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Abstract

The dynamic motion of an adaptive visual servoing feedback-controlled punching machine, which is made up by a

toggle mechanism driven by a permanent magnet (PM) synchronous servomotor, is studied numerically and

experimentally. First, Hamilton’s principle, Lagrange multiplier, geometric constraints and partitioning method are

employed to derive its dynamic equations for numerical simulations. To satisfy the demand of the machine performance,

adaptive controller by using stability analysis with inertia-related Lyapunov function is designed to control the slider

responses. Different from the previous studies, the vision servo system of a non-contact measurement of a charge-coupled

device (CCD) camera is employed to measure the shape patterns as output states instead of using the expensive linear scale

or encoder of the motor-mechanism system. Finally, the stable and robust control performances of an adaptive controller

by the Lyapunov stable theory for a motor-toggle mechanism with external disturbances are proposed. A combination of

the visual servoing measurement system and the motion control system are established experimentally for the motor-toggle

mechanism system. From the agreements between numerical simulations and experimental results, it is demonstrated that

the proposed controller, by use of machine vision, is robust to external disturbances for a punching machine system.

r 2007 Elsevier Ltd. All rights reserved.
1. Introduction

The toggle mechanism has many applications where to overcome a large resistance with a small driving
force is necessary, for example, clutches, rock crushers, truck tailgates, vacuum circuit breakers, pneumatic
riveters, punching machines, forging machines, injection modeling machines, etc.

The motion controls of a toggle mechanism have been studied recently [1–6]. Lin et al. [1] proposed a fuzzy
logic controller, which was based on the concept of hitting condition without using the complex mathematical
model for a motor-mechanism system. The fuzzy neural network controller [2–4] was applied to control a
motor-toggle servomechanism. The numerical results via the inverse dynamics control and variable structure
control are compared [5] for an electrohydraulic actuated toggle mechanism. The variable structure control [6]
ee front matter r 2007 Elsevier Ltd. All rights reserved.
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was employed to a toggle mechanism, which was driven by a linear synchronous and the joint Coulomb
friction was considered. In the adaptive control territory, Li et al. [7] proposed a hybrid control scheme for the
flexible structures to obtain both good dynamic and static characteristics. A nonlinear strategy is proposed by
Beji and Bestaoui [8] to ensure the vehicle control, in which the proof of main results is based on the Lyapunov
concept. In these studies, the linear scale or encoder was employed as the sensor to feedback the position
and speed.

In the previous papers [1–8], the controllers were difficult to realize if the feedback sensors could not be
installed in the motor mechanisms for real operational conditions. Therefore, the non-contact measurement
vision system exhibits its merit to measure the output state of the motor-mechanism systems. Petrovic
and Brezak [9] applied the vision systems to motion control, in which the hard real-time constrains is placed on
image processing and is suitable for real-time angle measurement. In the autonomous vehicle [10],
the reference lane is continually detected by the machine vision system, and in order to cope with the
steering delay and the side-slip of vehicle, the PI controller is employed for the yaw rate feedback. Park
and Lee [11] presented the visual servoing control for a ball on a plate to track its desired trajectory by
sliding mode control. Oscar and Ricardo [12] designed the adaptive controllers for the robot’s positioning
and tracking using direct visual feedback with camera-in-hand configurations. In the previous studies [9–12],
they do not either discuss about the robustness of the vision system associated with the controllers
or investigate robustness performances of the adaptive controllers for robot systems in experimental
realization.

Adaptive control techniques are essential to provide a stable and robust performance for a wide range of
applications, e.g. robot control, process control, etc., and most of the applications are inherently nonlinear.
Moreover, relatively little general theories exist for the adaptive controls [13,14] of nonlinear systems. As the
application of a motor-toggle mechanism has similar control problems to the robotic systems, the adaptive
control technique developed by Slotine and Li [15,16], which exploited the conservation of energy formulation
to design control laws for the fixed position control problem, is adopted to control the motor-toggle
mechanism in this study. The techniques made use of matrix properties of a skew-symmetric system so that the
measurements of acceleration signals and the computations of inverse of the inertia matrix are not necessary.
Moreover, an inertia-related Lyapunov function containing a quadratic form of a linear combination of
speed- and position-error states will be formulated.

In this paper, the machine vision system is used as the sensor to measure the output state of the punching
machine in real operational conditions. The main advantage of a vision-based measuring system is its non-
contact measurement principle, which is important in cases when the contact measurements are difficult to
implement. In the theoretical analysis, Hamilton’s principle, Lagrange multiplier, geometric constraints and
the partitioning method are employed to derive the dynamic equations. Main contribution of this paper is that
the adaptive vision-based controller is proposed to compare the performances with external disturbances
numerically and experimentally.
2. Dynamic analysis of a motor-toggle mechanism

2.1. Mathematical model of the motor-toggle mechanism

The toggle mechanism driven by a PM synchronous servomotor is shown in Fig. 1(a) and its experimental
equipment is shown in Fig. 1(b). The screw is a media that makes the small torque t to convert into the large
force FC acting on the slider C. The conversion relationship is

t ¼
FCld

2pn
, (1)

where ld is the lead of screw and n is the gear ratio number. Comparing with the previous studies [1,5,6], it is
seen that the new toggle mechanism has the special designs of r1 and r2 being in the same link and having a
right triangle, and the lengths of links 1 and 3 are the same, i.e., r1 ¼ r3. Therefore, the relation between slider
B and angle y1 can be found as follows: xB ¼ 2r1 cos y1.
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Fig. 1. The toggle mechanism driven by a PM synchronous servo motor. (a) The physical model. (b) The experimental equipment.
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Fung et al. [5,6] have exploited the holomonic constraint equation as follows:

U hð Þ ¼
r3 sin y2 þ r1 sin y1

r5 sinðp� y5Þ þ r4 sinðy2 þ fÞ � h

" #
¼ 0, (2)

where h ¼ y5 y2 y1½ �
T is the vector of generalized coordinates. Similar to the previous studies [1,5,6], one

obtains the Euler–Lagrange equation of motion, accounting for both the applied and constraint forces, as

M hð Þ€hþN h; _h
� �

� BU�DþUT
y l ¼ 0, (3)

and the details of M, N, B, U and D can also be found in Fung et al. [5,6]. Taking the first and second
derivatives of the constraint position equation (2):

Uy
_h ¼

r3 _y2 cos y2 þ r1 _y1 cos y1
r5 _y5 cos y5 þ r4 _y1 cosðy1 þ fÞ

" #
¼ 0, (4)

Uy
€h ¼ �ðUy

_hÞy _h ¼ g ¼
r3 _y

2

2 sin y2 þ r1 _y
2

1 sin y1

r5 _y
2

5 sin y5 þ r4 _y
2

1 sinðy1 þ fÞ

2
4

3
5 ¼ 0. (5)
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Using these equations and Euler Lagrange equation (3), we obtain the equation in the matrix form as

M UT
y

Uy 0

" #
€h

l

" #
¼

BUþD hð Þ �N h; _h
� �

g

" #
. (6)

This is a system of differential–algebraic equations.

2.2. Reduced formulation of the differential equations of motion

The motion equations of the toggle mechanism are summarized in the matrix form of Eq. (6) and the
constraint equation (2). The following implicit method is employed to reduce the system equations.

Equations (2) and (6) may be reordered and partitioned according to the decomposition of h ¼
½y5 y2 y1�T ¼ ½uTvT�T which is the same as Ref. [1]. Thus, Eqs. (6) and (7) can be written in the matrix form as

M̂ðvÞ€vþ N̂ðv; _vÞ ¼ Q̂U þ D̂, (7)

where

M̂ ¼Mvv �MvuU�1u Uv �UT
v U�1u

� �T
Muv �MuuU�1u Uv

� �
,

N̂ ¼ Nv �UT
v U�1u

� �T
Nu

h i
þ MvuU�1u �UT

v U�1u

� �T
MuuU�1u

h i
g,

Q̂ ¼ Bv �UT
v U�1u

� �T
Bu; U ¼ inq

h i
; D̂ ¼ Dv �UT

v U�1u

� �T
Du.

The elements of the vectors u, v and matrices Uu, Uv, M
uu, Muv, Mvu, Mvv, Nu and Nv are detailed in Ref. [1].

The resultant equation (7) is a differential equation with only one independent generalized coordinate v, which
is the rotation angle y1 of link 1 in Fig. 1(a). The system becomes an initial value problem and can be
integrated by using the fourth-order Runge–Kutta method.

2.3. Field-oriented PM synchronous motor drive

A machine model [17] of a PM synchronous motor can be described in a rotating rotor and the electric
torque equation for the motor dynamics is

te ¼ tm þ Bmor þ Jm _or, (8)

where tm is the load torque, Bm is the damping coefficient, or is the rotor speed and Jm is the moment of
inertia.

With the implementation of field-oriented control, the PM synchronous motor drive system can be
simplified to a control system block diagram as shown in Fig. 2, in which

te ¼ Kti
n

q , (9)
+

_

+
*iq

Kt

1

Hp (s)

s

1position 
controller

speed 
controller

*�r

�r �r

*�r

�m

�e + _ �r �r

Jms + Bm

PM Synchronous Motor 

Drive System

Fig. 2. A simplified control block diagram.
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Kt ¼
3
2
PLmdIfd , (10)

HpðsÞ ¼
1

Jmsþ Bm

, (11)

where inq is the torque current command. By substituting Eq. (9) into Eq. (8), the applied torque can be
obtained as follows:

tm ¼ Ktiq � Jm _or � Bmor, (12)

where tm is the torque applied in the direction of or, and the variables or and _or are the angular speed and
acceleration of the rotor, respectively.

3. Design of an adaptive vision-based controller

The adaptive vision-based control system is shown in Fig. 3, where xn
B, xB and y1 are the slider command

position, slider position and the rotation angle of link 1 of the motor-mechanism system, respectively. The
slider position xB is the desired control objective and can be manipulated by the relation xB ¼ 2r1 cos y1, where
angle y1 is the experimental measured state using a shape pattern in the machine vision system.

In order to design an adaptive control, we rewrite Eq. (7) as the second-order nonlinear one:

UðtÞ ¼ f ðX; tÞ€vðtÞ þ GðX; tÞ � dðtÞ, (13)

where

f ðX; tÞ ¼ Q̂
�1

M̂ ; GðX; tÞ ¼ Q̂
�1

N̂; dðtÞ ¼ Q̂
�1

D̂,

and U(t) is the control input current inq. It is assumed that the mass of slider B and the external force FE are not
exactly known. With these uncertainties, the first step in designing an adaptive vision-based controller is to
select a Lyapunov function, which is a function of tracking error and the parameters’ errors. An inertia-related
Lyapunov function [15,16,18] containing a quadratic form of a linear combination of speed- and position-
error states is chosen as follows:

V ¼ 1
2
sTf ðX ; tÞsþ 1

2
~jTG�1 ~j, (14)

where

s ¼ leeþ _e; e ¼ xB � xn

B; G ¼
g1 0

0 g2

" #
,

~j ¼ j� ĵ; j ¼
mB

F E

" #
; ĵ ¼

m̂B

F̂E

" #
,

PM 
Servo 
Motor

Toggle 
Mechanism

Adaptive 
Controller

*xB

xB

e

Shape Pattern 
Matching

Image 
Acquisition 

Card
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*iq �1-

+

Fig. 3. Block diagram of an adaptive vision-based control system.
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and le, g1 and g2 are positive scalar constants. The auxiliary signal s may be considered as a filtered tracking
error.

Differentiating Eq. (14) with respect to time gives

_V ¼ sTf ðX ; tÞ_sþ 1
2
sT
_̂
Q
�1

M̂sþ 1
2
sTQ̂

�1 _̂
Msþ ~jTG�1 _~j (15)

and multiplying the variable _s with Eq. (13), we have

f ðX ; tÞ_s ¼ f ðX ; tÞðle _e� €xn

B þ €xBÞ

¼ f ðX ; tÞðle _e� €xn

BÞ þ f ðX ; tÞ €xB

¼ Y ð�Þ þ Zð�Þj� 2r1 sin y1U , ð16Þ

where Y(�) and Z(�) can be found in Appendix A. Substituting Eq. (16) into Eq. (15) gives

_V ¼ sTðY ð�Þ þ Zð�Þj� 2r1 sin y1UÞ þ 1
2
sT
_̂
Q
�1

M̂sþ 1
2
sTQ̂

�1 _̂
Msþ ~jTG�1 _~j

� sTðY 0ð�Þ þ Z0ð�Þj� 2r1 sin y1UÞ þ ~jTG�1 _~j, ð17Þ

where Y0(�) and Z0(�) can also be found in Appendix A. If the control input is selected as

U ¼
1

2r1 sin y1
ðY 0ð�Þ þ Z0ð�Þĵþ KV sÞ, (18)

where KV is a positive constant. Eq. (17) becomes

_V ¼ �sTKV sþ ~jTðG�1 _~jþ Z0ð�ÞTsÞ. (19)

By selecting the adaptive update rule as

_~j ¼ � _̂j ¼ �GZ0ð�ÞTs, (20)

and substituting into Eq. (19), it then becomes

_V ¼ �sTKV sp0. (21)

As _V in Eq. (21) is negative semi-definite, then V in Eq. (14) is upper-bounded. As V is upper-bounded and
f(X; t) is a positive-definite matrix, it can be said that s and ~j are bounded. Let function PðtÞ ¼

� _V ðtÞ ¼ sTKV s, and integrate function P(t) with respect to timeZ t

0

PðtÞdt ¼ V ð0Þ � V ðtÞ. (22)

Because V(0) is bound, and V(t) is non-increasing and bounded, therefore

lim
t!1

Z t

0

PðtÞdto1. (23)

Differentiate P(t) with respect to time

_PðtÞ ¼ sTKV _sþ _s
TKV s. (24)

Since KV, s, and _s are bounded, P(t) is uniformly continuous. From the above description, Barbalat’s
Lemma [19] can be used to state that

lim
t!1

PðtÞ ¼ 0. (25)

Therefore, the following can be obtained:

lim
t!1

s ¼ 0. (26)

As a result, the system is asymptotically stable. Moreover, the tracking error of the system will converge to
zero according to s ¼ leeþ _e [15].
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4. Numerical simulations

For numerical simulations, the external disturbance force FE will be added to test the robustness of the
adaptive controller, and the parameters of the motor-toggle mechanism are chosen as follows:

mB ¼ 4:12 kg; mC ¼ 5:58 kg; m2 ¼ 1:82 kg; m3 ¼ 1:61 kg,

m5 ¼ 0:95 kg; m ¼ 0:17 r1 ¼ 0:06m; r2 ¼ 0:032m; r3 ¼ 0:06m; r4 ¼ 0:068m,

r5 ¼ 0:03m; h ¼ 0:068m; f ¼ 0:4899 rad; Kt ¼ 0:5652Nm=A,

Jm ¼ 6:7� 10�5 Nms2; and Bm ¼ 1:12� 10�2 Nms=rad.

By substituting the above known parameters into Eq. (9), the system becomes an initial value problem and
can be integrated using the fourth-order Runge–Kutta method with time step Dt ¼ 0.001 s and tolerance error
10�9. In the numerical simulations, the control objective is to control the position of slider B to move from the
left- to the right-side end. The initial position of xB(0) is 0.06m, the desired position x�B is 0.1m and the
controlled stroke of slider B, DxB, is equal to 0.04m.

The gains of the adaptive control law (25) are given as follows:

le ¼ 10; KV ¼ 194; g1 ¼ 248; and g2 ¼ 173.

They are chosen to achieve the best transient performance in the limitation of control effort and the
requirement of stability. In a real system, the angles of y1, y2, and y5 are limited in the following range:
231oy1o631, 3251oy2o3501, and 1451oy5o1701. Therefore, the invertible property of Q̂ can be guaranteed
and the system function f ðX; tÞ ¼ Q̂

�1
M̂40 can be proved.

The dynamic responses of slider B and the control efforts i�q with and without external disturbance force are
compared in Figs. 4(a) and (b), respectively. The dotted lines are the desired positions, the dash lines are the
transient responses of numerical simulations with external disturbance force FE ¼ 0N and the solid lines are
for FE ¼ �100N. The negative sign in the external disturbance force indicates that the action direction is
opposite to the X-direction in Fig. 1(a). In Fig. 4(a), the transient responses are almost the same and are stable
after 0.5 s and the steady-state error is about 1� 10�5m. Since the transient responses are almost the same in
the presence of uncertainties, it shows that the proposed adaptive control is robust. In Fig. 4(b), the maximum
control effort i�q ¼ 0:218A for FE ¼ 0N is smaller than i�q ¼ 0:710A for FE ¼ �100N.

5. Experiments

In real operations of an experimental system, the main merit of this study is that the machine vision system
of a digital CCD camera is employed as an unconstrained feedback sensor. In Fig. 5, the state angle y1 of the
motor-toggle mechanism system is difficult to be measured by an installed encoder and thus is experimentally
measured by a shape pattern of the machine vision system, which is needed only to paste a pattern on where
one wants it to be measured and can be controlled to the desired position by a digital CCD camera.

5.1. Visual control system

The machine vision servoing system used in this paper takes a shape pattern pasted on the link and is shown
in Fig. 5. It has the advantage of differentiating the link from its near monotonic surrounding fast and the
directional shape pattern is easily identified by measuring the angle y1 of the motor-mechanism system. In this
vision system, one full-frame of image consists of 752� 582 pixels. Searching the whole video data of a full-
frame for the shape pattern usually takes a long time, and degrades the performance of the visual servoing
system. Thus, based on the range of angle y1, the image frame is adjusted by a CCD camera to contain the
controlled degree of angle y1.

Pattern matching is the first step in implementing the machine vision system. Its servoing control algorithm
is implemented by LabVIEW and the image acquisition card is implemented by PCI 1405. In the controlled
image frame, the shape pattern is selected as the region of interest (ROI) to save in a disk for searching.
Finally, the shape pattern matching algorithm is realized by LabVIEW and the position of slider B is
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controlled by the adaptive visual controller. In this paper, the image processing time is 0.2 s using the CCD
camera to feedback the slider position.

5.2. Experimental setup

The visual control block diagram of the motor-toggle mechanism is shown in Fig. 6(a) and its experimental
instruments are shown in Fig. 6(b). The control algorithm is implemented by using a Pentium computer and
the control software is LabVIEW. The PM synchronous servomotor is implemented by the MITSUBISHI
HC-KFS43 series. The specifications are described as follows: rated output 400W, rated torque 1.3Nm,
rated rotation speed 3000 rev/min and rated current 2.3A. The servo is implemented by the MITSUBISHI
PC

+

-

CCD

Control
Computer
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Image
Acquisition

Interface
(NI 1405)

Memory
D/A 

Converter 
(NI 6052E)

Voltage Servo-amp
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Converter 
(NI 6052)

Servo-amp 
MR-J2S-40A

Toggle 
Mechanism

PM Servo 
Motor

Fig. 6. The visual control system of a motor-toggle mechanism: (a) the computer control block diagram and (b) the experimental

equipments.
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MR-J2S-40A1. The control system is a sine-wave PWM control, which is a current control system. The
digital CCD camera is implemented by the SONY SSC-DC393 series. The specifications are described as
follows: imaging device 1/3-type interline transfer, picture elements 752(horizontal)� 582(vertical), and Lent
CS-mount.

5.3. Experimental results

The initial state is xB(0) ¼ 0.06m and the desired position is x�B ¼ 0:1m. The adaptive vision-based control
for the motor-mechanism system is performed by comparing the external disturbance force FE ¼ 0N with
FE ¼ �10N. The experimental results of the measured angle y1 via the machine vision system, the transient
responses of slider B via the manipulating relation xB ¼ 2r1 cos y1 and the control efforts i�q are shown in
Figs. 7–9, respectively. It is seen that the experimentally measured angle y1 in Fig. 7 and the transient
responses of slider B in Fig. 8 are almost the same for the system with and without FE, and are stable after
0.75 s. However, the control efforts i�q are quite different. The maximum control effort i�q ¼ 0:28A for
FE ¼ 0N is smaller than i�q ¼ 0:75A for FE ¼ �10N. The maximum control efforts are near to those of
numerical simulations.

Moreover, in order to demonstrate the robust control performance of the adaptive vision-based controller,
the experiments are performed by suddenly adding an extra mass of 10 kg on slider B at 0.6 s, and suddenly
adding 10N on the external force at 0.6 s. Fig. 10 shows the good performance of regulation problems, and
Fig. 11 shows the control input efforts, where the jumps occur when the extra mass and external force are
suddenly added.

6. Conclusions

This paper successfully demonstrates the application of the proposed adaptive vision-based controller to
position control the punching machine, which is made up by the toggle mechanism driven by a field-oriented
PM synchronous servomotor. In order to overcome the general difficulties of non-contact measuring and
external force uncertainties of the motor-mechanism system, a shape pattern is designed to measure the
rotating angle and the adaptive visual servo controller is adopted. Finally, the numerical simulations and
experimental results are provided to demonstrate the robust control performance of the proposed adaptive
vision-based control. It is concluded that the main contributions of this study are to combine the visual
servoing measurement system with the motion control system for the motor-toggle mechanism system and to
demonstrate the stable and robust control performances of an adaptive controller by the Lyapunov stable
theory with external disturbances.
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Appendix A. Adaptive controller formulation

According to Eq. (9), the parameters can be separated as follows:

M̂ ¼Mvv �MvuU�1u Uv �UT
v ðU

�1
u Þ

T
½Muv �MuuU�1u Uv�

¼ �
1

3
m3r

2
1 �

1

3
m5r

2
4 cos

2 ðfþ y1Þ sec2 y5 �
1

2r22
m2r21r

2
4 sin

2f

� 2m3r21 sin
2 y1 � ðm5r

2
4 þmCr24 þ Jmr24Z

2Þ sin2 ðfþ y1Þ

þ ðm5r
2
4 þ 2mCr24 þ 2Jmr24Z

2Þ cos ðfþ y1Þ sin ðfþ y1Þ tan y5

� ðmCr24 þ Jmr24Z
2Þ cos2 ðfþ y1Þ tan2 y5 þmBð�4r21 sin

2 y1Þ

� M̂1 þmBM̂2, ðA:1Þ

N̂ ¼ ½Nv �UT
v ðU

�1
u Þ

TNu� þ ½MvuU�1u �UT
v ðU

�1
u Þ

TMuuU�1u �g

¼ � Bmr24Z2 sin2 ðfþ y1Þ_y1 � 2m3r
2
1 cos y1 sin y1 _y

2

1

� ðm5r
2
4 þmCr24Þ cos ðfþ y1Þ sin ðfþ y1Þ_y

2

1 � Jmr24Z2 cos ðfþ y1Þ sin ðfþ y1Þ_y
2

1

þ 1
3
m5r

2
4 cos ðfþ y1Þ sec2 y5 sin ðfþ y1Þ_y

2

1 � Bmr4r5Z2 sin ðfþ y1Þ sin y5 _y5

� ð1
2
m5r4r5 þmCr4r5 þ Jmr4r5Z

2Þ sin ðfþ y1Þ cos y5 _y
2

5
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2Þ cos ðfþ y1Þ sin y5 _y

2
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2 cos ðfþ y1Þ sin ðfþ y1Þ tan y5 _y1

þ 1
2
m5r

2
4 cos

2 ðfþ y1Þ tan y5 _y
2

1 þ ðmcr
2
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2

1

� ð1
2
m5r24 þmCr24 þ Jmr24Z2Þ sin2 ðfþ y1Þ tan y5 _y

2

1 þ Bmr4r5Z2 cos ðfþ y1Þ sin y5 tan y5 _y5

þ 1
3
m5r4r5 cos ðfþ y1Þ sec y5 tan y5 _y

2

5 �
1
2
m5r4r5 sin ðfþ y1Þ sin y5 tan y5 _y

2

5
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� ðmCr4r5 þ Jmr4r5Z
2Þ sin ðfþ y1Þ sin y5 tan y5 _y

2

5

þ ðmCr24 þ Jmr24Z
2Þ cos ðfþ y1Þ sin ðfþ y1Þ tan2 y5 _y

2

1 þ ðmCr4r5 þ Jmr4r5Z
2Þ sin y5 tan2 y5 _y

2

5

þmBð�4r21 cos y1 sin y1 _y
2

1Þ

� N̂1 þmBN̂2, ðA:2Þ

Q̂ ¼ Bv �UT
v ðU

�1
u Þ

TBu ¼ Ktr4Zðsin y1 � cos ðfþ y1Þ tan y5Þ, (A.3)

D̂ ¼ Dv �UT
v ðU

�1
u Þ

TDu

¼ mBð�mgr1 sin ðy1 þ fÞ þ mgr1 cos y1 tan y2Þ þ FEðr1 sin ðy1 þ fÞ � r1 cos y1 tan y2Þ

� mBD̂1 þ FED̂2, ðA:4Þ
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M ¼ � 1
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From Eqs. (23) and (24), we have the following functions:
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