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Abstract—In a task to assist NASA in analyzing the dynamic 

forces caused by operational countermeasures of an astronaut’s 
exercise platform impacting the spacecraft, an active proportional-
integral-derivative controller commanding a linear actuator is 
proposed in a vibration isolation system to regulate the movement of 
the exercise platform. Computer simulation shows promising results 
that most exciter forces can be reduced or even eliminated. This paper 
emphasizes on parameter uncertainties, variations and exciter force 
variations. Drift and variations of system parameters in the vibration 
isolation system for astronaut’s exercise platform are analyzed. An 
active controlled scheme is applied with the goals to reduce the 
platform displacement and to minimize the force being transmitted to 
the spacecraft structure. The controller must be robust enough to 
accommodate the wide variations of system parameters and exciter 
forces. Computer simulation for the vibration isolation system was 
performed via MATLAB/Simulink and Trick. The simulation results 
demonstrate the achievement of force reduction with small platform 
displacement under wide ranges of variations in system parameters.  

 
Keywords—Control, counterweight, isolation, vibration.  

I. INTRODUCTION 
T is extremely important for astronauts to have sufficient 
exercise during space missions [1], [2]. Without a special 

isolation device, exercise activities inevitably produce excited 
forces that are transmitted to the spacecraft and may cause 
operation difficulty. In an effort to minimize the transmitted 
forces, the use of vibration isolation systems (VIS) has been 
studied in a microgravity environment [3], [4].  

Proportional-integral-derivative (PID) controllers have been 
used to direct the motion control in various applications [5]-[8]. 
A one-dimensional (1D) active controlled VIS was developed 
and published by [9]. As shown in Fig. 1 [9], a Simulink 
diagram of a 1D VIS for astronaut’s exercise platform uses a 
discrete PID controller to command a DC motor and a lead 
screw to push and pull a counterweight which injects actuator 
force to the system. The platform displacement is the primary 
controlled variable with the goal to minimize its movement 
around the initial location. The PID control algorithms calculate 
a voltage command to drive a DC motor with inductance, La, 
resistance, Ra, back electromotive constant, Kb, motor torque 
constant Km, motor moment of inertia, Jl. A saturation function 
is imbedded in the PID controller so that the voltage command 

to the DC motor would not exceed motor’s physical limitations. 
The motor output is restricted by a dead zone dynamic function 
to accommodate friction loss; motor torque then converted to 
actuator force through a leadscrew.  

The actuator force will be added to exciter force and two 
passive forces: spring force and damping force that drives the 
motion of the exercise platform. A sensor is used to feed 
platform displacement back to the PID controller that completes 
the loop. 

The connecting structure between exercise platform and 
spacecraft structure is modeled as a passive control unit which 
includes a spring and a damper. Therefore, the force transmitted 
to the spacecraft equates the sum of spring force and damping 
force. When the motion of the platform is restricted, the 
transmitted force to the wall of spacecraft is also confined.  

In this study, uncertainties and variations of system 
parameters are defined and included in the control loop. 
Controller gains and other system parameters are tuned under 
the consideration of the uncertainties and variations. A series of 
computer simulation for several ranges of uncertainties and 
variations was conducted. The results show excellent reduction 
of force being transmitted to the spacecraft structure while 
maintaining small platform displacement and acceleration. 

II. PARAMETER DRIFT AND VARIATION  
“Drift” represents constants and parameters in a dynamic 

system that change their values over time. In the VIS, the main 
factor causing drift is the operating temperature. “Variation” 
stands for the change of input conditions.  For example, exciter 
force changes from one exerciser to another exerciser on the 
exercise platform, or when a different exercise is being 
performed on the platform; even the same individual doing the 
same exercise could change intensity and frequencies over time. 

A. Drift of Motor Constants 
Motor parameters are considered to be “constants” when they 

are operated in an ideal situation. These constants will drift 
when the environment changes. The largest parameter drift in a 
DC motor is the armature resistance, Ra, as the function of 
temperature = ∗ 1 +    −  [10]. 
As an example,  for copper is 0.004. 
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Fig. 1 Simulink Diagram of One-dimensional VIS for Astronaut’s Exercise Platform [9] 

 
Using the DC motor experimental data from a reference [11], 

the motor was operated at the initial temperature Ti = 24 C and 
the final steady state temperature Tf = 60 C. Applying the 
formula, the change of resistance is 0.004*(60-24) = 14.4%. If 
we select a nominal value of Ra at the average operating 
temperature, i.e., 42 C, and assume a 10% variation of the 
resistance, we can obtain  and .  
 10% = 0.004*(42 - ) results  = 17;  
 10% = 0.004*(  - 42) results  = 69.  

This 10% variation allows the operating temperature to range 
from 17 C to 69 C, which covers a broader temperature range 
than the referenced DC motor experiment. 

Kb, the back electromotive constant, and Km, the motor torque 
constant, are directly related to magnetic flux density of the 
permanent magnets. In SI units, the value of Km is equal to the 
value of Kb. The equation of these parameters with respect to 
temperature is very similar to the resistance equation [10]. 

 = ∗ 1 +    −  
   :  for Samarium Cobalt (SmCo) is -0.0004. 

Since the coefficient of  for Samarium Cobalt is one order 
lower than coefficient of  for copper, 1% variation of Kb would 
be sufficient to match 10% variation of Ra in terms of operating 
temperature range.  

Let us assume a 3% variation of Kb and Km. By adding a 
couple of percentages in variation, it is possible to 
accommodate measurement error and material impurity.  

La , the inductance of a DC motor is measured by applying a 
signal that is of sinusoidal form. It is then measured using the 
phase difference that is present between the voltage and current 
waveform. For accurate modeling results, the inductances must 
be measured under conditions approximating as closely as 
possible to those of normal operations [12]. Let us assume a 3% 
variation for measurement error of La. 

B. Variation of Motor Inertia 
The energy generated by electrical circuit and magnetic field 

in the DC motor will be converted to kinetic energy of 
mechanical motion and dissipation heat. The total kinetic 
energy, Et, of the motor rotor is the sum of kinetic energy of the 
motor shaft with moment of inertia of the shaft,  , with 
angular velocity, ω, and the kinetic energy of the counterweight 
with mass, m, with linear velocity, v. 

=  +     
 

The counterweight velocity can be represented by the lead 
screw pitch, L, and the motor angular velocity, ω, as =  . 
We substitute this value in the kinetic energy equation yield: 

 =  +    
 

Let =  +   be the equivalent moment of 
inertia for the combined motor and counterweight at the motor 
shaft. Let’s assume a 10% variation of the moment of inertia to 
accommodate both variations of the motor shaft and the load 
variation of the counterweight.  

C. Uncertainty of Friction  
Friction variation can be examined by the total energy loss to 

friction, Ef, which is the sum of energy loss at the motor shaft 
with friction coefficient, fm, and angular velocity, ω, and the 
energy loss of the counterweight with friction coefficient, fc, 
and linear velocity, v, which is equivalent to  ω. 

 =  +    
 

The total mechanical torque consists of the kinetic motion via 
equivalent moment of inertia, Jeq, multiplies to angular 
acceleration,  , and the torque lost to friction which is 
represented by the product of equivalent friction coefficient, feq, 
and angular velocity,  (t). We equate mechanical torque to the 
torque generated by the electrical rotor circuit which is 
represented by the product of the motor constant, Km, and the 
current, ia(t) which yields: 

 J   +   =  K  i t where =  +    
 
Friction coefficients can vary due to changes of temperature, 

surface cleanness, force level, etc. In this study, friction 
variation is treated as a “bounded” block, and is represented by 
a dead zone dynamic function for ia which equates 0 when the 
input, u, is within a lower bound, lo, and an upper bound, up. 
When u is greater than up, it has an output of u-up; when u is 
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less than lo, it has an output of u-lo. 

D. Variations in Passive Control Unit 
The passive control unit can be represented by:  +  + =   . The total mass, Mt, in the 

passive control equation is the sum of masses of the exerciser, 
the exercise platform, actuator components, and the 
counterweight. The major variation of Mt is the mass of 
exerciser.  

In the beginning of the simulation, we wanted to keep the 
variation small, a 3% variation of Mt, and assume the VIS 
system is designed for a particular exerciser. As an imaginary 
real-scale system, an exerciser weights 200 lbs., the 
combination of exercise machine, exercise platform, linear 
actuator, and counterweight weights 200 lbs. A 3% variation of 
the total mass is +/- 12 lbs. That provides a weight range for the 
particular 200 lb exerciser from 188 lbs to 212 lbs, a good range 
to allow a person’s weight fluctuation.  

Spring constant k varies in a small amount when operating in 
its elastic range. Measurement of spring constant may carry 
some errors. We assume a 3% variation of the spring constant.  

Damping coefficient c also varies in a small amount when 
operating environment is consistent. We assume a 3% variation 
for the damping coefficient.  

E. Variations of Exciter Forces – Biking Exercise 
Large variations of exerciser forces are anticipated on the 

VIS platform. Astronauts vary in height, weight, and body 
strength. Variations of types of exercise may send very different 
forces functions to the platform. Two types of force functions 
are used in our simulation runs: 
(1) Sine wave function represents the biking exercise. 
(2) Summation of step functions represents for pull-and-push 

exercise. 
For the biking exercise, we selected a nominal force of 5 

sin(5t) N for the 1D VIS prototype model; i.e., amplitude = 5N, 
and frequency = 5 rad/s. We assume that there is an amplitude 
variation of 200%; the largest force amplitude = 5 (1+200%) = 
15 N.  

Calculation of the smallest amplitude cannot be obtained by 
using the same nominal force as the base since the percentage 
is over 100%. An alternative approach by shifting the base to 
the smallest amplitude that gives the smallest amplitude = 
5/(1+200%) = 1.7 N; we round off the value and use 2 N in the 
simulation. 

We assume that there is a frequency variation of 400% in 
biking exercise; the largest force frequency = 5 (1+400%) = 25 
rad/s. The same alternative approach is used to calculate the 
smallest force frequency = 5/(1+400%) = 1 rad/s. 

During a biking exercise, amplitude and frequency changes 
are opposite to each other in general. When biking at low torque 
with high rotational speed, amplitude is generally low. When 
biking at high torque with low speed, the exerciser can move 
his/her body up and down with each rotational motion that can 
produce high amplitude for the exciter force.  

F. Variations of Exciter Forces – Pull-and-Push Exercise 
A “pull-and-push” exercise is somewhat similar to weight 

lifting on earth. Exciter force of pull-and-push exercise is 
generally affected by the accelerations of moving body parts of 
the exerciser and the machine components, and can be 
approximated to as a summation of a series of step functions. 

In the simulation, the nominal force used in the 1D prototype 
model is represented by a 4-second cycle with force amplitudes 
within a boundary of +-10N. A 40% variation of force 
amplitude changes the boundaries of amplitude to +-6N at the 
low end to +-14N at the high end. An 80% variation of force 
cycle changes the exercise cycle from a 1-second cycle to 7-
second cycle. 

G. Summary of Variation Percentages 
We performed a number of computer simulation runs based 

on the Simulink diagram of 1D VIS prototype shown in Fig. 1 
with system parameters and the uncertainty percentages 
summarized as: 
 Total mass Mt = 12 kg, with a variation of 3%, 
 Spring constant k = 100 N/m, with a variation of 3%, 
 Damping coefficient c = 10 N s/m, with a variation of 3%,  
 Inductance of DC motor La = 0.003 H, with a variation of 

3% 
 Resistance of DC motor Ra = 3.0 Ω, with a variation of 

10%, 
 Back electromotive constant Kb = 0.105 V s/rad, variation: 

3%, 
 Motor torque constant Km= 0.105 N m/A, variation: 3%, 
 Motor moment of inertia Jl = 0.001 kg m2, variation: 10%, 
 Pull-and-push exercise force amplitude boundary F0 = +-

10 N, with a variation of 40%,  
 Pull-and-push force cycle = 4 sec, with a variation of 80%,  
 Biking exercise force amplitude F0 = 5N, variation: 200%,  
 Biking exercise force frequency  = 5 rad/s, variation: 

400%.  

III. SIMULATION RESULTS 
A MATLAB script file is used to call a Simulink diagram, 

define system parameters and the percentages of variations of 
these system parameters. As shown in Fig. 2, the script file calls 
a Simulink file named ‘Variations_sine,’ defines system 
parameters, and uses a ureal() function to set percentages of 
uncertainty of each parameter. Force variations are supplied via 
input functions in the Simulink diagrams.  

 

 
Fig. 2 MATLAB Script Defines Uncertainties 
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Control engineers widely use loop shaping method in the 
frequency domain to tune control systems to achieve desired 
behavior in terms of stability, performance, and robustness to 
model uncertainties and disturbances [13], [14].  In this study, 
loop shaping goal, gain margin and phase margin goal are 
defined in the tuning process for the VIS prototype model. The 
tuning algorithms calculate a sensitive function and a 
complementary sensitive function. These functions are formed 
by plant parameters and desired controller gains.  

Minimizing the force transmitted to the wall, i.e., spacecraft 
structure, is the ultimate indicator of a well-tuned system. With 
the system parameter values and uncertainties that we used in 
the simulation, the tuning process returns a set of controller 
gains: P: 153.2, I = 567.9, D = 9.531, N = 1358; and “tuned” 
spring constant k = 66.41 and damping coefficient c = 10.36. 
Although these tuned values are obtained based on the defined 
variation percentages, the controller’s robustness is actually 
beyond the defined parameter variations. These tuned controller 

gains and constants are used later for much larger parameter 
variations. Since the variations of exciter forces are not part of 
tuning process, a variety of exciter force functions is entered 
into the Simulink diagram for simulation runs. Three 
parameters, exciter force, platform displacement, and 
transmitted force, were chosen to be plotted via Simulink scope 
for comparison purpose.  

As an example, we use the nominal force in biking exercise 
of 5 sin(5t) N as the exciter force, a Simulink output is shown 
in Fig. 3. The maximum transmitted force = 0.1487 N out of 
excited force of 5 N, a 97.03% force reduction with reasonably 
small platform displacement = 1.385 mm. 

Another example uses larger force amplitude and smaller 
frequency exciter force 15 sin(t). As shown in Fig. 4, Simulink 
output a maximum transmitted force = 0.1752 N out of excited 
force of 15 N, a 98.83% force reduction while maintaining 
small platform displacement = 2.611 mm. 

 

 
Fig. 3 Output of Biking Exciter Force 5sin(5t) N 

 

 
Fig. 4 Output of Biking Exciter Force 15sin(t) N 
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A number of simulations is run and recorded between exciter 
force frequencies of 1 rad/s and 25 rad/s as defined for biking 
exercise. The results of percentage of force reduction versus 
exciter force frequencies are plotted in Fig. 5 which indicates 
the lowest percentage of force reduction taking place at the 
exciter force frequency of 16 rad/s.  

 

 
Fig. 5 Percentage of Force Reduction vs. Frequency 

For a pull-and-push exercise, simulation runs were 
performed using the same controller gains and passive control 
constants as in the biking exercise. Many simulation runs are 
performed using different combinations of step functions as the 
exciter force. The force reduction percentages of transmitted 
force to wall versus the exciter force are comparable to those in 
the biking exercises. As an example of pull-and-push exercise 
simulation shown in Fig. 6, the exciter force is represented by a 
combination of step functions with amplitudes within 
boundaries of +-8 N and pull-and-push cycle of 2 seconds. 
Simulation results show the maximum transmitted force to wall 
= 0.2151 N, a 97.31% force reduction from the exciter force.  

 
 
 
 
 

 

 

 
Fig. 6 Output of pull-and-push exciter forces 

 
A. Trick vs. Simulink 
Trick Simulation Toolkit is a simulation program in C/C++ 

and Java. It was developed at NASA Johnson Space Center with 
the assistance of L-3 Communications and CACI Companies. 
Many high-fidelity training programs and engineering 
simulations at the NASA Johnson Space Center and other 
NASA facilities use Trick as a main development tool [15]. It 
provides automated job scheduling, data recording, interactive 
variable manipulation, and many other capabilities. As part of 
the task, we develop the same active-controlled vibration 
isolation model as shown in Fig. 1 using C/C++, and run the 
simulation through Trick. The initial purpose is to compare the 
simulation results between a commercial simulation tool, 
MATLAB/Simulink, and the NASA simulation Toolkit, Trick.  

We used Simulink to run the diagram model and plotted 
output for five parameters, including exciter force, platform 
displacement, force transmitted to wall, PID command, and 
platform acceleration as shown in Fig. 7. 

We also used Trick to run C/C++ model. The same five 
parameters were plotted as shown in Fig. 8. The graph looks 
identical as the one obtained in Simulink. Simulation results in 
terms of values between the two simulations are almost 
identical. As shown in Fig. 9, platform displacement (Disp) has 
four precision points in Simulink and 6 precision points in 
Trick, the difference is only happened at the two extra 
insignificant decimal points obtained in Trick simulation. If we 
round up the result in Trick to match four precision points in 
Simulink, the two values would be identical. 
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Fig. 7 Output of 5 parameters in Simulink 

 

 
Fig. 8 Output of 5 parameters in Trick 

 

 
Fig. 9 Platform Displacement in Simulink and Trick 

 
Another example is shown in Fig. 10, force transmitted to 

wall (F_wall) has four precision points in Simulink and five 
precision points in Trick, the difference is only apparent with 
the extra insignificant decimal point obtained in Trick 
simulation. If we round up the result in Trick to match four 
precision points in Simulink, the two values would be identical.  

 

 
Fig. 10 Force Transmitted to Wall in Simulink and Trick 

B. Monte Carlo Simulation for Larger Variations 
Monte Carlo is an advanced simulation capability provided 

by Trick that allows users to repeated run copies of a simulation 
with different input values [16]. This feature provides a 
convenient means to set ranges of simulation parameters for 
uncertainties and variations in the VIS system.  

We initially apply Monte Carlo tool in Trick to simulate the 
parameter variations based on the percentages of parameter 
drift and variations discussed earlier in this paper. In 1,000 
simulation runs of randomly selected parameter values within 
the defined ranges, key output variables of the system are 
recorded in the simulation results. It is evident that both 
platform displacement and transmitted force remain small 
within the defined variations of system parameters. We then 
push the variation boundaries to run the Monte Carlo simulation 
within larger parameter variations. After several pushes of the 

Disp Time Simulink Trick Difference

MAX 14.109 14.22 mm 14.2205 mm ~ 0.0005 mm

MIN 4.684 -14.22 mm -14.2223 mm ~ 0.0023 mm

F_wall Time Simulink Trick Difference

MAX 26.576 1.438 N 1.4384 N ~ 0.0004 N

MIN 4.584 -1.439 N -1.4385 N ~ 0.0005 N
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variation boundaries, we stopped at quite large ranges of 
parameter variations as summarized in the following: 
 Total mass Mt = 12 kg, with a variation of 50%, 
 Spring constant k = 66.41 N/m, with a variation of 20%, 
 Damping coefficient c = 10.36 N s/m, with a variation of 

20%,  
 Inductance of DC motor La = 0.003 H, with a variation of 

20% 
 Resistance of DC motor Ra = 3.0 Ω, with a variation of 

20%, 
 Back electromotive constant Kb = 0.105 V s/rad, variation 

20%, 
 Motor torque constant Km= 0.105 N m/A, variation 20%, 
 Motor moment of inertia Jl = 0.001 kg m2, variation 20%. 

The significant variation of 50% for the total mass Mt in the 
prototype allows its value swing between 6 kg to 18 kg. For an 
equivalent real-scale system ignoring the masses of platform 
and other devices, we assume an exerciser with a nominal mass 
of 200 lbs, the 50% variation would allow the exerciser mass 
changing from 100 lbs to 300 lbs. This variation would cover 
very wide ranges of body masses for entire crew members who 
might use the exercise platform. The 20% variations for seven 
system parameters provide safe buffers for material impurity, 
manufacturing defect, temperature variation, and other 
damaging factors that might cause parameters changes.  

Fig. 11 displays the “worst scenario” of the Monte Carlo 
results. The simulation was run under the exciter force 
frequency of 16 rad/s which gives the lowest percentage of 
force reduction as shown earlier in Fig. 5. With the wide 
variation of 50% for Mt, and 20% for the remaining parameters, 
the worst transmitted force equal to -0.272692413N at run #676 
in a one-thousand runs. The percentage of force reduction is 
94.55% from the exciter force of 5sin(16t) N. The largest 
platform displacement under this particular case is -1.269 mm 
for the prototype model. Small movement and acceleration 
provide reasonable comfortability to the users of the exercise 
platform. 

 

 
Fig. 11 “Worst Scenario” in Monte Carlo Simulation 

IV. CONCLUSIONS 
Uncertainties of system parameters such as motor constants, 

damping coefficient, mass, etc. are defined and built in the one-
dimensional active-controlled VIS prototype model for 
astronaut’s exercise platform. Variations of exciter force are 
also defined for biking and pull-and-push exercises. Robust 
control tuning processes in Simulink are applied to tune the 
controller gains via Loop Shape method and Gain/Phase 
Margins method. The tuning process is also used to obtain a 
desirable spring constant and damping coefficient of the passive 
unit.  

Simulation was performed using MATLAB/Simulink with 
the tuned controller gains, spring constant, and damping 
coefficient. High percentage of force reduction (more than 
95%) were shown in all runs under biking exercise frequencies 
ranging from 1 rad/s to 25 rad/s as well as a variety of 
combinations of step functions for pull-and-push exercise. 

Trick is applied as another simulation tool to compare its 
simulation results to that in Simulink. The results show almost 
identical graphs and data values obtained in both simulation 
programs. The Monte Carlo tool in Trick is applied to push the 
boundaries of system parameter variations. Excellent force 
reduction (near 95%) is obtained for the VIS under very wide 
variations of system parameters and exciter forces. 
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