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A Single DOF Magnetic Levitation System using Time Delay
Control and Reduced-Order Observer
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Magnetic levitation systems are required to have a large operating range in many applications.

As one method to solve this problem, Time Delay Control (TDC) is applied to a single-axis

magnetic levitation system in this paper. A reduced-order observer is utilized to estimate states

excluding measurable states in the control law. The system consists of a square air-core solenoid

and a circular permanent magnet attached on a plastic ball. Theoretical magnetic forces of the

system are obtained on the basis of the location of the magnet around the solenoid. The magnetic
levitation force is obtained by the experiment, and then compared with the theoretical one. As
the results of the control experiments, the nonlinear controller (TDC: 1-2 mm) has a larger

operating range than the linear controller (PD control: 1-1.4 mm), and is superior to linear

control in the robustness to the modeling uncertainty and the performance of the disturbance

rejection.
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1. Introduction

As the semiconductor industry is developed
rapidly, high-precision and high-speed actuators,
such as chip mounters, wafer stages, and probe
stations in the semiconductor-manufacturing pro-
cesses, are researched in need of the higher per-
formance and the larger travel range. Most of the
existing high-precision actuators have a required
high stiffness and a satisfactory positioning accu-
racy, but suffer from a limitation of the operating
range, Coulomb friction, and lubrication (Mittal
and Mengq, 1997).

High-precision levitation actuators are popular
for their non-contact nature. Their driving so-
urces are mainly pneumatic (Tomita and Koyana-
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gawa, 1995), electrostatic (Busch-Vishniac, 1992).
magnetic (Kim and Trumper et al, 1998 ; Son and
Park, 1997) forces. However, air supplied to the
pneumatic levitation actuators contains particular
matter that is improper for clean room applica-
tions, and electrostatic fields of the electrostatic
levitation actuators trend to attract dust (Chen
and Busch-Vishniac, 1995). But magnetic levita-
tion actuators don’t have these kinds of pro-
blems. Their control is easier than the mechanical
actuators owing to the elimination of Coulomb
friction and lubrication, and also there is neither
dust nor contamination that is fatal to semicon-
ductor-manufacturing processes. They have the
simplicity of the expansion to a multi degree of
freedom actuator through the various combina-
tions of several single degree of freedom actuators
as well. However, it is the problem that non-
contact magnetic levitation actuators are more
expensive than contact actuators, and have a lim-
itation of the travel range to the levitated direc-
tion due to their narrow gap principle.
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Magnetic levitation systems are originally un-
stable, and their force equation is nonlinear.
Their control algorithms generally use linear
control techniques that have fixed gains selected
at a nominal point and are based on the force
model linearzied at the nominal point by a
Taylor’s series expansion. Therefore, as the devi-
ation from the nominal point increases, the per-
formance of the systems degrades owing to the
fixed gains (Trumper et al, 1997).

To obtain a larger t-avel range, either a suffi-
cient and constant magnetic field or a robust
nonlinear control is required. By using linear
controllers and two different solenoids to supply
the sufficient and constant magnetic field, Chen
and Busch-Vishniac (1995) tried to obtain a
large travel range. An iron-core solenoid (PD
control) is used for the large and coarse travel,
and an air-core solenoid (P control) for the
narrow and fine travel to the levitated direction.
By using the sufficient magnetic field, this system
has a large travel range. But it needs to control
dually for two solenoids.

Gain scheduling control, feedback linearization
control, and sliding mode control are applied to
obtain satisfactory performances, robustness to
modeling uncertainties, or disturbance rejection
instead of the linear control algorithm. Firstly,
the gain scheduling control algorithm (C. Y. Kim
and K. H. Kim, 1994) utilizes the force models
that are linearized at the various operating points
with proper controller gains for each point. It has
a larger travel range than the linear control
algorithm, but requires large look-up tables of
controller gains with fine intervals.

An alternative to the gain scheduling algorithm
is the feedback linearizion control algorithm
(Trumper et al, 1997 ; Slotine and Li, 1991) that
introduces a desired linear dynamics by canceling
out the nonlinear dynamics in a plant model. In
this case, a larger travel range is obtained. If there
are modeling uncertainties or parameter varia-
tions in a system, the system is suffered from them.
Therefore, the stability of the system isn’t guaran-
teed, and there is a robustness problem in the
system.

An alternative to the feedback linearization
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control algorithm is sliding mode control (Slotine
and Li, 1991 ; Cho et al, 1993) that introduces
Lyapunov stability, feedback linearization tech-
nique, and sliding surface. Sliding mode control
is a robust nonlinear control algorithm, but the
range of the modeling uncertainties should be
known.

Time delay control (TDC) has been used ro-
bustly to control the systems with unknown dy-
namics and unpredicted disturbances. It elimina-
tes unknown terms through the control input and
the system’s output at the previous instant (delay
time), and then renders the state vector of a plant
to follow that of a reference model. There are
successful applications of TDC : a robot (Youcef-
Toumi and Shortlidge, 1991 ; Chang and Lee,
1996), a magnetic bearing (Youcef-Toumi and
Reddy, 1992), and a brushless DC motor (Song
and Byun, 2000).

In this paper, a single dof magnetic levitation
system was intended to demonstrate the feasibility
of using magnetic levitation and applying to a
multi dof high-precision stage composed of
several air-core solenoids. Time delay control is
implemented in order to realize a wider operating
range and cope with parameter variations and
modeling uncertainties of a single dof magnetic
levitation system. In Section 2, the magnetic force
distribution between a square air-core solenoid
and a circular permanent magnet is briefly pre-
sented to describe the operating principle of the
system. And a magnetic levitation force equation
is obtained by an experiment. In Section 3, mo-
deling of the magnetic levitation system and line-
ar and nonlinear control are shown. And a re-
duced-order observer to estimate non-measurable
variables in the control law is described. In Sec-
tion 4, experimental resuits are shown. Section 5
summarizes the results.

2. Magnetic Force Distribution

We find the magnetic field B at a point Pin a
square wire of dimensions 2@¢X2a (in the xy
plane) by using the Biot-Savart law.

-2
B= 2umia (1)
1+ V2&8+ 1P
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where 7 is a flowing current. P is located at any
point on the z axis, and a distance from a center
of the wire to Pis /. o is a permeability of the
free space (47 X 1077 N/A%).

If a permanent magnet is located in the mag-
netic field generated by supplying current to a
wire, the magnet has forces by interaction be-
tween the magnetic dipole moment m and the
magnetic field B. The force F on the permanent
magnet (Wangsness, 1979) is represented as

F=(m'V)B (2)

The force applied on the permanent magnet is
calculated numerically.

Figure 1 illustrates the levitation force on the
permanent magnet in the magnetic field of a
rectangular air-core solenoid with current. A
wire of the solenoid is an AWG 24 wire (dia-
meter : 0.5mm). A solenoid and its air-core are
23 mmX23 mm X 19 mm and
19 mm in dimension, respectively. A permanent
magnet (NdFeB, residual induction : 0.321 T) has
dimensions of 10 mm X5 mm (diameter X height)

11l mmX11 mmX

and a dipole moment of 0.2243 Am® Tt is ass-
umed that its dipole moment is a collection of
dipole moments, and the magnet is uniformly
magnetized.

Figure 2 (a) and (b) represent the force curves
when the magnet is located at a point in the z-and
x-axis, respectively. The levitation force lifts off
the magnet. The stabilizing force occurs when the
magnet is deviated from the z-axis, and it renders
the magnet to be located in the z-axis.

Force distributions on the basis of the direction

4, Rectangular air-core
/\/ solenoid
© : » )
\* A X
>

(. L ]
NS,
B

Levitation force

Permanent magnet

Direction of magnetic
dipole moment

@ : Outward current
& : Inward current

Fig. 1 Permanent magnet and solenoid
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and the location of the magnetic dipole moment
are shown in Figs. 3 and 4. Magnetic actuators
consisting of air-core solenoids and permanent
magnets can have a repulsive or attractive-type
force, and they have simplicity in the combination
of the magnetic forces generated by solenoids
and magnets. These features are very useful to
generate various forces for multi dof actuators.

ass.

FxiN)

(b) Stabilizing force at
y=0, z=—14.5 mm

(a) Levitation force at
x=0, y=0mm
Fig. 2 Forces on the permanent magnet (0.5 A)
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Fig. 4 Force distribution at a point in the xz plane
(x-direction magnetic dipole moment, 0.5 A)
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The theoretical magnetic forces are obtained as
follows. A magnetic field established by a wire
with current is calculated by using the Biot-
Savart law, and then the sum of the magnetic field
of each wire leads to the total magnetic field of
the solenoid. The magnetic force is obtained by
the inner product of the gradient of the total
magnetic field and the magnetic dipole moment.

The levitation force is a function of the sup-
plied current and the distance between the magnet
and the solenoid. The theoretical force equation
of (2) is complex and nonlinear. So the experi-
mental levitation force equation is obtained
through a simple experiment :

Ci
0.04161+4.7638 (h—2) +924.5454(h—2)*

Fep= (3)
where C is a constant (0.01786) determined by
the system, / is a initial distance (5 mm) between
the top of the magnet and the bottom of the
solenoid, and z is a displacement. The equation is
based on the relationship between the initial dis-
tance and the least current for lifting off various
objects attached on the magnet. As the initial
distance is increased in the experiment, the larger
lift-off current is required for the fixed weight of
an object that is equal to the magnetic levitation
force. This experiment is repeated for the various
weights of the objects. As a result, the relation-
ship between the current and the distance is
quadratic for the fixed weight, and force-current
relationship is linear at a fixed distance. Accuracy
of the force equation is dependent on the resolu-
tion of the analog signal from the DA converter
and the power supply.

Figure 5 shows theoretical and experimental
force curves. The theoretical force curve is cal-
culated from (2). There are differences between
theoretical and experimental force curves due to
the assumption that the wire is compactly wo-
unded on the solenoid and the magnet is a col-
lection of dipole moments. And the experimental
force curve is obtained in manual.

In general, two magnetic elements are required
in a magnetic levitation system. In this paper, an
active magnetic element, an air-core solenoid, is
fixed in space, and a passive element, a permanent
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Fig. 5 Theoretical and experimental force curves
(0.5 A)

magnet, is attached on the levitated object. The
interaction between these two elements generates
a magnetic levitation force. A magnetic field oc-
curs around the solenoid to which voltage is
supplied, and then the magnetic force is generated
by the relationship between the magnetic field of
the solenoid and the magnetic dipole moment of
the permanent magnet. Voltage for this force is
adjusted by the control program based on data
from the sensor to place the levitated object on a
desired position.

3. System Modeling and Control

3.1 Modeling of the system

Magnetic levitation systems are based on the
narrow gap principle. The travel ranges of the
systems are narrow and the systems are originally
unstable owing to the negative spring force. So
they need enough forces to cancel the weight of
the levitated object and the negative spring force.
The force is generated by the interaction between
magnets and solenoids in the magnetic levitation
systems, and it has a non-contact characteristic
that is useful for clean-room applications.

There are a weight of the levitated object and
the levitation force in the 1 dof magnetic levita-
tion system as shown in Fig. 6. The experimental
force equation of (3) rather than the equation of
(2) is used to derive the equation of the motion.

The system equation can be expressed as

mz=Foxp(z, 1) —mg+fa (4)
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Fig. 6 Forces in the magnetic levitation system

where m is the mass of the levitated object (7.34
g), Fexp(2, i) is the magnetic levitation force
equation of (3), and fy is a disturbance force.

3.2 Proportional-derivative control
(PD control)

The equation of the motion is linearized at the
operating point since the levitation force equa-
tion of (4) is a nonlinear function of the air-gap.
The linearized equation is obtained by the Tay-
lor’s series expansion and neglecting higher-order
terms. Let the perturbations to each variable de-
fine 87=17— 1 and §z=2z~— 2. The force equation
of (3) is written as

Foxo=/fo(20, i) +K: |§1§68i+Kz l;iigbéz (5)

where 2 and 7o are the nominal point (1 mm) and
the nominal current (0.304 A), respectively. K;
and K, are the force-current coefficient (0.2367
N/A) and the force-displacement coefficient
(11.5954 N/m), respectively. fo(z, %) is equiva-
lent to the weight of the levitated object.

Substituting Eq. (5) into Eq. (4) and dividing
both sides by m, the motion of the equation can
be expressed as

82=1579.7502+32.256¢ (6)

For convenience, the above equation is rewrit-
ten as

£=1579.752+32.25; )

A negative spring force exists in the case of the
solenoid with zero current in Eq. (7), and the
system is unstable in open loop. The initial value
of the levitation force and the nominal force

Equation of Motion
in the nonlinear systemp

- e 2

Ea f{x0+8W 00+ £,@)

Talyor series cxpansion
P TG ;-:le “xh (=042

\ System

Euler method
X, =X, + Aty
PD controfler
u=ketke

Fig. 7 Process of the linear control

cancel out the negative spring force and the
weight of the levitated object. Current is continu-
ously supplied until the levitated object arrives at
the desired point.

Proportional-derivative control (PD control)
as a classical control is applied to the linearized
equation of motion. PD control is represented as

u=kp(zd—z) +kp2 (8)

where %, and kp are the proportional gain and
the derivative gain, respectively. 24 is the desired
displacement. The process of the linear control is
described in Fig. 7.

3.3 Time Delay Control (TDC)

Time delay control (Youcef-Toumi and Ito,
1990 ; Youcef-Toumi and Reddy, 1992) deals
with parameter variations and modeling uncer-
tainty of the system. The nonlinear dynamic
equation of (4) is represented as

¥=f(x, t)+hix, £)+B(x, Hut+d(t) (9

where x represents a displacement of the object,
f(x, t) a known dynamics, 4(x, ) an unknown
dynamics, d(#) an unknown disturbance, % a
control input, and B(x, t) a known function.

A reference model generates a desired trajectory
that the system follows. The reference model is
chosen as

Xn=—amXn— QmaXm+ by (10)

where @1 and ame are constants based on the
performance of the system, x» is the reference
model position, and r is a command input.

The error dynamics can be written by

e=Ae+Aze (11)
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where A; and A: are constants. By combing Eq.

(9) ~ (11

e=k¥m—X=—ame—ame
—{f+h+d+Bu+tamx~+ami— bmr}

), the error dynamics is expressed as

If the following equation is always met, the
control input u can be obtained :

—f—h—d—Bu—amx— anz%+ bnr

— e+ ke (13)

where %, and A, are constants. Thus, the control
input u is obtained :

u=B Y —f—h—d—amx— am2x

+bm7’—k1€—k2é }

While /4(x, t) and d(#) are unknown, their

estimates can be obtained from the information at

the previous time f—L since £(x, £) and d(#)
are close to h(x, t—L) and d(#—L):

A, ) +d ) =h(x, t—L)+d(t—L) (15)

where L is a small time delay. Hence, combing
Eq. (9) and Eq. (15), the estimates are re-
presented as

B(x, ) +d(t) =x(t—L)—f(x, t—L)
~B(x, t—LYu(t—L)

The TDC control law is obtained by substitu-
tion of Eq. (16) into Eq. (14):

u(t)=B(){-f(t)—x(t—L)+f(t—L)
+B{t—L)u(t—L) —amx(t) —anx(t) (17)
+ by (1) —kie(t) —kee (1)}

In the implementation of the Time Delay Con-
troller, the delay time is equivalent to a sampling
time, and the estimates of the acceleration and the

(14)

(16)

velocity are obtained by using a reduced-order
observer.

3.4 Reduced-order observer

A reduced-order observer compared to a full-
order observer estimates variables excluding mea-
surable variables in the system, and reduces the
order of the observer by the number of the
measurable variables (Franklin et al, 1994). Most
of the existing accelerometers are contact sensors,
so the observer is useful to maintain the non-
contact nature of the system. Since the system is

controllable and observable, the observer can be
applicable.

The nonlinear system dynamics directly follows
the reference model. So the linear reference model
can be used for the design of the reduced-order
observer instead of the nonlinear system dy-
namics. This is similar to the idea of Chang and
Lee (1996). Using the matrix form of the refer-
ence model, the system dynamics for the observer
is rewritten as

()=l e el G+ o)

(18)
otr ] ’

where x, is measured, xb needs to be estimated,
and y is the output.
The reduced-order observer is given by

xcz_(am2+K)2b_dm1y+bm7 (19)

where K is a proportional gain, %, is an estimate
of the velocity, and x.=%,— Ky.
Solving Eq. (19

s=xc+ Ky

b=~ QmeKe—

), the estimates are obtained as

X (20)
X

amy + bm?’
where £, is an estimate of the acceleration.

By using Eq. (20), the Time Delay Control law
of (17) is written as

u(=BMO{—f(t)—ds(t—L)+f(t—L)

+B(t—L)u(t—L) —amx(t) —anfs(£) (21)
+ by (£) ~ ke — ke }
Figure 8 describes the process of the Time

Delay Control.

Reference Input
Ref Model
3 dn{d + K )e+(7/-BB"}
Ervor Dynarmics (f-h-dsdrnr k)
TPC C § :
’l};steloaz' (=BB°){(~f ~A~d+ A5+ Byr Ka)=0
(x,8)+ dit) % 40— £)- f(x1-L)

vﬁ(f Lyt - L)*M') B () Ke(ry
where B* = (BT BY'ET
prewdo — inverse matrix

Fig. 8 Process of the Time Delay control
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4. Experiment Results

The control architecture of the system is shown
in Fig. 9. The position is measured by a hall-
effect sensor (SS49 series, Honeywell), and the
data acquisition board is a DRI1010 that has
12-bit A/D and 12-bit D/A. The control algori-
thms are implemented on a Pentium 333 MHz
with the DR1010 after 0.5 sec. The sampling rate
is selected to be | KHz. The solenoid is driven by
a linear power amplifier whose output voltage is
proportional to input voltage. The linear power
amplifier is a HP 6023A (DC Power Supply).
The specifications of the solenoid are described in
Section 2.

The responses of the system with the PD con-
troller are shown in Fig. 10(a). The system has a
fast settling time of 0.16 sec, but it becomes un-
stable over a position of about 1.4 mm owing to
the linearization of the nonlinear force equation
and the fixed gains. Figure 10(b) shows the
results of the modified PD controller. The concept
of modified PD control is similar to that of mo-
del-following control. A reference model is desi-
gned within the performance of the system. The
modified PD controller renders the system to
follow the reference model, and it has the same
reference model as the TDC controller. The sys-
tem is stable even over the desired reference input
of 1.4 mm when the reference model has a natural
frequency w» of 4.5 rad/s and damping ratio & of
0.89, but there is a larger steady-state error as the
desired input is larger. As shown in Fig. 11, the
operating range of the system with TDC is from

Fig. 9 Control architecture of a single-DOF Mag-
netic Levitation System
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Imm to 2mm that is the order of the linear
sensing range of the hall sensor.

Figure 12 shows the responses of the system
with a disturbance (3 mm) at 5sec. The disturb-
ance as an impulse is made by C program in the
control process. The system with the time delay
controller becomes stable with the disturbance
rejected, but the modified PD controller cannot
reject the disturbance. The response of the system
loading an additional mass (2.2 g) is shown in
Fig. 13. In this case, the system has modeling
errors. As a result, the system with the modified
PD controller has the steady-state error because

Tiom [wac] * Time feno]
(a) PD control (b) Modified PD control
Fig. 10 Linear control (step input)

® H 1 1
Tima foec)

(a) Step input (b) Variable step input
Fig. 11 Nonlinear control (Time Delay Control)

Pusitiors [rwn]

H i z H 1 T
Time Lsoct Taep el

(a) Modified PD control (b) TDC
Fig. 12 Response of the system with disturbance

] i T T
TFure laec) Vi fact

(a) Modified PD control (o) TDC

Fig. 13 Response of the system loading an addi-
tional mass
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the controller has fixed gains and it cannot com-
pensate for the modeling errors. But the system
with the time delay controller follows the refer-
ence model well and doesn’t suffer from the
modeling errors. The Time Delay Controller has
the superior performance to the modified PD
controller in the case of existing the modeling
errors in the system.

5. Conclusions

The single dof magnetic levitation system in
this paper has useful potential for multi dof mag-
netic levitation system designs. The force distri-
butions by the interaction between a rectangular
air~core solenoid and a circular permanent mag-
net are represented, and the levitation force is
obtained experimentally and theoretically. The
Time Delay Control algorithm is implemented in
the single dof magnetic levitation system to realize
a large travel. Non-measurable variables in the
TDC law are estimated by the reduced-order
observer. The performances of the system with the
linear control algorithm (PD control) are com-
pared with those of the system with the nonlinear
robust control algorithm (TDC) in experiment.
The linear control (PD control) suffers from the
disturbance, the modeling uncertainty, and para-
meter variations due to the fixed gains and the
linearized force equation, but the nonlinear ro-
bust control (TDC) has the good performances
of the system in spite of the disturbance, the
modeling uncertainty, and parameter variations.

Acknowledgment

This work was supported by grant No. (RO1-
2000-000-00304-0) from Basic Research Pro-
gram of Korea Science & Engineering Founda-
tion (KOSEF).

References

Busch-Vishniac, 1. J., 1992, “The Case for Ma-
gnetically Driven Microactuators,” Sensors and
Actuators, Vol. 33, pp. 207~220.

Chang, Pyung H. and Lee, Jeong W., 1996, “A

Model Reference Observer for Time-Delay Con-
trol and Its Application to Robot Trajectory
Control,” IEEE Trans. on Control Systems Tech-
nology, Vol. 4, No. 1., pp. 2~10.

Chen, Shiaw-Jong Steve and Busch-Vishniac,
1.1, 1995, “A Magnetically Levitated, Autom-
ated, Contact Analytical Probe Tool,” IEEE
Trans. on Semiconductor Manufacturing, Vol. 8,
No. 1, pp. 72~78.

Cho, Dan, Kato, Yoshifumi, and Spilman,
Darin, 1993, “Sliding Mode and Classical Con-
trollers in Magnetic Levitation Systems,” IEEE
Trans. on Control Systems Magazine, Vol. 13,
Issue 1, pp. 42~48.

Franklin, Gene F., Powell, J. David, and
Emami-Naeini, Abbas, 1994, Feedback Control
of Dynamic Systems, Addison-Wesley.

Kim, C. Y. and Kim, K. H., 1994, “Gain Sche-
duled Control of Magnetic Suspension Systems,”
in Proc. Amer. Contr. Conf., pp. 3127~3131.

Kim, Won-jong, Trumper, David L. and Lang,
H., 1998, “Modeling and Vector Control of
Planar Magnetic Levitator,” IEEE Trans. on
Industry Applications, Vol. 34, No. 6, pp. 1254~
1262.

Mittal, Samir and Menq, Chia-Hsiang, 1997,
“Precision Motion Control of a Magnetic Sus-
pension Actuator Using a Robust Nonlinear
Compensation Scheme,” IEEE/ASME Trans. on
Mechatronics, Vol. 2, No. 4, pp. 268 ~280.

Slotine, Jean-Jacques E. and Li, Weiping,
1991, Applied Nonlinear Control, Prentice-Hall.

Son, Y. W. and Park, K. H., 1997, “Magneti-
cally Levitated Transport System for a Con-
troller-Free Carrier,” KSME, Vol. 21, No. 12,
pp- 2196~2208.

Song, Jae-Bok and Byun, Kyung-Seok, 2000,
“Design of Time Delay Controller Using Vari-
able Reference Model,” Control Engineering Prac-
tice, Vol. 8, Issue S, pp. 581~588.

Tomita, Yoshiyuki and Koyanagawa, Yasushi,
1995, “Study on a Surface-Motor Driven Precise
Positioning System,” ASME Jounal of Dynamic
Systems, Measurement, and Control, Vol. 117,
pp- 311~319.

Trumper, David L., Olson, Sean M. and Sub-
rahmanyan, Pradeep K., 1997, “Linearizing Con-



A Single DOF Magnetic Levitation System using Time Delay Control and Reduced -Order Observer 1651

trol of Magnetic Suspension Systems,” IEEE
Trans. on Control Systems Technology, Vol. 5,
No. 4, pp. 427~438.

Wangsness, Roald K., 1979, Electromagnetic
Fields, John Wiley & Sons. .

Youcef-Toumi, K. and Shortlidge, C. C., 1991,
“Control of robot manipulators using time de-
lay,” in Proc. IEEE Int. Conf. Robotics and
Automation, pp. 2391~2398.

Youcef-Toumi, K. and Reddy, S., 1992, “Dy-
namic Analysis and Control of High Speed
and High Precision Active Magnetic Bearings,”

ASME Journal of Dynamic Systems, Measure-
ment, and Control, Vol. 114, pp. 623~633.

Youcef-Toumi, K. and Tto, Osamu, 1990, “A
Time Delay Controller for Systems With Un-
known Dynamics,” ASME Journal of Dynamic
Systems, Measurement, and Control, Vol. 112,
pp. 133~142.

Youcef-Toumi, K. and Reddy, S., 1992, “An-
alysis of Linear Time Invariant Systems With
Time Delay,” ASME Journal of Dynamic
Systems, Measurement, and Control, Vol. 114,
pp. 544~ 555.



