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ANTENNA LQG CONTROLLERS:
PROPERTIES, LIMITS OF PERFORMANCE, AND TUNING PROCEDURE
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Abstract: The LQG controllcrs significantly improve antenna tracking precision, but their tuning is a
trial-and-error process. A control engineer hilS two tools to tunc an LQG controller: the choice of
coordinate systcm of the controllcr, and the selection of wcights of the LQG performance index. Thc
papcr selects the coordinates of the open-loop model that simplify the shaping of the closcd-loop
performancc. and analyzes the impact of thc weights on the antenna closed-loop bandwidth, disturbance
rejection properties, and antenna acceleration. Pinally, it presents the LQG controller tuning procedure
that rationally shapcs the closed-loop performunce.
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L PROBL.EM STAtEMENT

I'll<:: pointing and tracking requirements are
increasingly stringent for new and existing
antennas and radioteleseopes. POI' example. the
Ka-hand (34 Gl-lz) communication of the NASA
Deep Spacc Nctwork (DSN) antennas requires
pointing accuracy of I mdeg (rms) (Gawronski et
of. 1995: Gawronski 200 I); the Largc Millimeter
Telescope built at Cerro La Ncgra (Mexico) by
the University of Massachusetts and lnstitulo
Nacional de Astrofisica. Optica y Electroniea
requires pointing of 03 mdeg. see (Gawronski
and Souccar 2004). These requirements forced
the implementation of LQG controllcrs. The
control svstcm of the 34-rneter DSN antenna
shown in" fig.l Il1cludes the LQCi algorithm. It
meets the Ka-band requiremcnts and is used to
track the Cassini spacecraft on its journcy to
Saturn. This paper prcsents principles of the LQCi
controller dcsign. allowing for shaping the
tracking and disturbance rejection properties 01"
antenn,IS or radiotclescopes.

Thc tuning of LQG controllers for the antenna
tracking purposes is a tricky process. The
controller shall address the antenna tracking
requirements (such as mlllimization of the

antcnna servo error in wind gusts. and fast
responding to commands) anc! antenna limitations
(sl1ch as acceleration limits). The LQG elosed
loop properties. defined through thc LQCi
performancc index, are shaped by LQG weights.
Thc requircmcnts are not directly rellectec! in the
LQG weights. Thus. the relationship hetween
LQG weights and antenna requirements needs to
be established. This paper answers this question
indirectly. It explains the properties of a simple
(PI) controller and a simple (rigid) antenna. and
next, by analogy. extends thcsc propcrties to a
real antenna \vith an LQG controller. This
connection leads to the development of a
controller tuning method that addresses the
antenna tracking performance criteria.

The antenna controller tuning proeedure
introduced ill this paper is developed in three
stcps: the adjustment of the open-loop model
(through selection of the coordinate systcm and
auxiliary components). the anulysis of a simple
(rigid) antenna and simplc (PI) controller (to
derive basic properties of the closed-loop
system). and linally, the extension 01" the
propcrtics of a simple system to the real (flexible)
antenna and a complex (LQG) controller.



Fig. 2. Antenna control systent: (j - open-loop system. "'
lXlIlIroller. r - eOll1l1l(IIId, y - ani 'Illla positioll. /I - lilllited
mle COIII III lllld. /I" - unlimiled rale cOlllmand. \I' 

distllrbrull,;'. (/ i1l,;lckratioll

The state .1', s<lti'Ji.:s the following equiltion

J', =.l'; C/•."" so that the n'\\ represelliatioll

(,I", U",C,,) is

(',,] (2)('" ;[0IJ;[O]:
" IJI'

(" ]I' .

.. I .
/'

[

0
I ;

'" 0

Fig.1. The 34'lllcler NA. I.JPI. Dcep . pnce Nd\\lII'k
nnlenna. at GoldSlOne. Caliltllllin.

2, OPE -LOOP MODI~L

Th' St, t' -'"" is the dc, in.; I Slat e 101' oflhe ,ntenna
o[Jl:Il-loo[J system. It consists of the integr,d of'the
posilion. the position. and the llexiblc deformations
in modnl 'oordillat's.

nlenlla control system monitors n/.imuth ilnd
elevation axes, Since motions in both axes arc
uIH.:oupl'd. in the following only a single axis is
anilly;t.ecl. The antenna control sySl\;111 is shml"n in
Fig._, It con i t of the anlcnn, open-loop yst..:m.
position controller. and rale and aeeelenllion limilers.
The controller OUlpul 11 represcnts the commilnded
nne. and its derivative is the commanded
a\.:\.:eleraliun. a. An antenna upen-Ioup system
consists of ilntenna structurc. motors. gears.
amplifiers. and Ihe rate loop feedback. The antenna
position (measured ilt the encoder) is the output of
the open-loop system. The rate command is its inpul.
is Ihe state-space triple.

The open-loop system is designed such that it
represents all integral()J' at low I"rel)L1el1cies. The
magnitllde of the transll:r function of a perICet
intcgnttlll: is shown in l:igA. dw;hed I inc as a straight
1111 10pll1g d 20 dl3llcc. The magnillld' of the
transler function of Ihe 34-metcr antenna is shown in
Fig.4. solid line. as a stmight lille sloping at -20
dli/dcc lor loll' f'rel)uencies (LIp 10 ] ] Iz), and
~howin() nexible clelorm<ltions (reson<lnces) at higher
Irequencles.

,,'

The antenna open-loop model (,1)1.("), is ohtained
from lield t t and lhe syslem identi liealion. It is
transformed into modal coordinates. for dctnils see
( <lwron ki 2004). Thc weak coupling of modal
states allows adiustin~ eaeh lIIodal :Iale
independently that simplil!cs Ihc con\roll",,' luning
process.

The modal model is lransformed further. to obtain
anl..:nna posilion y as it lirst stale: the new SWle is

/ { r}x/,; y xI' • \\ here x f arc the remaining

h. 1 ~~ • ••••

Fig, 4. Magniludes ofthc lranstCr lilnclion of the op'n·loop
lIlodel of th, J -1Il,lCr anlClInil ('olitl linc). ,Inti a rigid
anlenna (dashed lin.:).

.< ; {v, X;.}; {Yo .I' x;}. (I)

[
c

tn1J1slQrm<ll ion x/,; 1'.\"",. wher.: I'; ~,'

I ote tl1at y = Cm ·'"." • wher' em = Iem' C"" I·
ext. thc model i augmented with, n int..:gralor.

sec (Johnsun 1968: Athans I 71). to climinate thc
:leady slate errors in a constant-rate tracking. The
ne\\ stal is

slales. The

(AI',Il/,.C/,)

(unchanged)
repl'esental ion

new ,«It '-space
is obtained using the

3. PI 'ONTROLLLR 1\1 I) RllllD A ITI~ IN

In the cia. ed-loop s)stem shown in Fig.2 K d.:not.:s
the control lei' transfer Illnction. and G is the antcnnl1
tnnsfcr Illil ·lion. A rigid antenna is <l pure integr<ltor.
and the controlkr is ,ISSUIll'd II proportional-, nd
illlegral (1'1) clJntroller'lhus

I\;k/, k,ls <Ind G;I/s. (3)

\\ here k" is the proportional ~ain. and k, IS the
IIlI..:gral gain,
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3.1. Closed-loop transfer functions

Fig. 6. Magnitude of transfer functions of the proportional
controller for kp=1 (solid line), kp=4 (dashed line), and
kp=16 (dotted line): (a) Try, (b) Twy, (c) Tra , and (d) Twa.

3.3 The integral gain analysis

First, we introduce two critical values: the critical
integral gain, and the critical frequency.

limited by the acceleration limits imposed at the
antenna drives.

~JijiS:!lt jl}t~gl}ll_gajl}. Large integral gain causes
oscillations of the closed-loop system. The poles of

the closed-loop system are the roots of S2 + kps + k j :

SI.2 = 0.5 (-k" ± ~k:' - 4k; ). The system is non

oscillatory if poles are real, i.e., for k; :-:; 0.25k~ ;

k;c = 0.25k~ (6)

is the upper limit of the integral gain, called the
critical integral gain.

Critical frequency. For the critical integral gain the
denominator of the transfer functiops is:
(s +0.5k )2. At frequency {o" = 0.5kl' = ~kj the
slope ofihe transfer function drops by -40 dB/dec.
This is the critical frequency of the closed loop
system that determines the antenna bandwidth. In the
following, the frequencies significantly smaller than
{o" are called low frequencies; frequencies
significantly larger than {o" are called high
frequencies; and frequencies in the neighborhood of
(o" are medium frequencies.

The proportional gain shapes the bandwidth of the
transfer function T,v' The larger the gain, the wider is
the bandwidth. The proportional gain limit is set by
the antenna acceleration limits, since the increase of
proportional gain increases antenna acceleration, see
Fig.6c,d.

The following analysis shows how the transfer
functions depend on the integral gain, by considering
low, medium, and high frequencies in Eqs.(4). Note
first that for medium frequencies the variations of all
four transfer functions are minimal (see Fig.7) since
the integral gain is smaller than the critical integral
gain. For low and high frequencies the transfer
functions behave as follows: (I) Trv does not depend
on k, since for low frequencies T,v == 1 and for high
freq~encies Tm == kp / s, see Fig.7a;· (2) Twv is inverse
proportional to k; for low frequencies, Twv == s / k; ;
and for high frequencies it does not deperid on k;,
T.y == 1/ s , see Fig.7b; (3) Tm does ~ot depend on k;,
since for low frequencies Tn' == S , and for high
frequencies T,a == k"s, see Fig.7c; (4) Twa does not
depend on k;, since for low frequencies Twa == -s ,
and for high frequencies Twa == -kp see Fig.7d.
The above analysis showed that the integral gain
impacts the disturbance rejection transfer function
T.:v only, at low frequencies.

3.4. PI controller tuning procedure

The PI controller tuning procedure involves
1. Tuning the proportional gain. Increase the gain

until antenna hits acceleration limits ilt typical
commands and at expected disturbances.

2. Tuning the integral gain. Increase the gain until
oscillations or undershoot appear. It should be
smaller than the critical integral gain.

(5)
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The first two transfer functions show the
improvement of the antenna performance with the
increase of the proportional gain. However the last
two show a potential problem: antenna acceleration
increases at high frequencies, both due to command
and due to disturbances. The increased acceleration
indicates that the antenna can hit the acceleration
limit, and enter a nonlinear regime; consequently its
performance will deteriorate, leading even to
instability. Thus, the proportional gain increase is

3.2. The proportional gain analysis

The controller tuning starts with the selection of the
proportional gain, thus we assume k; = 0 in the
above transfer functions, obtaining H = s / kp +1

T,y = 11 H , Twy = 11 kpH ,

Tra = S2 / H , Twa =-s / H

Consider the following transfer functions: Try (from
command to encoder); Twy (from disturbance to
encoder); Tru (from command to acceleration); and
Twa (from disturbance to acceleration). From the
block diagram in Fig.2 we obtain Try = GK / H ,
T = G / H, T = sK / H, T = -sGK / H , where
if= 1+GK and" introducing wa (3) to the latter
equations we get H = S2 + kpS + k; and

T,y=(kps+k;)/H, Twy=s/H

T,a = (kps+k;)S2 / H, Twa =-(kps+k;)s/ H (4)

10'

The magnitudes of the above transfer function are
shown in Fig.6. showing that the increase of the
proportional gain: (1) increases the bandwidth of the
transfer function T (from the command to the
antenna position), ~ee Fig.6.a, (2) improves the
disturbance rejection properties of the antenna by
lowering the magnitude of the disturbance rejection
transfer function Twv ' see Fig.6.b, (3) increases the
impact of the command on the antenna acceleration
(increases the magnitude and the bandwidth of the
acceleration transfer function T,a)' see Fig.6.c, (4)
increases the impact of disturbances on the antenna
acceleration (increases the magnitude and the
bandwidth of the acceleration transfer function T.o )'

see Fig.6.d.
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We see that the controller gain K, depends solely on
the weight matrix Q (Ao and Bo are fixed).

with the gain K, = B;S" and S, is the solution of
the controller algebraic Riccati equation

Uo = -kjej - kpe - KjxJ . (9)

The mlssmg part of the controller is the estimated
state Xo • It is obtained from

(7)

where Q is a positive semidefinite weight matrix and
R is a positive scalar. We assume R=I which is
equivalent to ReF- 1 with the scaled weight matrix Q/R.
The minimum ofJ is obtained for

Similarly to the antenna state x'" the controller gain is
divided into the proportional gain kp , integral gain
kj , and flexible mode gain K j , i.e.,

K, =[kj kl' K j ] (8)

Introducing (1) and (8) to (7) one obtains
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The integral gain improves the disturbance rejection
properties. But there is a limit to the increase: the
integral gain should be smaller than the critical
integral gain, to prevent antenna oscillations.

Fig. 7. Magnitude oftransfer functions of the PI controller:
kp=16, and kj=1 (solid line), kp=16, and kj=4 (dashed line),
kp=16, and kj=16 (dotted line), and kp=16,: (a) Try, (b) Twy,
(c) Tra , and (d) Twa.

where Ke = SeC,;, and Se is the solution of the
estimator algebraic Riccati equation

4. LQG CONTROLLER AND FLEXIBLE
ANTENNA

The closed-loop system with the LQG controller has
the same structure as in Fig.2; the controller has the
structure as in Fig.8.

(10)

LOG controller

PI controller

For antenna controller tuning purposes we assume
V = Q to obtain the balanced gains of the controller
and the estimator (Gawronski 2004).

Flexible Mode controller

4.1. LQG controller description

4.3 Resemblance ofLQG and PI controllers

The LQG weight matrix is selected as a diagonal
matrix (due to independence of states in modal
coordinates), Q=diag(qi'qp,qJ), where qj is the
integral weight, q is the proportional weight, and
qf is a vector ofPflexible mode weights. Just, it is
convenient to present the LQG weights in the vector
form as the LQG weight vector q

q7 = {qj ql' q~}. (12)

For the antenna model the modal states are weakly
coupled. They are also almost independent from the
antenna position and integral of the position. Thus
the corresponding weights act independently on each
flexible mode, and almost-independently on position,
and on the integral of the position states. This adds to
the flexibility to the controller tuning.

4.2 LQG weights in modal coordinates

Notice that for the rigid antenna the increase of the
proportional gain improves antenna bandwidth and
the disturbance rejection properties. However, an
increase of proportional gain, when applied to a
flexible antenna, is drastically limited: even a
moderate gain can excite structural vibrations and
cause instability, (Gawronski et al. 1995). However,
the LQG controller includes the flexible mode part,
which is able to restrain antenna vibrations. In this

u"

u

y

Fig. 8. LQG controller: k - proportional gain, k j 

integral gain, K J - flexibfe mode gain, K, - estimator
gain, r - command, y - antenna position, e - servo error,
ej - integral of the servo error, Ua - rate command, y 
estimated position, e - estimation error, and xJ 
estimated flexible mode states.

The controller gains are obtained by minimizing the
performance index J,
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The above comparison shows that the LQG weights
have similar impact on a flexible antenna
performance as PI gains on a rigid antenna
performance. The following list summarizes the
properties of the LQG weights: (1) The increase of
the flexible mode weights causes antenna vibration
suppression. A single mode weight impacts only
states corresponding to this particular mode (the
flexible mode coordinates are weekly coupled); (2)
The increase of the proportional weight increases the
closed-loop bandwidth and improves the disturbance
rejection properties; (3)The increase of the integral
weight improves the disturbance rejection properties,
but does not impact the bandwidth.

4.4, Properties ofthe LQG weights

Twa for fixed proportional and integral gains
(kp' = 9.5 and k, = 6.3 ) and for small flexible mode
weights (blue lines) and for large flexible mode
weights (green lines). The plots show that the
excessive flexible mode weights reduce the closed
loop bandwidth (Fig. 11a), and deteriorate the
disturbance rejection properties (Fig. 11b).

Fig, IO. Magnitude of transfer functions of the LQG
controller for kp=16 and kj=1 (blue line), kp=16 and k,=4
(green line), and kp=16 and k,=16 (red line): (a) Try, (b)
T wy, (c) T ro , and (d) Twa·

Fig. II. Magnitude of transfer functions of the LQG
controller for kp=9.5 and kj=6.3: flexible weights small
(blue line), and large - overdamped modes (green line): (a)
TrY' (b) T wy, (c) T ro , and (d) Twa.
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Consider the 34-meter antenna open-loop model with
transfer function shown in Fig.4, solid line. At lower
frequencies the transfer function is identical with the
transfer function of an integrator, and at higher
frequencies it shows flexible mode resonances. To
this antenna we apply an LQG controller as follows.
First, we select its weights of three LQG controllers,
such that their integral gain is zero, and proportional
gains are 1, 4 and 16, respectively. For these cases
the plots of magnitudes of the transfer functions Try,
Twy, Tra• and Twa are shown in Fig.9. Comparing Fig.9
and Fig.6 we see similarities between the rigid
antenna with PI controller and flexible antenna with
LQG controller. Namely, the plots of Try show the
expanding bandwidth with the increase of the
proportional gain. The plots of Twy show the
decreasing antenna response to disturbances with the
increase of the proportional gain. The plots of Tra and
Twa show increased acceleration response at high
frequencies.
Fig.9. Magnitude of transfer functions of the LQG
controller for kp=1 and kj=O (blue line), kp=4 and kj=O
(green line),and kp=16 and kj=O (red line): (a) Try, (b) Twy,

(c) Tro , and (d) Twa.

Next, we select the weights of the LQG controller to
obtain a fixed proportional gain, k = 16 and to
obtain the integral gains 1, 4, and 16, respectively.
Note from Eq.(6) that the critical integral gain is 64
in this case. The plots Try, Twy, Tra• and Twa for the

way, the increased proportional gain does not excite
vibrations: a flexible antenna behaves approximately
as a rigid one. Therefore the controller tuning
approach used for rigid antenna with PI controller
can be also used for tuning the LQG controller of a
flexible antenna. The limitations are formulated as
follows: the flexible mode gains should not be
excessive - they should be large enough to assure
vibration suppression, but not larger. Such controller
is called a low authority LQG controller, (Gawronski
2004).

Finally, we analyze the impact of flexible mode
weights on antenna dynamics. Figure II presents the
magnitudes of the transfer functions Try, Twy, Tra• and

above three cases are shown in Fig.lO. Comparing
Fig. 10 and Fig.7 we see similarities between the rigid
antenna with PI controller and flexible antenna with
LQG controller. The integral gain impacts
significantly the disturbance rejection properties
(Twy) only, and there is no significant impact on the
closed loop bandwidth (see Try plot) and on the
system acceleration, see the plots of Tra and Twa'
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4.5 Limits afthe LQG welj{hls

The i the proportional. integral, and tlexible mode
gains have their limits. (1 )Large flexible mode
weights lead to the overdamped dynamics, (reduced
bandwidth. depreciated disturbance rejection
properties). (2) Large position weight causes
excessive antenna acceleration that leads to non
Iinear dynamics and deterioration of the
performance. (3) Integral weight should not exceed
thc critical weight in order to prevent low frcqucncy
oscillations.

·16 LQG controller tlU/inK prace(!lrre

Based on thc above analysis thc following sequence
of the LOG controller tuning is recommendcd:
( I) Tuning the Ilexible mode weights. Apply small
weights of the integral of the position and position
(which result in small PI gains). and also apply small
llexibk mode weights. Check the closed-loop
transfer function for the appearance of llc:\ible mode
resonances. If they arc excessive, increase the
corresponding flexible mode weights.
(2) Tuning the proportional weight. Incrcase the
position weight: the proportional gain increases
accordingly. The increase of the position gain causcs
the cxpansion of the closed-loop bandwidth. Incrcasc
the weight till bandwidth rcachcs the antenna
fundamental frequency.
(3) Tuning the integral weight. Increase the integral
of thc position weight. causing the increase of the
integwl gain. The weight should increase until
oscillations appear. The integral gain should satisl)'
the condition (6).
(4) Corrcct the flexible mode weights. Check the
Ilexi Ie mode dvnamies. If resonances resurface after
tuning the pro'portional and integral parts. increase
thc corrcsponding tle:\iblc mode weights.

The procedure descrihed above lead lo the
development of the LQCi controller tuning tool as a
M,ltlab graphical user interface (,UI). (Maneri and
Gawronski 2000).

5. CONCLUSIONS

The paper shows how to select the coordinates of the
controller for simple tuning of the PI and LOG
controllers. Also, it shows how the controller gains
of the PI controller and the controller weights of the
LQn controllcr impact the antenna closed-loop
performance. Finally, it shows the limits of the LOCi
weights. These features allow to improve antenna
performance in wind disturhances.
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