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Abstract

Precision motion control is a fundamental control prob-
lem that has encountered numerous applications such as
machining, manufacturing, microelectronics, instrumen-
tation, testing, etc. It is recognized that velocity ripple
is a major factor affecting the precision of motion control
systems. This paper studies the adaptive rejection of ve-
locity ripple caused by the periodic errors in a inductosyn
transducer. After a mathematical modeling of the trans-
ducer, two adaptive control schemes are presented that
compensate the transducer errors. The closed loop adap-
tive systems are shown to be exponentially stable in both
cases. Numerical simulations demonstrate significant re-
duction in the power spectra of velocity ripple.

1 Introduction

Precision Motion Control Systems have been used in
numerous industrial areas for years. One of the typical ap-
plications can be found in the feed control of machine tools
of the manufacturing industry, where accurate, smooth
position and speed control are required for contour accu-
racy and small surface roughness of the products. Another
important application which motivated this work is in the
motion simulators and testing equipment for the calibra-
tion of inertial guidance systems and components. These
simulators and testing equipment are required to provide
high-performance motion control with position resolution
of 0.0001 degree or better.

In the development of the precision motion control sys-
tems, various disturbances should be carefully taken into
account. During the past years, many studies were done
on the mechanical problems such as friction and backlash.
Periodic ripple also has been found to be a major problem
in precision motion control. These ripples can be caused
by motors and motion transducers. In [1}, Bolton et al in-
vestigated DC brushless motors which exhibit harmonic
torque ripples. In [2], Chen and Paden studied step mo-
tors and indicated the damage from torque ripples to a
robot. motion control. In [3], Liu and Li studied velocity
ripples from a multipole motion transducer in a speed con-
trol system and demonstrated experimental results. It is
evident that these periodic disturbances must be reduced
over a frequency range to avoid excitation of mechanical
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resonance or degradation of accuracy.

There are several methods to deal with ripple problems
in the motion control systems. Improving components
such as motion transducers and drivers is one method, and
using high servo gain and an integrator to partially reduce
the effect of disturbance is another. In recent years, the
motion control problem has regained a lot of new interest
due to the development of nonlinear, adaptive control and
application of microprocessors in the control areas. In (4],
a nonlinear adaptive state feedback was studied for the
induction motor control. In {2], adaptive control of torque
ripples was studied for step motor control and a dramatic
392 dB reduction of torque ripple was obtained.

In this paper, we study the adaptive rejection of velocity
ripples from a position transducer in a high-performance
motion control system. In the next section, a brief de-
scription of the phase-locked motion control system and
the model of our motor control system with an inductosyn
transducer are given. Then a PID servo control and the
error equation used for adaptive controller design are pre-
sented. Two adaptive controllers are designed using the
corrupted transducer output feedback. Finally numeri-
cal simulation results are given, demonstrating significant
reduction of velocity ripples.

2 System Description

2.1 Description of A PLMCS

Figure 1 shows the functional block diagram of a
phase-locked motion control system (PLMCS) developed
for motion simulators. The system consists of a motor, a
transducer (inductosyn) system, a command system and
a servo controller. The command system is based on a
specific microcomputer and generates a set of pulse and
frequency signals(P. and F.) that are called motion com-
mands. Another set of pulse and frequency signals are
generated by the transducer system reflecting the motion
output of the system. The phase error between phase
command and system feedback is compared by the phase
detector(P.D.) and then used to drive the motor through
the servo controller and current amplifier.

In the ideal situation, the outputs of the motion control
system, angular position f and angular velocity 8, can be
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Figure 1: Block diagram of Basic PLMCS
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where p; is the number of pole-pairs of the inductosyn;
N, is the resolution constant. In a well designed phase-
locked motion control system, N, can be managed in the
range 1000-10000 resulting in average speed accuracy in
1-10ppm.

From test data, however, we have observed obvious pe-
riodic variational components, the velocity-ripple, in the
angular speed output of the system relative to the aver-
age speed. They are much greater than the average error.
By further analysis and experiments, we have found that
they are from the periodic errors of the transducer sys-
tem. These errors are due to the deviations of transducer
circuits and the field interference as well as the structure
error in the transducer system.

2.2 The Inductosyn Transducer

The motor and transducer are typically modeled to-
gether. Due to the fact that a high gain current current
amplifier is used, a simplified model for the motor can be
used in order to focus our attention on the transducer.
Therefore, the motor dynamics are taken to be

. K
b= "Um_KmUm (2)

where K, is the normalized torque constant, and U, is
the control voltage.

An inductosyn is a highly accurate multipole position
transducer. A rotary inductosyn consists of a disk-like
rotor and a stator with printed windings. The single-
phase field current in the rotor and two-phase outputs in
the stator can be described by

, d(i7, L;
o= iR + 2alia) 3)
Lra = Kaasin(pi8); Lyy = Kyacos(p,6) 4)

where Uy = [u;r, uig, u3) is the terminal voltage in the
rotor and stator windings; 7y = [ir, —ia, —ip] the field
current. and the stator output current respectively. Raq

and Nyq are amplitude constants and R4, Lig the resis-
tance and inductance matrices of windings. L, are the
elements of 1;4, representing the mutual-inductance be-
tween the rotor and stator. Here the inductive reactances
related to i, and 7y can be neglected due to its propertics.
To derive the output equation of our inductosyn systein.
we denote

wp angular frequency of the energiziug signal;

wp fundamental frequency p;8, wp < (0.1 — 0.2)wy:

A, phase deviation of transducer circuits;

Ay magnitude deviation of the circuits;

8a, 0 electrical interference in transducer outputs;
P error parameter vector of transducer output;
a sum of angular errors in transducer;

w,  periodic error vector related to p;;

0, actual angular output of transducer.

Let the input voltage of the transducer in the rotor be
expressed by a complex variable u;, = K,,e/“°t . By
computing using equations (3) and (4), we have

i, = K; eiwot
Uig = KaaerB'{]wos'"(pta) +p,0cos(p;0)} (5)
uip = Kyped o {jwocos(pi8) — phsin(p:)}

Here K. is the exciting magnitude of u;.; K,, and K,
are the magnitude coefficients of the two outputs in the
stator computed from K,4, K3q and K,,. To obtain the
measurement of system output 6, let u}, = ju;, and
Ugp = uip + uj, through the transducer circuit system.
Considering the phase, magnitude deviation and field in-
terference introduced, from Equation(5) we have the ex-
pression of u}, and u, as

ul, = (1+ Ak)K,bej‘”"'j(jwosinp,G + p,écospta + 6, )ejA“’
Ugp = K’bjAeej(wot-HJ:O) - K,bj[{ieej(wot+P'o+a)

where A, is the error entry due to Ag, A, and ba,5. Dis-
regarding higher order terms, A. and a can be expressed
as

Ac=ac+jbe; ambe

a, =wo+ G + (wo — wp)(—tcos(2p¢0) —‘ﬂsm(2pt0))
+4E (wo + wp) + 84 cos(p:b) + bysin(p,6)
b = (wo — wp)(4% sin(2p,0) — A‘ﬂcos(?pgﬂ))
2 S (wo + wp) — 845in(pb) — ycos(p.b)
Since

|2(wo + wp)| > |Ar(wo + wp) — Ax(wo — wp)cos(2p:)
—Ay(wo — wp)sin(2p:) + bqcos(p.f) + Sy sin(p,0)|

we have the expression of output error of the transducer
system as

a= P w, (6)
Here vectors P and w, are in the forms of
5 1
—bq sin(p,6)
P= A —bp " jwe = | cos(p:) (7)
- TAY S sin(2p;6)
%\1 + A‘P_L‘w:;-uo cos(2p,f)
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Then the actual angular output 8, of the inductosyn,
in electrical phase, can be written as

6, = psf + PTw, 8)

Hence the torque motor with a inductosyn transducer
is described by equations (2) and (8) together. Further-
more, it clearly indicates the existence of periodic errors
in the system output. These errors cause velocity-ripple
when the system is commanded to operate at a constant
speed 0. The parameters represented by P are some un-
certain constants for each speed # and the shape structure
represented by w, depends on angular position 6.

3 Servo Controller

To ensure the servo and tracking performances of the
motion system, here a PID servo controller with input
feed forward is used. We denote by 6,, 8, and 6, the input
trajectory: angular position, speed and acceleration; ey =
6, — fp the nominal output error; e, = fr — p:0 the true
output error; K;, K, and K4 the parameters of our PID
controller. Then the controller is described as

_ 0, + [Kaés + Kpep + Ki [ esdt]
pth

Un 9)
Substituting equation(9) into equation(2) and using the
denotation of e, 3, the error equation becomes

€a+Kdéb+erb+K;/ebdt=0 (10)

where K;, K4 > 0; K4K, > K;. Notice that e, = 6, —0p =
ea — P"w, includes the periodic error of the transducer.
To reject the velocity-ripple caused by the transducer
error, a compensation signal which is adjusted by an
adaptive controller will be added at the input of PID
controller. Since the constant component in the trans-
ducer error does not contribute to the velocity-ripple, the
compensation signal can be determined as u. = Pw,
where w” = [sin(p:8), cos(p.0), sin(2p ), cos(2p:0)] and
P e R Lete = es + PTw and P =P—P. From
equation(10), we have

€P+Kdép+Kp€p+Ki/€pdt = i (11)

By denoting G,(s) = m}ﬁ, we have Laplace
form of (11) as ey(s) = Gp(s)ic(s), where u. = Prw
is the residual ripple. Our purpose then is to design an
adaptive controller forcing P and e, — 0. Although the
compensation signal can be added into other places of the
system, we have found that they will be equivalent for the
design of the adaptive controller.

4 Adaptive Controller

Conventionally the velocity-ripple is dealt with by
careful adjustments of the transducer system. Indecd, this

process can be very costly. In this section, adaptive re-
jection will be studied. Since the true system error € is
unavailable in the system, Lyapunov approach can not be
directly used for the control design as can be done in the
motor control case. We will discuss two design methods.

4.1 Augmented Error Method
4.1.1 Adaptive Controller Design

Choose a filter L(s) and the augmented error e as

s3+as2+bs+c

L(s) = ZH25

y€e = €p + €y
Since P € R* is constant, e, can be written as
en = Gp(s)L(s)[PTL™ " (s)w — L™ (s)P" ] (12)

Then e can be expressed as

P 4as’+bs+e pr

=G,LP"w =
e =GplP W = G R s + K

w  (13)

where w; = L~!(s)w and L~!(s) is stable. By denoting 2
as the internal variables, we have the sate space realization
of (13) _

F=Az+ Py

ee=PTw +h7z (14)
and the transfer function
Gp(s)L(s) =d + h7(sI — A;)"'b (15)

Here d = 1. Hence consider a Lyapunov Function candi-
date ~ R
V=3B:i+PT'P (16)

with B > 0 and T > 0. Differentiating V along the solu-
tions of the error equation(14) yields

V = 5T(ATB + BA,)Z + 2P7wiz” Bb+ 2P P. (17)
From equation(23), the update law should be
1'-’= 1'3= —e . Twy (18)

Since A, is Hurwitz and L(s) can always be selected
such that G(s)L(s) is strictly positive real(SPR), the well-
known MKY Lemma [5] will yield a matrix B = B” >0, a
scalar v > 0 and a vector g for a given matrix D = D™ > 0;
such that

ATB+ BA, = —q¢" —vD; Bb—h=+V2
Then V can be written as
V = —vi"Di — (£ qF V2P w)® (19)

Since V > 0 and V < 0 for all Z and P, immediately the
system presented by equations (14) and (18) is stable in
the sense of Lyapunov.
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4.1.2 Further Analysis of The Stability

Since V' is positive definite and V7 is nonpositive. we

have V' nonincreasing. Therefore, V(1) — constant as
{ — o and V(0) > V({) > 0Vt > 0, meaning that
V(1) € L. From equation (16), both Z and P € Leo,

since B> 0and I'"! > 0.

Next. we want to use Barbalat’s Lemma [6] to establish
convergence of the augmented error. To do this, let’s de-
note Ly = ||L7|lc, since L7(s) is stable. Then we
have ||w|| < Lml|(1,1,1,1)|]|. Then P € L. implies
PTw; € Lo. Therefore F= Az 4 (3244 wy € Leo- Further-
more, since the system is stable and 6, € Leo,0 € Leo-

0o 1 0 O
Then w = _01 8 g (1) wp,é € Lo,. Hence wy =
0 0 -1 0

7' € L. Also P = —Teay :"—I‘(Pz'w; + fl.’f)w, €
Lo, With all these, we finally have V = —2vzD:—2(z" ¢+
\/il""w,)(?q + V2P w + 13’11')1) € Lo, which ensures
that V is uniformly continuous. This plus V() — con-
stant as { — oo leads to the conclusion that V — 0 as
{ — oc. Therefore, 27Dz + (3" + ﬂf”yn)z — 0 as
t — co. Both 2Dz — 0 and 27 +vV2P"w; — 0 as
{ — oo. Then we have P"w;, e, — 0 as t — 00.

In order to establish the convergence of the tracking
error e,, the argument follows like this: By the swap-
ping Lemma [6], the auxiliary error e, is of the form

ey = H(s)]3 where H(s) is a suitable, stable operator.

Since e, — 0 as t — oo, equation (18) leads to P—0
as { — 0o. Therefore e, — 0 as t —> oo. This imme-
diately leads to e, = ec — e, — 0 as t — oo.

Moreover, for our adaptive control system, we can
achieve stronger stability results: the exponential con-
vergence of tracking error and parameters. This is ob-
tained by establishing persistence of excitation(PE) of
the regressor w; and by ensuring that G,(s)L(s) is SPR.
Since the system is stable, we can easily ensure that
6p > |6] > 6, > 0 by proper choice of the reference
trajectory. This is an easy task, since in practice the mo-
tor will be rotating at a nearly constant speed. Then by
the PE Lemma of [2], w will be PE; and therefore w; is
PE since w; = L'l(s)w and L~! is stable. To ensure that
Gp(s)L(s) is SPR, one can show that if we choose a, b, ¢
such that aKgq > b+ Kp;bKp, > cKq + aKi;¢ > 0, then
Re[Gp(jw)L(jw)] > 0 Vw € R. Since the relative degree
of Gp(s)L(s) is zero, the above guarantees that Go(s)L(s)
is SPR [5]. Then using the standard results of stable adap-
tive systems [7], we conclude z and P — 0 exponentially
as t — 00; So does e, and e,.The velocity-ripple will be
rejected as PTw — 0.

4.2 Averaging Method

In simulation, we observed the instability of the sys-
tem when using e, as the input to the adaptive controller
for some output speed. This motivates the use of the av-

eraging methods [8] [7] to analyze the properties of the
adaptive systenn and hence leads to an alternative design
of the controller.

Considering the parameter adaptation in the form of
equation (18) and pretending to use ¢, in place of €., we
have . .

P=P=—elw (20)

1t can be verified that e,() can be expressed as
t
ep(t) = —/ Gi(t = 7)PT(T)w(r)dT + PTw (21)
0

_ _ Kas®+Kps+K, .
where G1(s) = 1—Gp(s) = ’Tm To derive the
averaging equation for (21), we write the regression vector
w in the Fourier form

w'(t) = [sin(p:0), cos(p:f), sin(2p.f), cos(2p.0))

n=2 .
= D Cadvmt (23

n=—2n#0

(22)

where C,, are Fourier coefficients and w,, can be written
as 2nw6 approximately{3]. Then the averaging equation
for parameter adaptation can be described as(8] [7]

Py = —TQPuy (24)

where
_ 1 (T )
Q=7 /0 (~(t) 3 Gr(jwn)Crel=" + wu")dt
= Gp(jwa)CaCL,
Since w is PE = Y. ReCnCT,, > 0. But Gy(s) is not
SPR. In fact, we have
—jud(Ki - Kaw?) — w3(Kpw —w?)
(K,' — Kqw?)? + (pr —w3)?
Re[Gp(jw)] <0 (25)

or w? < K,, ie., there exist eigenvalues with positive
real parts in the system (24),for some w2 < K,. In other
words, the phase of Gp(jw) was shifted out of the range
+Z.

2

Based on this fact, we rewrite the transfer function
Gp(jw) as

G,(jw) = FIm[G,(jw)] + Re[Gp(jw)] = |Gp(jw)le?”™
(26)

GP(J"") =

and let the regression vector in the parameter adaptation
(21) be w, = B,w, obtained by changing the phase of the
regressor w, where

eian(wn) 0 0 0

0 efon(wn) 0 0

By = 0 0 eiora(en) 0
0 0 0 eionalon)

Then the pretending parameter adaptation law is cor-
rected to be .
P=—eTw, (27)
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The modified averaging equation for the parameter up-
date law of {28) can be expressed as

Pav = _FQ_pPau, (28)

where

@r = 2 IGpljwn )l #CuCL,  (29)

with g1 2(wn) = B(wn) + ap1,2(wn). Then apy,2(w) are
selected such that |1 2(wn)| < 3. By general results of
slow adaptive system in the averaging analysis, the sys-
tem presented by the equations (16) with the parameter
adaptation (34) and modified phase g 2(ws) will be ex-
ponentially stable. Hence we have P - 0,e, — 0 and
consequently e, — 0 as t — oo.

On the other hand, because @ is unavailable, the tra-
jectory 8, will be used in the regressor. We denote
w! = [sin(0,), cos(8,), sin(26;), cos(26,)]. Substituting
0, = pi0 + e, into w,, we have

P w, ~ PTw= P w, + PTE,w,

where E; =
1—cos(eg)  sin(eq) 0 0
—sines) 11— cos(eq) 0 0
0 0 1—cos(2es)  sin(2eq)
0 0 —sin(2e,) 1 — cos(2e,)

Since P” E,w, are bounded, the parameter error P will
converge to a neighborhood of ||P™ Eqw,||. In general, the
transducer error is small.

6

01‘ / PID Motor f
[]

L
o> [P

Figure 2: Block diagram of the adaptive system

5 Numerical Simulation Results

Our system is shown in Figure 2. To verify the designs
and our analysis, both adaptive controllers are studied
in the simulation work. The ripple spectra and param-
eter dynamics were calculated and recorded. Based on
an actual phase-locked motion control system with the
position transducer-inductosyn developed for gyro tests,
the following parameters are used to analyze the system
performance in the simulation.

J = 3149.7(g.cm.s?);
pe = 360;
wo = 4000 x 27 (rad/s);

K. = 0.22(Kg(f).m/A);
N, = 2500;

mar{w,) = 0.2w,;

The total angular error of the transducer system is esti-
mated to be 11 arc seconds. The deviation coefficients in
phase, magnitude and field interference are chosen as

A =623x107% A, =6.23x107°
6a =5.24x107% & =524x107°

They are equivalent to about 0.36 and 0.3 electrical degree
respectively that are used in the simulation.

For the PID servo controller, K; = 22; K, = 550; Kqa =
110 were chosen. Frequency bandwidth(-3dB) is about
90H z. Small overshoot was achieved.

Figure 3 illustrates the power spectral density(PSD) of
the velocity ripples caused by the periodic error of the
transducer system without any adaptive rejection when
6, = 2 degree per second(deg/s).

Figure 4 to Figure 6 show the simulation results of adap-
tive ripple rejection of the augmented error design with
6, = 2 deg/s. Figure 4 shows the rejected velocity-ripple
spectra (PSD); Figure 5 the time history of 8 (deg/s);
Figure 6 the convergence of one parameter corresponding
to the term sin(f,) from an initial value of 0 electrical
degree(deg). In filter L(s), the parameters are chosen as

“a =55, b= 275 ¢ = 10. Notice that the ripple spec-

tra(PSD) has been reduced significantly.

Figure 7 to Figure 9 show the results using averaging
analysis design method at nominal motor speed of 2 deg/s.
Figure 7 and Figure 8 are spectra(PSD) and time history
(deg/s); Figure 9 and Figure(10) the convergence of two
parameters corresponding to sin(6,) and sin(26, ) respec-
tively. The initial values are both zeros. B(w) is com-
pensated by ap,(w) such that g,(w) in the range of £%.
Notice again the dramatic reduction in the velocity-ripple
spectra(PSD).

6 Conclusion

Periodic ripple is one of the major errors greatly dam-
aging the performance of precision motion control sys-
tems. Our work shows the generation of the velocity-
ripple from a position transducer-inductosyn and the
adaptive rejection of those ripples. Since the true out-
put of the system can not be available in transducer case,
two stable controllers are studied. In particular, the con-
troller designed by averaging analysis is much easier to be
implemented by numerical control. Compensation phase
ap can be determined by the frequency response of the
system. Simulation results demonstrated that velocity-
ripples are reduced to significantly. Experimented work
will be developed in the future. Moreover, the simplicity
of adaptive ripple rejection may lead to significant eco-
nomic benefit over manual adjustment of the transcucer.
The controller developed here may be further applied to
other applications which encounter ripple problems.
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