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Abstract—The Roman Space Telescope (RST) uses a Reaction 

Wheel Isolation System (RWIS) to reduce reaction wheel (RW) 

vibration transmitted to the spacecraft bus and into the optical 

payload. Mechanical shorts such as thermal straps and electri-

cal harnesses that cross from one side of the isolator to the other 

can degrade the isolator’s performance and adversely impact 

observatory jitter. Validating the behavior and influence of me-

chanical shorts—and ultimately the final, as-isolated RW ex-

ported disturbance—necessitates a test to be performed at the 

RW assembly level including the RWIS, thermal straps, and 

RW harnesses. 

RWIS transmissibility testing was conducted with and without 

the parasitic harness and thermal strap loads to (a) characterize 

their effects on the RWIS’s isolation performance, (b) facilitate 

thermal strap design modifications to minimize their impact to 

the system, (c) evaluate overall system performance, and (d) 

generate correlated models of the thermal straps and RW har-

nesses for prediction of on-orbit jitter performance. A novel 

gravity offload system was designed to support the test article 

while measuring accelerometer responses at key locations and 

RW-induced forces and moments at the interface to the space-

craft bus. 

A finite element model of the test configuration comprising the 

gravity offload system, RW, RWIS, harness, and thermal straps 

is anchored by tap and dynamometer data through tuning of key 

parameters in the model.  Although correlation of the test con-

figuration model proved to be challenging due to the complexity 

of the gravity offload system and its dynamic coupling to modes 

of test article at higher frequencies, thermal strap and RW har-

ness model tuning has benefitted from data within the RWs’ op-

erating speed range where less coupling between the offload sys-

tem and test article is present. Correlated models are subse-

quently incorporated into the observatory model to improve 

predictions for on-orbit jitter. 
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1. INTRODUCTION 

Background 

The Roman Space Telescope (RST) uses six Reaction 

Wheels (RWs) to provide precision pointing and attitude con-

trol during on-orbit science observation. The RWs are a sig-

nificant contributor to system level jitter, and the observa-

tory’s pointing stability and jitter requirements would be ex-

ceeded without wheel isolation.  The Reaction Wheel Isola-

tion System (RWIS) was developed to reduce the amount of 

wheel-generated disturbance transmitted to the observatory. 

The RWIS adds compliance between the wheels and the 

spacecraft, with damped resonant frequencies in the 3–5 Hz 

range, dependent on temperature. Disturbances arising from 

the RWs’ static and dynamic imbalances are attenuated 

through the RWIS. 

Both the RW and RWIS have been tested at the component 

level. The RW vendor (Honeywell) characterized the wheel’s 

exported forces and moments in a rigidly-mounted configu-

ration and used the data from this test to derive a disturbance 

model. The RWIS vendor (Moog CSA Engineering) meas-

ured the transmissibility of the isolator with a mass simulator 

in place of the wheel. The combination of the wheel disturb-

ance and isolator models are used by the RST Integrated 

Modeling (IM) team to evaluate the impact of exported vi-

bration to the observatory’s on-orbit optical performance. 

Purpose 

The RW + RWIS testing at NASA characterized the actual 

coupled performance of the wheels and isolator, including the 

effect of all shunt paths (electrical harnesses and thermal 

straps) that could potentially short the isolation system. The 

primary objective was to verify that the exported disturbance 

predicted by the system level model was conservative. The 
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secondary objectives were to (a) quantify the effect of the 

electrical harness and thermal strap shunt path, and (b) verify 

the modal frequencies of the wheel as it couples to the isola-

tor. 

Requirements 

Requirements for exported forces and torques for the reaction 

wheels are held at the observatory level. Optical performance 

requirements are verified by running the observatory Finite 

Element Model (FEM) and jitter-software tool to predict the 

observatory’s Line of Sight (LOS) and Wavefront Error 

(WFE). Jitter analysis results include a frequency-dependent 

Model Uncertainty Factor (MUF) derived from Monte Carlo 

analysis as depicted in Table 1. The data from reaction wheel 

transmissibility tests is used to correlate the component-level 

FEM such that the system model results are accurate, while 

the MUF assures that the results are conservative. There will 

be examples shown illustrating how jitter requirements are 

met for all wheel speeds. 

Table 1: RST Model Uncertainty Factor 

Frequency range (Hz) MUF 

0–50 3 

50–100 3–8 

100–320 8 

320–350 8–10 

350–400 10 

 

2. HARDWARE UNDER TEST 

Reaction Wheel (RW/RWA) 

The reaction wheel—also referred to as a wheel unit (WU)—

and its corresponding WDE (Wheel Drive Electronics) to-

gether make up a Reaction Wheel Assembly (RWA). The 

RWA in this test is an HR18-250 model from Honeywell. 

During exported disturbance testing, the WDE was driven to 

sweep the wheel speed through its entire operating speed 

range to provide self-induced disturbance through the RWIS 

to the spacecraft interface. For offloader characterization, the 

reaction wheel was replaced with a mass simulator. 

 

 

Figure 1: The RST observatory with reaction wheel 

panel location highlighted (a) and the reaction wheels 

shown in yellow (b) 

Reaction Wheel Isolation System (RWIS) 

RST uses a RWIS from Moog CSA Engineering. The RWIS 

consists of two parts: the isolator, which contains the vibra-

tion-damping components; and a pedestal, which orients the 

isolator and reaction wheel in the spacecraft. The pedestal at-

taches to the spacecraft, and the isolators are mounted in be-

tween the pedestals and reaction wheels. 

The RWIS is a two-stage isolation system; this means that the 

isolator has low stiffness over a limited range of travel. At the 

end of travel the second stage elastomeric bumpers make con-

tact. The bumpers (a) protect the first stage isolators from 

damage under 1g and launch loads and, (b) absorb vibrations 

during launch. 

The reaction wheels are oriented in the spacecraft using two 

different types of pedestal: a “short/low” and a “tall/high” 

configuration. The combination of short and tall pedestals 

comprises a six-reaction wheel cluster mounted on one of the 

spacecraft panels as shown in Figure 1. To maintain the wheel 

and isolator in a horizonal orientation during testing, different 

angled adapter brackets were used to mount the pedestal to 

the dynamometer table. 

Thermal Straps 

Thermal straps are essential for dissipating heat generated 

from the RWs during on-orbit operations while meeting strin-

gent thermal requirements. Each thermal strap consists of 150 

thin layers of pyrolytic graphite as shown in Figure 2. Three 

thermal straps, positioned 120 degrees apart at the edges of 

the isolator, are required for each RWA/RWIS assembly. 

Heat generated by the reaction wheels is conducted through 

the thermal straps, through the RWIS pedestals, and out into 

the spacecraft structure. 
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Figure 2: Baseline thermal strap with 150 layers of pyro-

lytic graphite (shown without mylar cleanliness cover) 

3. TEST SETUP 

A representative test configuration is illustrated in Figure 3. 

The flight hardware under test (RW and RWIS) are assem-

bled in a flight-like configuration and supported by the grav-

ity offload system. The RWIS is mounted on a dynamometer 

table that records the wheel disturbance after being attenuated 

through the RWIS. The entire test apparatus is mounted to an 

optical bench on a Newport pneumatic isolation system to 

minimize environmental disturbances. 

 

Figure 3: Test setup at GSFC, showing the (a) offloader , 

(b) RW mass simulator, (c) RWIS, and (d) dynamometer 

Gravity Offloader 

Because of the RWIS’s high compliance and limited range of 

motion, the weight of the reaction wheel would cause the 

RWIS to bottom out on the isolator’s bumpers during the test 

if not offloaded. The gravity offloader designed for this test 

provides a nearly constant vertical force to support the weight 

of the reaction wheel. Because the RWIS has modes down to 

3 Hz, the offloader is designed to have modes around 0.3 Hz 

to minimize coupling to the RW + RWIS dynamics while 

providing adequate frequency separation. 

Several approaches to gravity offloading were considered. A 

counterweight-based solution would meet the constant-force 

requirement, but it would double the effective inertia of the 

reaction wheel in the vertical direction, affecting the isolation 

mode frequencies. A constant-force spring would have too 

much friction to provide isolation under small displacements. 

A spring-based system can have low added inertia and low to 

no friction. The length of spring required depends only on the 

desired frequency of the offloader primary. For an undamped 

spring-mass system with mass 𝑚  and modal frequency 𝑓,  

the required spring stiffness 𝑘 is: 

𝑘 = 𝑚(2𝜋𝑓)2 (1) 

Then the required spring extension to support the mass under 

gravity is calculated as:  

Δ𝑥 =
𝐹

𝑘
=

𝑚𝑔

𝑚(2𝜋𝑓)2
=

𝑔

(2𝜋𝑓)2
(2) 

For a frequency of 0.3 Hz the required extension is 2.8 m, 

which was impractical to implement. A lever system was 

added to the design to reduce the required spring travel. The 

lever also multiplies the offloading force at the spring, so the 

required spring stiffness is multiplied by the lever ratio 

squared, and the effective inertia of the spring as seen by the 

wheel is divided by the ratio squared. The final offloader de-

sign parameters are summarized in Table 2. 

Table 2: Offloader design parameters 

Parameter Value 

Offload force: 185 N 

Lever ratio: 5:1 

Spring stiffness: 1900 N/m 

Spring extension: 0.49 m 

Spring force: 940 N 

Spring mass: 7.6 kg 

Mode frequency (measured): 0.5 Hz 

Added inertia (estimated): 0.2 kg 

 

The offloading force is transmitted to the reaction wheel 

through a support cable. A load cell in line with the cable al-

lows the offloading force to be monitored during testing. 

Three turnbuckles connect the cable to an aluminum support 

ring bolted to the reaction wheel. The turnbuckles allow the 

wheel to be leveled and aligned with the RWIS. 
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The length of the cable sets the frequency of the offloader’s 

pendulum mode. The cable is approximately 1 meter long, 

which gives a pendulum mode frequency of 0.5 Hz. The exact 

length of the cable is changed depending on whether the high 

or low pedestal configuration is installed, since their support 

brackets have different heights. 

The support cable is attached to the long end of the lever, 

which rotates on a flex pivot to eliminate friction. The stiff-

ness of the flexure increases the effective stiffness of the of-

floader, which raises the mode frequency slightly. The short 

end of the lever is attached to the upper end of the spring. The 

spring is tensioned by a winch on its lower end, which allows 

the offloading force to be adjusted. 

Mass Simulator 

A reaction wheel mass simulator was used to characterize the 

offloader’s performance before integrating flight hardware to 

the system. The mass simulator was designed to have similar 

center of mass and moment of inertia to the reaction wheel, 

and the total mass was matched to the flight reaction wheel 

by addition of a trim mass, shown in in Figure 4. 

 

Figure 4: Mass simulator, with trim mass in purple  

Dynamometer (Kistler Table) 

The jitter disturbance transmitted to the base of the RWIS 

was measured by a Kistler Type 9236A2 micro-vibration 

force plate. This piezoelectric dynamometer measures forces 

and moments with respect to table’s three orthogonal direc-

tions with high dynamic range. 

A Kistler 5080A Charge Amplifier and m+p VibRunner data 

acquisition system (DAQ) were used to record force and mo-

ment readings from the dynamometer. 

Accelerometers 

12 PCB Piezotronics 356M98 accelerometers were used to 

record vibration responses at various points on the RW, 

RWIS, and offloader for characterization testing. These ac-

celerometers were recorded using the same DAQ as the dy-

namometer. 

4. TEST SEQUENCE 

Offloader Characterization 

An initial check was performed to verify the axial bounce 

mode frequency of the offloader system. The wheel mass 

simulator was attached to the offloader in the absence of the 

RWIS as depicted in Figure 5. The offloader spring was ten-

sioned such that the mass simulator is fully supported by the 

offloader (free hanging). The mass simulator was perturbed 

vertically, and the period of oscillation was measured. The 

anticipated mode frequency was approximately 0.3 Hz, and 

the test verified that it was close to 0.5 Hz. 

 

Figure 5: Tap test accelerometer locations A1–A8 and tap 

locations T1–T4 (optical bench model not shown) 

The offloader’s dynamics were further characterized through 

a series of tap tests at various locations as shown in Figure 5.  

The lever, tower, and wheel mass simulator were instru-

mented to obtain Frequency Response Functions (FRFs) to 

assist correlation of the ground support equipment (GSE) 

model. Figure 6 depicts measured FRF of the tower’s dynam-

ics (blue) and predicted response from the correlated model 

at tap-accelerometer location T3y-A5y. The predicted FRF 

overlays well with the test data. Similar effort was performed 

for tuning the offloader’s lever and RW mass simulator. 
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Figure 6: Offloader GSE model correlation based on tap 

test FRFs T3y - A5y 

Harness and Thermal Strap Transmissibility 

The goal of this test was to understand the influence of para-

sitic stiffness imparted from electrical harnesses and thermal 

straps on the isolator’s performance and RW+RWIS’s system 

transmissibility. The harnesses were tested with the wheel 

mass simulator suspended via the offloader, in conjunction 

with the following different hardware arrangements: 

1. With harnesses attached to the short pedestal 

bracket in the absence of the RWIS (Figure 7a) 

2. With both short and tall RWIS/pedestal bracket but 

without harnesses installed 

3. With both short and tall RWIS/pedestal bracket and 

harnesses installed (Figure 7b) 

The harnesses from the RW to pedestal adapter bracket with-

out intermediate tie-downs are designed and routed to pro-

vide the maximum possible compliance across the wheel iso-

lators’ interfaces while yielding acceptable deflection during 

launch. Harnesses were installed in flight-like configuration 

from the wheel mass simulator to pedestal bracket during 

testing. The engineering development unit (EDU) RWIS was 

used for this test. 

An inertial shaker was used to excite the wheel mass simula-

tor at frequencies of 0–400 Hz and structural responses were 

recorded at the dynamometer and accelerometers, in addition 

to tap tests. Shaker locations are shown in Figure 7. 

 

Figure 7: Configuration for harness characterization 

with shaker, tap, and accelerometer locations 

Since thermal straps bridge the isolated and non-isolated side 

of the RWIS as depicted in Figure 8, considerable effort was 

invested in lowering the straps’ parasitic stiffness to reduce 

their impact to isolation performance.  

 

Figure 8: Thermal strap install on RWIS (modified ther-

mal strap shown) 

Exported Disturbance Testing 

The exported disturbance tests measured the RW+RWIS ex-

ported vibration at a range of wheel speeds. The flight RW 

was offloaded and mounted to the flight RWIS. The test was 

repeated for three different configurations: 

1. Wheel mounted to tall pedestal, and electrical har-

ness tied down in a flight-like manner. 

2. Wheel mounted to short pedestal, and electrical 

harness tied down in a flight-like manner. 

3. Wheel mounted to short pedestal, and electrical 

harness tied down to the optical table. 

For each configuration, two types of tests were performed: 

1. Dwell tests, where the wheel speed was increased in 

one direction from 30 to 2600 RPM (0.5 to 43.3 Hz) 

in steps of 30 RPM (0.5 Hz) (87 steps total). At each 

(a) (b) 
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step, at least 30 seconds of dynamometer data was 

recorded. 

2. Constant-torque tests, where the wheel speed was 

increased in one direction from 0 to 2600 RPM (0 to 

43.3 Hz) at a steady rate of 60 RPM/minute. Dyna-

mometer data was continuously recorded. 

 

5. RESULTS 

Harness Design and Routing 

The RWA power/communication harnesses that bridge the 

wheel isolators can potentially degrade RWIS performance 

with undesirable parasitic stiffness and dynamics. Harness 

compliance is increased by utilizing a soft expandable inner 

sleeve and outer braided shielding that allow slippage of in-

dividual wires inside the sleeve, in place of the standard Tef-

lon tape and aluminum foil wrap construction. 

It was noted when reviewing FRFs from tap testing that the 

baseline flight harness design had caused a slight increase in 

transmissibility. A design exercise was conducted with har-

ness engineers where the length of the harness, the harness 

cladding, separation of bundles, tiedown points, and routing 

were revisited and subsequently modified within acceptable 

design rules.  Various harness designs were run with FEMs 

and an optimal design was chosen, which was then built by 

the GSFC harness shop. These harnesses were installed on 

the hardware and tap testing was repeated. The modified har-

ness design was shown by test as well as analysis to have 

lower transmissibility, especially in the 5–80 Hz range from 

the FRF data. 

Effect of Thermal Straps on Transmissibility 

The initial tap testing results showed that the baseline thermal 

strap design increased transmissibility significantly, to the 

point where jitter requirements were exceeded at the system 

level.  Trade studies and experiments were conducted, includ-

ing complete removal of one or two of the three thermal 

straps, where some reduction in transmissibility was ob-

served. However, the structural asymmetry caused by such 

modifications was not optimal. 

To reduce transmissibility without creating imbalance, mod-

ification of the thermal straps by removing layers was inves-

tigated. The thermal analysis group subsequently performed 

a sensitivity analysis to determine the number of pyrolytic 

graphite layers that could be removed within each thermal 

strap while still meeting the thermal requirements with mar-

gin. The results of their analysis showed that 30% of the lay-

ers could be removed to meet thermal requirements while 

maintaining structural symmetry. 

Tap testing was repeated with spare thermal straps modified 

to remove 45 of the 150 layers. The improvement in the sys-

tem’s isolation performance is illustrated in Figure 9. Even 

though the improved system’s transmissibility is still consid-

erably higher than the system without thermal straps, it 

outperforms the system with the baseline thermal strap design 

and observatory jitter would benefit from such improvement. 

Based on these results the decision was made to implement 

this modification on the flight thermal straps. 

 

Figure 9: Tap test FRFs showing improvements in FRFs 

with modified thermal straps 

Wheel Exported Vibration Measurements 

Similar system isolation improvement in wheel exported vi-

bration level with the modified thermal straps is also ob-

served. Figure 10 demonstrates that the amplitudes of ex-

ported force from the wheel are reduced considerably. Simi-

lar improvement is also reflected in the moment transmissi-

bility. 

 

Figure 10: Exported wheel vibration measurements 

showing the effect of baseline (blue), modified (red), and 

no thermal straps (gray) 

Model Correlation Efforts 

Model correlation efforts focused on tuning properties of (a) 

the thermal straps and harnesses, and (b) test fixture GSE 

compliance at their mating interfaces to best capture the 
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system’s dynamic behavior. The RW and RWIS finite ele-

ment models were already test-correlated by Honeywell and 

Moog CSA Engineering, respectively, and therefore no addi-

tional tuning was performed to those models. 

The thermal straps and harnesses have considerable influence 

on system transmissibility at lower frequency range, whereas 

the modes of the GSE impact system responses more at 

higher frequencies. Figure 11 shows the transmissibility com-

parison of measured vs. predicted lateral force, Fx, at the dy-

namometer from correlated RW/RWIS/Thermal strap/har-

ness + GSE model. The predicted transmissibility correlates 

well with data at lower frequency to 43 Hz which corresponds 

to the wheel’s max spin rate of 2600 rpm. Since the complex-

ity of the GSE modes—such as spring surge modes—and 

how they interact with the test hardware at higher frequencies 

were not fully understood and not easily captured by the 

model, force transmissibility is under-predicted at higher fre-

quencies as evident from transmissibility curves’ overlay. 

The adjusted properties in the correlated test configuration 

FEM were subsequently incorporated into the observatory 

FEM to evaluate optical performance and assess performance 

of the harnesses and thermal straps at the system level. 

 

Figure 11: Exported wheel vibration test data (green) vs. 

model prediction (blue) for lateral force Fx 

Observatory Level Jitter Evaluation 

Figure 12 depicts the Observatory’s WFE performance with-

out the presence of thermal straps. This assessment was done 

earlier in the program with the assumption that the thermal 

straps could be designed to minimize degradation in wheel 

isolator’s performance. Observatory WFE meets system level 

jitter requirement across the wheel speed range. Observatory 

LOS also meets requirements with even greater margin and 

thus is not shown here. 

 

Figure 12: Observatory jitter performance with no ther-

mal straps 

Figure 13 shows Observatory WFE assessment with baseline 

thermal straps. Multiple exceedances in various wheel speed 

ranges were observed due to unfavorable parasitic stiffness 

imparted by the thermal straps which caused considerable 

degradation in RWIS performance. WFE requirements were 

not met with baseline thermal strap design.  

 

Figure 13: Observatory jitter performance with baseline 

thermal straps 

Figure 14 illustrates the Observatory’s WFE assessment with 

modified thermal straps.  The WFE saw much improvement 

as the Observatory benefited from an improved 

RWIS/thermal strap/harness isolation system through more 

compliant thermal straps. Although system-level jitter 

slightly exceeds requirements at a few wheel speeds, these 

exceedances can be accommodated within the system-level 

error budget. Through design iteration and optimization, the 
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system now meets all jitter requirements.

 

Figure 14: Observatory jitter performance with modi-

fied thermal straps 

6. CONCLUSIONS 

Through a carefully designed experiment which enabled (a) 

running gravity-offloaded flight reaction wheels and isola-

tors, (b) testing/correlating the offloader system, and (c) re-

covering forces and moments with a precision dynamometer, 

the effects of parasitic loads (thermal straps and harnesses) 

which acted to partially ground out the isolator were observed 

and quantified.  Correlated system-level models that captured 

such unfavorable effects demonstrated that these parasitic 

loads were causing the system to exceed its jitter require-

ments. 

The understanding and knowledge gained from the experi-

ment was used to sharpen the design of the parasitic loads to 

reduce their impact through optimizing (a) the number of 

conductors in the thermal straps and (b) harness routing, 

tiedown points, and cladding stiffness. After completing the 

optimization process, system-level jitter requirements are 

once again met even with a conservative MUF. 
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