
Learning from the Past, Looking to the Future

Neil Dennehy
NASA Technical Fellow for Guidance Navigation & Control

cornelius.j.dennehy@nasa.gov

STS/ISS On-Orbit Flight Control: 
A Historical Perspective

Presented by: Robert A. Hall
Mclaurin Aerospace

Welcome…



STS/ISS On-Orbit Flight Control: 
A Historical Perspective,    or

Some Funny Things Happened While 
Assembling the Space Station

Robert A. Hall
McLaurin Aerospace

robert.a.hall@nasa.gov



Alternate Title Shamelessly taken from:
Some Funny Things Happened on the Way to the Moon 

by Richard H. Battin

2/26/2020 3Reference [1]

Stealing title justified because:



Alternate Title Shamelessly taken from:
Some Funny Things Happened on the Way to the Moon 

by Richard H. Battin

2/26/2020

1. The work in this presentation 
was also performed by the 
Draper Laboratory.

Stealing title justified because:

4Reference [1]



Alternate Title Shamelessly taken from:
Some Funny Things Happened on the Way to the Moon 

by Richard H. Battin

2/26/2020

1. The work in this presentation 
was also performed by the 
Draper Laboratory.

2. This presentation also includes a 
picture of our flight control team 
celebrating.

Stealing title justified because:

5Reference [1]



The Media was kind to Space Station Assembly

2/26/2020

- Engineer’s Journal, C. Madden, 23 January 2018 - CNN Travel, T.Hinson, December 2013

- 10 Most Today, January 19, 2015 

“It’s one of the greatest engineering achievements in the history of 
the world. It ranks with the pyramids.”

- Howard McCurdy, American University, author
of “The Space Station Decision” as quoted by 
the Washington Post.
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Space Station Assembly

2/26/2020

1A/R, ~44,000 lbs 2A, ~68,000 lbs 3A, ~155,000 lbs 4A, ~200,000 lbs

13A, ~558,000 lbs Assembly Complete ~920,000 lbs

Fast
Forward…

(including loss 
of Columbia)

Fast
Forward…

Reference [2]
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Space Station Assembly:  The Space Shuttle Control Rooms

Mission Control actually consists of multiple control rooms.  Two keys rooms at 
Johnson Space Center are:

2/26/2020

STS-104, ISS 7A,  July 12, 2001 (NASA) Reference [3]

Mission Control Center (MCC), Operations Mission Evaluation Room (MER), Engineering
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Orbiter Reaction Control System (RCS) and Orbital Maneuvering System (OMS)

2/26/2020

Vernier Thrusters:  24 lbf
Primary thrusters:  870 lbf
OMS Engines:       6000 lbf

Reference [4]

Image Source:  Bruce’s Scale Model Domain:  http://scalemodelingdomain.blogspot.com/2015/02/part-3-orbiters-aft-main-enginesomsrcs.html
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Orbiter RCS Phase Plane and State Estimator (Luenberger Observer)
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RCS Phase Plane

Phase Plane 
Flex-Induced
Instability

State Estimator

Thruster acceleration “feed-forward” in State Estimator 
is a great way to minimize sensitivity to latency, but 
“feed-forward error” was a consideration.

Estimated
State

State
Transition

Thruster
Feed

Forward

Error between measured 
attitude and attitude 

estimate 
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Orbiter Control System Upgrades for Space Station Assembly
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Stability:  Notch Filters

Loads:  Alt PRCS
ALT = Alternate
Failed on RCS?

Control:  Min Angle Jet Select
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Firings of 870 lbf thruster
timed to avoid 
resonating structure

Reference [8]Control:  Reboost

11



Precursor to 
Space Station:  
Docking with the 
Russian MIR

We shared information:  

The Russians had to 
understand the Shuttle 
flight control system, and 
the Americans had to 
understand the MIR flight 
control system, to enable 
docking and control of the 
mated stack.

2/26/2020

Source:  NASA

Source:  NASA
12



Two Key 
Components of 
MIR Attitude 
Control system

Pulse Width Modulation in 
Phase Plane

“Torque Free” Maneuvers

Source:  NASA

Source:  NASA, Hughes [5] 13



U.S./Russian After Hour Coordination (1994)

2/26/2020

Left to Right:  Bob Friend (RI/Boeing), Nancy Smith (NASA), Yuri Kasnecheev (Energia), 
Doug Zimpfer (Draper), Translator, Russian Engineer, Rob Hall (Draper), Vicki Hall

14



STS-71 (June 1995)

The Orbiter and MIR took 
turns controlling the 
mated stack, 
demonstrating the 
capability.

2/26/2020 NASA SENSITIVE BUT UNCLASSIFIED (SBU)  / EXPORT CONTROLLED 
INFORMATION (ITAR)

Source:  NASA
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Shuttle RCS Self-
impingent on Shuttle 
Elevons increased 
propellant usage by 
~70%.

• Feed-forward in Orbiter 
state estimator was 
incorrect due to self-
impingement.

2/26/2020

Source:  NASA, Mathworks, and Reference [7]STS-71 (June 1995)

Estimated
State

State
Transition

Thruster
Feed

Forward

Error between measured 
attitude and attitude 

estimate 
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STS-88:  First Assembly Flight, December 1998

2/26/2020

1. Russians Launch Zarya
20 November 1998

2. Zarya on-orbit, 
starts spin

3.       Shuttle Launches
16 December 1998

3. Shuttle attaches node
With arm

4.  Shuttle rendezvous with
Node sticking out cargo bay

5. Shuttle grabs Zarya and 
‘berths’ it with arm

6. Shuttle reboosts new 
“Space  Station”

Source:  NASA
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Rendezvous to Zarya with Node Extended From Cargo Bay
• Analysis quickly indicated we couldn’t 

gimbal (trim) through mass center.
• Shuttle software gimbal limits too small
• Solution:  Single engine burn and use 

roll gimbal allocation for pitch/yaw 
control.

• Given uncertainties, it was not clear if 
OMS system even had adequate 
hardware gimbal capability
• Meant the design/loads had to be good 

for PRCS (870 lbf) thruster pitch/yaw 
“wrap around” control.

2/26/2020

Reference [6]
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Orbiter Control with the Heaviest Payload Ever on the 
Shuttle Arm (42,000+ lbs)

Due to loads and stability concerns, two critical control 
decisions were made, both firsts:

1) Utilize the 870 lbf thrusters instead of the 24 lbf thrusters.

2) Notch out low frequency arm dynamics.

2/26/2020
Source:  NASA
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“Looks like the boys from Draper gave us a good DAP.” 
- Laura Cavanaugh, MCC GNC

2/26/2020 20
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5.54 sec

Firings of 870 lbf thruster
timed to avoid 
resonating arm

Notches placed at very low frequency (~0.03 Hz), 
Showing more concern for stability than 
Performance.

True
Rate

Estimated 
Rate

This is actually not the notch set we 
intended to fly!

VRCS:  Phase stable, but Flex 
dynamics swamped 
out rigid body motion!

Reference [6]

Intrusive notches caused huge lag 
in measurements/control.

Later flights, with so many structural frequencies,
“variable” delays were used to over excitation over
a frequency band.



Problem Hard Mating Zarya to Node
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Zayra (FGB) Install Video, STS-88, Chris Hadfield, CapCom, 
Nancy Currie, RMS Operator

Mission Control animation 
was not prepared for 

having to release the arm.
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The First 
“International 
Space Station” 
(ISS)

“The Space Station is 
ready to deploy the 
Orbiter.”

-Anonymous ISS

flight controller.

2/26/2020 22Source:  NASA
Source:  NASA



The First 
“International 
Space Station” 
(ISS)

The Russians 
recommended the Likins-
Pringle Equilibrium for 
predictable tri-inertial 
motion, ensuring ISS met 
power and thermal 
requirements with 
minimal propellant usage.

This was necessary 
because the next Shuttle 
flight was months away.

NASA called this spin the 
“X-Nadir Spin”.

2/26/2020
Source:  NASA, Hughes [5]
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STS-106 (2A.2b):  
Running low on 
propellant
RCS propellant in the 
forward tanks was 
generally a concern for 
early assembly missions.

No way to replenish on-
orbit

This mission, in particular, 
was running red in forward 
prop usage.

Mated vehicle control was 
essentially lost with no 
forward RCS propellant.

Flight control scrambled to 
redesign the control 
parameters real time to 
save propellant.

Successfully undocked 
over last Russian 
communication opportunity.

2/26/2020 Source:  NASA

Prop usage Table Provided to Flight Ops for Timeline 
Design
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Reboosting the 
ISS…

Using Russian propellant to 
reboost the ISS was 
extremely expensive, so 
the Shuttle developed the 
capability. 

Initial reboost capability 
was a blend of manual and 
feedback control, but later 
became fully automatic 
with the VRCS thrusters 
firing for ~ hour duration.  

Structural loading was a 
key consideration.

Stability:  Fundamental flex 
mode transitioned between 
linear and nonlinear 
dynamics.

2/26/2020
Fundamental Bending Mode nonlinear 
Relationship With Vehicle Angular Rate

The Orbiter Docking System had freeplay at the trunnions, 
and the flex dynamics were either linear or nonlinear depending

on the pressure differential.

Source:  NASA and Ref [12] 25
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Fundamental Bending Mode nonlinear 
Relationship With Vehicle Angular Rate

STS-92 (3A):  Orbiter Pitch Rate (deg/sec) During Reboost

Manual
PRCS Firing

Feedback
VRCS

Control

26

Nonlinear Flex
Dynamics

Linear Flex
Dynamics



2/26/2020

STS-92 (3A):  Orbiter Pitch Rate (deg/sec) During Reboost

Fundamental Bending Mode nonlinear 
Relationship With Vehicle Angular Rate
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In the MER, skittles were laid out for 
the appropriate number of reboost firings



Critical Items at the MER GNC Console Position (STS-96, May1999)

2/26/2020

Rob Hall and Mike Martin, Draper Laboratory
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Critical Items at the MER GNC Console Position (STS-96, May1999)
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Rob Hall and Mike Martin, Draper Laboratory

Skittles for reboost

Mercury thermos 
for luck

Orbiter origami 
for luck

Coffee Cup
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STS-97 (4A):  Solar Array Fails To Fully Deploy
STS-97 as the first mission to deploy the solar arrays, each ~115 feet in length.

Mass Center was shifted over the Shuttle nose, rendering all forward thrusters unavailable.

Solar array failure-to-deploy was not considered in preflight planning.
◦ Structural dynamics for a partially-deployed array were completely unknown.
◦ First array failed to fully deploy.
◦ Crew performing EVAs for deployment.

Control was regained by using a robust (but very poor performing) control design
◦ We had already developed this design, “just in case”.
◦ Had to verbally call-up the redesign, and crew manually typed in control parameters.

2/26/2020

Solar array dynamics 
were at ~0.07 Hz!
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STS-97 (4A):  Trying to avoid thermal Keep Out Zones with 
limited control

After the crew typed in the new control parameters, control was reactived.

Control was allowed only with the arrays tensioned and not deploying.
◦ Most of the time control was turned off (“free drift”) while the crew (via EVA) 

worked on the arrays.
◦ With no control, thermal and power Keep Out Zones (KOZs) were being violated.

2/26/2020

KOZ

KOZ

KOZ

KOZ

KOZ violation:
Control must be 
Reactivated.

“Robust-but-very-sloppy” back-up control design led
to very high rates in KOZ.

OK OK
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STS-97 (4A):  Original Orbiter Jet Select Algorithm Would 
have Likely Lost Control

To increase controllability for docked operations, decision made early to 
redesign orbiter jet selection algorithm.
◦ New design minimized jet cross coupling, at the expense of control acceleration.

2/26/2020

Control Lost

Original Jet Select:  Dot Product Updated Jet Select:  Minimum Angle

Good Control

Selects jets 1 and 4, 
Minimizing angle 
Between CMD and 
resulting acceleration, 
i.e. minimize cross coupling

Selects jets 1,2, and 3, 
Maximizing acceleration
Projected on CMD

32



Coffee Cup

Russian Computers crash on STS-117 (13A), June 2007

Installing 2nd Set of Solar Arrays 
Crashed the Russian Computers

Russian computers were critical to controlling the Space Station after Orbiter left.
• All ISS Reaction Control Thrusters are on Russian Segment.

33



Russian Computers crash on STS-117 (13A), June 2007

https://www.nature.com/news/2007/070619/full/news070618-4.html
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Russian Computers crash on STS-117 (13A), June 2007

https://www.nature.com/news/2007/070619/full/news070618-4.html

Mystery?
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Thanks!

2/26/2020 Source:  NASA 36
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