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Introduction (SISO, linear systems. Then, nonlinear parameters between the
feed and the force are estimated using an adaptive strategy to
ecrease the bias of the linear model approach. However, their
. i . . pproach assumes a linear relationship between the force and the
ficulties in regulatlng meta_l cutting processes s that these pr epth-of-cut, and it does not yield explicit performance robustness
cesses are |nherent_ly nonlinear _and vary &gnlflcantly l_mder NBther than LQG's guaranteed robustness margins. Hayes et al.
mal operating conditions. Analytical models of machining force; ) gesigned a robust controller in the continuous domain using
processes are currently not available; therefore, empirical _te%mntitative Feedback TheorfQFT). Their simulation results
niques are often utilized. Adaptive approaches have been typicallyowed satisfactory responses over a range of cutting conditions,
studied in machining force control to account for changes in thgereby demonstrating the effectiveness of the method. Punyko
force process. Many researchers have implemented Model Refgfd Bailey[11] and[12] proposed QFT designs in the discrete
ence Adaptive Contro[MRAC) systems to regulate machiningdomain utilizing the delta transform. Their designs were based on
forces[1-4]. Adaptive control schemes rely on the controller's, linear plant with uncertainty on pole and zero locations as well
ability to perform the required on-line estimation. Thus, adaptivgs the magnitude of a gain factor that indirectly accounts for
controllers are difficult to design, analyze, and implement due {@riations in depth-of-cut and nonlinear process parameters. The
their complexity. controller was verified through simulations but was not imple-
There has also been much interest in model-based and rohwginted on-line. Rober et aJ13] augmented the discrete QFT
control approaches for machining force regulation. Haf8iglin-  design in[12] and implemented the controller on-line. Once
earized the force process and applied standard control technigagain, their design was based on a linear plant, and the depth-of-
to design a fixed gain controller. However, the small perturbatiarut and force-feed nonlinearity were accounted for indirectly as
assumption cannot be guaranteed, and the performance of tmgertainty in pole/zero locations and a gain factor in the transfer
approach is sensitive to force-feed and force-depth effects. Thumction of the linear plant. Their experimental results showed
linearization technique was augment 6] to directly account for performance robustness for a small change in the depth-of-cut
changes in the depth-of-cut. Landers and UlgBlyexplicitly ac- only.
counted for the force-feed and force-depth nonlinearities. This ap-In this paper a robust machining force controller with process
proach uses a change of variable to account for the force-feegmpensation is developed using QFT concepts. Unlike many of
nonlinearity and adjusts the controller gains to account for tiiee other studies that have utilized QFT, the controller designed in
force-depth nonlinearity. This methodology preserves the easethis paper explicitly accounts for the nonlinear force-feed relation-
design of linear, model-based techniques while being robust $8ip using the transformation 7] and contains so-called process
changes in the depth-of-cut and ensuring stability under a rangecéfmpensation. Process compensation is a technique whereby con-
parameter variations. Chen and ChdBgdesigned a robust pro- troller gains are adjusted to explicitly account for changes in pro-
portional plus integra(PI) controller that guarantees stability un-cess parameters that are known or measurable. Without process
der a range of model uncertainty. Their regulator was designed fgmpensation, these changes would need to be incorporated into
the mean value of a certain operating range of the process pardi§- model parameter variations creating greater parameter bounds
eters and tuned to be stable within this entire range. The idea vi#¥l correspondingly looser performance bounds. Another benefit
straightforward, but the design method led to a rather restricté&that iterations are not required in the design of the proposed
system. co_ntroller. The rgsults from thls controller are_compared, via simu-
Robust adaptive control approach has been investigated b)l,a_gon and experimental stuo!les, to results using a robust controller
number of researchers. Carillo et (] designed a delta approachWithout process compensation.
robust adaptive controller. In their work, a Linear Quadratic Guas-
sian (LQG) controller was designed to take advantage of LOG®jachining Force Process Modeling
guaranteed robust properties for Single-Input Single-Output

Force control is an effective means of improving the qualit
and productivity of machining operations. One of the greatest d

The cutting force model used in this paper is a nonlinear, static

Contributed by the Manufacturing Engineering Division for publication in themOdel of the face milling process. Static models are used when
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typically utilized for cutting processes having inherent force fluc- 40
tuations during the spindle revolutide.g., milling applications

The structure of the static machining force process, including non- 3
linear effects, i47]

F(t)=KdPfe(t) (1)

whereK, B, anda are empirically determined model parameters,
and d (depth-of-cut and f (feed are process parameters whose
nominal values are given by a part program. This model is for a
constant cutting speed. Effects such as tool wear and cutting tem-
perature also affect the force process. If they are not included

magnitude (dB)

explicitly in the empirical model, their effect may be modeled as 3ol (<) rpp:rrff:x:r':-l::i’::

variations in th_e model parameters, particularly the 'parameter g :;vpord.slnd forv':"d.loop TF

The variations in the process parameters are sometimes known or ~ -40t & lowerdesired forward-loop TF

may be measured. For example, if a part surface is machined after 50 " ,
the initial layer of the casting is removed, the depth-of-cut will be 10" 10° 10 10°
known. This information may be incorporated into the force con- frequency (radis)

troller. In milling operations, the parametkrdepends on the ra-
dial depth-of-cut(also known as width-of-cut or immersipnif ~ Fig. 1 Upper forward-loop transfer function  (circles ), lower
this geometric information is known, it can also be directly incorforward-loop - transfer - function (squares ), upper desired
porated into the force controller. In this paper, a robust controll%{xg:g::ggp tf;?,gféfrfu;%ggtr',on (tri;gla}gso;]d;gie It?]‘gel: dee;sgﬁg
utilizing QFT concepts is designed to account for unknown varirf\d er desirgd forward-loop transfer fun?:tions- coincide PP
tions in the model parameters and the controller is augmenteal '
with direct process compensation to account for known variations
in the process parameters. This direct process compensation al-
lows the proposed controller to achieve tighter performan
bounds than traditional robust controllers.

The feed is adjusted on-line to regulate the machining force.
utilize standard linear control designs, the control variable is in-
troduced

e e .
(Ess performance variation due to changes in process parameters,
5 compared to robust controllers without process compensation.
The maximum and minimum plant gains, respectively, are

P=Kd? 4
t)=f“nom(t 2
u(t)=1on(t) @ P KdP )
The force process model used for controller design is .
Next, the desired closed-loop performance bounds are chosen.
F(t)=Kdu(t) (3) First-order performance bounds are used in this study. As will be

seen, these bounds yield an integral controller that will track con-
stant references and reject constant disturbances. The upper and
lower closed-loop performance bounds, respectively, are

and the process gain may be viewedka$®. The implemented
feed is found by taking the inverse of E@) using the nominal

value of a.
Robust Machining Force Controller Design s
Quantitative Feedback Theof®FT) is a robust control tech-
nique that provides a systematic framework in which to design T(s)= S+ 1 (7)

controllers that yield performance robustness under parametric

model uncertainty. The first step in the QFT design is to determidd@e interpretation of the closed-loop performance bounds given
the nominal values for the plant model parameters and the var®t Egs.(6) and(7) is that the force transient response should be
tion in each parameter. For the studies conducted in this paper, fiigt order with a time constant bounded betweeand 7, and the
nominal values of the plant parameters arg,,=0.63, B,,m fOrce should track the reference force in the steady state. The
=0.65, andK om=0.76. The minimum plant model parametergipper and lower forward-loop transfer functiofi®., the product

are #=0.441,3=0.455, andK =0.532, and the maximum plant of the controller and plant transfer functionsespectively, to
model paraméters arE:0.819,E:0.845, andK =0.988. Also, achieve the upper and lower closed-loop performance bounds

the minimum, nominal, and maximum depths-of-cut ate given in equations6) and(7), respectively, are

=1mm, d,o,n=3.5 mm, andd=6 mm, respectively. _ 1
At present, the force-feed nonlinearity will be ignored, and the L(s)== (8)
QFT design will be applied to the linear force process model
given in Eq.(3). The next step is to determine the maximum and 1
the minimum plant gains and corresponding phases under the pre- L(s)= P 9)

scribed parameter variations at each frequency. Note that the ma-
chining force process is static and, thus, the plant gains and phake Bode plots of the upper and lower forward-loop transfer func-
are independent of frequency. The plant contains process pardimAs are shown in Fig. 1 for time constants 0.3 s and
eters(i.e., depth-of-cutin addition to the model parameters. In=1.12 s, respectively. Note that the bounds are parallel. As the
typical QFT designs for machining force regulation reported in th@lant parameters change, the forward-loop transfer function
literature, uncertain parameters in the transfer function account &rould be bounded by the upper and lower forward-loop transfer
both model and process parameters. In this study, the procéssctions in Eqs.(8) and (9), respectively. Next, a controller is
parametersi.e., depth-of-cutare assumed to be known and, thusdesigned such that the performance bounds are always satisfied as
are not included with the model parameter variations; rather, thye model and process parameters change within prescribe
are accounted for explicitly by augmenting the robust controlldrounds.

with a method called process compensation. This method will In terms of absolute gain, the difference between the maximum
allow for tighter performance specifications to be achieved and fand the nominal Bode plant gains is
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P F, d d
P B w § '
where the nominal plant gain is I}c::z:t W exp[l"(")} ! R Ma::::;ng F,
P nom= K nordnom (11) Controller nom Process

The Bode gain difference in E¢L0) is subtracted from the upper
forward-loop bound at each frequency. In terms of absolute gains,

this is equivalent to dividing the upper forward-loop transfer funq:ig_ 2 Block diagram of robust machining force control
tion by Py . Thus, the desired upper forward-loop transfer funcsystem

tion is
_ L(s) _
Ly(s)= . (12) usingd=d. The sample periotsee Experimental Results section
v below) is 0.08 s, thus, the upper time constant will be 0.3 s:
Similarly, in terms of absolute gain, the difference between thepproximately four times the sample period. Note that the force
nominal and the minimum Bode plant gains is controller performance is only limited by the hardware limitations
p of the laboratory mill used for the experiments in this paper. The
P = nom (13) control method developed here would have superior performance
P if implemented on a state-of-the-art machine tool. Fer0.3 s, 7

The Bode gain difference in Eq13) is added to the lower will be 1.12 s. Given the range of model and process parameters
forward-loop bound at each frequency. In terms of absolute gai,%)’ecnfu_ed above, this is the tlght_es_tperformance variation tha_1t may
this is equivalent to multiplying the lower forward-loop transfef® achieved. The transfer functiobg(s) andL q(s) are shown in

function byP, . This desired lower forward-loop transfer functionFig. 1 ford=d. Note that these transfer functions coincide.
is WhenLy(s) andLgy(s) coincide

La(s)=L(S)P, (14) Ly(8)=Lg(8)=PpronC(s) 17)

The upper and lower desired forward-loop transfer functiomherefore, the controller transfer function may be expressed as
bounds in Egs(12) and(14), respectively, are parallel in a Bode

plot since they are each shifted from, respectively, the upper and 1 11

lower forward-loop bounds, which are parallel, by a constant mul- Cls)= %L(S): K_dg?_s (18)
tiplier. If the magnitude of 4(s) is greater than or equal 1o4(s)

at every frequency, the closed-loop performance specifications &lete that the controller is an explicit function of the process pa-
met. In a Bode plot, this is equivalent tq(s) being above, or rameters; in this case, the depth-of-cut. By directly accounting for

coinciding with, L 4(s). Mathematically this process parameter, the developed controller will be able to
achieve tighter performance bounds than a robust controller that

1 _ ﬂ>0 (15) does not employ process compensation. In this paper, the depth-

Pur 7 - of-cut is the only process parameter that is considered; however,

this technique may be applied to other process parameters such as
= cutting speed and tool wear. To apply this technique to other pro-
Kdf—7KP=0 (16) Cess parameters, the force process model would need to be modi-
— fied to include these parameters and their values would need to be
Equation(16) must be true for altl. The design approach is to either known or measured.
selectr to be as small as possible given the servomechanismThe above approach may be used to design a machining force
dynamics and then calculateby making Eq(16) an equality and controller if there is no variation i. However, if there is varia-

Equation(15) may be expressed as

0.35 v v v 0.45 v v
O casel
0.3} 4 04r g casen i
¢ caselll
035 A caselV )
0.25H .
0.3} 4
Zz 0.2 O casel J = ]
é O casell E 025
® O caselll :
:.g 045 A caselv 3 02} b
0.15
o1} 4
0.1
0.05} 1 005t
0 ) . . 0 P P S G G G S
0 5 10 15 20 0 5 10 15 20
time (s) time (s)
Fig. 3 Simulation results. Case |  (circles ): robust control with process compensation with K=K, a= @, g=ﬁ, and
d=d. Case Il (squares): robust control with process compensation with K=K, a=a, B=p, and d=d. Case Il
(diamonds ): robust control without process compensation with K=K, a=a, B=p, and d=d. Case IV (triangles ):
robust control without process compensation with K=K, a=a, B=p, and d=d. For all cases F,=0.285kN and T

=0.08 s. Note that the responses for Cases | and Ill coincide.
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Fig. 4 Simulation results for robust controller with process compensation [d=d (circles ), d=d,,m (squares ), and

d=d (diamonds )]. Simulation parameters: K= Knom: @=@nom: B=Bnom » Fr=0.285 kN, and T=0.08s.

tion, the controller must be modified to account for the force-feed Robust machining force controllers reported in the literature do
nonlinearity. If there is a variation i, Eq.(3) may be expressed not explicitly account for known changes in the force process;
as thus, larger model parameter variations must be considered and,
correspondingly, the resulting performance variation increases. A
= K dAf o118 = 49K g8 . X :
F=Kd"f o u’Kd"u (19)  QFT controller without process compensation can be designed
where s represents a deviation from,qy,. In this study, the mini- following the method above. However, the depth-of-cut will not
mum and maximum values @fare §= —0.3 ands=0.3, respec- be taken into account explicitly and, thus, the controller will not
tively, and the minimum and maximum feeds dre 0.008 mm be a function of the depth-of-cut. In this case, the robust controller
and f=0.4 mm, respectively. The teru® may be viewed as an Without process compensation is
extra factor in the plant gain. Therefore, the controller must be

divided by the factoR whereR=maxu’] to ensure performance C(2)= 1 1 0.28 (22)
robustness for all variations in. For the parameters given above, 2.4(0.99d°82z—1
R=2.4.
The robust machining force controller with process compens&his controller is identical to the controller in E@1) except that
tion has the following form the controller in Eq(22) is a function ofd, notd.
Simulation results are shown in Figs. 3—5. Note that cases | and
Cls)= 111 (20) Il in Fig. 3 have identical responses. The results in Fig. 3 dem-
RP7s onstrate that tighter performance limits may be achieved by ex-

plicitly accounting for the process parameters; in this case, the
For the parameters given above, and a continuous to discrete-tidepth-of-cut. The transient performance limits are looser than the
conversion performed in Matlab using a pole-zero mapping, tispecified limits given byr and' 7 due to the additional factor of
digital controller is R~ ! in the controller gain. Simulated responses for the robust
controller with process compensation are shown in Fig. 4 for three

C(2)= 11 — 0.28 (21) different depths-of-cut and nominal model parameters. The slight
240.997 21 variation in the responses is due to the factér # that appears in
The block diagram is shown in Fig. 2. the forward-loop transfer function. There will be maximum varia-

0.25 . r r v r v v
03} 4
----------- 0.2} p
0.25
- — 0.15
z 02 E
x £
~ = O minimum depth-of-cut
H b O nominal depth-of-cut
S 015 O minimum depth-of-cut $ o4 P : ]
- O nominal depth-of-cut - . © maximum depth-of-cut
01 ¢ maximum depth-of-cut
' G —&F
0.05} 9
0.05 . r < 7
4 6 8 10 12 14 16 10 12 14 16
time (s) time (s)
Fig. 5 Simulation results for robust controller without process compensation [d=d (circles ), d=don (squares ), and

d=d (diamonds )]. Simulation parameters: K=Knom, @=@nom » B=Bnom » F,=0.285kN, and T=0.08 s.
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view 254 mm (& of curvature x<+@ :
v z maximum power
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Side View 2mm -9 Face Mill
z* Z Axis 50 mm diameter
+ * sensing —jp carbide inserts
"and control
¢ Dynomometer
Sy T [ Kistler 9293 piezoelectric
486 four component
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I el
X Axis

X
sensing
and control ;
z
Y Axis
sensing
and control I/ l

Fig. 6 Schematic of experimental system and part. The part is fed towards the tool in
the negative x direction.

tion in response whep= 8 and no variation wheg= 3. Simu- power constraint. With a constant spindle speed of 1500 rpm, a
lated responses for the robust controller without process comp&p@ximum spindle power of 1.5 hp, and a tool radius of 25 mm,
sation are shown in Fig. 5 for three different depths-of-cut arlge maximum cutting force is 0.285 kN. The force signal that will
nominal model parameters. A comparison of the results in FigsP# regulated is

and 5 demonstrates that explicitly accounting for process varia- F—ma>{|fl| |fN|] 23)
tions allows the proposed controller to maintain a relatively con- - yb oseolly

stant response in the face of known process parameter variatiQfaref. is the instantaneous force in tyadirection andN is the

. number of samples during two spindle rotations. This signal pro-
Experimental Results cessing will mitigate the effect of runout. The force signal in Eq.
Experiments are conducted for a face milling operation t®3) bounds the cutting forcgl4]. A sample period of 0.5 ms is

verify the proposed robust control design and compare robust mesed to collect the individual force samplése., f)%, ce ,fy),
chining force controllers with process compensation to those wittiius,N= 160 and the force controller sample period is 0.08 s. The
out process compensation. A schematic of the experimental sy@sl engages the part for a period of time at a low feed before the
tem is shown in Fig. 6. While this system is not an industrialeontroller is activated; thus, the force in the experiments always
grade machine tool, it provides an adequate platform to illustragéarts at some positive value.

the novel properties of the proposed controller and to compare itThe force sensor is a Kistler 9293 piezoelectric four-component
to traditional robust controllers. The objective of the force contralynamometer with a bandwidth of approximately 4500 Hz. The
system is to maintain maximum productivity given a spindlénear axes are connected to the PC controller via analog to digital

force (kN)
feed (mm)

R R ) A 0.02 ) N . A

014 1 2 3 4 5 0 1 2 3 4 5
time (s) time (s)

Fig. 7 Experimental results for robust controller with process compensation. Controller parameters: K=K, a= a,

B=p, d=d, F,=0.285kN, and T=0.08s.
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Fig. 8 Experimental results for robust controller with process compensation. Controller parameters: K=K, a=a,

B=p, d=d, F,=0.285kN, and T=0.08s.

(12 bit), digital to analog(8 bit), and counter timer boards. Theler performance robustness to parameter variations where a single
axis command voltages are sent via the digital to analog boardstiodel parameter was varied to its minimum or maximum value
pulse width modulators that drive the motors. The axis tachomhile the other model parameters were held at their nominal val-
eters and table encodef$0 um resolution send information to ues. In each testf=3 mm. For the results shown in Figs. 9-12,
the controller via the analog to digital and counter timer boardg.=qo, a=a, K=K, and K=K, respectively, while the other
respectively. The closed-loop servomechanisms have bandwidiagiables were held at their nominal values. The simulated re-
of approximately 40 Hz. Since the sensor and actuator dynamigsonses match the experimental responses quite well.
are much faster than the force process dynamics, they are noln the next experiment, the robust machining force controller
considered in the model. with process compensation is used to machine a part whose depth-
In order to verify the controller performance robustness to paf-cut changes from 1 mm to 3 mm and then to 5 mm. The results
rameter variations, the controller was intentionally designed fafe shown in Fig. 13. The transient performance does not change
non-nominal parameter values to mimic parameter variationsignificantly for different depths-of-cut. Further, the transient per-
Two experiments were conducted: one witkkd, a=a B=pB, formance is very similar to that in the simulatiofeee Fig. 4.
andK =K, and another witdl=d, a=a, 8=, andk=K. The Next, the robust machining force controller without process com-

results are shown in Figs. 7 and 8, respectively. The settling tirRénsation is employed for an operation with two different depths-
in Fig. 7 is faster than predicted; however, the response is ov&f-Cut (1L mm and 5 mm The results, shown in Fig. 14, demon-
damped, as expected. The performance in Fig. 8 is very similarggate how the transient _performance changes dramatlc_ally for
case Il in Fig. 3. The response is much noisier in Fig. 8 than Fi ifferent depths-of-cut. This illustrates the advantage of taking the
7 since small variations in feed create greater force fluctuatioA§Pth-of-cut explicitly into account in the controller design.

when the depth-of-cut is largéé mm as compared to 1 mm Note that in Figs. 13 and 14, the large peaks are due to the

Another set of experiments was conducted to verify the contrgitldden change in the depth-of-cut, and not controller overshoot.
These sudden changes are outside the bandwidth of machine tool

servomechanism systems and, thus, are unavoidable. Also, there

0.32 T T T T T T Y 0.35 y T T v y y T
0.3}
0.3}
0.28%
- 0.26} -~ 0.25
z z
£ 3
o 0.24} °
g O experiments £ O experiments
lati 2 o2} 4
< 022 Q simulations 1 = O simulations
0.2 J
0.15 h
0.18 9 Y
0-16 'y A " A " A A .1 L L 2. A 'l A, L
0 1 2 3 4 5 6 7 8 o 0 1 2 3 4 5 6 7 8
time (s} time (8)

Fig. 9 Experimental (circles ) and simulation (squares ) results Fig. 10 Experimental (circles) and simulation (squares) re-

for robust controller with process compensation. Simulation sults for robust controller with process compensation. Simula-
parameters: K=Kom, a=a, B=Bnom, d=3 mm, F,=0.285kN, tion parameters: K=Kyom, a@=a, B=PBrom, d=3mm, F,
and 7=0.08s. =0.285kN, and T=0.08s.
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0.25}
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0. ]
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Fig. 11 Experimental (circles ) and simulation (squares) re- Fig- 13 Experimental results for proposed robust controller
sults for robust controller with process compensation. Simula- W't_h process compensation. Paiameters. K=Knom » @=@nom ,
tion parameters: K=K, a=ampm. B=Buwm. d=3mm, F, B=Brom. F;=0.285kN, and 7=0.08s.

=0.285kN, and T=0.08s.

be applicable to many machining operations where the force sig-

are force variations about the reference force in the experimerfidl Must be processed every spindie revolutey., general mill-
implementations. These variations are due to the limited resofdd applications

tion of the digital to analog converté8 bit), structural vibrations, _ 1he robust machining force controller design was verified
and, in some cases, chip interference. through a variety of simulation and experimental studies. Further,

this novel controller explicitly accounts for known or measurable
) changes in the process. Therefore, the controller is able to main-
Summary and Conclusions tain tighter performance bounds than a controller that does not

A novel robust machining force controller, based on QFT, hd@clude process compensation and the performance will not be
been developed in this paper. The proposed controller is the fipignificantly affected as the process changes. In this study, known
robust controller to explicitly account for known process chang&&ianges in the depth-of-cut were explored. To incorporate other
(e.g., changes in the depth-of-aind for the force-feed nonlin- PFOCess parameter®.g., cutting velocity, tool wear the force
earity inherent in metal cutting operations. The performance of tRE0Cess model would need to be augmented and these parameters
developed controller was verified via simulations and experf‘ould need to be known or measured.
ments, and the results were compared to a robust machining forcdVith the advent of open-architecture software platforms for ma-
controller without process compensation. chining controllers, the way is being paved for the implementation

The robust machining controller developed in this paper & force control technology. It should be noted that the proposed
based on a simple design procedure. No iterations are requir Bptroller, Ilke_all mach_lnlng force c_:ontrollers, is not applicable
unlike most QFT designs. Thus, the controller can be updatf®] &l production situations. For a job-shop environment where
on-line as information regarding the range of parameter variatioh¥¢ {©00IS, parts, and cutting fluid combinations change with every
becomes available. The controller design is based on a stdi[der, adaptive techniques would be appropriate. For a high-
model where the force process rise time is assumed to be my@iume environment where the operating characteristics are con-
slower than the servo system rise time. This has been verified¥gnt and, thus, accurate models may be cost-effectively obtained,

be a valid assumption based on experimental re§@ltand will & model-based controller tuned to the specific situation would be
appropriate. For a batch production environment with a specific
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Fig. 12 Experimental (circles ) and simulation (squares) re-
sults for robust controller with process compensation. Param- Fig. 14 Experimental results for robust controller without pro-
eters: K=K, a=aym, B=PBnom, d=3mm, F,=0.285kN, and cess compensation. Parameters: K=Kpom, @=anym, B
T=0.08s. =Brom » F;=0.285kN, and T=0.08 s.
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