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APPENDIX B: Bond Graph Simulation 

 

The stage x-axis assembly was initially modeled with a dynamic systems bond graph. This bond 

graph was meant to predict possible behaviors of the x-axis stage movement and aid the design 

process for this subsystem. The bond graph simulation began with a 3rd order system, but the 

information gained was outweighed by the excessive assumptions needed and the complexity of 

solving such a system. Thus, a simplified 2nd order system was used, which considered the shaft’s 

stiffness to be infinite (no difference between angular speed on either end of the shaft). The primary 

purpose of bond graphing was to (1) characterize the dynamic behavior with respect to different 

input parameters (2) estimate the torque and motor speed responses to help in component selection 

(3) to estimate possible control response gains and (4) to relate the motor rotational speed to the 

stage speed on the lead screw. 

 The model considers the parameters visible in Figure B.1. Armature resistance, armature 

inductance (and consequent “back-EMF”), the motor constant, bearing friction, and a lumped 

rotational inertia characterize the system.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B.1. Model Considered for the Bond Graph Simulation. 
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A supply voltage provides the driving function. Both for simplicity and in anticipation of the most 

practical application, it was assumed that the voltage would consist of a step voltage applied at the 

initial time. A bond graph could be constructed to simulate the system in an Excel spreadsheet 

with this information. The spreadsheet allowed easy modification of parameters for later use, if 

desired. Figure B.2 shows the bond graph model of the system from Figure B.1.  

 

 
Figure B.2. Bond Graph Model of System. Note that Bond Numbering and Causality Notation 

has been Omitted for Simplicity. 

 

The bond graph model was expanded into a second order set of state space equations characterized 

by two state variables: (1) the motor flux linkage [λ] and (2) the angular momentum [L]. These 

two variables were related using bond graph techniques to their derivatives in two 1st order 

equations, the “back EMF” [ε] and the torque [T] of the motor. These relations are outlined in 

Equation B.1: 
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The state-space equation shows the full relationships between each variable. This equation allows 

for the numerical solution to the system. However, the explicit equation is retrievable using 

Cramer’s Rule. Solving for the homogeneous and particular solution to the system, Equation B.2 

gives the general solution to the system. In Equation B.2, s1 and s2 are eigenvalue solutions to the 

homogeneous equation. These values form the natural response of the motor to the input voltage. 

U0 corresponds to the input voltage equation, and can be a function of time; s is the driving function 

of the input voltage.  For a sinusoidal (alternating-current) input, it would be the imaginary 

function j⍵. The system considered assumes a step response, making s equivalent to zero.  

  (B.2) 

 

With full characterization of the state space and the explicit solution to the system, simulation 

could occur on the motor control response. Values were chosen for each parameter based on 

various real motor and shaft characteristics. Bearing friction was assumed to be minimal and 

lumped inertance was a very rough estimate. Nonetheless, this analysis provided the basis to decide 

on the motor torque and speed requirements.  

 The torque equation can be isolated from Equation B.1 to yield a maximum torque value 

during numerical simulation. The numerical simulation was conducted with imaginary numbers in 

an excel spreadsheet to discern a rough maximum torque requirement. The numerical simulation 
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solution simply took the time-step derivative of the angular speed and multiplied by the rotational 

inertia as shown in Equation B.3: 

𝑇 =  𝐽𝑙𝑢𝑚𝑝
𝜔𝑛+1− 𝜔𝑛

𝛥𝑡𝑠𝑡𝑒𝑝
    (B.3) 

In all simulation trials with realistic estimated parameters, the motor torque did not exceed 0.05 

Nm of torque. This number provided the basis for our motor selection. Eventually, a motor with a 

rated torque of 0.275 Nm was chosen. The motor speed requirement was less than a single RPM 

for a 1 mm/s scan (which was a desired stage velocity rate). The motor chosen was over engineered 

but cheap, providing ~60 RPM at maximum speed. The low scanning speed of the profilometer 

coupled with the low torque requirement made motor selection trivial after analysis. 

 Figure B.3 shows a PID motor control response that simulates the error from startup to 

steady-state using the PID gain equation. This motor control response provided a conceptual basis 

for approaching the issue of closed-loop feedback control but did not provide any analytical basis 

for the actual system.  

 The actual system was tuned by incremental adjustment in actual experimentation. 

 

Figure B.3. Closed-Loop Feedback Control Response of the X-axis System. 

 

The chosen gains produced a noticeable overshoot and long settling time to steady-state (~3 

seconds). This is not desirable as the overshoot could cause issues. The actual system experienced 
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overshoot as well, but the encoder position data kept up and ensured that the scanning data was 

not disrupted. 

 Overall, the bond graph simulation provided a basis for motor selection and framed the 

PID control problem. Both engineering decisions were relatively trivial after considering the bond 

graph analysis and experimenting with the motor controller gains in the software.  

 


