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Bond Graph Modeling, Analysis and Control of Dual Stage System
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Abstract The dual stage manipulator is composed of the voice coil motor (VCM) and piezoelectric ceramics
transducer (PZT), which can produce the high precise displacement and express a well dynamic performance.
However, inaccurate modeling of the dual stage will exacerbate the positioning accuracy. This paper presents an
approach to model the dual stage system by using bond graph theory. And the state space equations can be
derived through the bond graph straightforwardly, which can be used in computing simulations. Through
designing the compensators for the dual stage system and simulating, the dual stage performs better dynamics
characteristic than the single actuator system.
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Nomenclature

F,.. VCM driver force
symbol Description X,., Displacement of coarse stage
U, Input voltage for VCM "em  Velocity of coarse stage
i, Equivalent current for VCM U, Input voltage for PZT
L, Equivalent inductance for VCM B, PZT equivalent damping
B,  VCM equivalent damping M, Equivalent mass of fine stage
M, Equivalent mass of VCM mover and coarse E., PZT driver force
stage X Displacement of fine stage
K, Sum of VCM servo stiffness and spring .
e . Vo4 Velocity of fine stage
stiffness P
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1. Introduction

Dual stage mechanism is a complicated system which
embodies concepts from the mechanical, electrical and
magnetic domains. Various examples for the concept of
dual stage mechanism have been developed in the past.
The successful application of dual stage concept was the
data storage systems such as hard disk drives, where the
VCM drives the fine actuator, PZT, which is mounted
between the suspension and the base plate [1]. In the
paper [2], the linear dual stage consisting of two VCMs
were used to transfer the force at the end point of the
whole stage, which was used as chip-on-board assembly.
And there were some applications of dual stage as the
high-speed/high precision positioning system for the
IC/MEMS manufacturing, high speed precision machining
[3].

Before the real system is designed, the most important
attempt must begin with a prediction of its performance
in advance. There are several approaches to build the
system model to describe its performance. One approach
is mathematical equation described in terms of the
differential equations, which is a very universal method
for single-field physical systems, and it is easy to analyze
by using software. A much greater number of research
papers have been adopted at this method[4]. Another
approach is graphic method, such as block diagram, signal
flow graph, bond graph and so on. One can derive the
mathematical model of the actual system from previously
mentioned methods. Even though block diagram and
signal flow graph describe the system as a picture of the
equation, they do not discern the topology of the system
profoundly. Bond graph theory is based on energy and
information flow, which is a modeling and analysis
technique in multi-field systems, invented in 1959 by
Paynter. It is publicly known to be highly appropriate
powerful tool for dynamic modeling after it comes out.
And another merit is it enables one to develop a graphical
model that is consistent with the principle of energy
conservation without establishing and reformulating
equations. This paper focuses on the use of bond graph
method for modeling and simulating the dual stage
system. The real dual linear motion stage with single axis

can be represented as Fig. 1.

&

[Fig. 1] Dual stage composed of VCM and PZT

The rest paper is organized as follows. Section 2
describes the approach of building the bond graph models
of the dual stage mechanism, while section 3 shows how
to obtain the state space equation from the bond graph
models and obtain the simulation result. And section 4
describes the controller design methods and simulation
results based on the controller. Finally, section 5 contains

concluding remark.

2. Bond Graph Modeling

The dual stage system is composed of two parts, the
coarse stage and the fine stage which shown in Fig. 2.
The coarse stage is collected with the moving magnet of
the VCM and supported by the four leaf springs, which
is driven by the VCM and produce long distance.
Furthermore, the PZT is fixed with the coarse stage
rigidly, and the fine stage which is very light, is mounted
at the endpoint of the PZT. For describing the dynamic
behaviors accurately, the coarse and fine stages are
separated to analyze firstly. Finally, the bond graph of the

whole system are derived.
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[Fig. 2] Schematic structure diagram of dual stage
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2.1 Bond Graph Modeling of the Coarse
Stage
From the working principle of the VCM, a permanent
magnetic core can move inside winding coil which is
fixed on the base stage after inputting the current to the
winding coil. With the change of the current quantity or
the current direction, the permanent magnetic core will
move back and forth. The dynamic model of the
VCM-based electromagnetism and mechanism can be seen

in Fig. 3.

vem

vem

[Fig. 3] Dynamic model of the VCM-based electromagnetism
and mechanism element

The mathematic equation for this mechanism can be
described as (1).

d DN
(U, — p —(L,) — Ry, )i,
d / )
df ('[L[ VUC’”Z) + B’l xcm 'l 1/ I/U(”n dt

M

From the Equation 1, it can be seen that each term of
equation is having the power unit. The three terms on the
left-hand side are the power equivalent which acts as the
electric domains and the magnetic domains respectively.
The three terms on the right side are the power equivalent
which acts as the mechanical domains, representing the
potential power, kinetic power and dissipative power
respectively. The left element of every term represents the
flow quantities, and the right element of every term is the
effort quantities. From the former analysis and Equation
1, the bond graph of the coarse stage is derived and
described in Fig. 4.
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[Fig. 4] Bond graph model of coarse stage

2.2 Bond Graph Modeling of the Fine
Stage
The purpose of using fine stage is to adjust the coarse

and to add the

pronounce effect to the resolution of the movements. The

stage positioning and displacement,

dynamic model of the PZT-based mechanism is shown as
Fig. 5. [5]

[Fig. 5] Dynamic model of PZT-based mechanism

From the Fig. 5, the model of the PZT is composed of
mechanical field and electrical field. At the electrical

field, Rp is the equivalent resistance of driving circuit,

and a stack designed piezoelectric ceramics actuator is
made up of several wafer elements, each wafer element is
located between positive electrode and negative electrode,
which

element. €,

is expressed as characteristic of capacitance

is the equivalent capacitance of each wafer

in parallel electrically. U

» and Ujare input voltage and
the voltage across the capacitor, respectively.

The mathematic equation for this mechanism can be
described as (2) and (3) in the mechanical part and

electrical part, respectively.

d
E}zt = E(ﬂ{[fs I/pzt) pzt p”f + / pat p”f
@
Uip ( C;ozt U;)zt + TV;th))R U;nt (3)

From the above two equations, the bond graph of the

fine stage is derived and described as Fig. 6.

1455



o

FAbel7) &8 8l Al AlI3E Al4E, 2012

1M
Sy 1 0 TF 1 R:B,,
R:R, c:C, C:K,,

[Fig. 6] Bond graph model of fine stage

2.3 Bond Graph Modeling of the Whole
Stage

From the foregoing statement, the whole stage have
two inputs and one output, and the fine stage is fixed to
the coarse stage, then the mutual stiffness of two stages
is so high that it can be considered two stages as one
rigid body. On the contrary, the mutual damping of two
stages is so small that it can be considered there is no
damping of those two stages. However, the mass of fine
stage is much smaller than the coarse stage, which means
the interference of the coarse stage to the fine stage is
higher than the opposite case. In order to eliminate the
interference of each other, it is possible to compensate for
the loss of fine stage by using the control algorithm, or
build precise model to eliminate the interference. The

whole stage bond graph is described as Fig. 7.
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[Fig. 71 Bond graph model of whole stage

From the bond graph, it is clear to see the
displacement from coarse system was X, ,and from fine

X

system was X, so the displacement of the dual stage

was embodied by the mass of the fine stage, M.

3. State space equation and simulation

The purpose to derive the bond graph of system is to
analyze the system, and the enthusiasm is to simulate the
system through bond graph conveniently. At present, there
are several commercial software programs which symbolic
and numeric solution capabilities are very advanced, such
as CAMP-G, 20-SIM, etc. In this paper, by deriving
system equations and obtaining computer solutions from
these equations, it is easy to detect the predominance for

constructing bond graph models apparently.

3.1 State Space Equation of the Whole
System

Before deriving the system state space equation, there
are two essential processes to improve the bond graph,
one is to number all the bonds in continuous order, and
another is the assignment of causality. it is always
bringing the generalized momentum p of inertia element
and the generalized displacement g of capacitance element
into the state variable of system [6]. For the dual stage,
there are 3 state variables in the coarse stage, 3 state
variables in the fine stage, and 6 state variables in the
whole stage. The modified bond graph of whole system is

shown as Fig. 8.
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[Fig. 8] Augmentation of the bond graph model

Now by wusing the fully integration causality

relationship of bond graph, it is easy to derive the state
space equations of the whole system. The state space

equations are showed at Appendix.
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3.2 Simulation Result of the Whole System

Step response and frequency response of the
opened-loop system are used to simulate the whole stage.
The parameters of the coarse stage and fine stage used in
the simulation are listed as Table 1. The step response of

the whole stage is described as Fig. 9.

[Table 1] Parameters of coarse and fine stage used in

simulation
parameter Symbol value
Mass of coarse M, 0.095kg
Stiffness of coarse K., 3014N/m
Damping of coarse B, 4.9Ns/m
N=45,
Transformer of coarse nBl B=02T
1=0.091m
Coil resistance R, 0.98(2
Coil inductance Z, 6.326 <10 °H
Mass of fine M, 0.02kg
Stiffness of fine K, 5.7<10° N/m
Damping of fine B, 150ns/m
Capacitance of fine G 1.5X10°°F
Transformer ratio A 12.5¢/m
Circuit resistance R, 0.9
6)(1071
VvCM
AW
£,
o 005 o1 o5 R 025
Time (sec)
-
2
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& 0; PzT
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[Fig. 91 Step response of the whole stage for different parts

From Fig. 9, there are two response curves, one curve
is the displacement output comes from the VCM, and
another curve is the displacement output comes from the
PZT. Both of them can achieve the stabilization quickly,
which means the modeling and the parameters for the real
stage is reasonable. But the overshoot of the coarse stage
is high and the settling time for both stages is long for
precision system, it needs to design the controller to

change those time properties.

4. Controller and simulation

Dual system is a double-input single-output(DISO)
system, which is a special case of a multi-input
multi-output (MIMO) system. In such -circumstances,
some authors used single-input single-output (SISO)
frequency technique/tools to design the DISO controllers,
such as Master-Slave method [7], PQ method [8]. These
three methods use the perfect SISO tools to design the
controller based on simplifying the system architecture of
the dual stage. In the paper, PQ method will be used to
design the controller.

There are some merits for PQ method. It is specialized
to DISO plants, it simplify the DISO design problems to
two consecutive SISO designs, especially overcome the
interference problems of two actuating stage which
Master-Slave method cannot avoid. And another very
important merit is the order of compensator which design
by using PQ method is low but effective. Fig. 10 shows
the block diagram of single-input double-output (SIMO)
controller for MISO plant [8].

By using the PQ method, Fig. 11 shows that the dual

stage with controller can attain well dynamic performance.

Controller

[Fig. 10] Block diagram of DISO system with a single-input
double-output (SIDO) compensator
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[Fig. 11] Step response of with controlled system and
without controlled system
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5. Conclusions

The main contribution of this paper is to use bond
graph theory to model the dual stage system. Building the
precise and reasonable model is the precondition to design
the control system by using the language of the bond
graph. In this paper, all state variables are considered
which is belonged to the mechanical and electrical
domain. Also from the simulation results, it is easy to
draw a conclusion that the model of dual stage can reach
a steady step response. However, from the step response,
it can’t perceive the dynamic performance of the dual
stage system because of its open-loop system. But after
using PQ method to design the controller, and analyzing
the simulation results, it is clearly to see that the dual

stage performed better than the single subsystem.

Appendix

Dual stage state-space equation
z=Az+Bu y= Cx

State-space variables, input and output variables

o ) T T
= [PQ 95 Ps P1o %2 ‘110] U= [Uu Um]
Coefficient matrices
B R, o _nbl 0 0 0
L, M,
1
0 0 L 0 0 0 10
nBl . BuntB. B. . T O
a4 M, M, T G | g=lo o
0 o B, _ Bt T 00
M, M, TG 1
: : : 0
0 0 - L 0 0 &
M, My,
0 0 T T,
M, My, R,C,.
C=1010010]
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