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The design of an X-Y table applying direct-drive linear switched reluctance motor (LSRM) principle is
proposed in this paper. The proposed X-Y table has the characteristics of low cost, simple and stable
mechanical structure. After the design procedure is introduced, an adaptive position control method
based on online parameter identification and pole-placement regulation scheme is developed for the
X-Y table. Experimental results prove the feasibility and its priority over a traditional PID controller
with better dynamic response, static performance and robustness to disturbances. It is expected that
the novel two-dimensional direct-drive system find its applications in high-precision manufacture area.
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1. Introduction

Modern industrial automatic systems usually require high-
speed or high-precision linear motions. This is often realized by
rotary motors coupled with mechanical translators, such as gears
or belts for rotary to linear motion transformation. Such mechan-
ical transmissions not only reduce linear performance, but also
introduce backlash, frictional and inertial loads to the system [1].
With the fast development of power electronics and motion
control algorithms, direct-drive machines have aroused research-
ers’ attention. In a direct-drive system, electrical energy is directly
converted into mechanical output, eliminating any mechanical
translators. With the direct coupling method, the mechanical
structure of the actuator can be greatly simplified and the whole
system will be easy to assemble, reduced in cost and increased in
performance.

For linear direct-drive machines, linear permanent magnet
motors (LPMMs), linear induction motors (LIMs) and linear
switched reluctance motors (LSRMs) are commonly available.
Similar to a rotary induction machine, the LIM has a robust
mechanical structure and a smooth force output can be obtained
under proper control algorithms. However, a high air gap flux
density is difficult to be developed and the large end effects
impose a severe control burden to the system [2]. Among all types
of linear machines, a LPMM has relatively high efficiency and
larger speed regulation range; therefore, it is a viable candidate to
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meet the increasing demands for high accuracy in industrial
applications. Since LPMMs rely on permanent magnets for mag-
netic force production, inevitably, system cost is high and the
temperature range of operation is limited, due to the character-
istics of permanent magnets. Furthermore, LPMMs are more
easily affected by load disturbances, force ripples and para-
meter variations, etc., which significantly deteriorate system
performance [3].

Switched reluctance motors (SRMs) have the advantages of
simple structure, high robustness, and absence of permanent
magnets. Though the control of the SRM is complex, due to the
highly nonlinear characteristics inherent in the magnetic path,
SRMs have been successfully applied in many high-precision
speed regulation fields [4-6]. Compared to LPMMs, LSRMs have
a relatively low power density, nevertheless, the simple and
robust structure and the low system implementation cost make
them a feasible alternative for LPMMs in low-speed, high-
precision applications in industry. In this paper, a design method
of LSRM-based two-dimensional (2D) X-Y machine is introduced.

Industrial manufacturing environment is filled with many
kinds of disturbances such as coupled interferences, unmeasured
frictions, external load disturbances and unmodeled dynamics,
etc. Therefore a proper measure should be taken for correct
detection and compensation of disturbances in real-time. It is
very difficult for a traditional proportion-integral-derivative
(PID) controller to cope with disturbances and variations since
its design is mainly based on the static model of the system [7].
Therefore a control algorithm of disturbance detection and real-
time compensation should be introduced to overcome this defi-
ciency. Based on previous study and research, the authors
successfully implement an adaptive approach with online
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parameter identification on the LSRM-based X-Y machine to
correct disturbances and mechanical imperfections, increasing
robustness for system operation.

2. Design and construction

The LSRMs applied for the X-Y machine has a “passive-stator—
active-mover” structure and this arrangement has the following
advantages [8],

1. Simple manufacture of the stator base without complicated
coil arrays

2. Flexible traveling range and stator dimensions

3. Easy manufacture of mover slots with mounted coil windings

Since the X-Y machine is designed for low-speed, high-
precision applications, to meet with the maximum output force
requirement, regardless of end effect, normal and propulsion
force in the linear region for each phase can be derived from
the following equations as [9],

 UoIN*i*(d—s)

fz(sri) = 272

M

27s

2
fr(s,i)= nXl’%L" x sin (T) )

where s is travel distance, [ is stack length, N is number of turns,
i is phase current and 2L, is change of phase inductance from
aligned to un-aligned positions. Other parameters are specified in
Fig. 1. In general, L, is a function of motor geometry (d,p,l,z). The
phase inductance can be represented by the Fourier series. If the
first order approximation is considered, the self-inductance is
equal to [10],

L(xX) = Lis + Lo+ L, cos (?) 3)
Lo = N?14INsCo “)
L =N?p1gINsCy 5)

where L is phase leakage inductance and N; is the number of
teeth on a primary side pole. The Fourier coefficients Cy and C; for
the normalized permeance of one teeth can be found in a
standard table [11] for pole-pitch versus air gap length.

In case of both LSRMs, N; is chosen as 2 and air gap length z is
chosen to be 0.2 and 0.3 mm for the X and Y direction, respec-
tively, for practical and accurate mechanical manufacture and
alignment. Since Y axis carries X axis and bears more weight
and load, stack length are selected as twice of that from the
X direction. The mechanical dimensions of the proposed machine
are summarized in Table 1 and the prototype has been manu-
factured as shown in Fig. 2 with two sets of LSRMs stacked on top
of each other. The stator bases and the movers are manufactured

mover

stator

d p

Fig. 1. Definition of motor parameters.

Table 1
Specifications of the prototype.

Traveling distance (X/Y) (mm) 120/170
Air gap (X/Y)—z (mm) 0.2/0.3
Pole-pitch—p (mm) 12
Tooth width—d (mm) 6

Mass of X moving platform—m, (kg) 1.5
Mass of Y moving platform (not including X platform) —m, (kg) 2.8
Number of turns per phase—N 160
Stack length—I (mm) 24/48
Encoder resolution (pm) 0.5

Fig. 2. Prototype of the machine.

with aluminum alloy to reduce total weight. Silicon-steel plates
are stacked between the stator and mover slots to facilitate
magnetic paths. A pair of linear motion guides ensures smooth
sliding motion and supports the moving platform for each axis of
motion. Linear optical encoders are mounted on each LSRM to
observe motion profile and provide position feedback. The mov-
ing platform for each axis of motion is composed of three
excitation coils that is consistent with the structure of a typical
“6/4” rotary SR motor. Each coil can be driven independently from
a magnetically decoupled structure [12]. The coils are separated
with 120° electrical degrees to provide phase a, b and ¢ accord-
ingly. From the overall machine construction, since no permanent
magnets, ball-screw or mechanical couplings are involved, the
manufacturing cost is greatly reduced compared with the rotary
motors plus mechanical translators solution or LPMM-based X-Y
machines.

3. Theoretical descriptions
3.1. Dynamic model

The mechanical equations that govern the entire motion
system can be described in state-space form as follows,

ds

dx;y F = ©
dv

dxt(y L —(f o~ Bx Vx —Fix) /My @

where s, v, B, M, f and f; stand for position, velocity, friction
coefficient, mass, total and load force, respectively. Symbol x(y)
stands for X axis or Y axis of motion. Egs. (6) and (7) can be further
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expressed as

dzsx(y)
de?

For high-precision position control applications, it can be
concluded that total force impressed on the moving platform of
the X or Y table should be properly regulated. Therefore, the
motion control system can be regarded as a single-input-single-
output (SISO) system with total force command fyy as input and
position sy, as system output for each axis.

From the electrical side, the kth phase (k=a,b,c) can be
represented in voltage equation as

ds.
My x +Bxgy) x #(y) +fixy) =Fxy) 8)

. ey (Sx b))
UkX(_V) = ka(y) X lkx(y) + L) XY Rx)” dl('y 202 (9)
where Uyyy), Rixy) and ixyy) is terminal voltage, coil resistance
and current. Rearranging voltage balance equation and neglecting
mutual and leakage flux-linkage,

d_i _ ka(y)*ka(y)ikx(y)*(alkx(y)/asx(y)) X (dSXU/)/dt)

dt (OAkx(y)/61) (10)

As described in article [12], mutual flux-linkage can be
neglected from the finite element analysis results. Since the
machine is designed for position control applications, typically
the control system for each axis of motion can be characterized as
a dual-loop control system with current as the inner control loop
and position as the outer one [8].

Since real-time operation environment is full of noise and
disturbances, the second-order system depicted in Eq. (8) can be
further represented in discrete-time form as [13],

Az ") x Sxyy =B@1) x fyy) +exy) a1

where A(z™!) and B(z~!) are polynomials to be determined and
exy) stands for all unknown disturbances from X and Y axis.
Polynomial A(z~!) and B(z~!) correspond to the typical discrete-
time polynomial form as

{A(z‘) =1+a; xz ' +ay x 272

B(z ') =bg+by x z7! (12)

Therefore, the purpose of online system identification is to
correctly estimate a;, ap, bg and b; that contain all dynamic
information for each axis.

3.2. Online system identification

Eq. (11) can be considered as a typical least square form below
though disturbances may enter at any place into the control
system as any form. For nth estimation,

Sy () = @T(t=1)0 +e(t) (13)
where

{6=(a1a2b0b1)T

PT(E=1) = (=Su(E=T1) - —Sxip(E=Mfip(O) - Fuy(t—1)) D

The parameters described in the above equation can be
estimated by the recursive least square method as [13],

0(t) = O(t—1) +G(t)e(t)
G(t) = P=Dp(t—1)(p + @ (OP(t=1)p() ' (15)
P(ty= (I-K(t)pT(t))P(t—1)/p
Stochastic errors can be represented as
e(t) = Sxp (- (D0(t—1) (16)

where G is the gain and P is the covariance matrix. p is the
forgetting factor that reflects the relationship between converging

rate and tracking ability and it falls into 0 and 1 [13]. A larger
forgetting factor represents a more trust on the previous data and
low identification sensitivity. For the X-Y machine, p is chosen as
0.99 for a fast identification speed and moderate converging
ripples for both axis of motion. For initial states, P(0) can be
chosen as r x I4, 4 with r as a constant value of 20 and I, 4 is a
four-dimension unit matrix. If the relative error from the present
and last step is comparatively small, it can be regarded that the
present estimated value is correct. Then the criterion to terminate
the program for the recursive calculation can be set as

Ot +1)—0t)

. 17
s < a7

where ( is a small positive number.
3.3. Adaptive controller design based on pole-placement

The adaptive controller design is based on the results of the online
parameter identification, which can represent system dynamics of
the machine in real-time. Based on the pole-placement algorithm,
the structure of the proposed adaptive controller can be depicted as
shown in Fig. 3 with the discrete representation as

T(z ') x x(t) =R(z™") x u(t)+M(z™ 1) x y(t) (18)

where x(t) and y(t) are input and output variables. u is control output
and Rz 1), T(z™1), M(z~") are polynomials to be determined and
R(z~1) is assumed to be a monic polynomial as
R=1+rz"
19
{M:mo+mlz1 (19
The relationship between total force command input fy,) and
control output u for the motion system of X or Y table can thus be
represented as

Tz ") x fy) O =R@™") x ut)+M(z") x sxp(t) (20)

with the causal conditions to be met as deg M <R and deg T<R in
the discrete time base. Suppose the desired closed loop pole and
zero polynomials are A,, and B, respectively. The goal of the
pole-placement design is to specify the desired closed loop poles
so that system output perfectly tracks the input command to
achieve high-precision position control performance. Therefore,
the closed loop pole equation can be represented as

Az DRz H+Bz HMEz ") =Aoz HAn(z ") (1)

where Ao(z~ 1) is referred as the observer polynomial that can be
cancelled by zeros [14]. An(z~ ") is the desired pole polynomial.
Causality conditions are denoted as follows,

{ deg Ap(z 1) x An(z™") = 2deg A(z )1

deg Ap(z~1)—deg Bn(z 1) > deg A(z~1)—deg Bz 1) (22)

where polynomial B,,,(z~!) contains the desired closed loop zeros.

Polynomials A(z~1) and B(z~') contain system information for
the denominator and numerator of the discrete transfer function
described in Eq. (21), respectively, and the coefficients can be
derived from online parameter estimation. A(z"!) and B(z~!) are
coprime with A(z™!) as a monic polynomial. The closed loop

+®

fx(y)

—

Bz | %01

Tz » ) >

Mz

A

Fig. 3. Controller structure.
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control output thus can be represented as [14],
Bz HT(z")

Az DRz 1) +B(z-H)M(z 1)
Bz HM(iz™)

Az HR(z-1)+B(z-")M(z 1)

Sx)(t) = X fr(©)

+

x e(t) 23)

The main goal for the pole-placement design is to specify the
desired closed-loop characteristic polynomial Ag(z")An(z"1). A
controller design with no cancellation of zeros is applied with the
desired closed-loop transfer operator as
bo + b]Zfl

H z’l - -
m(Z) ﬁl+am1z-1+amzz—2

24

where =((1+amn1+am2)/(bo+b1)) with § as the unit steady state
gain. Then Eq. (24) becomes,
A+a1z M +az272)(A +rz Y+ (bo+ b1z H(So+5127 1)

=(1+amz ' +amz2)(1+apz™ 1) (25)

Solving for r, mg and my, we have [14],

2
(ap+am1—ay)by

2
- %00m2 bg + (a2 —Am2—aoam1)bob1
b%—a;boby +aybg

bi—aiboby +aybg

(26)

_ b1(apm1 — 02— Am1 a1 + @2 + Az — a1 ag)
B b%—a;bob; +ayb}
bo(am1a2—a1a;—Aoam +aody)
b%—a;boby +a,b?

mo

27

_ bi(a1az—am1a2 + a2 o —a2ao)

B b%*ﬂ] bob] +(12b5

bo(@m202— 03— oAz 01 + o1 G2)
b?—a,boby +ayb}

my

+

(28)

Since the disturbances are relatively slow compared to the
input command signal, polynomial R(z~!) can be considered with
factor of (z='1—1) as [14],

@ '-Dut) = &(t) (29)

where &(t) stands for the white noise. For cancellation of dis-
turbances, the factor (z~'— 1) can be included by requiring R(z~ 1)
with the form of,

Rz H=@"-DR@z ™ (30)

where R'(z~1) is a polynomial. If the solutions are R®, M® and T°
and polynomials R(z™1!), T(z~') and M(z~!) satisfy the following
equations, then we have,

Rz H)=@"-1DR @z ) =Xz HR’z")+sz HBz )

M@z =X@Ez"HM @z —szHAiz ) (31

T ) =XeE Tz ")

System output becomes,

Bn(z”DR'(z1)
Xz DAz HAn(z )

Xz HAo(z HBm(z")

SO = XAz HAnE )

x &) (32)

x F(t)+

It can be concluded from the above equation that the system
output can track the input command in a desired manner and it is
insensitive to the load disturbances with polynomial X(z~') and
Ao(z™1) if chosen as stable polynomials [15]. From the above
deductions, the identification and control process can be depicted
as shown in Fig. 4 for each axis of motion.

3.4. Convergence analysis of the adaptive controller

Convergence analysis for the identification process can be
expressed as follows. For time invariant stochastic systems with

parameter
initialization

f;(.}’) 5
—» sampling ofﬁ(y) Sy [ x(p)
Y
parameter d
identification of encoder
ai, az, bo and ba Y\

A 4

control parameter
calculation of X, ¥ and 7|

X(Y) axis of
the X-Y table

A
Y
control outputu
criterion
satisfied?
Fig. 4. Flow chart of identification and control.

the form of,
YO =@"(t) x 0t=1)+v(t) 33)

where y(t) is the output of the system, 0 is the time-varying
parameter vector of the system to be identified with 0(t)eR",
@(t)eR" is the regressive information vector and {v(t)} is a
stochastic noise sequence with zero mean. The least square
algorithm with the forgetting factor for identifying the time-
varying parameter vector of model (33) can be described as

0() = 0(t-1)+PO)POY(6)—@T (60t —1)] (34)

Pl =pP ' t—D)+ oD (), 0<p<1 (35)

whereﬁ(t) denotes the estimate of 0(t), p is the forgetting factor, M(t)
is the covariance matrix with X0)=P, >0, and 6(0) is a random
variable with E[0 (0)0(0)] < My < oo. {v(t)} and 0(0) are independent.

Lemma 1. For the system and algorithm denoted in (33)-(35),
respectively, if there exist constants 0 < « < ff < co and an integer
N=>n such that, for any t>0, the following strong persistent
excitation condition holds,

N
ol < %1; P+ (t+i) < I (36)

Then for 0 < p < 1, P(t) satisfies,

pN! -1 Np
al <P ()< ——1 37
—p ® —p 37)

Proof. From [16], we have,

t
Pl = pP ' t=1)+ 0@ () < > pINBI+p P71 (0)

i=1
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_ Nﬁ t -1 Nﬁ
=1l [po _qz} (38)

and,

t t-N+1
NPT\(t)=N>" p"pi)p ()+Np'P7 (0= > p'~[Nad]+Np'Py™"
i=1 i=1
_ pN71 ‘ = o
= G, Nl +Np |Po~ =5 39)

This completes the proof of Lemma 1.

Theorem 1. For the system denoted in (33) and the least square
with forgetting factor (LSFF) algorithm depicted in (34) and (35),
assume that condition (36) holds, then we can have,

E[r?(t)] = 02(t) < 0% < 00
Ewtwi)=0], t#i (40)
E[p(t—iw(©)] =0, i>0

The parameter change rate w(t)2 0(t)—6(t—1) is bounded, and
{w(t)} and {v(t)} are independent, i.e.,

27_ =2 2
{E[Iw(t) l=0%() <02 <00 a1

Ew®w!I(i)]=0, t#i, Ewt)v(i)]=0

Then as t— oo, the estimation error for 0(t) given by the LSFF is
uniformly bounded as

E[@(r)—e(m@] <302 p2-N+D(1_ p)2py~1112M

2 02
3N% _sup E[Hw(t)Hz] 2f(p,b)
t

3n(1-p)
a2 p2N-D(1—p)

+ 2o sup E[v2(®)] +

(42)

Detailed proof for condition (40) and (41) can be found in [17].

Theorem 2. For time invariant stochastic systems denoted in
(33), assume that condition (36), (40) and (41) hold, then [6(t)]
given by the LSFF algorithm satisfies [17],

E{I@(t)—@\@] <2072 p2=N+D(1_p)2 1Py 1I2M,

2n(1-p)

o1 Ovhaoh) (43)

where ¢, is the variance of v(t). Eq. (43) denotes that for any t > 0,
there exist constants 0 <o < ff < oo, integer N>n and a bounded
constant Mg that the LSFF algorithm gives a bounded mean square
parameter estimation error (PEE) and the PEE converges to zero in
a mean square sense [17].

Since the relationship of controller input and output can be
expressed in Eq. (21), the adaptive controller output is obtained
from adjusting R(z~ 1), T(z™'), and M(z~ ') based on the result of
system identification results. If A,(z~!) that contains the desired
closed loop poles are assigned with values enclosed by the unit
circle in z-plane, the stability of the system based on the adaptive
controller with the pole-placement algorithm can be ensured [14].

According to Eq. (7), the transfer function of the controlled
plant can be further represented as

K

N S 44
Mx(y)sz —‘rBX(y)S ( )

p(s)

where K is a constant of 1000, the conversion of meter to
millimeter.

The closed loop transfer function in continuous form then can
be expressed as

K

CO)= M5+ Brgys + K

(45)

With zero-order hold and the sampling time of T=0.001, the
discrete transfer function can be obtained through z-transform as

—Ts

G(z) = z{ x G(s)} (46)

4. Motion control system
4.1. Current controller

Considering the mechanical resonance of the mover from the
machine, the bandwidth for the position controller is in the order
of 10 Hz [18], therefore the two-time-scale control topology can
be applied. Since the dynamics from the mechanical variable
position is much slower than that of the electrical variable
current, the electromagnetic variables can be considered to have
remained in the steady states when all mechanical variables are
taken into account. Therefore, the mechanical variables can be
regarded as unchangeable when the electromagnetic variables are
considered. The fast inner loop controller is employed to trace the
currents through the motor windings with a sampling rate in the
range of 10 kHz to correct current errors in time, while the slower
outer loop position controller is used to track the reference
position profiles.

For the current controller from either axis, three asymmetric
bridge pulse width modulation (PWM) inverters are employed so
that high dynamic response can be enjoyed independently in each
phase for less current ripples [9]. At the side of PWM drive, the
relationship between output current and input voltage for any
one phase is,

R o oLyxi) .
Lk(x,i)Xlk ox

= —x i —xV 47
« L L <V @7
where i, is output current, Vj is input voltage. R is the winding
resistance and Ly is phase inductance.

Eq. (47) can be further expressed as,
; R . C
ixr=—+——xip++—xU, 48
k Lk(X) k Lk(X) k ( )
where C is the converter gain, and Uy is the controller input. The

system plant can be represented as a first-order system,

Kc

HO =T R

(49)

where K. is a constant. A modified proportional integral (PI)
controller is applied for current regulation and the transfer
function governing the controller is as follows,

Cis) Kc(Kps+K;)

G(s)= =
(s) iz(s) L’<52+(R+KCKI,)S+KCK,‘

(50

Noticing that K.K,>R, the transfer function can be further
simplified as
ik(s) _ Kc(Kps+K;)
i5s)  Lis?+(R+KcKp)s+KcK;
_ (Kep /Li)s+(KeKi/Ly)

52+ (KK /Li)s + (KcKi/Ly)

G(S) =

(3]

The coefficients K, and K; then can be determined from the
damping factor and natural frequency of a typical second-order
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system as
_ ZanLk
Kp= = (52)
2
o C()nLk
Ki= %, (53)

By choosing a proper value of K, and K;, the error will diminish
to zero within a relatively short time and an overshoot free
response can be achieved [8].

4.2. Speed controller design

In servo control applications, speed regulation is often
employed to ensure that the machine follows a designated
velocity reference profile and provides corresponding transients
for the trajectory control loop. Between the inner current and
outer trajectory loop, an intermediate loop of speed regulation is
applied to regulate speed profiles and improve machine perfor-
mance. For high-precision servo control applications of the
proposed X-Y table, it is recommended that a proper speed
control loop is implemented and inserted between the current
and position control loop. To simplify the design of the speed
control loop, it is assumed that the delay of the current loop is
negligible due to the fact that usually the speed of response of the
current loop is at least ten times faster than the response of the
speed loop [8].

For any one axis of motion, neglecting load force, the transfer
function that governs the speed behavior of the X-Y table can be
represented as follows,

K

HS)= ————
® M) x $+Bxy)

(54

If a simple PI controller is applied for speed regulation of both
axis of motion for transfer function C(s), from the speed control
block diagram depicted in Fig. 5, the transfer function of speed

response can be represented as
Viw _K Kyp x s+Ky;
Vx(y) wa) x §2 +(Bx(y) +Kyp) x S+ Ky

(55

where K,, and K,; are the proportional and integral gain for the
speed controller. The transfer function has two poles and only one
zero. Since the integral gain K,; is comparatively much smaller
than the proportional gain K,, [8], the only zero can be neglected
and the transfer function can be further simplified as

Vo s . Kyp-s 56)
Vx(y) Mx(y) -S +(BX0/) +K,)p) . 5+I<w'

The transfer function can be considered as a typical second-
order control system with proportion K. The damping factor and
natural frequency thus can be found as follows,

260, = Baen
2 _ Ky (57)
D5 = My,
v x0)
xr - )
C(s) > H(s) >
PI regulator control object
Fi -
speed feedback

Fig. 5. Block diagram of speed control.

The coefficients from the speed control loop K., and K,; then can
be determined from Eq. (57). By choosing a proper value of K, and
K,;, the error will diminish to zero within a relatively short time and
an overshoot-free response can be achieved [8]. With K,, and K,;
gains are tuned as 5 and 0.2, respectively, an overshoot-free speed
response for the X-table control system can be expected.

The experimental result for step response of the X-table can
be found in Fig. 6. It takes the moving platform for 0.15s to
reach the destination velocity reference. The output waveform
does not exhibit any overshoot with the proposed proportional
and integral gains applied, which proves that the PI controller
employed in the speed control loop maintains a desirable tracking
response.

4.3. Position controller with multi-phase excitation and linearization

The operation of the outer position control loop is based on the
assumption that the current and speed controllers have perfect
tracking capability. For smooth operation with moderate force
ripples and noise, a multi-phase excitation scheme is applied for
each axis of motion and a linearization scheme is employed to
calculate phase force command according to required total force
command [18]. For each axis of motion, the multi-phase excita-
tion scheme can be found in Table 2 [19].

Since SR motors behave highly nonlinear relationship of torque
(force) respective to current and position, a linearization scheme is
applied for each LSRM. To optimize between computation efficiency
and memory consumption, a pair of low-resolution 2D 27 x 27-
matrix look-up tables are used for each axis of motion with bi-linear
interpolation to calculate the intermediate values. This produces a
considerably low worst-case deviation from the original non-
linear function and the output values can also follow a smooth
profile [18]. The overall position control diagram with the proposed
adaptive controller can thus be derived as shown in Fig. 7. The
multi-phase excitation scheme first determines which phase(s)
should be excited according to current position Sy, and force
command fy,) Then force reference values fi(k=ab,) for the
excited phase(s) is assigned according to Table 2 from the force
command for the X or Y table. Next, the inverse relationship of
current command i (k = a,b,c) from each phase can be derived from
the 2D look-up table. Last, actual current i,(k=a,b,c) are output from
the current controllers.

5. Implementation results

The experiment is implemented with a PCl-based dSPACE
DS1104 controller card. The interface circuit from the control
board consists of two 24-bit digital incremental encoder channels
to provide velocity and position feedback from each axis. The
current drivers receive command signal from the digital-to-
analog converters and supply current excitations to each phase
for two-axis of motion.

The control algorithm is programmed in MATLAB/SIMULINK
platform and can be converted into C code after compilation
and downloaded to the DSP chip of the controller card. Control
parameters are regulated online and current status of the control
system are displayed accordingly.

5.1. Parameter identification

Since the LSRM from each axis of motion cannot self start
under the adaptive algorithm, PID regulator is implemented for
closed loop position control and online parameter identification.
The position algorithm is switched to the adaptive controller after
parameter identification is complete. As shown in Fig. 8 the
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Table 2

Multi-phase excitation scheme for X or Y table.

Range (mm) Force command (f> 0) Force command (f < 0)
0<x(y)<2 fo=f fa=f x (+/sina/v/sina+ /siny)
fe=fx m/m+ siny
2<x(y)<4 fo=F x (\/SInB//Sinf+ /i) fa=f
fe=Fx (/siny/\/sinfi+./siny)
4<x(y)<6 fe=f fa=f x (v/sino/+/sino+ /sinff)
fy=F x (/S0 B//5in -+ /5in B)
6<x(y)<8 fa=f x (v/sino,/+/sino.+ /siny) fo=f
fe=F x (/siny/~/sina+/siny)
8<x(y)<10 fa=f fa=F x (/sinf/\/sinf+/siny)

fe=f x (y/siny/\/siny+/sinf)
fo=f x (v/sina/+/sino+ /sinf) fe=f
o= (/ST T + /ST

Note: o=21 x x(y)/12, f=0—2n[3, y=0—4r/3, 0 mm is the fully aligned position from phase a.

10<x(y)<12

identification results under PID regulator, it takes about 1.5-2's
for all parameters to converge. Since mechanical and electrical
parameters are distinct from each axis of motion, the correspond-
ing identification results are different. After the identification
process is stable, the adaptive controller can be implemented to
replace the PID method.

5.2. Performance test

For comparison of control performance between PID and the
adaptive control method, control variables from both PID and
adaptive control are regulated for the same state and they remain
unchanged though operation conditions are varied. Parameters
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Table 3
Parameter regulation.

Parameter Nominal state (20 mm, 3 s)

X Y
P 0.2 0.9
D 1.1 9.0
I 0.001 0.002
A1 -1.93 -1.935
A2 0.938 0.938
bmo —0.850 —0.850
bm1 —0.800 —0.800
p 0.99 0.99

for square wave operation with amplitude of 20 mm and period of
3 s are regulated as the nominal state with parameters tabulated
in Table 3 and dynamic error profiles shown in Fig. 7 for each axis
of motion. It is clear from the shifted response waveforms from
the two controllers that overshoots are relatively huge with large
static errors for the PID controller for each axis of motion.
However, the performance under the adaptive controller provides
a smooth dynamic transition and a static error of +2 and
+2.5um for X and Y axis, respectively. The parameters for PID

and adaptive controller are illustrated in Table 3 and all remain
unchanged for composite command references. The dynamic
response for each axis of motion can be found in Fig. 9.

For actual operations under composite command of the
machine, command for each axis can be designed independently
from a decoupled motion structure. The response of the X-Y
machine when drawing a line is shown in Fig. 10 under the
position command of square waveform with 0°phase difference.
Since there are sharp transitions for a square profile, dynamic
performance deteriorates at each corner from the PID controller.
However, the response from the adaptive controller provides a
reasonable overshoot and dynamic errors.

Sinusoidal command reference is also selected for perfor-
mance test. Under the compound command signal, the table will
draw a circle with uniform position command and a line with
180° phase difference as shown in Fig. 11. It is clear that the
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Fig. 9. Dynamic response from each axis of motion (a) X axis and (b) Y axis.
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tracking profiles are more precise under the adaptive controller
than PID.

5.3. Test of robustness

To further test machine performance under the interference
environment, a constant force disturbance of 15 N is added before
the position controller block to the X axis table with all control
parameters unchanged. To avoid severe change of operation
under disturbances, a third-order S-profile with smooth transi-
tions from rising and declining part of the waveform is applied as
the position command [20]. As shown in Fig. 12, the tracking
profile under PID controller continuously experience relatively
large errors and it is not capable of correction for such disparities.
However, the adaptive controller is able to compensate force

E 5 f----- ... L
E ,
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& Ot e | S et A S A e
= E !
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1 m— i4 f : e i
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command
_____ response of PID
.................. response of adaptive controller

time (s)

Fig. 12. Trajectory response under disturbance.

disturbance with a reasonable dynamic and static response at the
same time.

6. Conclusion

The design methodology for LSRM-based X-Y machine has
been discussed in this paper. Since traditional machines with
rotary motors and mechanical translators have the disadvantages
of high cost, complex structure and require frequent adjustment
and maintenance, it is expected that the LSRM-based X-Y
machine will be an ideal alternative to the traditional methods
for 2D high-precision translational applications. With the devel-
opment of the adaptive controller, high-precision position control
can be achieved. It can be expected the cost of the processing
components and parts will be significantly reduced if the pro-
posed X-Y table can be successfully employed in the advanced
manufacture area.
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