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Abstract

The National Aeronautics and Space AdministratiofN®ASA) Lunar Reconnaissance Orbiter
(LRO) was launched on June 18, 2009 and is cugrémth 50 km mean altitude polar orbit around
the Moon. LRO was designed and built by the NAS#d@ard Space Flight Center in Greenbelt,
MD. The spacecraft is three-axis stabilized via #ttitude control system (ACS), which is
composed of various control modes using different$ ®f sensors and actuators. In addition to
pointing the spacecraft, the ACS is responsiblepointing LRO’s two appendages, the Solar
Array (SA) and the High Gain Antenna (HGA). Thiady reviews LRO’s HGA control system.
Starting with an overview of the HGA system, th@gadelves into the single input single output
(SISO) linear analysis followed by the controlleesiyn. Based on flight results, an alternate
control scheme is devised to address inherentriesain the flight control system. The modified
control scheme couples the HGA loop with the spade@ointing control loop, and through
analysis is shown to be stable and improve trahgierformance. Although proposed, the LRO
project decided against implementing this modifarat

1. INTRODUCTION

Lunar Reconnaissance Orbiter (LRO), tasked withpivapthe lunar surface, was launched on June 1@ aBoard
an Atlas V launch vehicle from Cape Canaveral, EL LRO was designed and built by the NASA Goddapace
Flight Center in Greenbelt, MD. The spacecrathige-axis stabilized via the attitude control egst{ACS), which
is composed of various control modes using diffessis of sensors and actuators. The ACS is reggerfor
maintaining attitude in all phases of the missistarting with launch vehicle separation throughisguorbit and
mission insertion, commissioning, and nominal naissi LRO is currently in its 50 km mean altituddgroorbit
around the Moon and has been collecting great sei&ith its suite of seven instruments. In additio pointing
the spacecraft properly, the ACS team is respom$dl pointing LRO’s two appendages, the Solar A(®A) and
the High Gain Antenna (HGA).

2. HIGH GAIN ANTENNA SYSTEM

The HGA is a double-gimbaled device extended oe@ayable arm, and has to point at a specifiednEgmund
station to within 1.5 degrees. Figure 1 is a maidz drawing of LRO with the Spacecraft and HG/Aoatinate
systems defined [2]. As can be seen, the HGA dpate system is defined with both gimbals at tHeme
positions (i.e., at 0 angle). The double arrowdseiadicate the positive direction of rotation fbe gimbals. Each
of the two HGA gimbals has a 180 degree range dgfampfrom -90 degrees to 90 degrees.
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Figure 1. LRO Mechanical Drawing with SC and HGA/SA Axes

2.1. REQUIREMENTS

The 1.5 degree pointing requirement must be satisfi the presence of mechanical errors in thetstre, gimbals,
calibration errors, and algorithm accuracy. Algam accuracy is the portion of the error budget Hzes the largest
impact on the HGA control design, and is allocat8darcsec (asec) or 1 motor step per axis rootsprared (RSS)
in steady-state. The primary level 4 (subsysterefjerequirement on the HGA control system is: th6A
controller shall not adversely affect the SC paoigtcontroller. In addition to these requiremeatscontrol systems
shall have a 6dB gain margin and 30 degrees phasgirma NASA Goddard “Gold Rule” [3].

2.2. HARDWARE

LRO’s High Gain Antenna (HGA) system is composeda afiain dish, an outer motor, an inner motor ex@¢dnsh a
deployable arm, and a gimbal control electronicSEEpbox.

2.2.1.STEPPER MOTOR

Starsys developed the stepper motors for LRO. Bathe gimbals is a permanent magnet 3-phase hacndoive
stepper motor. Each motor cardinal step is eqgentato 0.0075 degrees on the output through a 120
reduction ratio. One of the key features of thitan is that it has micro-step capability. Miciteysping enables the
gimbal electronics to electronically control thetoroduring a step, thereby reducing the jitter eausy the motor
moving a cardinal step [4].

Figure 2 shows the rotation convention for the gilepwhich define the double arrows and coordisgttem in
Figure 1.



Counterclockwise (-)
Figure 2. HGA Gimbal with rotation convention

2.2.2.GIMBAL CONTROL ELECTRONICS (GCE)

Broadreach Engineering developed the gimbal corgtettronics (GCE) for LRO. The stepper motors are
mechanical devices, so there needs to be congairehics to interface with the flight softwareheTGCE provides
that interface. LRO’s GCE is considered “smaiijits it offers different methods of controlling thmtors [5].

The GCE offered the following different commands:
* Move: Angle command
» Track: Rate and direction command
* Go: Rate command with pre-defined location
e  Stop: Stop all motion
» Initialize: Find home and reset encoder

Interfacing through this GCE using different commaprovides for different control strategies.
3. FLIGHT HIGH GAIN ANTENNA CONTROL SYSTEM

Flight operations and interactions between the H&W the spacecraft drive the HGA control designuriry
nominal operation, the spacecraft is maintainidgrer nadir attitude in “Observing mode,” the primacience-
collecting attitude control mode. To provide commieation, the HGA must maintain a near-constantth=ar
tracking rate in both gimbals. Due to this constate tracking, the GCE “Track” command is useé ifeedback
control scheme. The Track command shapes the gshydi the problem - with current gimbal angle as th
measurement and desired gimbal rate as the comrdafiding the plant as a single-integrator.

A functional control diagram is shown in Figure Bhe motor angle is fed through negative feedbadetermine a
gimbal angle error. A desired, or target gimbajlaris computed through an inverse kinematics élyorbased
on: spacecraft ephemeris, Earth ephemeris, andsmdtattitude [6]. A target attitude is usedtéasl of the on-
board estimated attitude to decouple the HGA arateqraft control loops. This is done to avoid gogsible
coupling issues as well as to simplify the contidelsign to be a single-input single-output Duringminal

operations, the spacecraft is orbiting at a nomie&icity about the moon (orbit rate). Therefdhgs known rate is
fed forward through the HGA control, allowing thentroller to adjust the gimbal rate about the nahorbit rate.
Since the steady-state pointing requirement ig,tegl®| controller is implemented for each of twve HGA axes.
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Figure 3. HGA Functional Control Diagram

3.1. ANALYSIS

Each gimbal motor is treated as a separate singlg single output (SISO) system, so a classicsigdetechnique
is used to meet the gain and phase margin requitsrig[8].

The plant transfer function (stepper motor) is giby:

1
G, == (1)
S
The PI controller transfer function is given by:
K
Gy =Ky +— )

S
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Figure 4. HGA Open Loop Control Diagram

Based on these two transfer functions and inspectid-igure 4, the open loop transfer functioniiseg by:

Kos+K
GoL =Gy [Gp = % 3
S
The rate feed forward term of Figure 3, is given by
G = Kies (4)

Equations (1) through (4) along with Figure 3 gilre closed loop transfer function:
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From Equation (5), the closed loop poles are cospas:
Ko 1
S:_7Pi—2 KP2_4|:IK| (6)
And the closed loop zeros are computed as:
Z:—l KP + 1 \/KP2_4|:|K|:|: EIKI (7)
2Kee 20K,

For closed loop stability, we need to ensure dikpbave negative real parts [7][8].
3.2. CONTROLLER DESIGN

The HGA controller gains K K, and K, as discussed in Equations (1) through (7) arecssd to meet
performance and stability requirements. The systemodeled in Matlab/Simulink using discrete vens of

Equations (1) through (5). A time delay of one A€&htrol cycle is added to the Simulink model tpresent

processor lag. An iterative design approach (Isleg@ping) is taken utilizing the Bode plot, Nicholsarts, and Step
response as benchmarks of performance, to detethergains.

The flight HGA controller has the following charadstics (refer to Figure 5 and Figure 6 for thedBglot, Nichols
chart and Step response, respectively of the HG#trGbSystem):

Bandwidth: 0.023 Hz
Gain Margin: 32.4 dB
Phase Margin: 78.5 deg
Settling Time: 115 sec

Gain Margin and Phase Margin requirements are lglaaet. The low bandwidth (0.023 Hz) ensures tiwed

controller does not interfere with the spacecrafitmller, which has a bandwidth of 0.1 Hz. Siticere is a feed
forward rate term, the Pl controller does not h@vbave a high bandwidth because it will only berecting small
perturbations about the desired rate.

Bode Diagram Nichols Chart
Gm=32.4dB (at 5.22 rad/zec) , Pm=T758.5 deg (at 0121 radfsec)
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Figure 6. Closed-Loop Step Response of HGA Contr8@ystem

4. FLIGHT PERFORMANCE

Flight results of LRO’s HGA controller show accdpta performance — i.e., communication is maintaiméth

sufficient link margin. However, during large sparft attitude maneuvers (slew), communication #ngs
telemetry are lost. This is a result of the HGAwvng to its target faster than the spacecraft (spadt max slew
rate in Observing mode is 0.1 deg/sec and HGA matx is 0.5 deg/sec). An attitude maneuver is drecuia
command changes to an offset attitude, which cletige target attitude instantaneously, making ffecacraft
slew. Instantaneously changing the target attithdanges the HGA target angles instantaneouslyelis ®ince the
spacecraft and HGA do not have the same maneuter cammunication is lost. This loss of commuriarat
during a large attitude maneuver is a known featdithie control design and is due to the HGA tamgehputation
based on a target attitude, rather than the aestimhated attitude.

Although acceptable, the loss of communicationmua slew, and thus a loss of spacecraft telemistondesirable
and therefore needs to be addressed. The remaihdee paper details an alternate control schdrae geeks to
resolve the inherent design feature of the fligAdcontroller.

5. MODIFIED HIGH GAIN ANTENNA CONTROL SYSTEM

An alternate control scheme that does not requifiglat software patch is desirable. Therefores tmly design
tools available are changes to flight parameteas dine loaded to the spacecraft via tables. Thases include
parameters such as: HGA controller gains, spadecoatroller gains, and spacecraft structural ffiteefficients.

There is also a parameter that allows the HGA odietrto select between using a target spacecttifide or an

estimated spacecraft attitude as a source to theesa kinematics algorithm. By selecting the eated spacecraft
attitude to compute the desired HGA angles, the tdscommunication during large attitude maneuve@verted.

The reason is because the HGA target is computseldban the actual attitude of the spacecraft idstéa target
spacecraft attitude. An undesirable effect is thatHGA and spacecraft control loops become caluple

The following analysis details the modified HGA ¢@h design using the estimated spacecraft attiindeead of
the target spacecraft attitude. Since this coufiiesspacecraft controller and the HGA controlteere may be
some spacecraft stability issues. If coupling tlve control loops causes issues, then the HGA obeitr the
spacecraft Observing mode controller, the spadestafctural filter, or a combination of all threeill have to be
re-designed.



5.1. SPACECRAFT — HIGH GAIN ANTENNA COUPLED MODEL

A SISO model is developed coupling the spacecraftldGA control loops, refer to Figuref@r a control diagram
of the coupled control system. The spacecrafttheee rotational degrees of freedom, and the HGAthe. If
motion is considered in one axis of the spacecthéin the HGA will move an equal distance in theagite
direction to maintain pointing. If the spacecraftates in two axes, then that rotation would tstritiuted between
the two HGA degrees of freedom. Therefore, a weaise value for the “targeting” block that couples spacecraft
attitude to the HGA desired angle is -1.
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Figure 7. Coupled Spacecraft and High Gain Antenn&ontrol Functional Diagram

As the HGA moves, it imparts a torque on the spafecBut, the HGA is an integrator plant witheats an input
and angle as an output. So, to determine the Hisgue, the commanded rate is differentiated andiptied by

the HGA inertia. In Section 3.1, the HGA contrébsed-loop transfer function is given from desityle to

measured angle. For the coupled model shown iar€&ig, the transfer function from desired angledmmanded
rate is needed, refer to Figure 8.
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Figure 8. HGA Coupled Control Diagram




The transfer function from desired angle to comneaincte is:

Wy _ K S +K S +Ks
6, g +K,s+K,

GHGA =

8
The HGA inertia can be found by using the paralias theorem [9]:

2
HGA _ | HGA HGA HGA
1 = Ifien +m*A L) (©)

where,
ISCGA: Inertia of the HGA system with respect to the G&uaaft reference frame

I ,ﬂgf\\: Inertia of the HGA system with respect to the H@#erence frame

m™®*: Mass of HGA system lumped at HGA reference framgin

L';gA: Distance from Spacecraft reference frame origiHGA reference frame origin

Substituting the values into Equation (8) gives:

| 5°4 = 0.536%g (i + 8.7kg[{ 2.728)°

(10)

| $A = 65.56g [’
Coupling the HGA and spacecraft control loops itssui differentiating the commanded HGA rate toaibtan
applied torque. The HGA torque is applied to eatlihe three axes of the spacecraft, assuming atveaise
interaction between the HGA and the spacecraftroblaop.

5.2. SPACECRAFT DYNAMICS MODEL

In section 5.1, the coupling between the HGA aratepraft is established. For stability analysid design of the
spacecraft controller, a 3-axis rigid body modeihwiuel slosh and the first 6 flexible body modewused as the
plant. K&D Research’s MultiBody Dynamics AnalygdDA) Simulink Toolbox is used to design the systeand
a state-space system is extracted through Matldlrsnod’ feature.

In addition to the complex plant model, time delagesaction wheel dynamics [10], gyro dynamics [1ddd a
structural filter are added to the control loop amatdeled in Matlab/Simulink. The respective transfinctions are:

(/9]
" = ——— (12)
s+,
2
Gy =2 S Y. (12)
s*+204 ,, Loy, [+,

_ns+ns’+ns+n,
d,s’+d,;s’ +d s+d,

g (13)



where,
@, is the reaction wheel bandwidth

Wyro is the rate gyro bandwidth

Zgyro is the rate gyro damping ratio
and the coefficients of the numerator and denomirfar the structural filter are those of 4 8rder elliptic filter.

5.3. COUPLED SYSTEM LINEAR ANALYSIS

By selecting the estimated spacecraft attitudestin computing the HGA angles, the HGA and spafecontrol

loops are coupled. To determine stability, of enptex SISO system with multiple loops, each looprisken, the
open loop transfer function is found, stability Bsés is performed on the open loop, and then tesmperformance
is determined from the closed loop system. Forsgiececraft control (Observing mode) stability gsial (without
HGA), the loop is broken at Angle, Rate and Wheetdqlie. But, these breaks don't take into acconatHGA

minor loop. Therefore, an additional break is lelithed at Spacecraft Torque (blue x marks a lae@loin Figure
7). Bode and Nichols plot are created to deterrsiability merits and a step response is genetatetbtermine
closed loop performance, for each loop break anthre spacecraft axes.

Breaking the loop at angle, rate and wheel torqué @erforming stability analysis with and witholietHGA
couples resulted in marginal impact on phase maggim margin and modal suppression. When the iedypoken
at the spacecraft torque, a larger impact is séégure 9 shows a bode plot of the Observing mamtgrol loop
broken at the spacecraft torque for the x-axis &itd without the HGA coupling. When the HGA is notupled,
the gain and phase margin are set at 0.4 rad/sc aad/sec, respectively, and they meet the 6 @B Heg
requirement. But, when the HGA is coupled, thengaid phase margin are now set at 9 rad/sec amddi€ec,
respectively, and no longer meet the 6 dB / 30 wegirements. The resulting negative gain margdicates
instability. The structural filter (3 order elliptical), designed to depress the higigfiency flexible modes, is
negated when the HGA controller is coupled, indintathat the HGA control is interacting with thexible modes
of the spacecratft.
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Figure 9. Bode plot of Observing mode controller ktbken at x-axis spacecraft torque; with and withoutHGA control loop

To gain additional insight, look at the Nichols fplor this case, Figure 10. The gain and phasegimés set by the
(180,0) point on the plot [7][8]. Looking at theegn line (HGA coupled), it is indeed the high fregcy modes
that are setting the gain and phase margin, instéalde low frequency rigid body mode, as is dekir@he high
frequency modes cross the 0-gain line, showingetieinstability.
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Figure 10. Nichols plot of Observing mode controfir broken at x-axis spacecraft torque; with and wihout HGA control
loop

From the Bode and Nichols plots, an unstable systesstablished. Looking at the step of the cldseg system
will confirm this, refer to Figure 11. Without tHéGA (blue line), the response settles, but with HGA (green

line), the response is oscillatory and unstable.
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Figure 11. Step response of Observing mode contlei broken at x-axis spacecraft torque; with and wihout HGA
control loop

Selecting the estimated spacecraft attitude asdhece of the HGA angles instead of the targetespadt attitude,
results in an unstable spacecraft control systdRedesigning the HGA controller, spacecraft Obsegrwimode
controller, structural filter, or a combinationtbe three is the next step.

5.4. MODIFIED CONTROL FOR COUPLED SYSTEM

Figure 9 through Figure 11 show that the HGA flighhtroller interacts with the flexible modes oé thpacecraft.
Since the spacecraft flexible modes cannot be @dirthe HGA controller must be changed.
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5.4.1.ANALYSIS

To gain insight, examine the transfer functionstied coupled model. The simplified coupled systdagm,
Figure 12, shows that the HGA control loop and speaft control loop can each be reduced to a sitiglesfer
function:

THGA_IHGA KFFS +K S +Ks

Ghea = g < S 1K, st K (14)
D
GSCc :;-—:
= [K (K wgzyr°+2K Zgyfo gyr0+Ki) (prgyro+2K Zgyro )5+ Kia);yro:| (15)

2
S + (2Zgyro gyro + a)I‘W) S +( gyro + ZZgyro gyro I'W) S + wgyroa)rws

Combining the two transfer function to get one:

GCombined = GSCC + GHGA (16)

Torque Spacecraﬂ Control 4|

U

Aftitude Spacecraft Spacecraft J

Torque Dynamics

Wheel
Torque

Opdmldll

Control

Figure 12. Simplified Spacecraft — HGA Control Diggram

The combined control transfer function is an 8ttlesrpolynomial irs in the numerator and a 6th order polynomial
in sin the denominator (from inspection) — an improjpansfer function.

The open loop transfer function is given by:

GOL = GCorrbined |:(Bspacecraft ' (17)

IHGA
GOL:f[ Isé:]
C

This yields an 8th order polynomial in s in the muator, but an '8order polynomial in s in the denominator — a
proper transfer function. In addition, notice this is a function of the inertia ratio of the HGé\ the Spacecraft.
Therefore, if the HGA inertia is small comparedtie spacecraft, the impact of the HGA will be mialm
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Although Equation (17) is a proper transfer functikquation (16) and (14) are not. Proper fracégpansion can
be used to make them proper, or they can be mageipby decreasing the order of the numerator.

5.4.2.MODIFIED CONTROLLER DESIGN AND ANALYSIS

To model the interaction between the HGA and thecspraft, the commanded gimbal rate is differesdisdind
multiplied by inertia to get torque. This actiashown to result in an improper transfer functigquation (14).
From inspection of Equation (14), removing the féaavard rate from the HGA control loop, will maksguation
(14) proper; i.e., set#=0. Plotting the Bode plot, Nichols plot, and stepponse and comparing to the case where
the HGA controller gains are not altered will hgluge whether this minor change will address thbil#tly issues
associated with coupling the HGA and spacecraftrobloops.

Figure 13 through Figure 15 give the Bode plot, Heis plot and closed loop step response of the malmi
Observing mode controller (blue line), the Obsegvinode controller with HGA coupling (green line)dathe
Observing mode controller with modified HGA cougjn.e., K-=0 (red line). Removing the feed forward rate
from the HGA control loop has solved the stabilisggue associated with coupling the spacecraft aGh H
controllers. But, the feed forward rate was usedanjunction with a ‘low-effort’ Pl controller. égtion 5.3 shows
that the HGA flight controller has a very slow stgsponse, which is acceptable because of theféeedrd rate.
But, without the feed forward rate, the Pl con&plis not sufficient. Therefore, the PI controlgins must be
tuned to provide for increased performance.

Bode Diagram
Gm=596dB (at 1.13radfzec) , Pm =41 .5 deg (at 0.41 radizec)
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Figure 13. Bode plot of HGA Control with Keg = 0
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Figure 15. Step response of HGA Control with K- = 0

The redesigned PI controller must have a highedWwatth, to provide for improved tracking performancLoop-
shaping design strategy is used, and the gainseteeted based on:

{=0.8

w=0.02[2r

Ky, =2{w

K, = o

K., =0

Conducting a stability analysis on this new HGA tcolter yields the following characteristics, whichsufficient
to meet all performance metrics.
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Bandwidth: 0.046 Hz
Gain Margin: 27.9 dB
Phase Margin: 65.9 deg
Settling Time: 40 sec

Figure 16, Figure 17, and Figure 18 show the eftéatoupling the modified HGA controller with th@acecraft
controller (blue line is nominal Observing modeheitit HGA, green is Observing mode with flight HG#&d is
Observing mode with redesigned HGA control). Thed® plot shows that modal suppression is not caeilple
restored (high frequency attenuation not as gréiht mvodified HGA control as with nominal Observiagntrol),
however much more than without the HGA flight cofier. The Nichols plot shows that the high fregese
flexible modes are attenuated and stability margiresmaintained, and the closed loop step respshtses stable
behavior as compared to the nominal Observing nooaéroller and the Observing mode controller codphéth
the flight HGA controller.

Bode Diagram
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Figure 16. Bode plot of Modified HGA Control
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Figure 17. Nichols plot of Modified HGA Control
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Figure 18. Closed Loop Step Response of Modified HGControl

6. CONCLUSION

The LRO HGA Controller has performed well during tfirst 6-months of LRO’s mission. However, duriagge
spacecraft attitude maneuvers, communication is I@his is caused by the fact that the HGA max riat 0.5
deg/sec while the spacecraft max rate is 0.1 degésewell as the HGA angles being computed bareal target
spacecraft attitude, instead of an estimated spafteattitude. This study sought to find a solntihat would not
require a change to flight software. A modifiechtroller was designed that couples the HGA and expadt
control loops through the estimated attitude. Qiagpthe controllers proved to cause stability essu Therefore,
the HGA controller gains were redesigned via lobppng techniques to yield a Pl-controller that teee
requirements. The modified controller showed tprioved transient performance.

Future work involves conducting High Fidelity (HjFSimulation runs to ensure the changes perforn widior to
making these changes to the HGA control paramethis,analysis should be re-conducted with updateds
properties and flexible mode data based on beshasts and flight data. To advance the state isf work, a
multivariable design and analysis approach coulthken.

This modification was proposed to the LRO Projextaasolution to the loss of communication duringcgeraft

attitude maneuvers. Although shown to solve thisbfem, the LRO Project decided against implementime
proposed modification.
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