Model-Based Machining Force
Control

Regulating machining forces provides significant economic benefits by increasing opera-
tion productivity and improving part quality. Machining force regulation is a challenging
A Galip U|SOV problem since the force process varies significantly under normal operating conditions.

: Since fixed-gain controllers cannot guarantee system performance and stability as the
force process varies, a substantial research effort has been invested in the development of
adaptive force controllers. However, adaptive controllers can be difficult to develop,
analyze, implement, and maintain due to their inherent complexity. Consequently, adap-
tive machining force controllers have found little application in industry. In this paper, a
model-based machining force control approach, which incorporates detailed force pro-
cess models, is introduced. The proposed design has a simple structure and explicitly
accounts for the changes in the force process to maintain system performance and sta-
bility. Two model-based machining force controllers are implemented in face milling
operations. The stability robustness of the closed-loop system with respect to model pa-
rameter uncertainties is analyzed, and the analysis is verified via simulation and experi-
mental studies.S0022-04340)02303-0
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Introduction This paper introduces model-based machining force control ap-
Maintaining machining forces at a constant level increases p Eg:?gei;%iézrcz r%?gglfsgzevgltrzaséﬁ?rﬁndy?;?elcgoi?gl\l/grt?sfgset:
ductivity, prevents tool breakage, regulates tool deflections th\%[lo eg and éx erimentally im Iementgd for a static force
lead to geometric workpiece errors, etc. Early work in machinin&roczss, namel pa face miII)i/n Fr)ocess The stability robustness
force control(Koren and Masory1]) demonstrated that fixed-gain ' Y, gp : Y

SO ... analysis of static model-based force control systems is verified via
controllers could not maintain system performance and stability as

i - . ulation and experimental studies. The face milling force pro-
the force process change_d,_thus, sparking an interest in the dec rEs is static due to the intermittent contact between the inserts
opment of adaptive machining force controllers. Indeed, a maj

of: ; - .
ity of the work in machining force control is devoted to the su énd the workpiece. To investigate model-based force controllers

: : ; for first-order force processes, the feed servo system is intention-
ject of adaptive techniquds.g., Daneshmend and P&R], Ulsoy i .
and Koren[3], Elbestawi et al[4]). Adaptive controllers estimate ally detuned such that the closed-loop feed dynanfiss, the

force process model parameters on-line and adjust the controﬁ psfer function from the actual feed to the command fese

gains accordingly, thus, the need for off-line calibration tests aéest-order. Therefore, the force process dynantiies, the transfer

I d . nction from the force to the command feefdr the detuned
eliminated. While adaptive controliers are able to account ffystem are first-order. A model-based machining force controller
changes in the force process, these systems must be carefl

tuned and exhibit complex, and sometimes undesirable, behavgrrdcéfy ?L?Egd rgggsse );?%Imee ”stfgmit'mfo'grﬁﬂg ;cr)lglﬂ?sliss o?rfisrtst-
Problems commonly encountered in adaptive control systems | p y Y

clude bursting, parameter drift, poorly scaled parameters, lack Qper model-based force control systems is verified via simulation

persistent excitation, and sensitivity to unmodeled dynartAss and experimental studies.

trom and Wittenmark[5]). The complex behavior makes these

systems difficult to develop, analyze, implement, and maintai&tatic Force Process

Consequently, adaptive machining force controllers have found . .

little application in industry. Process Model. The structure of static cutting force pro-
Alternative approaches to adaptive force control have also be&#sses, including cutting speed and nonlinear depth-of-cut effects,

considered. One approaciElbestawi and Sagheriaf6], El- IS (Elbestawi and Sagherid6])

l:_)estawi et al[4]) broke t_he non_linear force process system into_ a F(t)=KdAV7fo(t) 1)

linear system coupled with a third order static feed equation which

approximated the nonlinear feed term. A deadbeat controller wa§ereF is the machining forcek is the process gaird is the

applied to the linear system and the controller output was usedd@pth-of-cutV is the cutting speed,is the feed, and, 5, andy

complete the feed equation. Hardé&f linearized the force pro- are coefficients describing the nonlinear relationships between the

cess about a nominal feed and applied standard control technigii@shining force and the process inplite., f, d, andV). The four

to regulate the machining force. This approach was augmented/iables which must be calibrated for each tool-workpiece com-

Landers and Ulsoy8] by explicitly accounting for depth-of-cut bination areK, «, B, andy. Typically, the feed is adjusted on-line

information. Another approadtiHarder{7]) transformed the static to regulate the machining force and, therefore, the force process

force process into the logarithmic domain, effectively creating @ain may be seen a&=Kd#V?” which is sensitive to the process

linear force system, and a standard linear controller was utilizeiputs. Static models are used when regulating a force signal that

Robust(Rober and Shin[9]), neural networkTang et al[10]), is sampled onceer spindle revolutiorsuch as a maximum or

and fuzzy logic(Kim et al. [11]) controllers have also been ap-average force. Such force signals are typically utilized for cutting

plied to the machining force regulation problem. processes having inherent force fluctuations during the spindle

revolution(e.g., general milling applications
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steady-state error. The feed drive dynamics are assumed to be In[uc(k)]
sufficiently fast, as compared to the force process response, such f(k)=exp[ - } (8)
that they may be ignored. A change of variable is made and the
control variable is defined as A block diagram of the complete machining force control system
N is shown in Fig. 1. An experimental implementation of the model-
uc=r« (2) based force controller for a static force process is shown in a

wherea* is an off-line estimate of. Including a zero order hold SuPseguent section.
(ZOH), the static force process model in the discrete time domainstability Analysis. The closed-loop dynamics of the con-

used for controller design is trolled static force process is found by converting E@s, (2),

F(2)=60*u.(2) ®) and ({1) intq difference equations. Combining these difference
equations yields

where z is the discrete-time forward shift operator argf 1+b

=K*df"V"" is an off-line estimate of the force process gain. fo* (k)= (k—=1)+ ——[Fr— 0F*(k—1)] )

Therefore, the force process gain estimate is a function of off-line Y

estimates of model parametdi®., K*, g*, andy*) and on-line whereFg is the value of the constant reference machining force.

measurements of cutting conditiofi®., d andV). Now a variety Applying linearization techniques to this system, and ignoring

of simple, linear control techniques may be utilized for the corsaturation, one equilibrium point is found whefe=F. The ei-

troller design. The change of variable made in E2).allows the genvalue of the linearized equations about this equilibrium is

designer to directly incorporate the force-feed nonlinearity. Fur- o

ther, the force process gain estimate may be changed on-line as A=1—(1+b )i ﬁf_e

the cutting conditions chande.g., a new spindle speed reference o7 g* a* fo*

may be selected to suppress chatter or the depth-of-cut ma ) €

change due to the workpiece geomgtryhis allows the force Wheref, is the feed such that

controller to adjust for changing cutting conditions and directly Fo=gf® (11)

f i R e

incorporate the nonlinear process effects.

The force controller will require integral action to ensure thdhe system will be marginally stable if the eigenvalue is located
tracking and disturbance rejection specifications. Therefore, the1 or —1. The eigenvalue will be located at 1 if the desired
force process model in EB) is augmented with an integral stateclosed-loop dynamics are designed to be marginally stélde
and the Model Reference Contr@RC) technique is used to the parameteb,=—1) or if the model parameters are selected to

(10)

design the following control law be infinite. Since a designer would not select infinite model pa-
rameters or design a closed-loop system to be marginally stable,
Uu(2)= L 1+bo [F.(2)—F(2)] ) the case whera =1 is not explored. If the eigenvalue is located
¢ z—1 6 ' at —1, Eqg.(10) may be rewritten as

where the polynomiakz+by=0 defines the desired closed-loop 0 2 o fe
dynamics. The control variable must be positive to calculate the —_—= %
commanded feedsee Eq.(8)); therefore, the control variable is Y (14+Db) a fg
bounded from below by Equation(12) defines the relationship between the model param-
= (K eters when the closed-loop force control system is marginally
Urin(K) = Tmin(K)>0 () stable. As an example, a plot of the stability boundary for a spe-
wheref ., is typically selected to be an arbitrarily small, positivecific set of model parameters is shown in Fig. 2. The simulation
number. Howeverf,, may be selected from process considertesults demonstrate the excellent prediction from the linearization
ations(e.g., to ensure chip breaking in turnjng maximum feed, analysis; however, there is slight error in the regiar<a*
typically selected from machining handbooks or some machinirg2«.
process criterige.g., tooth chippageis also set; therefore, the ~When the closed-loop force control system operates on the sta-

(12)

control variable is bounded from above by bility borderline (i.e., the model parameters are chosen such that
Umad K) = f%m& k) (6)
The applied control variable is 25 . . .
LImin(k) if UC( k)<umin(k)
. 2014 p
u(k)=1 Uck) if  Upn(K=<U(K)<UpaK) () 0
Umax( k)  if Uc(K) > Umay(K)
. . ) 15t unstable
The commanded feed at thieh iteration, found through the in- x
verse of Eq(2), is 3 0
stable W
5 d
Fr V d d v
Yy Yy o . . ,
Vo Laal | e [ e T o o5 115 2
Controller I_ * ] Process o
) P Fig. 2 Stability borderline for machining force control system
for static force process. Analysis  (line) from Eq. (12) and simu-
lations (circles ). Parameters: Fz=0.2kN, f(0)=02mm, «a
Fig. 1 Block diagram of model-based machining force control =0.5, #=0.8705, by=—0.9048, fnin=10"1"mm, and fpq
system =1.0 mm.
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1+by
u(1)=u(0)+ —5—[Fr=6f%(0)] (18)

Combining Eqg.(11) with Egs.(14)—(18), the following relation-
ship is derived

[1+bo][Fr—0f*(0)]

a
ex

a
A] Equation(19) determines the stability boundary in the parameter
space of the closed-loop force control system in the region
X , , <a* <2a while Eqg. (12) determines the stability boundary out-
0 10 20 30 40 side of this region. Figure 4 demonstrates that together, the analy-
time step ses given by Eqs(12) and (19) may be combined to perfectly
predict the stability boundary in the force model parameter space.

o=

(19)

*

force (kN)
=)
)
W

In[2 f;—f“(O)]] —f2(0)

Fig. 3 Marginally stable force responses. In region a<a*
<2« (top thick line with circles ): Fr=0.6 kN, f(0)=0.4mm, a
=0.5, #=0.8705, by=—0.9048, fm, =10"mm, fy =1.0mm,
a*=0.5, and 6/6*=21.02. Outside region a<a*<2a (bottom

thin line with squares ): Fg=0.2kN, f(0)=0.2mm, «=0.5, 6 First-Order Force Process

=0.8705, by=—0.9048, f;,=10"'"mm, f,=1.0mm, a*=0.3, Process Model. The structure of first-order cutting force pro-
and 6/ 6" =22.73. cesses, including cutting speed and nonlinear depth-of-cut effects,
is (Daneshmend and P&R])
KdAvY
F(s)= fe(s) (20)

the closed-loop force control system is marginally stpbthe s+1
dynamic force response in the regiar< o* <2« is quite differ-
ent than the dynamic force response outside of this re@ian 3.
Outside of this region, the magnitudes of the force efier, the

difference between the reference and the actual fodeerease

until a constant value is reached. In the regioria* <2a, the  cgjiprated for each different tool-workpiece combination. First-
magnitude of the force error is constant, that is order models are typically employed when considering a force
Fr—F(K)=F(k+1)—Fg (13) Signal that is sampled several times per spindle revolution. Such
) force signals are typically utilized for processes where the tool
Takingk=0, and workpiece are continually in contact and there are no chip
Fr—F(0)=F(1)—Fg (14) Ioad_var_iations during the spindle revolutiéeg., general turning
applications.
The initial force and the force at the first time step, respectively, ) . ) ) .
are Controller Design. The control variable is again defined by

Eq.(2), a ZOH is included, and the first-order force process model
F(0)=0f%(0) (15)  used for controller design is

where 7 is the force process time constant. Since one spindle
revolution is required to develop a full chip loadjs 63 percent
of the time required for a spindle revolutigibaneshmend and
Pak[2]). In addition to the other model parametersmust be

*

o 1+a
F(1)=0f"(1)=06xp[a—*|n[u(l)]} (16) F(s)=0* uc(2) (21)

z+a*
The initial control variable and the control variable at the firsyherea* is an off-line estimate of the discrete-time palevhich
time step, respectively, are depends upon the process time constant and the sample period.
o Again, an integral state is added to the plant to ensure tracking
u(0)=f(0) (A7) and disturbance rejection specifications and the MRC technique is
used to design the control law

 1+b;+by (b,—a*+1) .
T aran) YT e P

25 i [z—1]uc(2)

Region |
27 1 - F(2) (22)

15} 1 where the discrete-time polynomiaf+b,z+by,=0 defines the
desired closed-loop dynamics. The minimum control variable,
1ok i maximum control variable, applied control variable, and com-
manded feed are again given by E(, (6), (7), and(8), respec-
tively, and the force control system is again represented schemati-
cally by Fig. 1. An experimental implementation of the model-
based force controller for a first-order force process is shown in a

0 : subsequent section.
0 0.5 1 L5 2

ox Stability Analysis. The closed-loop dynamics of the con-
: - . - trolled first-order force process may be found by converting Egs.
Fig. 4 Stability borderline for machining force control system . ) . . .
for static force process. Analysis  (line) from Eq. (12) outside of @), _(_20)_' and(?Z) into difference eguat'pns' .Aga'un, there is 9”6
Region | and from Eq. (19) inside Region |. Simulations equilibrium point whereF=Fr=60fg . Linearization about this
(circles ). Parameters are given in Fig. 2. point yields the following relationship for the system eigenvalues

0/0*
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0
AN+|a—1+ 7w (bi—a*+1)

7]
N+| —a+ na—*(boJra*)}:O
(23)
where
1+a fe
( ) «a e (24)

i) @ o

There are three distinct conditions for marginal stability.
Condition 1: closed-loop poles at1 and q where-1<qg=<1
For this condition

_a(b;+by+1)—2(bg+a*)

b;—by+1-2a* (25)
and the stability boundary is given by
0 1 2(1-a)

(26)

0* 7 b,—Dby+1—2a*
Condition 2: closed-loop poles at;¢ g, =1 where ¢+ g3
=1
For this condition

a—1 l+a

e - %
°[} 2 + 2(b0+a*)[bl a +1] (27)
and the stability boundary is given by
6 1 l+a )8
7 yborar )
Condition 3: closed-loop poles at 1 and q wherd<g=<1
For this condition, the stability boundary is given by
0
i 0 (29)

This condition is only encountered when the model parameters

selected to be infinite.

120 T

80 1
*
(=~
=
40t 1
91 -0.65 -0.3
a*
Fig. 6 Stability borderline (linearization  analysis-line,

simulations-circles ) for «*=0.6 and simulation parameters
given in Fig. 5. The parameter A*=-—0.6377.

dq,  —(1+a)(by+bg+1)

da* 2(bgta*)?
Since the force process is overdamped and stablesa<<0 and,
from Jury’s testh, +by+1>0. Therefore, the derivatives in Egs.
(31 and (32 are always negative;-1<q<1 for —co<a*
<A*, and —1=q;=<1 for A*<a*<w. Thus, the stability
boundary is described by E6) for —co<a*<A* and by Eq.
(28) for A*<a* <o,

The stability analysis is verified via the simulation study shown
in Fig. 5. For a given value o&*, the stability borderline is
similar to that shown in Fig. 2. Therefore, the control system has
excellent stability robustness with respect to variatiow.ifrigure
6 shows a slice of the stability surface for a constant value*of

ena* =A*, the robustness with respect to variation®tis
arge; however, as the ratio 6f * increases, the robustness with

(32

From Egs.(25) and (27), respectively, it can be seen that agespect to variations ia* decreases. Note that selectiagj=a

a*——», g—1 and asa* —», q;——1. The parameteA* is
defined as

(a+1)(b;+1)+by(a—3)
4

Whena*=A*, g=-1 andq;=1. The derivatives of] andq;
with respect tca*, respectively, are

99 (a—1)(b;+by+1)
ga*  (b;—bg+1—2a*)2

e

A* = (30)

(€I

6/6%*

Fig. 5 Stability borderline generated by linearization analysis
(surface ) and verified via simulations  (spheres ). Simulation pa-
rameters: Fr=0.4kN, f,=0.1mm, a=0.7, §=2.0, a=—0.8206,
b;=—1.562, and b,=0.6413. The parameter A*=—0.6377.
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does not necessarily provide the optimal stability robustness with
respect to model parameter variations. Again, the analytical re-
sults provide a systematic means of selecting controller
parameters.

Additional Force Process Effects

The force process models presented above do not incorporate
such effects as tool angles, chip load variations due to runout,
tooth entry/exit, etc., tool wear, cutting temperature, and undesir-
able conditions such as chatter and chip entanglement. To include
these effects, the force process models would need to be ex-
panded. Mechanistic models capture the effect of tool angles;
however, these angles are typically fixed throughout the operation
and do not explicitly appear in the force process model. Chip load
variations, also captured by mechanistic models, are unavoidable
in certain machining operationg.g., general milling applica-
tions). Therefore, an average or maximum force per spindle revo-
lution is typically utilized, leading to a static force process. Tool
wear and cutting temperature also affect machining forces; how-
ever, these models at present are not general and, thus, are usually
not included in the force process design model. Typically, the
effect of tool wear and cutting temperature on the force process
model must be determined and the controller must be designed,
using the stability analysis presented above, to be robust to these
effects. As was seen above, stability robustness with respect to
gain uncertainty of an order of magnitude or more may easily be
obtained with the controllers developed in this paper. This stabil-
ity robustness is more than sufficient for the gain variations due to
tool wear reported in the literatur@.g., Park and Ulsoy12)).
Lastly, undesirable conditions such as chatter and chip entangle-

Transactions of the ASME



ment are not included in the force process model since these con- 0.3 . T
ditions do not occur if the operation is properly planned or are
eliminated upon detection.

It should be noted that some models utilized for machining
force controller design are greater than first-or@eg., Furness
et al.[13]). These models incorporate the feed drive dynamics. If
the feed drive dynamics are sufficiently fast as compared to the
process dynamics, the feed drive dynamics may be ignored, mak-
ing for a less complex controller design. Since the desired process
dynamics are typically much slower than the dynamics of the
servo system, this design separation is natural. If the designer
requires a relatively quick process response relative to the servo
response, a model of the feed drive dynamics needs to be com- 0

bined with the force process model. Y 05 1 L5
time (s)

feed (mm), force (kIN)

Experimental Studies: Static Force Process Fig. 8 Force (circles ) and feed (thick line ) responses to step

Experimental studies are now conducted for a face milling oghange in commanded feed (thin line ) for static system. Force
eration to verify the stability analysis conducted above of modetample period is 0.08 s and feed sample period is 0.01 s.
based force control systems for static force processes and to ex-
plore the effect of controller parameters on the closed-loop system

stability. A schematic of the experimental system is shown in Figig. 7). Runout does not affect the force process since a maximum

7. The objective of the force control system is to maintain maxjyrce per two spindle revolutions is the regulated signal. Also,

mum productivity given a spindle power constraint. With a conjpserts were changed frequently enough such that tool wear did

stant spindle speeq of 1500 rpm, a maximum splndle_power of J_nét have a noticeable effect on the force process. A model-based

hp, and a tool radius of 25 mm, the maximum cutting force igce controller was developed and implemented experimentally

0.285 kN. The force signal that will be regulated is (Fig. 9 for a workpiece prepared with a step change in the
_ 1 N depth-of-cut.

Fy=max{|fyl, ... [fyl} (33) Simulations and experiments were also conducted to verify the
wheref, is the instantaneous force in tigedirection andN is the  stability analysis and explore the effects of controller parameters
number of samples during two spindle rotations. This force signah closed-loop system stability. The data points were determined
bounds the cutting forceLanders[14]). A sample period of 0.5 py adjusting the estimated force process gaih)(incrementally
ms is used to collect the individual force sampléise., until instability was encountered as indicated by sustained satura-
f5, ....f}), thus,N=160 and the force controller sample periodion in the control and output signals. The stability border in the
is 0.08 s. a* — 0/ 6* plane is plotted for desired closed-loop time constants

A series of tests were conducted for a range of feeds agél 1,=0.8 and 1.6 i.e., by=—0.9048 andb,=—0.9572, re-
depths-of-cut(Landers [14]) and the following force process spectively in Fig. 10. The simulations and experiments are in
model was developed excellent agreement with the analysis. Since typical valuesfor

Fu=0.7600650.63 range from 0.5 to 0.8, the model-based controller has sufficient

v=0. (34) P o > 2"
robustness to uncertainty e For most machining applications,

An experiment with a step change in the command féed. 8)  variations of  will be well within an order of magnitude if
illustrates that the open-loop force process can be modeled ashanges in process parameters are taken into account; therefore,
static process. This model does not depend upon cutting speed tielmodel-based controller has sufficient robustness with respect
tool angles since these values were constant for all experimentsuncertainty ing, too. The studies have also illustrated the natu-
or chatter and chip interference as these conditions were not eally intuitive result that greater stability margins are obtained
countered. The workpiece was prepared such that the tooth etityen closed-loop performance is decreased. Thus, the analysis
and exit angles remained constant throughout the entire operatiool may be used by the designer to make this tradeoff in a sys-
even for experiments having a step change in the depth-dseat tematic manner.

Workpiece (5061 Aluminum) 0.6 T . r
Top 4 25 rom radius S?isn'f)le
View 25-; mm of curvature maximum power
Side View  2mm 1 ) Face Mill 0.4}
Z Axis 50 mm diameter
+ * sensing carbide inserts. >
and control é
250 Hz Dynomometer L
LPF f) Kistler 9293 piezoelectric 0 )
Jour component :
PC
d=1mm | d=2mm
—
Lﬁ‘ I
X Axis x y
. 0 L 1 1
and contol - 0 10 20 30 40
Y Axis : time (S)
sensing
and centrol L . . . .
| Fig. 9 Force response (thick line ) for static model-based force
controller. Parameters: Fz=0.285kN (thin line ), a*=0.63, 6*
Fig. 7 Schematic of experimental machining system and =1.0, f(0)=0.1mm, fp,=10"*mm, f,=04mm, and =,
workpiece =0.4s (by=-—8187).
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45 T T 0.6 .
(4
o
30t 1 0.4 1
° z
5 3 -
= g
[} L
L u] ] 0.2+ R
15 Py
d=1mm | d=2mm
|
3
a 0 1 1 1
Y : : 0 10 20 30 40
0 1 2 3 time (s)
o*

Fig. 12 Force response (thick line ) for first-order model-based
force controller. Parameters: Fr=0.285kN (thin line ), a*=
—0.85, a*=0.63, 0*=1.0, fo=0.4mm, fui,=10"%mm, fpa
=0.6 mm, and w.,=marad/s and ¢.=0.7071 (b,=-—1.6480 and
by=0.7009).

Fig. 10 Stability borderline of model-based machining force
control system for a static force process. Analysis (thick line ),
simulations (circles ), and experiments (squares) for 7.=0.8s
(by=—0.9048). Analysis (thin line ), simulations (triangles ), and
experiments (diamonds ) for 7,=1.6s (by=—0.9512). Experi-
mental parameters: Fz=0.285kN, f(0)=0.2mm, «=0.63, @
=0.76, fpn=10"*mm, and f,,,=0.4 mm.
Simulation and experimental studies were conducted to verify
the stability analysis and explore the effects of controller param-

Experimental Studies: First-Order Force Process eters on system stability. The stability border in te— 6/ 6*
lane is plotted for closed-loop natural frequenciesgf m, 2,

The force process for the face milling operation is a static pry g 4; rad/s in Fig. 13. The simulations are in excellent agree-
cess(i.e., the transfer function of the force to the command feed Kent with the analysis; however, while the experiments agreed

statig since the feed dY’?am'CS are relatively fast. To evaluatg tbﬁth the robustness analysis in th& direction, the analysis over-
performance and stability robustness of model-based machinin dicted the stabilit in in the/o* directi *
force controllers developed for first-order force processes, tR *'Ce ' the stability margin in cirection neara
feed servo system is intentionally detuned. The parameters for thé* - 1Nis disagreement is due to the sensitivity of tfle coptroller
x-axis (i.e., the feed axisservo control system are adjusted suctP feedback noise when the gains are lafiige, arounda* =A*).
that the transfer function from the actual feed to the commarld'® high gains cause saturation in the controller even when a
feed is a first-order system. Thus, the force process dynairecs Small amounte.g., less than 5 percerdf noise is present in the
the transfer function from the force to the command jesfithe fegdback §|gnal. However,.the results demonstrate sufficient sta-
detuned system are also first-order. An experiment with a stBfity margins may be obtained with the model-based force con-
change in the command feed for the first-order systgig. 11) f[roller with respect to uncertainties & «, andé. The studies also
illustrates that the open-loop force process may be modeled alligtrate that the controller parameters greatly influence the shape
first-order system with a time constant of 0.5 s. The first-ord& the stability borderline. As a slower response is desired, the
force process model is stability margin in theg/ 6% direction increases while the stability
margin in thea* directiondecreasesAnother interesting result is
_ 0.11 that for certain ranges of controller parameters, the stability ro-
z—0.85 bustness ah* =a in the 6/ 6* direction is small, a result that is
This system is utilized below to evaluate model-based machining

force controllers for first-order force processes. A model-based
force controller was developed and implemented experimentally 160

Fy d©-650.63 (35)

(Fig. 12 for a workpiece prepared with a step change in the
depth-of-cut.
1201
0.3 T T T
. OOOO oooC % 80
o 0 00,
o

~ o°

é 401 A

8 A A\

é A

-2 0 < ) . . A ﬁ [ 3

g -1 -0.75 -0.5 -0.25 0

= a*

Q

&
Fig. 13 Stability borderline of model-based machining force
control system for a first-order force process. Analysis (thick
line), simulations (empty squares ), and experiments (solid

OO 05 1 5 ' 25 squares ) for w. = rad/s. Analysis (medium line ), simulations

time (s)
Fig. 11 Force (circles ) and feed (thick line ) responses to step

change in commanded feed (thin line ) for first-order system.
Force sample period is 0.08 s and feed sample period is 0.01 s.
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(empty circles ), and experiments (solid circles ) for .
=2 rad/s. Analysis (thin line ), simulations (empty triangles ),
and experiments (solid triangles ) for w. =4 rad/s. Experimen-
tal parameters: Fr=0.285kN, fy=0.2mm, a=0.63, a=—0.85,
0=0.76, fri,=10"*mm, f,,=0.6mm, and £,=0.7071.
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