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Robust Performance Control of Electrohydraulic
Actuators for Electronic Cam Motion Generation

Dean H. Kim and Tsa-Chin Tsao, Member, IEEE

Abstract—This paper addresses digital control design and
implementation for an electrohydraulic serve actnator used in
electronic cam motion generation. The actuator dynamics, due
to a broud range of motion trajeciories, have different degrecs of
nonlinearity and are represented by a number of linear models
with associated bounds of unmadeled dynamtics. For each specified
range of motion trajcctories, a robust performance controller
corresponding to the particular linear model is designed to ensure
consistent performance under the effect of nonlinear dynamics
in the range. Consequently, there is a tradeoff between the
robustness and the closed-loop bandwidth. To precisely generate
electronic cam motion, a repetitive controller and a feedforward
controller are added as plug-ins to the robust performance feed-
back controller. Experimental resnlis are given to demonstrate the
effectiveness of the digital motion control synthesis. Performance
of 26-pm maximum tracking error, 6.8-pm roof mean square
(rms) tracking error, and 4.6-pm rms cycle-to-cycle variations
is achieved for fracking a cam profile with 9.4-mm maximum
displacement, 1.2-m/s maximum speed, and 1000 m/s? maximum
acceleration, It is also demonstrated that such performance cannot
be achieved if the controller design is based on a small signal
model or one with an inadeguately small range of motion.

Index Terms—Digital control, electrohydraulics, feedforward
control, motion control, repetitive control, robust performance,
tracking.

I. INTRODUCTION

LECTRONIC cam motion, where a slave axis driven by an

electronically controlled actuator follows a predetermined
trajectory as a function of a master axis position, is used in
such applications as moving web handling, robotic material han-
dling, and noncircular machining. It has the advantage of soft-
warc {lexibility to quickly change from one cam profile to an-
ather, and it eliminates problems associated with the mechanical
linkage, such as backlash, friction, engagement de-bouncing,
and structural resonance. For the noncircular machining appli-
cation, the actuator carrying the cutting tool must have large
dynamic force capability to generate inertia force for large ac-
celeration (1000 m/s?) and to compensate for machining force
disturbances. Scrvovalve-driven eleetrohydraulic actuators are
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suited for such an application. This paper addresses the motion
control of electrohydraulic actuators for cam profile generation.

Exploiting the fact that cam profile tracking in noncircular
machining is a control problem of compensating for exogenous
periodic signals, Tsao and Tomizuka [1], [2] developed a repeti-
tive control algorithm and implemented it on an electrohydraulic
actuator. The controller was designed based on a linear model
obtained from small signal perturbations about the null valve
and actuator position. The modeling and control method was
successful in machining at 600 r/min an elliptical shaped work-
piece with 5.0 mm major and minor axis diametrical differ-
ence, which corresponds to a periodic reference of 0.31 m/s
maximum velocity and 39.4 m/s? maximum acceleration. Most
other electrohydraulic control literature [31-[7] also used small
signal linear models with various levels of order reduction for
applications with less demanding dynamic ranges. In applying
noncircular machining to automotive camshaft tuming, the class
of numerous automotive camshaft lobe profiles in production
spans over a much larger motion range in terms of speed, accel-
eration, and the order of Fourier harmonics required to repre-
sent the cam profiles. An example production cam profile that
is on the more aggressive side of the class is considered in this
paper. The profile has 9.4 mm maximum displacement, about
20 orders of Fourier harmonics, and 1.2 m/s maximum speed
and 1000 m/s% maximum acceleration, respectively, when it is
rotated at 600 r/min. It will be shown that the control design ap-
proach based on a small signal model as in [11, [2] is no longer
effective in producing precise and consistent cam profile mo-
tion.

Hydraulic systems are known to present different levels of
nonlincar dynamics according to the range of rated capacity uti-
lized. In particular, a servovalve has substantially different fre-
quency responses as it is excited at different input current mag-
nitudes. An eight-state nonlinear state space model for the ser-
vovalve-driven linear displacement actuator was developed in
|71 based on first principles. However, it is impractical to at-
termpt to identify the large number of model parameters and pre-
serve the nonlinear model structure because most of the internal
state variables are not accessible for measurement. Instead, an
appropriate lincar representation of the electrohydraulic system
with an associated bound on the model mismatch from the actual
nonlinear system can be obtained empirically by input-cutput
system identification. This model and its uncertainty bound then
can be used for linear controller design.

Given a set of empirical frequency response data corre-
sponding to various levels of input magnitudes, the linear
model and its uncertainty bound should be characterized
prudently depending on the range of the desired cam profile

1063-6536/00%$10.00 © 2000 IEEE




KIM AND TS A(x ROBUST PERFORMANCF, CONTROI, OF EI ECTROHYDRAULIC ACTUATORS FOR ELECTRONIC CAM MOTION GENERATION 22

K

ZOH|

P (Stabilized plant)

¥

Laser encoder sensor [+

Fig. 1. Control system block diggram.

motions. For a less aggressive class of cam profiles, the data
tor 2 small range of magnitudes should be used to determine
2 nominal linear model, which minimizes frequency-wise
its distance from all the included data points. The maximum
distance is thus the uncertainty bound of the nominal model,
which has beer minimized to facilitate robust performance
control design. For a more aggressive class of cam profiles, the
nominal model should be determined from frequency response
data that include a large range of magnitudes, and thus has a
larger uncertainty bound. Of course, the tradeoff for including
a larger range motion is reduced achievable robust performance
due to the larger uncertainty bound.

The robust performance feedback controller alone cannot
track periodic cam profile motions precisely due to its com-
promising nature to account for sysiem nonlinearities as
uncertainties. A feedforward tracking controller and a repeti-
tive controller are designed based on the same nominal model
used in the feedback controller design and implemented as
plug-ins to the feedbuck controller. Tt will be shown that this
controller structure has the feature that the sensitivity function
is expressed as the multiplication of three terms that correspond
to the individual effect of the three controllers separately.

The remainder of this paper is organized as follows. Sec-
tion I describes the experimental system and presents the linear
models and uncertainty bounds corresponding to different am-
plitude ranges of experimental frequency response data. Sec-
tion ITF presents the robust performance feedback control de-
sign approach. Section IV presents some experimental resulis
in terms of sensitivity functions and step responses for a range
of input magnitudes. Section V describes the fecdforward and
repetitive plug-in controllers for electronic cam motion gener-
ation. Section VI presents the experimental results of the cam
profile tracking and compares the performance of the various
controllers for tracking cam profiles with different amplitudes,
followed by the concluding remarks in Section V1L

II. SYSTEM DESCRIPTION AND MODELS

The experimental system consists of a flapper nozzle typc
two-stage servovalve, a double-ended equal-area linear dis-
placement actuator, two displacement feedback sensors, and
peripheral devices such as hydraulic power supply, valve drive
servo amplifier, and digital signal processor board with host
computer. The hydraulic system was operated at a supply

pressure of 18.6 MPa (2700 1bf/in?). The coatrollers were
implemented on a 32-bit floating point digital signal processor
(TMS5320C30). As shown in the control system block diagram
(Fig. 1) the hydraulic system is represcnted by two cascaded
linear models, the servovalve model and the actuator modecl,
where “r.n," is the actuator position, “z,” is the spoel position,
and 4" is the input current to the torque-motor. An analog
proportional feedback loop (with gain K, = 1 Volt/Volt).
which is established by the servo amplifier electronics, creates
a stabilized plant with input signal “ua,,,,” that has the same
unils as the actuator position “2,,," (i.e., meters), This analog
loop centers the actuator at the null position and is considered
as the “open-loop™ continuous-time plant in the digital control
synthesis.

Two sensors are used for the actuator piston. First, a lincar
variable differential transducer (LVDT) is used for the analog
proportional control loop, with an output range of £2.5 V for
the full actuator stroke of £0.0254 m, i.e., K,, = 100 V/m.
Second, alaser-drven linear encoder with a resolution of 0.6 fom
per count is used for the digital control feedback loop. The laser
sensor dynamics are negligible and that is the reason for using
it as the feedback sensor for precise cam profile tracking. The
LVDT sensor dynamics was experimentally determined to have
a bandwidth (using the -3 dB reduction criterion) of 800 Hz [9]

Tamryvnr(s)
GivpT(8) :‘*d“zr“t—[(
:I'aﬂl(s)

B 2.82e11
T 8% 4 1.40e%52 + 8 95075 4+ 2,821

(1)

The experimental trequency responses from the input “vs,,” to
the LVDT output “z,,1vpT” were measured with a signal an-
alyzer, using a “swept-sine” method that generates fixed-am-
plitude sine waves of various frequencies, for input “vs,,” am-
plitudes of 0.5 mm, 1 mm, 2 mm, 3 mm, 4 mm, and 5 mm,
respectively. The results in Fig. 2 clearly show system nonlin-
earities as the magnitude ratios are significantly different for
different input amplitudes. Further examination of the servo-
valve and actuator frequency responses separately shows that
the system nonlinearies are concentrated mostly in the servo-
valve [9].

Because the parameters for the servovalve nonlinear model
are difficult {o determine, the system is modeled with a number
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Fig. 2. Frequency responses of the plant: 0.5 mm input (dash), 2.0 mm nput
tdash-dot), 3.0 mm input (solid), 5.0 mm input (dot).

of linear models comesponding to increasing input amplitude
ranges as shown below

Range A: Input v3,, =0.5 mm

Range B: Input #3,, = 0.5 mm, 1 mm

Range C: Input 3, =0.5mm, 1 mm, 2 mm

Range D: Input i35, = 0.5 mm, 1 mm, 2 mm, 3 mm

Range E: Input #3,, =0.5 mm, 1 mm, 2 mm, 3 mim, 4 mm

Range F: Input v3,,, =0.5mm, 1 mm, 2 mm, 3 mm, 4 mm.  mm.

)

In order to characterize the system dynarics completely within
each range of motion, the chosen linear model must represent
the best curve fit relative 1o all of the system frequency re-
sponses within that range. Therefore, for each range, a nominal
frequency response P,{jw) and uncertainty bound M (w) will
be determined followed by a transfer function curve-fitting to
determine the nominal linear model (transfer function} and un-
certainty weighting filter.

Each set of frequency response data in a particular range can
be represented by the following form:

Py(jw) = {1 + M;(jw)| L (jw). (3

Here, I’,(jw) is the nominal frequency response to be deter-
mined and M (jw) characterizes the size of the maodel uncer-
tainty of the linear model with respect to the particular experi-
mentil curve. In order to tacilitate the robust performance con-
trol design for each range, the linear model must be chosen such
that the model uncertainty with respect to the pertinent experi-
menta! data is minimized. Thus the nominal frequency response
P,{jw) is determined by minimizing the maximum uncertainty
M (jw) for each frequency, where

M{w) = max |M;{jw)|. 4

The nominal linear transfer function mode! then is obtained by
curve fitting the nominal frequency response data using a par-
ticular eighth-order structure determined from physical mod-
eling (8]. The linear nominal models shown in Fig. 3 exhibit the
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Fig. 3. Plant models for amplitude ranges 0.5 mm input {dash}, 0.5 mm-2.0
mm input (dash-dot}, (.5 mm-3.0 mm input {solid}, 0.5 mm—5.0 mm input (dot).
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Fig. 4. Multiplicative uncertamty for amplitude ranges 0.5 mm imput {dash).
0.5 mm-2.0 mm input (dash-dot}, 0.5 mm-3.0 mm input (solid), 0.5 mm-5.0
mm inpat {dot}).

similar characteristics to the experimental data, i.e., the larger
input amplitude ranges correspond to larger magnitude peaks
and sharper phase drops. Because the laser sensor output “Tam”
is used for feedback controller design, the transfer function is
further post multiplied by the inverse of the LVDT dynamics as
in (1) to get the transfer function with that particular output.

Because there is additional model mismatch from the curve
fitting process, the muitiplicative uncertainty bound M {w) 1s
recalculated, which is shown in Fig. 4 for several ranges. The
uncertainty progressively becomes larger as the model covers a
larger range motion. The uncertainty data in the figure then are
upper-bounded by a fixed-order filter W..(s) of the following
form:

nps? + 118+ g

Wr(s) = 82 + dis + da

(5)

[11. ROBUST PERFORMANCE CONTROL SYSTEM DESIGN

Controilers provide robust performance for a system if they
maintain stability and achieve performance in the presence of
model uncertainty. The main objective of the following con-
troiler design is to determine the achievable robust performance
using the nominal plant models for the different amplitude
ranges.
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The theoretical background for the robust performance con-
trol system design is described next. The system dynamics are
modeled with multiplicative uncertainty in the form of

P(s) = [1 + A()Wo()] Py (5) (6)

where P(s) represents experimental frequency response data,
Fo(s) is the nominal model, and W.{s)is a fixed stable trunsfer
function which bounds the model uncertainty. FThe function
A{s} is a variable stable transfer function satisfying

IA() s 1= sup | AGw)| < 1. G

A necessary and sufficient condition for robust performance
[10} 15

HII’VI,SO| + |H';rToE|Ioo <1 (8)
where
Gy i 2 9
01_1+P0be ' ®)
v Poth
©F 1y Mk (1o

and Ky, is the feedback controller shown in Fi g L.

Typically, the performance weight W, (s) has larger magni-
tudes at lower frequencies, indicating desired trackin g at these
frequencies. An equivalent condition for robust performance is

|[]?’[f’..uS||_,,o <1 (11)
where
. 1 _ Caum (]2)
S + PKgq o Tmm.

There is no known procedure to find dircctly the minimum
achievable value of the norm of (8), and the corresponding
controller Kg,(s). A modified robust performance problem,
known as the mixed sensitivity problem [11] can be applied,
where the objective is to minimize

[Wa(3@)So(jw)f? + [W, (jw) T, (jw)i2. (13

The mixed sensitivity problem is solved as a standard problem
in the H° framework [12].

The general procedure for the robust performance con-
trol system design is described next. The discrete nominal
plants F,(z) are computed from the plant models, using a
zero-order-hold transformation and then Tustin transformations
are performed via the relation

.- 1+ %w

1- %m

where “I™ is the sampling interval, resulting in plants P,{w).
A sampling interval (1) of 0.5 ms is chosen, which is suffi-
cient because the plant bandwidth a2 50 Hz for each input am-
plitude. The designs are performed in the 1-domain because
each controller Kn,(w) can be mapped directly to the discrete
controller Kg,(z) without any approximation. The model uncer-
tainty bounds W,.(w) are obtained from (5), assuming a direct

sup
w

(14

TABLE I
RESULTS OF ROBUST PERFORMANCE
CONTROLLER DESIGN

toput | Limit break Maximum
range | freqeency {(=i/x) for | Allowable
Robust Performance | Reference
Control Design Amplitude

A 0,167 rad/sec (.4 mm
B 0.158 radisec 0.5 mm
C 0.149 rad/sec 0.7 mm
D 0.125 radfsec 1.0 mm

E 0.1 radisec L5 mun
F 0.085 radizec 2.0 mm

mapping from the s-domain to the w-domain. The performance
weights are chosen to have the following low-pass form:

. K
Wi (w) = - —fl'

(15}

IV. EXPERIMENTAL RESULTS OF ROBUST PERFORMANCE
FEEDBACK CONTROL

Robust performance control design is performed for each
range, using a fixed low-frequency magnitude (K., = 3200}
for the performance weight (15) to cnsure steady state perfor-
mance. The break frequency is increased until the limit of the
robust performance condition(8) is reached, and the results
are provided in Table I. The limit break frequency of W ()
is smaller for the larger ranges due to the increased model
uncertainty. At the two extremes, the limit break frequency for
the smallest range A is twice as large as the limit frequency for
the largest range F. .

The digital controllers obtained from converting the w-do-
main designs to the z-domain are implemented. The experi-
mental sensitivity functions (12) of the sampled data system
are obtained by using the signal analyzer “swept sine” method.
The experimental sensitivity functions and the inverse of the W,
function corresponding to controller “A” and controller “F” are
shown in Figs. 5 and 6, respectively. For controller “A” condi-
tion (11} is met for a reference amplitude of 0.15 mm, which
implies that robust performance is achieved. In contrast, robust
performance is not achieved for the 0.5 mm reference ampli-
tude at frequencies near 100 Hz. For contreller “F” condition
(11) is met for reference amplitudes of 0.15 mm and 2.0 mm as
shown in Fig. 6. The maximum reference amplitude for which
robust performance is achieved using each controller is pravided
in Table I. The controllers designed from the linear models cor-
responding to the larger ranges provide robust performance for
a wider range of reference amplitudes. This result validates the
strategy to use linear models for different motion ranges.

The achieved performance with the robust performance con-
trollers is analyzed further using the closed-loop step responses
which are obtained for varicus reference amplitudes. The con-
trollers designed from the larger ranges will provide similar
closed-loop step responses for a wider range of reference am-
plitudes. The similarity of each step response is measured using
the root mean square {RMS) difference between the normalized
step response for that particular reference amplitude and the nor-
malized step response for the smallest reference amplitude of
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Fig. 6. Sensitivity functions using robust performance controller “F™
open-loop plant data for .5-mm input {(dash-dat), closed-loop nominal model
prediction (dash), experimental data with reference = 0.15 mom (dark solid},
experimental data with reference = 2.0 mm (solid).

0.1 mm. This particular rms index is a valid method of mea-
suring the similarity of the normalized step responses, because
it reflects discrepancies in rise time, overshoot, and overall step
response.

The closed-loop step responses are similar for a wider range
of reference amplitudes using the controllers designed from the
models corresponding to the larger ranges, as confirmed by the
data in Table I1. The normalized step responses using the con-
troller “A.” shown in Fig. 7, demonstrate that the step response
for the smallest reference amplitude (0.1 mm) is very similar 1o
the madel prediction, while the response for the larger reference
(1.5 mm) is very different from the predicted response. The step
responses using the controllers designed from the smaller ranges
(A, B, C) are even unstable for the reference amplitudes which
are beyond the range of the experimental data used to determine
the particular nominal model.

V. REPETITIVE AND FEEDFORWARD CONTROI.LERS

The tracking performance by the robust performance feed-
back controllers presented above is not satisfactory for precise
cam profile generation because of the dynamic delays in the
closed-loop systern characterized by the sensitivity function in
(9). It is noted here that one degree phase mismatch of a single

harmonic wave will generate about 1.7% maximum tracking
crror in magnitude. Repetitive control and fecdforward control
are used in a plug-in manner as shown in Fig. 1 to achieve su-
petior wacking performance.

The discrete-time repetitive controller as described in [1] and
(2] is designed based on the nominal closed-loop return ditfer-
ence T,(=z7 1) in (10)

Y -1
T(,('z_l) - 'JM

T (16)

.Ar](: 1) =1l—m= P - ”-"rr.z_ﬂ
Bi:l(z ol = b(j + blz ! + A + b:rrl":_m.: bU "/_ {]

The repetitive controller i3

Y TRV YU AU
I\rrn'.-p(z_]) = E(HM} N

(7
A{-_l(;ﬁ_l)BC"‘(Z)Sd
BY{z"1)b
b= (o] + |br] + - + [bn)

Here, N represcnts the number of data points in one cycle,
B7{z™1) contains the zeros of By(x™ ') to be cancelled, and
B (=) must contain all the roots of Ba(z™") outside or on
the unit circle to avoid unstable pole-zero cancellation. Also,
B(z) is obtained by substituting z for =1 in B5(271). In
this paper, the repetitive controllers are formed by assuming
B5(z7') = Ba(z ') and Bj(z7') = 1. This cnsures that
the repetitive controller will be a finite impulse response filter.

The low-pass. zero-phase filter Q. z~ "} is included to guar-
antee robust stability for the repetitive controller. For this, the
multiplicative uncertainty bound for the closed-loop return dif-
ference T, is calculated in the discrete-time domain from the
open-loop bound M (w) for each case and denoted as Ma(w).
The following robust stability condition can be derived |2] to
determinc ¢):

Mz M=

1
Q{w) < 1'—’.1(:1({4)) .

(18)
The results are Q{z.z~') = [0.1z 0.8 0.1z7!] for range “F"
and ¢ = 1 for other smaller ranges.

The feedforward controller implements the zero phase error
tracking controller (ZPETC) [13] based on the open-loop nom-
inal plant model #2,(z7*)

. . —ciB - 1
Po(z_l) = z 4(7(;7_])_) (lq)
d -1 -
Ka(1) = 22 Az B~ (z) 20)

~ B GEBP

where 87z} and BT (27"} are as previously described.
The tracking performance characterized by the sensitivity
function for the nominal plant model is
Srom = So(1— P,K |- Q%
Ao — O( o [f)] + CQ(AITO _ 1)2’_-"\" .
It is easy to see the multiplying effect of adding the plug-in feed-
forward and the repetitive controllers to the feedback controller.

(21)
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TABLE Ii
RMS DIFFFRENCES FROM NORMALIZED STEP RESPONSES WITH ROBUST PERIFURMANCE CONTROLLERS
Reference | Control | Control | Control | Control | Control | Control
amplitude A B C D E F
.3 mm .04 0.04 0.04 0.03 0.04 0.03
0.5 mm 0.07 0.05 0.05 0.04 0.04 0.03
0.75 mm 012 0.10 .10 .06 0.06 0.03
1.0} mum .17 0.14 0.13 0.09 0.11 0.03
1.5 mm 0.20 0.18 0.15 0.13 0.12 0.05
2.0 tam 0.45 035 0.34 0.15 0.14 {.06
2.5 mm 0.53 035 (.35 0.27 0.25 0.06
30 mm Unstable 0.48 Q.41 0.27 .25 (.08
3.5 mm Unstable | Unstable 042 0.28 0.26 0.09
4.0 mm Unstable | Unstable | Unstable 0.30 0.28 .10
3 fé\ 10 Y T T T
- E
< 8
£ £
B = 1 i 1 1 L
i 0 002 004 006 008 01
" .
E Time (sec)
=}
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E 1 i 4. 3 L 1 L L
Fig. 7. Normalized step responses using robust performance controller “A™ i G 002 004 006 008 0.1
open-loop plant data for 0.5-mm input (dash-dot), closed-loop nominal model Time (sec)
prediction {dash), experimental data with reference = 0.1 mm {dark solidy, o
experimental data with reference = 1.5 mm (dot}. 2 o T T T T T
E
E
V1. EXPERIMENTAL RESULTS FOR CaAM PROFILE TRACKING i 0 —*’V;
. . . A
The reference trajectory corresponding to electronic cam mo- & 1000
i i ) ! : g | I SR
tion is shown in Fig. 8, with 9.4 mm maximum displacement, 1.2 = 9 002 004 006 008 01
m/s maximum speed, and 1000 m/s? maximum acceleration. This Time (sec)
cam trajectory contains 200 points (i.e., N = 200) and for the
equivalent spindle speed of 600 r/min, the reference frequencyis Fig. 8. Reference wajectory with velocity and acceleration profiles.

10Hz and the sampling frequency is 2000 Hz. Three performance
indices are used to quantify the results. The accuracy of the cam
tracking performance is characterized by the maximum error and
RMS error. The consistency of the cam tracking performance,
i.e., the cycle-to-cycle variation, is characterized using the rms
difference between the particular error response and the averaged
error response overanumberofcycles. Inthe experimental results
presented below, five cycles of tracking error data were collected
for each case evaluated. The numbers presented are the averaged
values obtained from each of the five cycles.

Initially, the pure repetitive control strategy of Tsao and
Tomizuka [1}, |2] is used: a discrete-time repetitive controller
is designed from the stabilized open-loop plant model corre-
sponding to the smallest amplitude range A. The implementation
of this controllerachieves performance of 75 j;m maximum error,
}7.5-psm rms crror, and 15.2-um rms cycle-to-cycle variation,
each value being the average for five cycles. The error responses
for two cycles shown in Fig. 9 demonstrate that this controller
does not provide adequate tracking of the periodic cam trajectory,
especially because of the large rms cycle-to-cycle variation
caused by an alternating cycle patiern.

A model corresponding to a larger range of actuator motion
is needed to provide better tracking performance for this
reference cam trajectory, specifically the model corresponding
to the largest amplitude range F To validate the point that the
range of required motion determines the appropriate model and
centroller, the controllers designed from each of the six models
were implemented to track the reference trajectory of Fig. 8
scaled to five different degrees: full scale, three-quarter scale,
half scale, three-tenth scale, and one-tenth scale. These five
scaling levels correspond to peak reference amplitudes of 9.4
mm, 7.1 mm, 4.8 mm, 2.9 mm, and 1.0 mm, respectively. As
indicated in Fig. 1, the robust performance controller for each
madel is implemented with two other controllers: the repetitive
controller designed from the closed-loop model with this robust
performance controller, and the zero phase error feedforward
controlier designed from the plant model F,. The model and
controller parameters are not presented here but the details can
be found in {9]. The experimental results in terms of the three
performance indexes are shown in Table L. In each experi-
mental run, five cycles of tracking error data were recorded



{CEE TRANSACTIONS ON CONTROL SYSTEMS TECHNOLOGY. VOL. & NGO, 2, MARCH 2000

TABLE 11
EXPERIMENTAL RESULTS OF CAM PROFILE TRACKING (UINITS: prm}
Tabulated Data:
Max Error (std.dev.) Control Control Control Control | Control | Control
RMS Error (std.dev.) A B C D E F
Cycle-to-Cycle
Variation (sid.dev.)
10 {2} 12 (2) 12 (1) 13 (2) 11 {2 12{2}
1/10 scale 4.1(0.7) |44(06) |46(06) [51(05) | 52 0.5) | 5.1{0.6)
reference trajectory | 4.1(0.6) |43 (27) [4.0(0.7) |3.8{0.6) 3.4{0.6) |3.3(0.5)
12(2) 12(2) 303) 12¢3) | 15(3) 16 (2}
3/10 scale 41¢0.6) |44¢0.6) |52(06) |53(0.5) |56 (0.8) |7.1(0.8)
reference trajectory | 3.9 (0.4) | 4.1(0.5) |4.4(06) {46(06) 13.5(0.5) |40 (0.5)
16(4) 17 (4) 16 (3) 11{2) 15(3) 22 (2)
1/2 scale 6.0(0.6) |64(0.4) |64(0.4) |48(04) 5.9(0.5) | 7.8(0.5}
reference trajectory | 5.9(0.5) [5.8(0.4) [49(0.5) ;42 (0.5) | 43(04) [3.9(0.4)
31 (8) 29 (8) 24(7) 16 (4) 11 (3) 25 (4)
3/4 scale 71(11) [7.4(09) (7.1{(1.0) 14105 {50 (0.6) |5.7(0.6)
reference trajectory | 6.9(0.8) | 6.7¢(0.9) [7.1(0.8) |65 (0.6) [4.1(0.3) [3.8(0.3)
731 75(9) 63 (9) 44 (6) 23(3) 26 (4)
Full scale 17.02.1) | 159(2.1) 11,6 (2.3} | 9.3(0.8) [ 7.3 (0.7) | 6.8{0.5)
reference trajectory | 14.8(2.9) | 12.7(2.6) | 9.6(2.7) |67(.3) |51(07) |46 (0.7
200 200 T T
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Fig. 9. Error responses with only repetitive control: Cycle 1 {solid), Cycle 2
{dod).

after the control system reached its steady state. The maximum
error and rms error were calculated for each of the five cycles.
For the cycle-to-cycle variations, an averaged one-cycle error
profile was first calculated from the five-cycle data, and then
the rms deviations of each cycle from this averaged profile
were calculated. The values shown in Table I11 are the averaged
values over the five cycles and the values in the parentheses are
the standard deviations of the five numbers from their average.

By comparing all three indexes for each controller at different
levels of cam profile magnitude, it can be judged that controtlers
“A” and “B” achieve the best performance for the one-tenth
and three-tenth scale. Similarly, controller “D” for the one-half
scale, controller “E” for the three-quarters scale, and controller
“F* for the full scale of the reference profile, respectively, can
be conciuded. For small motion like the one-tenth scale refer-
ence, it is not beneficial to use controllers from larger amplitude
ranges since their feedback performances are poorer. The max-
imum tracking error for the full scale profiie using controller
“F” is about 0.28% of the profile magnitude, indicating a precise
synchronization between the master and the slave axis. As ex-
pected, the tracking results for the full scale trajectory become

0 002 004 006 008 01

Time (sec)

Fig. 10. Tracking errors for full scale reference trajectory.Jop (Case Al
H> feedback control with repeiitive control (dot), H= feedback control
with repetitive control and feedforward control {solid). Bottom (Case F): H™
feedback control with repetitive control {dot), H= feedback control with
repetitive control and feedforward control (solid).

progressively worse as the model amplitude range decreases,
as the worst performance is obtained using the controller “A,”
which is designed from the model corresponding to the smallest
motion range A. The error responses for these two cases are
shown in Fig. 10, in addition to the error responses with just ro-
bust performance feedback control and repetitive control, The
inclusion of the feedforward controller improves the tracking
results in case F. On the other hand, the tracking performance
would also be poor (not shown in the figuse) if only the feedfor-
ward controller were included without the repetitive controller.
This suggests the synergistic effect of all three controliers acting
together to achieve superior performance,

VII. CONCLUSION

An effective strategy for modeling and conirol design has
been developed for the electrohydraulic actuator to generate
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electronic cam motion. The nonlinear dynamics are represented
by a number of linear models with associated bounds of model
uncertainty. For each specified range of motion trajectories, a
robust performance coatroller is designed from the particular
linear model and corresponding uncertainty bound (0 ensure
consistent performance under the effect of nonlinear dynamics
in that range. The experimental sensitivity functions and step
responses demonstrate that the controllers designed from the
larger range models provide robust performance for a wider
range of reference signals. To precisely generate electronic
cam motion for reference trajectories of different amplitudes, a
repetitive controller and a feedforward controller are added as
plug-ins to the feedback controller. The experimental tracking
results confirm that as the maximum amplitude of the reference
trajectory increases, the best tracking performance is obtained
using the controllers designed from the model corresponding
to a larger range of actuator motion. Conceptually, this ap-
proach can be utilized to generate a number of controllers
corresponding to a progressively increased level of motion
aggressiveness. One can then select the best among the suite
of controllers according to the particular motion application
at hand and switch {rom one to another as the application
demands change. The method proposed in this paper has also
been applied to a similar type of electrohydraulic actuator
for the actual noncircular machining operation and achieved
similar results reported here | 14].
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