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Robust Machining Force Control
With Process Compensation
Force control is an effective means of improving the quality and productivity of machi
operations. Metal cutting force models are difficult to accurately generate and, thus,
is large uncertainty in the model parameters. This has lead to investigations into ro
force control techniques; however, the approaches reported in the literature inc
known process changes (e.g., a change in the depth-of-cut) in the model param
variations. These changes create substantial variations in the model parameters;
only loose performance bounds may be achieved. A novel robust force controller is
sented in this paper that explicitly compensates for known process effects and ac
for the force-feed nonlinearity inherent in metal cutting operations. The controlle
verified via simulation and experimental studies and the results demonstrate tha
proposed controller is able to maintain tighter performance bounds than robust con
lers that include known process changes in the model parameter variations.
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Introduction
Force control is an effective means of improving the qua

and productivity of machining operations. One of the greatest
ficulties in regulating metal cutting processes is that these
cesses are inherently nonlinear and vary significantly under
mal operating conditions. Analytical models of machining for
processes are currently not available; therefore, empirical te
niques are often utilized. Adaptive approaches have been typic
studied in machining force control to account for changes in
force process. Many researchers have implemented Model R
ence Adaptive Control~MRAC! systems to regulate machinin
forces @1–4#. Adaptive control schemes rely on the controlle
ability to perform the required on-line estimation. Thus, adapt
controllers are difficult to design, analyze, and implement due
their complexity.

There has also been much interest in model-based and ro
control approaches for machining force regulation. Harder@5# lin-
earized the force process and applied standard control techn
to design a fixed gain controller. However, the small perturbat
assumption cannot be guaranteed, and the performance of
approach is sensitive to force-feed and force-depth effects.
linearization technique was augment in@6# to directly account for
changes in the depth-of-cut. Landers and Ulsoy@7# explicitly ac-
counted for the force-feed and force-depth nonlinearities. This
proach uses a change of variable to account for the force-
nonlinearity and adjusts the controller gains to account for
force-depth nonlinearity. This methodology preserves the eas
design of linear, model-based techniques while being robus
changes in the depth-of-cut and ensuring stability under a rang
parameter variations. Chen and Chang@8# designed a robust pro
portional plus integral~PI! controller that guarantees stability un
der a range of model uncertainty. Their regulator was designed
the mean value of a certain operating range of the process pa
eters and tuned to be stable within this entire range. The idea
straightforward, but the design method led to a rather restric
system.

Robust adaptive control approach has been investigated
number of researchers. Carillo et al.@9# designed a delta approac
robust adaptive controller. In their work, a Linear Quadratic Gu
sian ~LQG! controller was designed to take advantage of LQG
guaranteed robust properties for Single-Input Single-Out
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~SISO!, linear systems. Then, nonlinear parameters between
feed and the force are estimated using an adaptive strateg
decrease the bias of the linear model approach. However,
approach assumes a linear relationship between the force an
depth-of-cut, and it does not yield explicit performance robustn
other than LQG’s guaranteed robustness margins. Hayes e
@10# designed a robust controller in the continuous domain us
Quantitative Feedback Theory~QFT!. Their simulation results
showed satisfactory responses over a range of cutting conditi
thereby demonstrating the effectiveness of the method. Pun
and Bailey@11# and @12# proposed QFT designs in the discre
domain utilizing the delta transform. Their designs were based
a linear plant with uncertainty on pole and zero locations as w
as the magnitude of a gain factor that indirectly accounts
variations in depth-of-cut and nonlinear process parameters.
controller was verified through simulations but was not imp
mented on-line. Rober et al.@13# augmented the discrete QF
design in @12# and implemented the controller on-line. Onc
again, their design was based on a linear plant, and the dept
cut and force-feed nonlinearity were accounted for indirectly
uncertainty in pole/zero locations and a gain factor in the tran
function of the linear plant. Their experimental results show
performance robustness for a small change in the depth-of
only.

In this paper a robust machining force controller with proce
compensation is developed using QFT concepts. Unlike man
the other studies that have utilized QFT, the controller designe
this paper explicitly accounts for the nonlinear force-feed relati
ship using the transformation in@7# and contains so-called proces
compensation. Process compensation is a technique whereby
troller gains are adjusted to explicitly account for changes in p
cess parameters that are known or measurable. Without pro
compensation, these changes would need to be incorporated
the model parameter variations creating greater parameter bo
and correspondingly looser performance bounds. Another be
is that iterations are not required in the design of the propo
controller. The results from this controller are compared, via sim
lation and experimental studies, to results using a robust contro
without process compensation.

Machining Force Process Modeling
The cutting force model used in this paper is a nonlinear, st

model of the face milling process. Static models are used w
regulating force signals that are sampled once per spindle rev
tion such as a maximum or average force. Static force signals

e

AUGUST 2003, Vol. 125 Õ 423
003 by ASME



r
s

t
d

a
b

-

o

r
n
o

n

.

e

r

t
d
n

t
t

h
l
w

ters,
tion.

sen.
be

on-
r and

ven
be

The

nds

nc-

the
tion
sfer

ed as
ribe

um
typically utilized for cutting processes having inherent force flu
tuations during the spindle revolution~e.g., milling applications!.
The structure of the static machining force process, including n
linear effects, is@7#

F~ t !5Kdb f a~ t ! (1)

whereK, b, anda are empirically determined model paramete
and d ~depth-of-cut! and f ~feed! are process parameters who
nominal values are given by a part program. This model is fo
constant cutting speed. Effects such as tool wear and cutting
perature also affect the force process. If they are not inclu
explicitly in the empirical model, their effect may be modeled
variations in the model parameters, particularly the parameteK.
The variations in the process parameters are sometimes know
may be measured. For example, if a part surface is machined
the initial layer of the casting is removed, the depth-of-cut will
known. This information may be incorporated into the force co
troller. In milling operations, the parameterK depends on the ra
dial depth-of-cut~also known as width-of-cut or immersion!. If
this geometric information is known, it can also be directly inc
porated into the force controller. In this paper, a robust contro
utilizing QFT concepts is designed to account for unknown va
tions in the model parameters and the controller is augme
with direct process compensation to account for known variati
in the process parameters. This direct process compensatio
lows the proposed controller to achieve tighter performa
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
troduced

u~ t ![ f anom~ t ! (2)

The force process model used for controller design is

F~ t !5Kdbu~ t ! (3)

and the process gain may be viewed asKdb. The implemented
feed is found by taking the inverse of Eq.~2! using the nominal
value ofa.

Robust Machining Force Controller Design
Quantitative Feedback Theory~QFT! is a robust control tech-

nique that provides a systematic framework in which to des
controllers that yield performance robustness under param
model uncertainty. The first step in the QFT design is to determ
the nominal values for the plant model parameters and the va
tion in each parameter. For the studies conducted in this pape
nominal values of the plant parameters areanom50.63, bnom
50.65, andKnom50.76. The minimum plant model paramete
are aI 50.441,bI 50.455, andKI 50.532, and the maximum plan

model parameters areā50.819, b̄50.845, andK̄50.988. Also,
the minimum, nominal, and maximum depths-of-cut aredI
51 mm, dnom53.5 mm, andd̄56 mm, respectively.

At present, the force-feed nonlinearity will be ignored, and
QFT design will be applied to the linear force process mo
given in Eq.~3!. The next step is to determine the maximum a
the minimum plant gains and corresponding phases under the
scribed parameter variations at each frequency. Note that the
chining force process is static and, thus, the plant gains and ph
are independent of frequency. The plant contains process pa
eters~i.e., depth-of-cut! in addition to the model parameters. I
typical QFT designs for machining force regulation reported in
literature, uncertain parameters in the transfer function accoun
both model and process parameters. In this study, the pro
parameters~i.e., depth-of-cut! are assumed to be known and, thu
are not included with the model parameter variations; rather, t
are accounted for explicitly by augmenting the robust contro
with a method called process compensation. This method
allow for tighter performance specifications to be achieved and
424 Õ Vol. 125, AUGUST 2003
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less performance variation due to changes in process parame
as compared to robust controllers without process compensa

The maximum and minimum plant gains, respectively, are

P̄5K̄db̄ (4)

PI 5KI dbI (5)

Next, the desired closed-loop performance bounds are cho
First-order performance bounds are used in this study. As will
seen, these bounds yield an integral controller that will track c
stant references and reject constant disturbances. The uppe
lower closed-loop performance bounds, respectively, are

T̄~s!5
1

t̄s11
(6)

TI ~s!5
1

tI s11
(7)

The interpretation of the closed-loop performance bounds gi
by Eqs.~6! and ~7! is that the force transient response should
first order with a time constant bounded betweent̄ andtI , and the
force should track the reference force in the steady state.
upper and lower forward-loop transfer functions~i.e., the product
of the controller and plant transfer functions!, respectively, to
achieve the upper and lower closed-loop performance bou
given in equations~6! and ~7!, respectively, are

L̄~s!5
1

t̄s
(8)

LI ~s!5
1

tI s
(9)

The Bode plots of the upper and lower forward-loop transfer fu
tions are shown in Fig. 1 for time constants oft̄50.3 s and
51.12 s, respectively. Note that the bounds are parallel. As
plant parameters change, the forward-loop transfer func
should be bounded by the upper and lower forward-loop tran
functions in Eqs.~8! and ~9!, respectively. Next, a controller is
designed such that the performance bounds are always satisfi
the model and process parameters change within presc
bounds.

In terms of absolute gain, the difference between the maxim
and the nominal Bode plant gains is

Fig. 1 Upper forward-loop transfer function „circles …, lower
forward-loop transfer function „squares …, upper desired
forward-loop transfer function „diamonds …, lower desired
forward-loop transfer function „triangles …. Note the upper and
lower desired forward-loop transfer functions coincide.
Transactions of the ASME
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PU5
P̄

Pnom
(10)

where the nominal plant gain is

Pnom5Knomdbnom (11)

The Bode gain difference in Eq.~10! is subtracted from the uppe
forward-loop bound at each frequency. In terms of absolute ga
this is equivalent to dividing the upper forward-loop transfer fun
tion by PU . Thus, the desired upper forward-loop transfer fun
tion is

L̄d~s!5
L̄~s!

PU
(12)

Similarly, in terms of absolute gain, the difference between
nominal and the minimum Bode plant gains is

PL5
Pnom

PI
(13)

The Bode gain difference in Eq.~13! is added to the lower
forward-loop bound at each frequency. In terms of absolute ga
this is equivalent to multiplying the lower forward-loop transf
function byPL . This desired lower forward-loop transfer functio
is

LI d~s!5LI ~s!PL (14)

The upper and lower desired forward-loop transfer funct
bounds in Eqs.~12! and ~14!, respectively, are parallel in a Bod
plot since they are each shifted from, respectively, the upper
lower forward-loop bounds, which are parallel, by a constant m
tiplier. If the magnitude ofL̄d(s) is greater than or equal toLI d(s)
at every frequency, the closed-loop performance specifications
met. In a Bode plot, this is equivalent toL̄d(s) being above, or
coinciding with,LI d(s). Mathematically

1

PUt̄
2

PL

tI
>0 (15)

Equation~15! may be expressed as

tKdbI 2tK b̄>0 (16)

Equation~16! must be true for alld. The design approach is t
select t̄ to be as small as possible given the servomechan

dynamics and then calculatetI by making Eq.~16! an equality and
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usingd5d̄. The sample period~see Experimental Results sectio
below! is 0.08 s, thus, the upper time constant will be 0.3
approximately four times the sample period. Note that the fo
controller performance is only limited by the hardware limitatio
of the laboratory mill used for the experiments in this paper. T
control method developed here would have superior performa
if implemented on a state-of-the-art machine tool. Fort̄50.3 s,tI
will be 1.12 s. Given the range of model and process parame
specified above, this is the tightest performance variation that m
be achieved. The transfer functionsL̄d(s) andLI d(s) are shown in
Fig. 1 for d5d̄. Note that these transfer functions coincide.

When L̄d(s) andLI d(s) coincide

L̄d~s!5LI d~s!5PnomC~s! (17)

Therefore, the controller transfer function may be expressed

C~s!5
1

P̄
L̄~s!5

1

K̄db̄

1

t̄s
(18)

Note that the controller is an explicit function of the process p
rameters; in this case, the depth-of-cut. By directly accounting
this process parameter, the developed controller will be able
achieve tighter performance bounds than a robust controller
does not employ process compensation. In this paper, the de
of-cut is the only process parameter that is considered; howe
this technique may be applied to other process parameters su
cutting speed and tool wear. To apply this technique to other p
cess parameters, the force process model would need to be m
fied to include these parameters and their values would need t
either known or measured.

The above approach may be used to design a machining f
controller if there is no variation ina. However, if there is varia-

Fig. 2 Block diagram of robust machining force control
system
Fig. 3 Simulation results. Case I „circles …: robust control with process compensation with KÄK̄ , aÄaO , bÄb̄, and
dÄd̄ . Case II „squares …: robust control with process compensation with KÄKO , aÄā, bÄbO , and dÄd̄ . Case III
„diamonds …: robust control without process compensation with KÄK̄ , aÄaO , bÄb̄, and dÄd̄ . Case IV „triangles …:
robust control without process compensation with KÄKO , aÄā, bÄbO , and dÄdO . For all cases FrÄ0.285 kN and T
Ä0.08 s. Note that the responses for Cases I and III coincide.
AUGUST 2003, Vol. 125 Õ 425
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Fig. 4 Simulation results for robust controller with process compensation †dÄdO „circles …, dÄd nom „squares …, and
dÄd̄ „diamonds …‡. Simulation parameters: KÄK nom , aÄanom , bÄbnom , FrÄ0.285 kN, and TÄ0.08 s.
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tion, the controller must be modified to account for the force-fe
nonlinearity. If there is a variation ina, Eq. ~3! may be expressed
as

F5Kdb f anom~11d!5udKdbu (19)

whered represents a deviation fromanom. In this study, the mini-
mum and maximum values ofd aredI 520.3 andd̄50.3, respec-
tively, and the minimum and maximum feeds arefI50.008 mm
and f̄ 50.4 mm, respectively. The termud may be viewed as an
extra factor in the plant gain. Therefore, the controller must
divided by the factorR whereR5max@ud# to ensure performance
robustness for all variations ina. For the parameters given abov
R52.4.

The robust machining force controller with process compen
tion has the following form

C~s!5
1

R

1

P̄

1

t̄S

(20)

For the parameters given above, and a continuous to discrete
conversion performed in Matlab using a pole-zero mapping,
digital controller is

C~z!5
1

2.4

1

0.99d0.85

0.28

z21
(21)

The block diagram is shown in Fig. 2.
Õ Vol. 125, AUGUST 2003
ed
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Robust machining force controllers reported in the literature
not explicitly account for known changes in the force proce
thus, larger model parameter variations must be considered
correspondingly, the resulting performance variation increase
QFT controller without process compensation can be desig
following the method above. However, the depth-of-cut will n
be taken into account explicitly and, thus, the controller will n
be a function of the depth-of-cut. In this case, the robust contro
without process compensation is

C~z!5
1

2.4

1

~0.99!d̄0.85

0.28

z21
(22)

This controller is identical to the controller in Eq.~21! except that
the controller in Eq.~22! is a function ofd̄, not d.

Simulation results are shown in Figs. 3–5. Note that cases I
III in Fig. 3 have identical responses. The results in Fig. 3 de
onstrate that tighter performance limits may be achieved by
plicitly accounting for the process parameters; in this case,
depth-of-cut. The transient performance limits are looser than
specified limits given bytI and t̄ due to the additional factor o
R21 in the controller gain. Simulated responses for the rob
controller with process compensation are shown in Fig. 4 for th
different depths-of-cut and nominal model parameters. The sl

variation in the responses is due to the factordb2b̄ that appears in
the forward-loop transfer function. There will be maximum vari
Fig. 5 Simulation results for robust controller without process compensation †dÄdO „circles …, dÄd nom „squares …, and
dÄd̄ „diamonds …‡. Simulation parameters: KÄK nom , aÄanom , bÄbnom , FrÄ0.285 kN, and TÄ0.08 s.
Transactions of the ASME
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Fig. 6 Schematic of experimental system and part. The part is fed towards the tool in
the negative x direction.
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tion in response whenb5bI and no variation whenb5b̄. Simu-
lated responses for the robust controller without process com
sation are shown in Fig. 5 for three different depths-of-cut a
nominal model parameters. A comparison of the results in Fig
and 5 demonstrates that explicitly accounting for process va
tions allows the proposed controller to maintain a relatively c
stant response in the face of known process parameter variat

Experimental Results
Experiments are conducted for a face milling operation

verify the proposed robust control design and compare robust
chining force controllers with process compensation to those w
out process compensation. A schematic of the experimental
tem is shown in Fig. 6. While this system is not an industri
grade machine tool, it provides an adequate platform to illust
the novel properties of the proposed controller and to compa
to traditional robust controllers. The objective of the force cont
system is to maintain maximum productivity given a spind
cturing Science and Engineering
en-
nd
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power constraint. With a constant spindle speed of 1500 rpm
maximum spindle power of 1.5 hp, and a tool radius of 25 m
the maximum cutting force is 0.285 kN. The force signal that w
be regulated is

F5max@ u f y
1u, . . . ,u f y

Nu# (23)

where f y is the instantaneous force in they direction andN is the
number of samples during two spindle rotations. This signal p
cessing will mitigate the effect of runout. The force signal in E
~23! bounds the cutting force@14#. A sample period of 0.5 ms is
used to collect the individual force samples~i.e., f y

1, . . . ,f y
N),

thus,N5160 and the force controller sample period is 0.08 s. T
tool engages the part for a period of time at a low feed before
controller is activated; thus, the force in the experiments alw
starts at some positive value.

The force sensor is a Kistler 9293 piezoelectric four-compon
dynamometer with a bandwidth of approximately 4500 Hz. T
linear axes are connected to the PC controller via analog to dig
Fig. 7 Experimental results for robust controller with process compensation. Controller parameters: KÄK̄ , aÄaO ,
bÄb̄, dÄdO , FrÄ0.285 kN, and TÄ0.08 s.
AUGUST 2003, Vol. 125 Õ 427
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Fig. 8 Experimental results for robust controller with process compensation. Controller parameters: KÄKO , aÄā,
bÄbO , dÄd̄ , FrÄ0.285 kN, and TÄ0.08 s.
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~12 bit!, digital to analog~8 bit!, and counter timer boards. Th
axis command voltages are sent via the digital to analog board
pulse width modulators that drive the motors. The axis tacho
eters and table encoders~10 mm resolution! send information to
the controller via the analog to digital and counter timer boar
respectively. The closed-loop servomechanisms have bandw
of approximately 40 Hz. Since the sensor and actuator dynam
are much faster than the force process dynamics, they are
considered in the model.

In order to verify the controller performance robustness to
rameter variations, the controller was intentionally designed
non-nominal parameter values to mimic parameter variatio
Two experiments were conducted: one withd5dI , a5aI b5b̄,
andK5K̄, and another withd5d̄, a5ā, b5bI , andK5KI . The
results are shown in Figs. 7 and 8, respectively. The settling t
in Fig. 7 is faster than predicted; however, the response is o
damped, as expected. The performance in Fig. 8 is very simila
case II in Fig. 3. The response is much noisier in Fig. 8 than F
7 since small variations in feed create greater force fluctuat
when the depth-of-cut is larger~6 mm as compared to 1 mm!.

Another set of experiments was conducted to verify the cont

Fig. 9 Experimental „circles … and simulation „squares … results
for robust controller with process compensation. Simulation
parameters: KÄK nom , aÄaO , bÄbnom , dÄ3 mm, FrÄ0.285 kN,
and TÄ0.08 s.
Õ Vol. 125, AUGUST 2003
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ler performance robustness to parameter variations where a s
model parameter was varied to its minimum or maximum va
while the other model parameters were held at their nominal
ues. In each test,d53 mm. For the results shown in Figs. 9–1
a5aI , a5ā, K5KI , and K5K̄, respectively, while the othe
variables were held at their nominal values. The simulated
sponses match the experimental responses quite well.

In the next experiment, the robust machining force contro
with process compensation is used to machine a part whose d
of-cut changes from 1 mm to 3 mm and then to 5 mm. The res
are shown in Fig. 13. The transient performance does not cha
significantly for different depths-of-cut. Further, the transient p
formance is very similar to that in the simulations~see Fig. 4!.
Next, the robust machining force controller without process co
pensation is employed for an operation with two different dept
of-cut ~1 mm and 5 mm!. The results, shown in Fig. 14, demon
strate how the transient performance changes dramatically
different depths-of-cut. This illustrates the advantage of taking
depth-of-cut explicitly into account in the controller design.

Note that in Figs. 13 and 14, the large peaks are due to
sudden change in the depth-of-cut, and not controller oversh
These sudden changes are outside the bandwidth of machine
servomechanism systems and, thus, are unavoidable. Also,

Fig. 10 Experimental „circles … and simulation „squares … re-
sults for robust controller with process compensation. Simula-
tion parameters: KÄK nom , aÄā, bÄbnom , dÄ3 mm, Fr
Ä0.285 kN, and TÄ0.08 s.
Transactions of the ASME
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are force variations about the reference force in the experime
implementations. These variations are due to the limited res
tion of the digital to analog converter~8 bit!, structural vibrations,
and, in some cases, chip interference.

Summary and Conclusions
A novel robust machining force controller, based on QFT, h

been developed in this paper. The proposed controller is the
robust controller to explicitly account for known process chan
~e.g., changes in the depth-of-cut! and for the force-feed nonlin
earity inherent in metal cutting operations. The performance of
developed controller was verified via simulations and exp
ments, and the results were compared to a robust machining f
controller without process compensation.

The robust machining controller developed in this paper
based on a simple design procedure. No iterations are requ
unlike most QFT designs. Thus, the controller can be upda
on-line as information regarding the range of parameter variat
becomes available. The controller design is based on a s
model where the force process rise time is assumed to be m
slower than the servo system rise time. This has been verifie
be a valid assumption based on experimental results@7# and will

Fig. 11 Experimental „circles … and simulation „squares … re-
sults for robust controller with process compensation. Simula-
tion parameters: KÄKO , aÄanom , bÄbnom , dÄ3 mm, Fr
Ä0.285 kN, and TÄ0.08 s.

Fig. 12 Experimental „circles … and simulation „squares … re-
sults for robust controller with process compensation. Param-
eters: KÄK̄ , aÄanom , bÄbnom , dÄ3 mm, FrÄ0.285 kN, and
TÄ0.08 s.
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be applicable to many machining operations where the force
nal must be processed every spindle revolution~e.g., general mill-
ing applications!.

The robust machining force controller design was verifi
through a variety of simulation and experimental studies. Furth
this novel controller explicitly accounts for known or measurab
changes in the process. Therefore, the controller is able to m
tain tighter performance bounds than a controller that does
include process compensation and the performance will no
significantly affected as the process changes. In this study, kn
changes in the depth-of-cut were explored. To incorporate o
process parameters~e.g., cutting velocity, tool wear!, the force
process model would need to be augmented and these param
would need to be known or measured.

With the advent of open-architecture software platforms for m
chining controllers, the way is being paved for the implementat
of force control technology. It should be noted that the propo
controller, like all machining force controllers, is not applicab
for all production situations. For a job-shop environment whe
the tools, parts, and cutting fluid combinations change with ev
order, adaptive techniques would be appropriate. For a h
volume environment where the operating characteristics are
stant and, thus, accurate models may be cost-effectively obtai
a model-based controller tuned to the specific situation would
appropriate. For a batch production environment with a spec

Fig. 13 Experimental results for proposed robust controller
with process compensation. Parameters: KÄK nom , aÄanom ,
bÄbnom , FrÄ0.285 kN, and TÄ0.08 s.

Fig. 14 Experimental results for robust controller without pro-
cess compensation. Parameters: KÄK nom , aÄanom , b
Äbnom , FrÄ0.285 kN, and TÄ0.08 s.
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range of operating characteristics, robust techniques that are n
complex as adaptive techniques, but are guaranteed to accou
parameter variations, would be appropriate. The proposed ro
controller also allows for tight performance bounds as compa
to traditional robust control techniques since it directly comp
sates for known process changes.
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Nomenclature

d 5 depth-of-cut~mm!
f 5 feed ~mm/tooth!

F 5 machining force~kN!
Fr 5 reference machining force~kN!
K 5 cutting coefficient~kN/mm2!

Knom 5 nominal value of cutting coefficient~kN/mm2!
KI 5 minimum value of cutting coefficient~kN/mm2!
K̄ 5 maximum value of cutting coefficient~kN/mm2!
t 5 time ~s!

a 5 feed exponent in force relationship
anom 5 nominal value of feed exponent in force relationship

b 5 depth exponent in force relationship
bnom 5 nominal value of depth exponent in force relationsh

bI 5 minimum value of depth exponent in force relation-
ship

b̄ 5 maximum value of depth exponent in force relation
ship

tI 5 desired time constant for lower closed-loop transfer
function bound~s!

t̄ 5 desired time constant for upper closed-loop transfe
function bound~s!
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