing Unit (DSP)

The processing unit, DSP, which is the heart of the prototype board containing
the software algorithm for motor control. The DSP circuit use 8 MHz crystal and
phase lock loop for increasing the clock speed to 60 MHz for processing algorithm.

The features of the DSP are:

1.1. Two Pulse Width Modulator modules (PWMA and PWMB), each with
six PWM outputs, three current sense inputs, and three fault inputs for
PWMA/PWMB; fault-tolerant design with dead time insertion, supporting both
center-aligned and edge-aligned modes.

1.2. Two 12-bit Analog-to-Digital Converters (ADCs), supporting two
simultaneous conversions with dual 4-pin multiplexed inputs; the ADC can be

synchronized by PWM modules.
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1.3. Two Quadrature Decoders (Quad DecO and Quad Decl), each with four
inputs, or two additional Quad Timers, A and B.

1.4. Two dedicated general purpose Quad Timers totaling three pins: Timer C
with one pin and Timer D with two pins CAN 2.0 B-compatible module with 2-pin
ports used to transmit and receive.

1.5. Two Serial Communication Interfaces (SCI0 and SCI1), each with two
pins, or four additional GPIO lines.

1.6. Serial Peripheral Interface (SPI), with configurable 4-pin port, or four
additional GPIO lines.

1.7. Computer Operating Properly (COP) / Watchdog timer.

1.8. Two dedicated external interrupt pins.

1.9. 61 multiplexed General Purpose I/O (GPIO) pins.

1.10. External reset pin for hardware reset.

1.11. JTAG / On-Chip Emulation (OnCE).

1.12. Software-programmable, Phase Lock Loop-based frequency
synthesizer for the hybrid controller core clock.

1.13. Temperature Sensor system.

The DSP in the prototype board is MC56F8345, which has the following

memory configuration:

1. Program Flash 64K x 16-bit
2. Data Flash 4K x 16-bit
3. Program Ram 2K x 16-bit
4. Data Ram 4K x 16-bit
5. Boot Flash 4K x 16-bit
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The DSP circuit is shown in Figure 27.
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Figure 27 The DSP circuit design

However, The DSP has one quadrature encoder input but the prototype board
for 3-axis motor control has to use three quadrature encoder inputs. Therefore, the
quadrature encoder peripheral of the DSP is not be used. It has to use General Purpose

Input/Output (GPIO) as three channel quadrature encoder inputs.
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2. Analog Output

To drive the motor, the control signal in range of +/-10 Volt is needed. The
designed circuit use Digital to Analog Converter (DAC) generating the signal in range
0-5 Volt and converting to +/-10 Volt using 2-stage operation amplifier. First stage of
Op-Amp convert signal from 0-5 Volt to +/-5 Volt using positive feedback amplifiers
with gain 2. The circuit in second stage is same as first stage that can amplify the

signal from +/-5 Volt to +/-10 Volt. The analog output circuit is shown in Figure 28.

ug
conpl coMPz [ Gae el
8| ol e

| pe= ouT [ Ll
OMT | COMP? |50 +-10V
RETEM

Figure 28 The analog output circuit for one channel

For the symbol of the Op-Amp circuit in Figure 28 is shown in Figure 29.

Vin 0-5 Volt +12V
Vi >———* +5 Volt : Vout +/-10 Volt

+5V

10K 10K

Figure 29 The Op-Amp circuit for changing voltage from 0-5 Volt to +/-10 Volt.
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3. Encoder Input

The encoder inputs designed are single phase inputs. The encoder input circuit

is shown in Figure 30.

+12VD M

R3l
161
1
@M M
B+
@D M ]
-0 M
GOM  anoM

SP Ground Referencal

Figure 30 The encoder input circuit

Because the encoder signal from the motor is over 3.3 Volt, the encoder input
circuit is designed by using opto-isolators to receive and separate the signal for

protection and reduction noise generated from the motor.

However, the prototype board is not support for the servo motors. It has to
modify the encoder inputs because the encoder signal is in range of +/-10 Volt but the
prototype board can receive voltage between 0 tol0 Volt. Since the prototype board
has single phase encoder inputs but the pulse signal from the servo motors are 2-phase
encoder signal then another signal board must be design to receive one more phase

signal.
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4. USB-RS232 Interface

The interface between a PC and the prototype board is USB-RS232 that is a

serial interface type. The advantages of this interface are:

1. Easy to connect to a PC that does not have any COM port.
2. The USB wire used for this interface is designed for high speed data
transfer. therefore the maximum data transfer rate depend on circuit and PCB design

only.

The USB-RS232 circuit design is shown in Figure 31.

DSP Ground Refarencel

CE8Y 60MEz | CE2
el 20

H

@0 UsE

PC817C RisefFallTime is 18 us so can use baud rate 3500

Figure 31 USB-RS232 circuit

CN4 is a type-B USB connector and U26 is the IC used to convert USB to
RS232 and vise versa. To protect the DSP from overvoltage or noise, opto-isolator,
PC817, is used to separate the data transmission lines. The maximum data transfer
rate of the prototype board is 9600 bit per second (bps) because of limited of DSP and

circuit design.
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5. Digital Input

The digital input circuit is designed for using with external switch such as
emergency switch or command switches. The digital inputs of the prototype board

have 5 channels. The Figure 32 shows a channel of the digital input circuit.

+12YD M 3V3D
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Figure 32 The digital input circuit

6. Relay Output

The relay output on the prototype board is used to turn on or turn off the
spindle of the CNC milling machine. The circuit forward current through the coil of

an external relay that the coil voltage of the relay has to be 12 Volt. The relay output

circuit is shown in Figure 33.
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w3 I we Vo ~ N
HI1L s
D M

DSP Ground Reference!

Figure 33 The relay output circuit for driving spindle
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7. Power Supply

The power supply unit is a +/-12 voltage switching supply and a 12 voltage
switching supply. The +/-12 voltage supply is used with the motor related circuits
such as analog outputs, and encoder inputs. For the 12 voltage supply, the buck
regulator circuit is used to change the voltage level from 12 Volt to 5 Volt. However,
the DSP has to use more than one level of voltage supply. The 3.3 voltage regulators
are used to regulate from 5 Volt to 3.3 Volt that is separated the power by using ferrite

bead for noise protection. The block diagram of the power unit is shown in Figure 34.

Phase
3.3V_PL Lock Loop

Switching  +12 v . o Lo
- . Ferrite
Supply 12V (sl MOETTN
GND

3.3V AC Analog
- ' Circuit

Ferrite
Bead
Switching Voltage Voltage
X o
swpply "2Vl Reguiator (- Reguiator — 20 O
GND 5-Volt Ferrite 3.3-Volt Ferrite
Bead Bead

Figure 34 The block diagram of power supply circuit
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Control Algorithm Design

A programming for control the CNC milling machine is developed by using C
language. The algorithm is divided into 2 parts, first part is a control algorithm such
as PID controller, Friction Feedforward Compensation (FFC), and Position
Feedforward Controller (PFC). Second part is a pulse counter for measuring speed

and position of the motors.

1. Pulse Counter Algorithm

The pulse counter algorithm is designed to count the pulse which has 2-phase
signal per axis generated by the motors. The pulse signals has a phase shift of 90
degree.It can be divided into 4 states for determining the motor revolution direction,
speed, and position. The 2-phase pulse signal is shown in Figure 35. The general
purpose input pins of the DSP are used to capture the pulse signal every 20
microseconds and to update the speed and position every 10 microseconds. Thus,
Nyquist frequency of state changing is 25 kHz, therefore the maximum speed of the

motor can be found by

60
(2 x SampleTime) x NumState X PulsePerRev’

MizimumSpeed(RPM) = (18)

The maximum speed of the motor is 150 RPM, where sample time is 20

microseconds, NumsState is 4, and PulsePerRave is 2500.

The flowchart of the pulse counter algorithm is shown in Figure 36.



Forward
Logic &

Phase AJ

Phase B

Backward
:
|

DL

Time

Figure 35 The 2-phase pulse signal
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Figure 36 The pulse counter flowchart
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2. Control Algorithm

For the control algorithm, the sample period is 10 millisecond which is
sufficient for the motors control. To control the position of motor, the reference
position or desired position, and the actual position measured from the motor encoder
are required input signal, and the control signal is the output. The difference between
the reference signal and actual position value is an error which is an input to the
controller of the motor control system. The flow chart of motor control is shown in

Figure 37.

Do every 10 ms CP

Channel =0

!

Get Reference

s

Yes

| Control{Channel,Reflnput) |

Y

Increase Channel Index

., A .|

=

Figure 37 The flow chart of motor control
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The function control is depended on the control method such as PI controller,
Friction Feedforward Compensation, and etc. The example of PI controller designed

is illustrated. A block diagram of a controller is shown in Figure 38.

E(s)—»{ C(s) —»U(s)

Figure 38 The block diagram of a controller

Where F(s) represent error signal and U (s) means control signal. The transfer

function of PI controller, C(s), can be obtained as

O(s) = Kyt 2, (19)

where K, is a proportional parameter and K; is an integral parameter of the
controller. To convert from continuous time domain to discrete time domain, Shift-

Tustin method in (20) is used.
1
S 7) (20)

The transfer function of the controller in discrete time domain can be obtained as

B =Kt

21)

From the block diagram in Figure 38. After convert to discrete time domain,

the transfer function is

C(z) = (22)



Then,
U(z) (2K,+KT)+ (—2K,+ KT)z"*

E(z) 2(1—271)

201 —2HU(2) = 2K, + K,T)E(2) + (—2K, + K;T)2"'E(z)

It can convert equation (24) to

2ulk] — 2ulk — 1] = 2K, + KT )e[k] + (—2K, + KT e[k — 1]

The controller output used to control the motors can be obtained as

KT
2

KT

ulk] = ulk — 1] + (K, + — e[k — 1]

Je[k] + (- K, +

51

(23)

24)

(25)

(26)

For programming on DSP, the variables are arrays of integer type i.e., e for

error and u for control signal. The algorithm is

1. e[l] =¢€[0]
2. w[l] = u]0]
3. uf0] = ull] + (K, + K;T)e[o] + (—K, + K;T)e[l]

Where index [1] is refer to previous value of the variables. The output of the

controller is u[0] which is an input of function that generate output voltage to the

motor driver. The flow chart of control function is shown in Figure 39.



e[1] = e[0]
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u[1] = u[0]
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e[0] = Reflnput - ActualOutput
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Y
VoltOut(u[0], Channel)

O

Figure 39 The flow chart of PI control algorithm
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RESULTS AND DISCUSSION

Results

Simulation Results

Simulation results shown in this section are divided into two parts which are

the result of velocity and torque control mode.

Simulation Result of Velocity Control Mode

The simulation results in velocity control mode are shown in Figure 40, Figure
41, and Figure 42. Figure 40 shows the position control results in both forward and
backward directions. The position errors are shown in Figure 41 and the position

absolute errors are shown in Figure 42.
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Figure 40 The position control result comparison of simulation in velocity control

mode
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Figure 42 The position absolute error comparison of simulation in velocity control

mode
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The maximum absolute error and mean absolute error of simulations in
velocity control mode are shown in Table 2. The best control method in velocity
control mode is the control method using PFC, FFC and P-Controller. The maximum

error is only 636.4 um and mean absolute error is 574.6093 um.

Table 2 Comparison of errors of velocity control mode

Error (um)
Controller Structure
Maximum Error Mean Absolute Error
P-Controller 707.1084 638.1195
FFC and P-Controller 707.1107 638.0696

PFC, FFC and P-Controller 636.4000 574.6093




56

Simulation Results of Torque Control Mode

Simulation results in torque control mode are shown in Figure 43, Figure 44,
Figure 45. Figure 43 shows the position control results of three controller structures.

Figure 44 shows the position errors of position control with three controller structures.

For Figure 45, the absolute errors are plot.

5 .
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Figure 43 The position control result comparison of simulation in torque control

mode
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Figure 45 The position absolute error comparison of simulation in torque control

mode
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Figure 46 The position absolute error of motor control using PFC with P-Controller

and FFC with Pl-controller

Figure 46 shows the absolute error of motor control using PFC with P-
Controller and FFC with Pl-controller. To compare what control mode is better, the
comparison results in velocity and torque control mode are shown in Figure 47 and
Figure 48. Figure 47 shows the comparison of velocity and torque control mode using
P-Controller in position control loop. For the position errors, the comparison is shown
in Figure 48. The simulation results in Figure 47 and Figure 48 show that control in
torque control mode yields the better result than control in velocity control mode.
Because in torque control mode, it has to design velocity controller. The algorithm of
this research is using FFC with PI-Controller in velocity loop for torque control mode,

while velocity control mode uses the internal driver velocity controller.
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Figure 47 The position error comparison of velocity and torque control mode using

P-Controller in position control loop
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Figure 48 The position error comparison of velocity and torque control mode using

PFC with P-Controller in position control loop
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The maximum absolute error and mean absolute error of simulations in torque
control mode are shown in Table 3. The minimum error of the simulations in torque
control mode is the result of using PFC with P-Controller and FFC with PI-Controller

that The maximum error is only 0.2138 um and mean absolute error is 0.0276 um.

Table 3 Comparison error of torque control mode

Error (um)
Controller Structure
Maximum Error Mean Absolute Error

P-Controller and PI-

84.9933 75.1922
Controller
P-Controller and FFC

70.7089 64.3546
with P-Controller
PFC with P-Controller
and FFC with PI- 0.2138 0.0276

Controller

The mean absolute error comparison between velocity and torque control mode are
shown in Table 4. The best result is the motor control using PFC and FFC in torque

control mode.

Table 4 Mean absolute error comparison

Mean Absolute Error (um)

Controller Structure Velocity Control Mode Torque Control Mode
P-Controller 638.1195 75.1922
FFC 638.0696 64.3546
PFC and FFC 574.6093 0.0276
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Implementation Result

This section, the implementation results are presented. For implementations,
PCI-6251 DAQ Card is used. The comparisons between using PFC combine to FFC

in velocity and torque control modes are shown in Figure 49 and Figure 50.
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Figure 49 Position control result
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Figure 50 Position error of using PFC and FFC between velocity and torque control

mode

The implementation result, position error in Figure 50 is very similar to the
simulation result in Figure 48. The error of using PFC and FFC in toque control mode
is very low compared to using same algorithm in velocity control mode as shown the

mean absolute errors in Table 5.

Table 5 Mean absolute error comparison between using PFC and FFC in velocity and

torque control mode

Mean Absolute Error (um)

Controller Structure Velocity Control Mode Torque Control Mode
PFC and FFC 689.5422 7.8694
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The absolute error of implementation using PFC and FFC in torque control

mode shown in Figure 51 is very noisy because of electromagnetic interfereance.
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Figure 51 The absolute error of motor control using PFC and FFC in torque control

mode

Discussion

The simulations in torque control mode have better results than the
simulations in velocity control mode. The simulations using PFC and FFC give the
best results when control in both velocity and torque control modes. However, control
using PFC and FFC in torque control mode yields the best result, i.e., the mean

absolute error is only 0.0276 micrometer .

The implementation result is conducted by control in torque control mode. The
result is similar to the simulation that using PFC and FFC yield the best result. The

mean absolute error of implementation result is only 7.8694 micrometer.
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CONCLUSION AND RECOMMENDATION

Conclusion

Using PFC with P-Controller combined with FFC and PI-Controller in torque
control mode is a good technique to reduce tracking error, and eliminate the friction
effect on the mechanical components. The simulation and implementation results are
similar since the friction model is similar to the real friction on the plant. After
implementing P-Controller with the FFC-PFC, the mean absolute error is 7.8694 pm
or 0.0098 % of the total moving distance. The next step of the present research work
is to apply the motor control using PFC and FFC in torque control mode by C
language on DSP circuit board which designed by IMARC laboratory.

Recommendation

The friction model used in this research is identified in one direction. It should
be identified again both forward and backward direction using same friction model,
Armstrong’s model. To obtained the best result for minimizing position error,
parameters of velocity and position controller in torque control mode should be
improved again. Moreover, The DSP circuit board should be redesigned because the
present DSP circuit board have to be modified significantly. Moreover, The present

communication interface is not support high speed communication.
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Appendix B

Motor and motor driver specification
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Appendix Table B1 Motor and Driver Specification
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Detail Value Unit
Servo Motor Product No. MSMAO082A1C -
Rated Output 750 Watt
Rated Torque 24 Nm
Rated RPM 3000 RPM
Rated Current 43 A
Moment of rotor inertia 0.000131 Nm/rad/s’
Brake No -
Oil Seal Yes -
Key Shaft No -
Quadrature Encoder 2500 pulse/revolution
Driver Product No. MSDAOS3ATA -
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