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ABSTRACT 

During ground testing the Deployment Tower Assembly 
(DTA) on the James Webb Space Telescope 
occasionally failed to maintain the specified preload at 
the end of either stowed or deployed positions after the 
motor current was turned off.  The design of this 
preload device relies on a magnetic detent brake 
attached to the motor rotor of a planetary gear motor. To 
study this characteristic a stepper motor model with 
dynamic loading conditions is developed using VISSIM 
program and the key parameters (i.e., Coulomb torque, 
magnetic detent torque, viscous torque, etc.) are derived 
by comparing the measured and the simulated data. The 
analytical tool illustrates that rotor backspin is caused 
by normal stepper motor response to an instantaneous 
transition from an energized holding state to a magnetic 
detent. Irregularities in both the magnetic detents and 
the various frictional elements within the system will 
cause variable holding capabilities that explain why 
backspin does not always occur.  The key lesson learned 
is that magnetic detent holding capability is very 
sensitive to rotor dynamics and should not be based on 
torque capability from a test where loading is applied 
slowly (quasi-static torque).  
 
 
DTA GENERAL DESCRIPTION 

The James Webb Space Telescope Deployment 
Tower Assembly is deployed to separate the 
telescope and the platform so five sunshield layers 
can be deployed to reduce the solar energy radiating 
into the telescope. The need to thermally isolate the 
optical telescope and integrated science instrument 
elements from the spacecraft during operation is critical 
to the mission.  It is the function of the Deployable 
Tower Assembly to produce that separation as well as to 
act as the permanent structural and utilities connection 
between the displaced elements. The overview of the 
Telescope and the DTA mechanism are shown in 
Figures 1 and 2. The detailed DTA drive is shown in 
Figure 3.  
 
 

 
 

 
Figure 1. James Webb Space Telescope Overview 
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Figure 2. DTA Overview 

 
The DTA consists of inner and outer tubes that translate 
relative to each other on rollers. The tubes are driven 
with a 6 ft ball screw that is mounted into a flexure at 
one end.  The ball screw nut is coupled to a gear motor 
via a 1:1 spur gear.  The gear motor consists of a 3-
phase, 4-pole, permanent-magnet stepper motor with an 
add-on magnetic detent brake, a resolver for position, 
and a 576:1 planetary gearbox (4-stage). The motor 
drives the ball screw nut which translates along the ball 
screw to pull the flexure to achieve stowed preload and 
to push it to achieve deployed preload as shown Figure 
4.   
 
DTA DRIVE ACTUATION 
 
The stepper motor and the ball screw characteristics 
are summarized in Figure 5. The actuation sequence 
includes four steps as follows:  
 

1. Power the stepper motor clockwise to achieve 
preload in stow position, reaching a flexure 
load of ~ 1750 lbs minimum. 

2. Turn off the motor power, triggered by flexure 
strain limit in stow preload. 

3. Power the stepper motor counter-clockwise to 
unload the flexure and deploy the ball screw. 
Continue to advance the ball screw past the 
end-of-travel stop to preload the flexure to a 
minimum of 1350 lbs. 

4. Turn off the motor power, as triggered by 
flexure strain limit in the deployed, preload 
state. 

 

 
 

Figure 3. JWST DTA Drive Mechanisms 
 

 
Figure 4. DTA Stowed and Deployed Preload 

Configuration 
 

 
Figure 5. DTA Stepper Motor and Load Characteristics 

 
FIRST DTA BACKSPIN ANOMALY OVERVIEW 

On 5/12/2014, the test article is driven to the stowed 
preload of 1800 lbs. The motor power is immediately 
turned off when the flexure strain reaches 808 µe. The 
motor starts back spinning with 1st and 2nd attempts but 
holds successfully when stopping at the lower limit of 
the preload (~1750 lbs). By observing the motor rotor 

Pulse	  Per	  Second 100 pps
Ramp	  Time	  To	  Max	  Speed 0.0001 sec
Voltage	  Source 28 V
Winding	  Temperature 21 oC
Gear	  Box	  and	  Bearing	  Temperature 21 oC

Step	  Size 1.50E+01 degrees 1.50E+01 degrees
Motor	  Constant,	  Km 2.03E-‐02 N-‐m/sqrt(W) 2.88E+00 in-‐oz/sqrt(W)
Max	  Detent	  Torque 1.88E-‐02 N-‐m 2.66E+00 in-‐oz
Rotor	  Mass	  Moment	  of	  Inertia 8.25E-‐07 Kg-‐m^2 2.82E-‐03 lb-‐in^2
Phase	  Resistence	  @21oC 2.20E+01 Ohm
Phase	  Inductance 6.50E-‐03 Henrys
Motor	  Rotor	  Viscous	  Damping	  Rate n/a N-‐m/(rad/sec) Using	  Palmgren's	  Viscous	  Model
Poles	  Pairs 4.00E+00 4.00E+00
Motor	  Coulomb	  Torque 1.70E-‐03 N-‐m 2.40E-‐01 in-‐oz

Applied	  Preload 8.01E+03 N 1.80E+03 lbs
Ball	  Screw	  Forward	  Drive	  Friction	  Coefficient 1.20E-‐02 1.20E-‐02 Measured	  Data
Ball	  Screw	  Backward	  Drive	  Friction	  Coefficient9.20E-‐03 9.20E-‐03 Measured	  Data
Ball	  Screw	  Lead 5.08E-‐03 m 2.00E-‐01 in
Ball	  Screw	  Pitch	  Diameter 3.26E-‐02 m 1.28E+00 in
Ball	  Screw	  Force	  To	  Torque	  Factor 6.58E-‐04 2.59E-‐02
Applied	  Torque	  @	  Gear	  Output 5.27E+00 N-‐m 4.67E+01 in-‐lb
Applied	  Torque	  @	  Motor	  Rotor	  Shaft 8.24E-‐03 N-‐m 1.17E+00 in-‐oz
Gear	  Ratio 5.76E+02 5.76E+02
Gear	  Box	  Torque	  Efficiency	  Factor 9.00E-‐01 9.00E-‐01

Motor	  Characteristics

Applied	  Load	  Characteristics



 

motion profile, it is concluded that by stopping the 
motor power and removing the motor drive current 
immediately after reaching the limit strain, the motor 
detent torque, which is a sinusoidal function of motor 
rotor angular position, may not be at the optimal value 
(i.e., near the aligned position between the rotor and the 
stator teeth). This non-optimal position of the detent 
torque will cause a significant reduction in the motor 
holding ability and results in motor backspin. 

To eliminate this uncertainty, the motor is turned off 
after a set number of steps is reached and the motor 
holding current is maintained for a minimum 100 
milliseconds after the final step. From our observation, 
at 100 pulses per second (pps) step rate, the 100 
milliseconds holding provides adequate time for the 
stepping ringing effects to settle as shown in Figure 6. 
 

 
Figure 6. Eliminating the Ringing Effect By Holding for 
100 msec After the Final Step 

The new preload scheme seems to successfully 
eliminate the motor back spinning anomaly. 

SECOND DTA BACKSPIN ANOMALY 
OVERVIEW 

After the vibration acceptance testing and the thermal 
vacuum deployment testing, the DTA is warmed up to 
300oK and subjected to post-vibe functional testing at 
the thermal vacuum and the ambient conditions. The 
thermal vacuum functional testing is successful. The 
two ambient stowed preload functional tests show motor 
backspin after reaching 1752 and 1710 lbs respectively 
as shown in Figures 7 and 8.  Later, the 1st deployed 
preload function test experiences backspin at 1033 lbs 
as shown in Figure 9, which is lower than the stowed 
preload.  

Many subsequent attempts to duplicate the anomalies 
have been unsuccessful.  

 
Figure 7. Post TVAC Stowed Preload 1st Backspin 

Event 

 

 
Figure 8. Post TVAC Stowed Preload 2nd Backspin 
Event 
 

 
Figure 9. Post TVAC Deployed Preload 1st Backspin 
Event 
 
Due to the importance of this mechanism to mission 
success, an effort to better understand the anomaly is 
conducted. The effort includes: 
 

1. Create the dynamic models of the stepper 
motor, gear-drive and balls screws using the 
VISSIM graphical simulation language [1] 

2. Match the models with the test data to predict 
the motor critical parameters such as Coulomb 
torque, viscous torque, detent, etc. 

3. Simulate the motor backspin events to 
determine the cause(s) 

4. Propose recommendations.    
 
VISSIM STEPPER MOTOR DYNAMIC MODEL 

The DTA Stepper motor models are developed using 
Vissim graphical simulation language [1]. The DTA 
deployment model contains three main modules: a 
stepper motor, a ball screw, and a 
viscous/Coulomb/detent friction.  
 
The stepper motor detent torque is modelled using the 
test data and is shown in Figure 10 and described as 
follows: 
 
 
 



 

𝑇𝑑𝑒𝑡𝑒𝑛𝑡 =   𝑇𝑑𝑚𝑖𝑛 ∗ 𝑠𝑖𝑛 𝑁𝑝 ∗ 6 ∗ 𝜃!"# − !

!
∗ sin !

!
∗ 𝑁𝑝 ∗ 6 ∗ 𝜃!"#                  [1] 

 

 
Figure 10. Stepper Motor Detent Torque versus Rotor 

Angular Position 
 
The stepper motor viscous torque components include 
the motor bearing viscous torque and the gearbox 
viscous torque. To simplify the motor viscous torque 
modelling, the motor viscous torque is modelled using 
MPB torque equations [2] described below and plotted 
in Figure 11 for different speed and oil temperature. 
This model presents the Brayco 815Z oil using both 
motor bearings and gearbox components. 
 
𝑇!"#$ = 𝑎 ∗ 2.4 ∗ 10!!𝑅𝑃𝑀!.!"(10!"!.!"#!!.!"#∗!"#!"(!) − 0.6).!"         [2] 
 
Where T is oil temperature in degree Kelvin, RPM is 
rotor speed in rev per minute, and a is a scaling factor to 
match with the measured data.  
 

 
Figure 11. JWST Motor Viscous Torque versus 

Operating Temperature and Rotor Speed 
 
The ball screw is modelled using the KSS formula [3]. 
The relationship between the applied torque and the 
reactive force or vice versa are described as follows: 
 

𝑇!"#$%#& = 𝐹!"#$%#&
𝑙

2𝜋𝜀𝑓
 

 

𝑇!"#$%"&' = 𝐹!"#$%"&'
𝑙 ∗ 𝜀𝑏
2𝜋

 
 
The forward and the backward ball screw efficiencies, εf 
and εb, are calculated as follows: 
 
 
𝜀! =

1 − 𝑡𝑎𝑛𝜌!𝑡𝑎𝑛𝛽

1 +
𝑡𝑎𝑛𝜌!
𝑡𝑎𝑛𝛽

 

𝜀! =
1 − 𝑡𝑎𝑛𝜌!𝑡𝑎𝑛𝛽

1 + 𝑡𝑎𝑛𝜌!𝑡𝑎𝑛𝛽
 

Where 

𝑡𝑎𝑛𝜌! =   
𝜇𝑓

cos  (𝜃) ; 𝑡𝑎𝑛𝜌! =   
𝜇𝑏

cos  (𝜃)   ; tanβ =
𝑙
𝜋𝐷 

 
ρ1: forward friction angle 
ρ2: backward friction angle 
  l : ball screw thread lead = 0.2 inches  
µ1: forward friction coefficient = 0.012 from testing  
µ2: backward friction coefficient = 0.0093 from testing 
 θ:  contact angle of ball screw raceway = 45 degrees 
 β:  lead angle  
D:  ball screw pitch diameter = 1.285 inches 
 
It’s important to note that the motor forward torque, 
Tforward, has to push against the ball screw forward 
friction force in order to produce the preload on the 
flexure. On the other hand, the flexure force has to 
overcome the backward friction force in order to create 
a motor backward torque, Tbackward at the motor.  
 
𝑇!"#$%"&' = 𝑇!"#$%#&  𝜀!   𝜀!  
 
This characteristic of the ball screw causes the applied 
motor torque change in magnitude and direction in 
forward and backward modes after the motor goes from 
the powered to the un-powered states as shown in 
Figure 12. The dynamic effects of this load change is a 
function of ball screw forward and backward friction 
coefficients. Higher friction coefficients cause higher 
dynamic effects and eventually higher chance of motor 
backspin.  
 

 
Figure 12. Motor Torque Reserval and Magnitude 

Change versus Ball Screw Friction Coefficients 
 



 

The VISSIM motor model is shown in Figure 13.  

 
Figure 13. VISSIM DTA Stepper Motor Simulation 

Model 
 
First, the model is simulated to match the characteristic 
of the motor spin-down data. The detent torque is 
selected to be the minimum measured detent torque 
from the motor qualification test. The motor viscous 
component is adjusted to match the spin-down time 
from a specified preload to the stop preload. Then, the 
Coulomb torque is adjusted to match the stop preload. 
Figure 14 shows a very good correlation between the 
test and the simulation result.  
 
  

 
Figure 14. Motor Measured and Simulated Backspin 

Curve Comparison 
 
Second, the motor is simulated to determine the static 
holding force at the flexure and the corresponding 
holding torque at the motor gearbox output shaft. From 

Figure 15, the motor static holding force at the flexure 
including the ball screw backward friction effect is 3200 
lbs. The corresponding holding torque at the motor 
gearbox output shaft is 102.5 in-lbs, which meets the 
motor specified holding torque capability of 96 in-lbs 
minimum 
 

 
Figure 15. DTA Motor Static Holding Torque 

Prediction 
 
Third, the motor model is simulated to illustrate the 
dynamic effects of the loading conditions on the un-
powered holding ability of the motor. In this case, the 
motor forward applied torque is varied from 0 in-lbs to 
75 in-lbs with an incremental step of 25 in-lbs. The 
motor backward applied torque is a constant of -57.77 
in-lb. The motor power is turned off at 0.1 sec. The 
motor rotor response is displayed in Figure 16. It is 
observed that the motor rotor displacement increases as 
the forward applied torque increases until the motor 
starts backspining at the forward torque of 75 in-lbs.  
 

 
Figure 16. DTA Motor Rotor Dynamics Due Loading 

Conditions 
 
To improve the fidelity of the simulated stepper motor 
model, the comparison between the test data and the 
simulated model result is performed. It is important to 
note that the flight DTA motor rotor motion data for the 
backspin case is not available with adequate resolution 
of the rotor position. The later tests which attempted to 



 

recreate the backspin anomaly were unsuccessful so 
they did not provide useful data.  A test to characterize 
the static and the dynamic holding torque of a similar 
space qualified stepper motor (Latch motor), which has 
the same configuration as the DTA stepper motor except 
without a detent brake was devised and conducted as 
follows: 

1) Measure the static holding load capability 
using a torque watch and resolver data  

2) Measure the dynamic holding torque. 
  

Because both motors have the same configuration, it 
was assumed that the motor viscous torque, Coulomb 
torque, and motor rotor inertia are the same. The Latch 
stepper motor measured an unpowered static holding 
torque of 45 in-lb, which is used to derive the motor 
Coulomb torque. In this case, the derived detent torque 
is 1.2 in-oz. The simulated dynamic holding torque is 
predicted to be 33 in-lb, which is reasonably close to the 
measured dynamic holding torque of 29 in-lb. The 
motor rotor motions for the simulated and the tested 
data are remarkably similar as shown in Figures 17 and 
18. The comparison provides a good confidence for the 
analytical model.  
 

 
Figure 17. Latch Motor Rotor Motion Under Holding 

Load 
 

 
Figure 18. Latch Motor Rotor Motion Under Spin-down 

Load 
 
Fourth, each anomalous case is simulated to determine 
the forward friction coefficients on the ball screw, 
which are responsible for the backspin events. These 

simulations are conducted with two cases of the 
backward friction coefficients of 0.0093 and 0.0000, 
which represent the ambient and the worst case space 
conditions respectively.  
 
In the ambient condition, the simulation shows that the 
DTA can hold the flexure preload of 2550 lbs which is 
shown as point C in Figure 19. DFL friction coefficient 
decreases with lower temperature and in vacuum 
conditions. In cold temperature and vacuum conditions, 
Point D in Figure 19 represents the holding force of 
1800 lbs when the ball screw backward friction 
coefficient is zero.  
 
When the motor experiences backspin, the settled 
preload force will be reduced until the rotor is stopped 
by the motor Coulomb torque. Therefore, there is a 
minimum preload holding force of 750 lbs at the 
ambient ball screw backward friction coefficient of 
0.0093 and 550 lbs worst case if the ball screw 
backward friction coefficient is zero. This data is 
represented by point A and B in Figure 19.  
 

 
Figure 19: Motor Simulation Results and Ball Screw 
Friction Test Fixture and Data 
 
From the simulation, it is concluded that the backspin at 
1750 lbs can occur at the ambient condition if the 
forward friction coefficient is about 0.096 (8x the 
ambient, measured friction coefficient of 0.012), shown 
as point E in Figure 19. For the backspin case of 1033 
lbs, the forward friction coefficient has to be as high as 
0.156 (13x the ambient, measured friction coefficient of 
0.012).  
 
One possible conclusion for such a large variation in the 
ball screw coefficient of friction is that the DFL has 
been worn away or damaged. This was ruled out due to 
the fact that repeated tests yielded consistent preloading 
and there was no sign of increased motor current needed 
to drive the stepper motor. Another hypothesis is that 
DFL debris could be accumulating in the ball screw 
return paths.  This theory is plausible since the breaking 
effect it would have on the nut would produce fairly 
high mechanical advantage. Additionally, such build-up 
could be swept away when finally driven through and 



 

would tend to therefore be inconsistent – which proved 
the case when subsequent attempts to recreate backspin 
events failed.  

 

CONCLUSION 

A detailed analytical model of the DTA stepper motor 
was developed to provide valuable insight into the cause 
of the DTA back driving anomalies. In particular, it was 
found that rotor dynamics can reduce the motor holding 
ability significantly. This is primarily caused by the 
change in rotor stiffness at the transition from an 
energized state to the magnetic detent state. The rotor 
position at this state change causes rotor motion as it 
tries to settle into a stable detent position. However, if 
the rotor inertia builds up sufficient momentum it can 
carry through the detent and continue to accelerate into 
a full backspin scenario. 

Additionally, variation in both the magnetic detents and 
the frictional losses of the ball screw are sufficient to 
cause occasional backspin events over a wide range of 
preload values. Friction coefficients of a ball screw with 
DFL are believed to have a very large variance (~10X). 
It is hypothesized that DFL debris build-up in the ball 
circuit return path could produce such large variations. 

By providing prolonged settling time before powering 
off the motor, the dynamic effects of step response can 
be eliminated but rotor dynamics after turn-off in a 
loaded condition will still exist. 

 
LESSONS LEARNED 

There are a number of lessons learned from this 
anomaly investigation, listed as follows: 
 

1. Systems requiring a static preload should strive 
to avoid using unpowered gear motors with 
magnetic detents as the primary means of 
maintaining preload. Other means, such as 
friction brakes or mechanical latches, should be 
strongly considered. 

2. If using stepper motor detent for holding 
torque it is preferred to ramp the current to zero 
when changing from the powered to the 
unpowered state. This will minimize rotor 
accelerations as it settles into a stable detent 
position and help maximize the holding 
capability. If ramping is not available it is 
recommended that a delay time should be 
employed to eliminate the step ringing effect 
on the rotor. 

3. If using the unpowered stepper motor holding 
capability for preload purpose, ensure holding 
torque margins are sufficiently high to account 
for reductions in holding capability due to rotor 
dynamics. It is strongly recommended that a 
dynamic motor model be developed to 
determine these effects.   

4. Friction coefficients for long ball screws vary 
widely, particularly when dry film lubricated. 
The engineer should be very conservative in 
estimating the torque-to-thrust efficiency and 
ensure ample margin on both parameters. 

5. Stepper motor detent torque should be 
measured as a continuous wave form instead of 
discreet angular locations using dead weight.  
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