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ABSTRACT

The ESA Pointing Error Engineering Handbook is intended to be published as an applicable document for ESA
projects providing a step-by-step engineering process with clauses, guidelines, recommendations, and
examples, for the specific case of satellite pointing errors. The process ranges from the unambiguous
formulation of pointing error requirements, to systematic pointing error analysis, and eventually to the
compilation of pointing error budgets. The handbook not only puts the different mathematical elements of the
ECSS Control Performance Standard E-ST-60-10C in an engineering context, but it also complements the
standard by introducing further developments in the field of pointing performance analysis. In this paper the
scope and main elements of the ESA PEE Handbook are introduced as well as its application framework.

l. INTRODUCTION

The ECSS Control Performance Standard E-ST-60-10C [1], published in November 2008, provides solid and
exact mathematical elements to build up a performance error budget. However, the necessity of an additional
document was highlighted during the Public Review of the Control Performance Standard and foreseen in its
Note 3:

“For their own specific purpose, each entity (ESA, national agencies, primes) can further elaborate internal
documents, deriving appropriate guidelines and summation rules based on the top level clauses gathered in this
ECSS-E-ST-60-10C standard.”

In regard of this Note the ESA Engineering Standardisation Board requested in September 2008 to draft and
finalize a document providing ESA projects with a clear pointing error engineering methodology. The
methodology shall be the basis for a step-by-step process with guidelines, recommendations and examples
consistent with and complementing the ECSS standard [1].

The answer to this request is the ESA Pointing Error Engineering (PEE) Handbook [2] that will be published in
2011 as ESA applicable document with the reference ESSB-HB-E-003. The handbook is based on the ECSS
standard [1], summarized Lessons Learned of projects in the Control Systems Division of ESA/ESTEC and
research results obtained in the NPI research cooperation on “Precision Pointing Control Design”, as stated in
the acknowledgments of this paper.

The ESA PEE Handbook [2] will be published as an ESA internal document (and not an ECSS document) that
can be used by ESA projects as applicable document consistent with and complementing the ECSS standard [1].
Once the handbook is published, the ECSS standard together with the ESA PEE Handbook will replace the ESA
Pointing Error Handbook [3], which was published in 1993.

In order to introduce the ESA PEE Handbook the following questions will be answered in this paper:

¢ What is the context and objective?
e What is the scope?
o What are the major elements?

The first question will be addressed in this section and in section Il by introducing the ECSS document structure
and the application framework of the ESA PEE Handbook. Before addressing the second question in section 1V
essential nomenclature and definitions used in the handbook will be introduced. In section V the handbook
underlying methodology and new elements in the ESA PEE Handbook will be introduced.

I APPLICATION FRAMEWORK

The ECSS E-60 standards and handbooks in Fig. 1 cover control engineering specific topics. The ECSS Control
Performance Standard E-ST-60-10C [1] provides normative clauses with clear mathematical elements for
control performance analysis in general. It is complemented by the ECSS handbook E-HB-60-10A [3], which
provides a detailed background on the mathematical elements in the standard and introduces general control
performance guidelines. The ESA PEE Handbook [2], however, embeds the elements of the ECSS standard in a
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step-by-step engineering process for the specific case of satellite pointing errors. The process starts with the
unambiguous formulation of pointing error requirements and leads step-by-step to the evaluation of the system
pointing error. It provides guidelines for:

e characterizing pointing error sources,
e analysing pointing error source contribution to the ECSS pointing error indices,
e compiling system pointing error budgets.

| ECSS Standards | ‘ ECSS Handbooks ‘ | ESA Handbooks |
| E-60:Control |
Dynamics and Control Sensors and Actuators Special Applications
E-ST-60-20C Star Sensors E-ST-60-30C Satellite AOCS
E-60 Control Engineering E-ST—;Srof-olr(fagggtrol Terminology and Requirements
p Performance Specification (pending Public Review)
. ittt 1
ESSB-HB-E-003 I ESSB-HB-E-X i
piiensone || emmincom || esponing tror (- eshpaniny B apoing
Engineering HB I (not started) :

Fig. 1: handbook application framework

Full attention has been devoted during the ESA PEE Handbook preparation to be consistent with and fully refer
to the ECSS standard, without introducing normative clauses, which are to be found solely in the ECSS
standard. As usual, specific and quantitative performance pointing requirements shall be expressed in the ESA
Mission Requirement Document and System Requirement Document, and further broken down and engineered
by prime contractor in the various project phases.

It shall be noted that the ECSS standards and handbooks are available at the following website:
http://www.ecss.nl.

M. PRELIMINARIES

In this section essential nomenclature and definitions are introduced in order to lay the basis for summarizing
the main elements of the ESA PEE Handbook [2] in the following sections. To begin with, the handbook
distinguishes between where pointing errors are described in the system. Physical phenomena ultimately
affecting pointing performance, but being described before entering a system, will be referred to as pointing
error source (PES) and denoted as e;. A PES is either constant in time (time-constant), random in time (time-
random) and/or random in its realization (ensemble-random). A pointing error contributor (PEC), denoted as e,
represents the actual contribution of one or more PES on the overall pointing error e after system transfer.

The overall pointing error is not only of interest with respect to instantaneous time t behaviour, but also in terms
window time 4t and stability time Az behaviour as illustrated in Fig. 2. The window time and stability time
criteria have their origin in actual satellite payload requirements. For example to keep a camera stable during
CCD integration, a pointing requirement is specified with respect to instantaneous time and window time, where
the window time usually corresponds to the CCD integration time.

e(t)l Aty | | Aty | | At |
T
i A \ ‘ A A t instantaneous time
WL AT Al AT e
UA /A A= AN o T
Atsl Atsz ts _
Observation Period 1 Observation Period 2
? A

t
Fig. 2: time-windowed pointing error properties
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A pointing error e as shown in Fig. 2 can be formulated as stationary random process {e(t)} with time t and k
being the sample function index of an ensemble of process realizations. With this formulation ensemble-random
and time-random properties of a PES are captured. In terms of PES characterisation in line with stationary
random process formulation, time-series PES data is described by its ensemble PDF p(e). In practice most
stationary random processes have a Gaussian PDF and thus are completely defined by their mean value and
covariance respectively:

1o = Ele (0] = [e p(e)de (1)

—0

Cee (7) = El(e ()6 (t + 7)] — 118 = Ree () — 142 2
where the autocorrelation is defined as:

Ree () = El(e, (Dey ¢+ )] = [ [eie, plevsey) dee, 3)

with e;=ey(t) and e,=ey(t+7). Note that the statistics are independent of t and that the covariance function Ce(z)
represents the variance of the random process for z=0.

A description of the pointing error by a stationary random process is not foreseen in the ECSS standard [1].
However, in the ESA PEE Handbook it is considered to be useful because the double-sided power spectral
density (PSD):

See (@) = S{Ree (T)}| =0 (4)

of a stationary random process contains additional pointing error characteristics with respect to the window time
At and stability At as will be shown in section V. The single-sided PSD, used in this paper, is defined as
Gee = 2S,, in [unit?/(rads™)].

In the ECSS standard pointing error indices are defined that signify different instantaneous time, window time
and stability time properties of a pointing error process as shown in Fig. 2. Any type of pointing requirement is
usually classified in one of these pointing error indices: APE, AKE, MPE, MKE, RPE, RKE, PDE, KDE, PRE,
and KRE.

Table 1: ECSS standard pointing error indices

Pointing Error Indices ‘

index instantaneous
enre(t) =e, (1) instantaneous time
eaxe(t) =ey (1)
epe(t, Al _ a(t.At) window time
emxe(t, At) = g(t, At)
erpe(t, At) = e, (t) —ep (t,At)
erke(t, At) =e.(t) - Q(tw At)

_ _ tability time

eppe(t, Aty, Ay, Als) _ s
Conc(t. Aby, Aby, AL) =e, (t,At;) —ep (t — At,, At,)
exoe(t, Aty Aty, Al) _a A
exrelt, Aty Ab, AL =e, (t,At) —e, (t — At ,AL,)

At stability time €index instantaneous error
At window time e, () knowledge error S|g‘nal
e, (1) performance error signal
_ t+AL/ 2
time average:  e(t,At) = <e(t)>Al =— Ie(t) dt
t-At/2
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V. SCOPE

The PEE Handbook [2] covers the engineering process of establishing system pointing error requirements, their
systematic analysis throughout the design process and eventually compliance verification. In terms of
specification, analysis and verification, it is necessary to be aware of the whole pointing error engineering cycle.
Meaning that for specification of pointing error requirements relevant analysis and verification methods have to
be identified and vice versa. The handbook provides guidelines and recommendations in this context.

A. POINTING ERROR ENGINEERING CYCLE

The ESA PEE Handbook [2] focuses on the formulation of a consistent methodology for performing pointing
error engineering on system and subsystem (SS) level in line with the definitions in the ECSS standard [1], thus
enabling systematic requirements engineering and system design as illustrated in Fig. 3. The mapping of
application requirements into system pointing error requirements by means of ECSS pointing error indices is not
treated in the handbook because the mapping is application specific.

Application Pointing System
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System Other SS
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T
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Fig. 3: pointing error engineering cycle
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B. POINTING ERROR ANALYSIS METHODOLOGY

Pointing error analysis in the ESA PEE Handbook [2] is a step-by-step process from PES characterization to
system pointing performance, as shown in Fig. 4 for the example of an AOCS subsystem.

Pointing System AOCS
System Pointing Error Brea:nlgown
Requ. per Index Allocation
A
AOCS Design
\
AOCS Pointing Error / . > S?r(zlr:truorle -t Chorcerales
Requ. per Index / o " | Definion |

A

processors
dynamics A /

sensors System
actuators Characteristics

\
Controller | o | Controller Control System
Optimization [ | Synthesis | Specifications

 / AOCS Analysis A

Other AST2
Analysis (e.g. |
stability)
/

PEC per Pointing »
Error Index / B

Compliance or
Redefinition Request

Compliance or
Redefinition Request

AOCS Pointing Errors
per Index

A

System Pointing
Errors per Index

Fig. 4: pointing error analysis methodology
Pointing error analysis consists of the following steps with clearly defined interfaces as shown in Fig. 4 and
further broken down in Fig. 5:
AST-1: PES Characterization
AST-2: Transfer Analysis
AST-3: PEC error index contribution
AST-4: Pointing Error Evaluation

Due to the fact that the analysis process is set-up in a generic manner with well-defined interfaces for each step,
it can be tailored to any mission type and design phase. In this regard, the ESA PEE handbook provides
recommendations for tailoring the process to specific pointing error analysis needs.
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Fig. 5: pointing error analysis flow-chart with input/output data
V. POINTING ERROR ANALYSIS

Pointing error analysis in the ESA PEE Handbook [2] consists of two methods:

o simplified statistical method: evaluation via variance, o, and mean, p, summation per error index
under the assumption of the central limit theorem.
e advanced statistical method: joint PDF characterization via convolution of different error PDF, p_(e).

In Fig. 5 the simplified statistical method is depicted with solid lines whereas the advanced method is depicted
with dashed lines. Depending on the available data for the individual steps one or the other method or a
combination is suggested by the handbook.

The main elements of analysis steps AST-1 to AST-4 are introduced in the following paragraphs of this section.
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A. CHARACTERIZATION OF POINTING ERROR SOURCE

The ESA PEE Handbook [2] provides guidelines for the characterization of PES based on the PES nature and
the available PES error data. The guidelines are expressed in form of classification criteria that make up the
decision tree in Fig. 6. However, before the decision tree criteria are applied the PES error data is categorized in
signal classes (random, periodic, bias, etc.), analogous to the classes in the ECSS standard [1].

In the decision tree, the first criterion categorizes a PES in time-random and time-constant. Time-constant PES
do not vary randomly with time, but in their ensemble of realizations. On the other hand, time-random PES have
a magnitude that varies randomly in time and/or in its ensemble. A time-constant PES is described as a random
variable according to the rules in [1]. A time-random PES is ideally described as a stationary random process if
time-series data is available and stationary random process theory is applicable. Therefore guidelines for a
stationary random process description are given in the ESA PEE handbook. If time series data is not available
the ESA PEE handbook refers to the rules in [1]. Note that describing a PES as stationary random process and
also characterizing its PSD has the advantage that exact time window and stability time properties of the PES, as
shown in paragraph C of this section, are described.

/ PES error data es /

no — esg(t)

Bias(t)

Random

Periodic time no

series
/ A \ L Fas(t)
random variable random process Random Random random variable
A

Gaussian Bimodal — Gaussian
Uniform — LTI Ianalysis — Uniform
other Gaussian : — other

— LTI analysis

other

ECSS ESA PEEH ECSS

Fig. 6: decision tree for PES characterization

In Table 2 an example is given for the characterization of two PES following different branches of the decision
tree. The Star Tracker (STR) - Payload misalignment error example is a time-constant PES, for which the
guidelines provided by the ECSS standard [1] are applicable. The Gyro-Stellar Estimator (GSE) noise is a time-
random PES with available time-series error data. Thus the ESA PEE Handbook guidelines apply for describing
the PES. The decision tree in Fig. 6 precisely defines and thus simplifies the characterization of PES. In the
ESA PEE Handbook further PES characterization examples are provided.

Table 2: PES characterization examples

characterization

STR-Payload

Gyro-Stellar Estimator

steps misalignment error (GSE) noise
temporal behavior time-constant time-random
signal class bias random
description random variable random process

reference document
characteristic data
temporal interpretation

AST-1 output data

ECSS

U(0, enay)
P(€)=0(Ema)
H(e)=en.y o(e)=0

ESA PEE Handbook
G(0, 0¢), Gee
G(0, g)
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B. TRANSFER ANALYSIS

The description of PES is given with respect to its point of origin. In order to evaluate a pointing error
requirement the transfer of a PES from its origin to the point of interest has to be analysed to determine the
pointing error contribution of a PES. In this context transfer analysis refers to:

e coordinate frame,
o closed-loop control system,
e structural,

transformations. In order to analyse system transfer, a pointing system can be broken down into subsystems
with individually controlled (active or passive) transfer properties as in Fig. 7. Then the overall pointing error is
the sum of the different PEC. The exemplary satellite system contains PES with different characteristics, which
are classified according to paragraph A of this section.

Satellite
€s1 €c1
PES
€52 satellite | €strUC €co ("‘: e e, | STR-Pay. misalignment
structure e, |MVibrations
€s3 .
€43 | thruster noise
AOCS €aocs| €cs e, |solar pressure noise
€54 | e | STR noise
s, €csE €, | gyro noise
€6 GSE
==

Fig. 7: transformations in a satellite pointing system

The ESA PEE Handbook [2] concentrates on system transformations because standards and handbooks exist for
other transformations, e.g. on reference frame transformations. In particular, the handbook suggests an
analytical approach for transfer analysis with linear time-invariant (LTI) systems. This approach relies on the
PSD transfer relation in LTI-systems:

Gee (@) =|H (jo)| Ges (@) ()

with Gg being the PSD of the PES and G, being the PSD of the PEC at the output of the system H. This
transfer can be analysed by various methods as summarized in [5] and applied in [6].

The advantage of the analytical approach is that it can be used in order to tune the system transfer function H
based on signal and system norms. Then in the ESA PEE handbook signal and system norms are summarized in
a condensed manner to provide an overview. In [7] pointing error index signal norms are introduced based on
[8], [9], and [10] in order to tune closed loop system transfer functions in control design based on system norms.
This control design approach has been applied in the AOCS design of the ESA mission study Euclid in [11].
Guidelines for other transfer analysis approaches based on simulations and experimental results are provided in
the ECSS standard [1].

C. POINTING ERROR INDEX CONTRIBUTION

Depending on the description of the PES in AST-1 the analysis of time-windowed pointing error index
contribution in line with the definitions in Table 1 is required or not. Meaning that if a PES is described as time-
constant the resulting PEC only contributes to the pointing error bias, and thus time-windowed analysis is not
required. On the other hand time-random PEC contribute differently to the pointing error indices subject to the
window time and stability time and thus contribution needs to be analysed. In this context the ESA PEE
Handbook [2] suggests either to use stationary random process description guidelines, if possible, or
alternatively refers to the ECSS standard [1] guidelines. In the following paragraphs analysis in line with
stationary random process description is summarized, because it is different compared to the ECSS standard.
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ECSS STANDARD — POINTING METRIC

If a PEC is described as stationary random process with the PSD G, exact metrics exist to determine the
contribution of a PEC to an ECSS standard pointing error indeX, defined in Table 1. The metrics are given in the
ESA PEE Handbook for the time-domain and frequency-domain based on the results in [8] and [9]. Time-
domain metrics and frequency-domain metrics, summarized in Table 3, are exact and equivalent.

Table 3: pointing error metrics

Pointing Error Metrics

G e = Crearic time domain frequency domain

APE, AKE:=

1 o0
Absolute e = E[e) - 1re5 7] e RO
(ABS) Metric 0

MPE, MKE:=

1 o0
Windowed Mean | O (At) = E[((e(t)) At~ HMags )2] = ZJGee (0) Fym (@0, At)dw
(WM) Metric 0

RPE, RKE:=

Windowed ol (A1) = E[((e(t)— (e(v), )zu - ! Gee (@) Fuy (@, A1)

(WV) Metric

PDE, PRD, 3
KDE, KRE:= , [ 2] 1

At,At) = E|\(e(t —(e(t — At =—|G R ,At, At )d
e | s (anat) = Effe) —(et-a), | =5 ! (@) P (@, A8, At )do
Stability At=At=At
(WMS) Metric

PDE, PRD,
KDE, KRE:= , , 1%
Stability O-STA(Ats) = E[(E(t) —e(t- Ats)) ] = EIGEG (w) FSTA(a)v Ats)dw
(STA) Metric 0
o2 variance e(t) = ey () knowledge error signal
U mean e(t) =ep(t) performance error signal
Aty stability time E[.] expected value
At window time Fretric spectral weighting filter
t+AL/ 2 - . . L2 1
G single-sided PSD in [(unit)*/(rad s
(e(t),, =— J. e(t)dt time average * g [unity™( 1
At e Lngs = E[et)]=0 mean value
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POINTING ERROR INDEX CONTRIBUTION EXAMPLE

In order to illustrate the application of the frequency-domain metrics an example is given in this paragraph.
Assuming that a PEC is, among others, described by its PSD G, plotted in Fig. 8, its variance is determined by:

o0
2 1
T :—J-Gee (w)dw (6)
2
0
10—13 il
// 2y ] y ] Gee
/
v |\
/|
NE 1 il q l /
Taqq15 7111, el
glO Vv i | o'2
- J '” Py T e
o AL Tl
// p | A /
/1
107l 4 d 2 afuiii}
10° 10 10° 100 10°

frequency [Hz]
Fig. 8: PEC power spectral density

In order to analyse the contribution of the PEC to a certain pointing error index the metric weighting function
Fretric (@) has to be multiplied with the PSD before integration. If performing LTI-system analysis it is
convenient to use rational approximations of the weighting functions, derived in [9], such that:

~ Y
Frmetric (@) = ‘ Frmetric (J a’)‘ (7)

The metric weighting function and its rational approximation are shown in Fig. 9 for the pointing error index
RPE. It is a high-pass with the corner frequency at about (247, which is reasonable because we are only
interested in the magnitude deviations within a window 4¢.

1 I
i
7 0.8 ;
kA
206
=
€04
g 02 — Fyyry (At=400s)
"'va(At:4008)
0
10°  10® 2 107 100 10°

frequency [Hz]

Fig. 9: RPE weighting function

Multiplying G with the windowed-variance weighting function Fyy in Fig. 9 results in the PSD of the RPE in
Fig. 10, from which the RPE-variance can be calculated by:

o0
2 1
ofee (A) =~ [ GeoFuy (At)dw (8)
0
10™
1’1 Ly
il /:’
E 'l Il d \
=, .15 | p \
~ 10 ;
E AN
= ) / // \
—Gee o //)
1077 == Geeliw [ A
10° 10° 10° 10" 10°

frequency [Hz]

Fig. 10: RPE power spectral density
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D. POINTING ERROR EVALUATION

The ECSS standard [1] and the ESA PEE Handbook [2] suggest two methods for analysing pointing
performance, the simplified statistical method and the advanced statistical method. In early development phases,
when detailed control design and hardware specifications are not yet available, the performance can be analysed
by the simplified statistical method. This method is based on the summation of variances and mean values by
assuming the applicability of the central limit theorem. However, at the end the pointing performance analysis
process is a combination of the simplified and advanced statistical method, which is adapted throughout the
development process.

In terms of the simplified statistical method, which is treated in detail in the ESA PEE Handbook, time-constant
and time-random error contributors are summed separately before evaluating the confidence level as shown in
Fig. 11. In this respect the handbook provides guidelines for summation based on cross-correlation properties of
the pointing errors. Thereafter, the total pointing error is computed per pointing error index from both
intermediate results before compilation of the total pointing error budget per system or subsystem. The
individual steps with corresponding guidelines are given in detail in the ESA PEE Handbook.

Inputs .-- e e
S Pec S / osc [/ vsc / / Hindex / [/ Oingex [ £ Pingex ¢
......... Voo, Y L S
EPN*PN-l*---*Plg Z Z Z Z EDN*prl*---*plg
» P evaluation P. evaluation |«
[ B / [ Encex/
compilation of total pointing error per index
[ ] ] ]
Outputs Y ¥ [ ] L] -
[ ewence [/ ewenxe [/ ereerce [/ eroexoe [/ eerexre [ time-constant
time-random
Fig. 11: pointing error evaluation per system or subsystem
VI. CONCLUSIONS

The ESA PEE Handbook [2] provides an engineering step-by-step process ranging from the formulation of
system pointing error requirements, to systematic pointing error analysis, and eventually to the compilation of
pointing error budgets for compliance verification. The process is consistent with ECSS-E-ST-60-10C standard
[1] and complements it with additional elements like the PSD characterization and the pointing error metrics.
Moreover, it defines an interface for the unambiguous formulation of pointing error requirements and provides
guidelines, recommendations and examples for specific case of satellite pointing error engineering. As the
process has clearly separated steps with defined input and output data it is quite generic and thus applicable to
any mission type and design phase.

After publication, the ESA PEE Handbook together with the ECSS standard will replace the ESA Pointing Error
Handbook [3]. Furthermore, it is intended to complete the ESA PEE Handbook in the future by one or several
documents providing guidelines for the mapping process, i.e. the flow-down of application requirements (e.g.
from the ESA MRD) to pointing error requirements.

However, it must be noted that the ESA PEE Handbook overlaps in some topics with the ECSS standard [1] and
the ECSS Control Performance Guidelines Handbook [4]. It was found preferable not to add additional delays in
the release of these two useful handbooks, and to postpone their streamlining and possible harmonisation to
future updates. The users of the handbooks are encouraged to give comments and recommendations.
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