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MULTIVARIABLE CONTROL OF A TWIN LIFT HELICOPTER SYSTEM ’ .
USING THE LQG/LTR DESIGN HETHODOLOGY®

. oy

Armando A. Rodriguzz and flichael Athans

Laboratory for Information and Decision Systems
ttassachusetts Institute of Technology -
Cambridge, Messachusetts 02133

Abstrict ,
This paper presents guidelines for developing 3
multivariable centralized automatic flight control

" oyst~m  (AFCS) for 3 twin lift helicopter system

(TLHS). Singular value ideas are used to formulate
performance and stability robustness specifications,
A Linear-Quadratic-Gaussian with Leop Transfer

-Recovery (LQG/LTR) design is obtained 2nd evaluated,

L. introduction
1.1 Background
During recent years the develooment of heawy lift
heticopters has leveled off. Users have fourd it
difficult to justify the high costs associated with
such a development, particularly when there are much

- more economical alternatives. Twin lift is such z2n
.alternative, It. alloy's the use of alrsacy existing

helicopters te covouct, missions  which  would
olherwise pe impossinle.

This paper illustrates how the LQGATR design
methodology [S] [6], coupled with singular valus ideas
7] [8l. can be used to develop an automatic
centralized feechack controtler for 3 TLHS.

! 7 Qutline of Paper o

Beczuse of the Innerent coupling in TLHS's, sirgie
Input-single output (S1S0) Gesign techniques can not
easily be used to systematically develop a
centralized AFCS. The paramount aantribution of this
paper i3 to presont quidelines for designing a “real
worts® multi-input multi-output (MIMC) AFCS for a
TUHS.

*This research was supported by tite NASA Ames
and langley Research Centers under grant
NASA/NAG-2-297.
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The paper begins with a description of a model for
the TLHS to be studied. A set of cutput variables are
then selected. (These zre the varizbles to be sctually
commandad by the pilot). o
The contro! problem is then furmulated by discussing
the structure of the [rinal AFCS and giving
performance and stability robustness specifications. |

_Next, the LQSALTR cesign methodology is desmribed
“and usad to cbtain an AFCS. The AFCS is then

evaluated by discussing the properties of the final
loop, sensitivity, and clesed loop trarsfer (urction
matrix singular valyes. The characteristics of
salected system transient responses to typical pitat
reference commands are also discussed.
Fimally, the rlexitility of the methodoloqy to meet
prescribed pilot specifications is discussad,

2. Modeling a Twin Lift Helicopter System — -
2. Qasariaticn of sysiem
For simpticity *his paper cnly focusses on controfling .
the longitudinal dynamics of a TLHS near bovering
trim. The. configuration to be studied, calied the .
lengitucinal configuration, i shown inFig. .- " 7=

slave \

master

Fig. 1: Twin Lift lelicopter System (TLNUS);
Longitudinal Configuraticn.
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The longitudinal configuration censists of two
heliccpters, two tethers, 3 spreader bar, two load
cables, and 3 payload. In stuaying this conliguration
it is assumed that the lateral cynamics of the
helicopters and load-bar assembly decouple from the
ptanar (longitudinal) cynamics of interest: f.e. the
system motion ic restricted to the vertical
(longitudinal) plana and thence only  vertical
translation, horizontal translation, and pitching are
‘allowed”.

The heticopters being modeled are Sikorsky LH GOA
Blacknawks, Thoy are assumed to be [dentical. The
lead helicopter is raferred to as the master
halicopter, and the trail helicopter as tha stave. Each
tether is assumed to have a fixed length, H. The

helicopter-tether attachment points are assumed to o

lie a fixed distance, h, below the center of gravities
(c.g.'s) of the helicopters. Each tether is connected to

one end cf the spreader bar which is assumed to be.

rigid and have a fixed length, L. The payload is
suspended a fixed distance, 2, below the spreader bar
c.g. via two fixed length codles, For simplicity tha
tethers, 2s well as the load cabies, are assumed to
have no complianca and to always be in tension

2.2 Variable definitions and State Space Modal

A seven degree of freedom linear model {1] is used to
characterize the rigid body dynamics of the system,
The key degrees of freedom are described as follows:
three degrees of (reedom per helicepter (vertical
translation, herizontal translation, and pitching), and
ona degree of {reedom for the 163d which is mudeled
as a point mass (constrzined pendular motion).

Since this study restricts the system motion o the
lergitudinal  plane, only four conurols (two per
helicopter) are relevant., These are the collective
controls and the cyclic controts. Tha collectives
control the up/down motion of the helicopters. The
cyclics contrat their fore/aft motion as well as their
pitching motion. To fully exploit the symmetry of the
*equal_tether configuration® being addressed, the
following seven degrees of freedom {i] and four
controls are definad (Fig. 2):

Averxge Varigbles:

Ix 1 (xq, * X)/2 ¢ Average horlz. helic. coord. (1)
£z = (27, * 25)/2 + Average vert. helic. coord. (2)
19 = (0, * 65)/2 : Average helic, pitch attitude (3)

£81c™ (B1em® $1cs)/2 ¥ Average cyclic control )}

' for each helicopter.

I8, 2 (Bt O )12t Awrage collective controt (S)
Differenc: Variables:

&% B % = %g ¢ Horizontal separat.on ' 6)
bZ =z = 24 ¢ Vertical separation L))
A8 B 8, - 3 = Differential pitc attitude .(8)

4By & Biqn~ By * Differential qyclic control  (9)
48, 3 B~ 847 Differential callective cantrot (10)
where  |Bic|< 15 degrees and [©.|< 10 degrees

Fi.g Model for TUS longxtu_mx.l d.ynani.cs

The variables def incd above zre used to dfrwe “the
equations which govern the planar inotion of the
TLHS. In doing so it is assumed that the t!'lm
condition is one in wmd\ the heticepters are near
hover with the tethers vertical and the spreader bar

horizontal. It is also zssumed that the hadicodter

cg's lia & the main rotor driveshafts. ‘his

" assumption forces the helicopters to have ne neminal

pitch for the trim con.ition desaribed ztove. With
these assumptions 3 linear state space model is
corstructed having the rollowwg fcrm:

ik Gy pead et 0n,
%, Sl£2 10% 80 A% AS 170 AZ £e X £6 A2 HIT (12)
Uy 2 [fo. 1481 a8 EBlcl (13)
Ap = diag (431, Agzs Apy) (14)
B, = cizg (8, Bya. Bps). (1)

Note that due to the suymmetry of the “gqual tether
configyraticn”, the modzl decouples into three basic
subsystems o be discussed subsequently. 1t should
2lso be noted that the compenents of % represent
small perturbations (rcm nominat trim values: i.e.
the values when the fethers are vertical and the
spreader bar hocizontat,



2.3 Three 8asic Subsystems and Qutout Selection
The three basic sudsystems of the TLHS are now
discussed, and varizbles to b2 cxnmanded bg the
pilot (cutputs) are selected.

The pair (Ap,. Bp,) describes the System's *avera average

vertical motien” (AVi). This mctica involves the £z
degree of freedom, and is controlled by issuing
2verage collective commands (zec). The subsystem

thus has one irput which can be used to control at
most on2 autput, £2. This SISO first order subsystem
- Is steble and characterizes the natural damping that
. oczurs during verticat climbs. :
The pair (A,
rsymmetric moticn® (SH) {1L This motion involves tha
&x ard A8 degrees of (reedom, and is controlled by
issuing differential cyclic commands (ABlc). The
subsystem thus has only one input which can be used
to controt 3t most one cutput. Tha variable Ax is
-selected” as  the output because maintaining
horizontal separation Is critical. This' SISO feurth
erdar sudsystem is unstable 2nd is characteristic of
any helicopter tethered to a fixed point in space. The
instability is referred to as the “lethered helicopter
moda® (Fig. 3). This mode is & result of the tethers
being attached a distance h below the heliccpter
cq.'s (Fin. 2) [2L
e,

"y

ot

5.;”'.1.-.-.5

.’:..g.q;-‘.-os e o8 10 L4 RO 28

Fig. 3: Syemetric Motion Poles § Zeros.
Finally, the pair (Ap-_;. 3) descrives the sgslems
*anti-symmetric motion® (ASn) This motion imvolves
the £x, £8, Az, £ degrees of frredom, and is
controlled by issuing differential  collective
commands (A8.) and average cyciic commands
(EBc)- The subsystem thus has two irouts which can

be used o controt al most two outputs. The variables
x_-Ex and £x are selected 2s the cutpuls because

3

Opg) describes the sgstems'
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' hog are fundamenkallg related to the problem of

controlling master/slave workload during horizontat
flight. The quantity x -Ix represents the Joad -

deviation from the center and is given by '

x -Ix=hge« () Az H (16}
where h, 2, L, and H zre constant. grometric
parameters (Fig. 2). This lwo-irput two-output
(TITO) seventh order subsystem is unstzble, and if
2 = 0, is cheracteristic of any single hovering
helicopter carrying a sling load. The instavility tera
is referred to as the “backfizpping mode® (Fig. 4)
since {L is due to the backflapping of the helicopter

main rotors with forward motion (31

10,

3.6 o280 lb

Fig. ¢: Anti-Symmerric Motion Poles & Ierous.

The outputs described cbove are writien in matrix
fcrm as follows:

ol.0 0.6 &0 &3 1.0 1.6 20 3.8

Up = G Xy upe R .
where Hp”[ﬂiﬂAXﬂx‘L-'Zx &EIT ___{l&)
_ 'cp = diag (cp',. Cp2. Cp3) (19)

and Cpl- sz. CpS are associated with the AVIY, Si,
and ASH subsystems, respectively,
Given the above state space modal (Ap, Bp. cp), the

TLHS (piant) transfer fur. .ion matrie is then defined
as rollowr'

Cp(sl-Ap)‘

-dlag Gy (5. sz(s) Gp3(s)

(20}
(21)

where the [Gpi(s) i=1,2,3} specify the input/cutput
- cheracteristics of the tivee subsystems discussed

above, and are given by:

Gpi® Cpilsl = Ap) 18y =123 (22)
It is emphasized at this point that the shove
decoupling into two SISO systems and one TITC
system occurs because the helicoplers are assuined
to b ldentical and the tathers are assumed to have
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the same length. The “ynsqugl tether problem”, in
which the St and ASH couple to form 2 three=-irput

three-cutput subsystem, is addressed in (4L

1t is strengly emphasized that although the equations
are decoupled in terms of the defined variables, they
remain coupled in certain quantities such as the
individual helicopter collective and gyclic controls.
Consequently all three subsystems and their
cxrespording  compensators must ‘be  evaluated
simullanecusly so that important quantities can be
“untangles” using egs. (1) - (10). This coupling, in
effect, makes controlling the longitudinal twin lift
*equal tether configuratien”® a ,Lq.z;—_mm_[m_l:_-_qu_tm
dasign prodlem.

3. AFCS Structure and Design Specifications

3.1 AFCS Structyre and Function Cefinitions

The final control system structure is shown in Fig. S.
In this HIMO negative feedback structure thera is the
plant Gp(s) (TLHS), a dynamic zugmentation

consisting of four integrators (one per channel), 2nd a
ajnamic lt‘zu‘ order compensator KLQG/LTR(S)

et pr—
[ Ginde Clat-ar™'n -{imont’

Fii S: Structure of AFCS.

The compansator is designed so that the closed loop
system meets the spacifications- presentcd “pelaw.
Since there zre threz subsystems, the LQG/LTR
compensator has the fem:

KLQG/LTR(S) = diag (KI(S). Kz(s)‘ Ks(s)) (23)
where the Ki(s) denote the indivicual subsystem

compensators.

The TLHS (plant) plus the integraters is referred to
2s the design olant. 1ts transfer runctxon matrix s
defined as follows:

G(s) = C(st - A)™'B (24)

= diag (G (s), G,(s), G3(s)) (25)

= Gy(s)/s (26)

where A =diag (A}, Aj, Ag) (27)
B = diag (84, B, B3) (28)

C = diag (C,. Cy, C3) (29)

and the im desicn plant input/outpul cheracteristic
is given by:

e et e s
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G;(s) = Ci(st - A)*15; (30)
-(s)/s i=1,2,3 (31) -
where §{ = 1, 2, 3 denote the AV, SH, and ASHM

sybsystems resoectlvelg

In an analogous mamner, the final tocp, serutwitg
and closed loop transfer function matrices can ba
defined as follows:

G (s) = diag (G (s). GLz(s) G 3(s) (32)
Se(s) = diag (Sgy(sh, Spp(s), Sezlsh)  (33)
Tp(s) = diag (Tg(s), Tp(s), Tpz(s). (34)
3.2 Performance Specifications -
To develop reasonable performance  specifications,
i.e. specifications which are *passenger friendly®, the
plant singular vaives (Fig. 6) were analyzed and

Closed lo0p transient responses were studied togeta
feel for typical twin lift pilot maneuvers.

..
oy
: u‘ off
e  E N
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3 e Bt BT B X -
hed \‘ LY
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3 K s
o \ -
] O "-7.
=3 o
T so. "
g AV} ecememt— RS .‘ -1
[ | PR N N M
ISRs wememealor @ AL
g eocsses ftor ol " e[ 4
. | I I Y T T T
0.3 0 ) 00

Fig. 6: Planc (TLHS) Slngu&ar vhuue...

One performance specification is zero steady state
error to pilot Step reference commands, £, for £2, Ax,
¥ = X, and IX. Another is complete rejection of step

disturbances, d, with respect to the above four output
variables. The four integrators introduced in the
AFCS (one per charnel) guarentee that both of these
performance specifications are met (see Internal
todel Prirciple [7]). The integrators also help with
low frequency command following, low frequency
disturbance rejection, and low frequency sensitivity.
To quarantee that these properties are built into the
design, it is required that the firal subsystem
sensitivity functions satis{y the following t’requemJ
domain constraints:

[Sei(jw)] < -20 ab for all @ < .08 radlse" (35)

| Seoliw)] < =20 db for all » < .04 rad/sec (36)
1Sg3{jw)l < =20 db for all w < .06 rad/sec (37)

dmax

ot i i e = L 1 o g v g
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where 0o [ - | denotes the maximum singular value.

3.2 Reoustnass Specifications

To be robust with respect to the high frequency
unmodeled main rotor dynamics (at @ = 27 rad/sec),
the final subsystem closed loops must satisfy the
following frequency domain constraints:

[ Tei(jw)| < -20 b for all @ > 10 rad/sec (38)

[ Teolieo)] < =40 @b for all @ > 10 rae/sec (39)
TrnaxlTr3{iw)l < =20 db for all © > 10 rad/sec  {40)
These also help in attenuating high (requency sensor

~ roise, o

The above performance and  stability robustness

specifications are nonsensical unless the nominal

closed loop system is stable . This , however, is not

a prodblem since the LQG/LTR design methodology

will be used. The methodology guarantees nomtinat

stability and offers excellent stability margins {71
4. LQG/LTR Design ttethodotogy

4.1 Obtaining the design

Next the LQG/ALTR design methodologg is applled to

the minimum_ohase [61 (9] {10] design plant G(s) =

Clsi-A) '8 (ie., TWHS plus integraters): The cesxgr.

process consists of two steps:

Step 1: Design 2 “nice target loop®, Gyp(s) = C(sI-AM,

where H is found by solving a filter algebdraic
Riccati equation. The Riccati equation depends on
dasign parameters that can be manipulated to place
loop transmission zeros at appropriate locations to
give us loop shapes that satis{y the aforementicned
*passerger friendly®  specifications. Gyg(s) has
guaranteed closed loop robustness properties.

Step 2: "Recover® the nice loop properties of Gyp{s)

from the design plant:
LTR: G(s)K g/ TR(S) —> Ggrls)

P1- P2. £3 > 0
i.e. as the design parameters py. pp . p3 (one for
each subsystem) qet small the loop transfer function
matrix approaches 3 furction with good performance
and guaranteed robustness preperties.,
4.2 Evaluation of the final design
The final {cop, sensitivity, and closed iccp smgular
values 3ppear in Figs. 7a - 7c. The shaded regions
indicate that the design specifications (eqs.
{37)-(40)) have been met,
Fig. 7a shows that all loop singular values have

(a1

as

-
2
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gain-cressover (requencies less than 1.5 rad/sec and
above .6 rad/sed. Their low frequency slopes of =20
db/dec confirms the presence of the (our integrators
in the loop,

cl.. = H?l\[ —r 1

b b

ragnituda (db)
]

~to8, - T

o I T AT 1]

-lc’.°l (1) R 190’
equencv (:ld/sec)
Fig. 7a: Final Loop Smgular Values.

Fig. 7b shows that all sensitivity smgular values lie
below the -20° db “performarce region’
guaranteeing good low frequency cammand following,
good low frequency disturbance rejection, and gqood
low frequency sensitivity reduction. The poar SM and
ASM sersitivity propefties at frequencies above .6
rad/sec sre expected since these subsystems have
unstzble modes "which ferca the tradeoff cf nice
feedback pronerties at high frequencies for nica
feedbact. preperties at low frequencies {91 [10L

19,
s I i
AT
o, - "
- 4R il
- AN P s
3 . 1/
8 . /'/ 2 !
2 on. > ;
-—ld Pl .I/ - -
& . Loy
d Y A O
24
38,
et " 100
cquenqr (a_d7=ec) o
_ Fig. 7b: Fu‘al Sensitivity Singular Values.

* Fig. 7c shows that all closed loop singular values lie

below the =20 db ‘robustness _region” thus
guaranteeing robustness to the unmodeled roter

dynamics at & % 27 rad/sec. The design 2iso pravides

thus

a degree of high frequency sensor noise attenuation

built into the design.

To complete the evsluation of the design, the
following reference commands were issued, assuming
zero initial corditions, no disturbances (d = 0), and
no senser noise (g = Q)
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Referer mm
AVIT: &-Srtlsec
Sh: Ax=21¢
As: ¥ =Stz -1 1t

X =5 ft/sec

The resuits of the above linear simulation are given
in Figs. 8a = 8¢ and 93 - Sd. It is emphasized that

egs. (1) = (10) 2re used to “untangle” the variables of .

interest (e.g. the individual helicopter velocities and
-controls).

Initially the helicopters are at rest with the tethers
vertical 2nd the spreader bar herizontal. The pilot
reference commands being issued ask for an effective

-system steady state mation of 7.071 {t/sec in a

-direction 45 dearees with respect to the horizontal,

“with an incrementzl herizontal separation of 2 feet

(&2 = 2), and the payload shifted 1 foot to the ieft of
the center (% = £x = =1),

Figures 8a and 92 show how the AFCS coordinates the'

helicopler controls so as to achieve the outputs
commanded by the pilot. The initial control

transients, althcugh toleravle, are relatively large but - '

this is expected since the AFCS is trying to achicve a
vertical climb of S {t/sec, 2 horizontal drive of $
ft/sec, keep the load 1 (t behind the center, all while
mairtaining an incremental horizontal separation of 2
feet between two inherently unstzble 14000 1b
Blackhawksl

Fig. 8a shows that the AFCS keeps the master and
slave. coliectives out of phase throughout the .10
second maneuver. Fig. 8b shows tha same for the
helicopter velocities.

The net effect is seen in Fig. 8¢ which shows how the
AFCS eifectively uses the Az degree of {recdom to
control the x - £x load motion. After approximately 6
seconds, the Az and x; - Ex motions come into phase

URIGIIAL PAee 1a
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Fig. 8a: }hster & Slalc Collec’x\e Controls.
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feot

: time (Sgconds)
) Fig. 8c: “Load Dev. froa Center § Vert. Sep. .-
with one another ard decay to their correct steady
state values of -2 feet ans -1 fcot, respectively. The
motion observed is essentially the vertical spring
mode associated with the anti-symmetric moticn
(Fig. 4). In the steacy stzte a difference in collective
contrels provides the force to maintain the slave
above the master (Az = -2). This in turn maintains the
payload to the left of the center (x -Ex = -1). The key

paint to be made here is that the AFCS must
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“tradeo(f* the s.gstem Az motlon inorder to fcllow
pitot reference commands in ¥ = Zx. It ttws follows
intuitively that relatively poor verticzl acceleration
characteristics may result as 3 consequence of

" requiring the use of vertical separation to control the

load deviation from the center. This is somewhat

apparent in figure 8b which exhibits the expected .

vertical acceleration characteristics. It must be
pointed out that .the wvertical acceleration
characteristics can be improved by increasing the

~ bandwidth of the final AVI1 and ASH loop, but cnly at

the expense of larger. collective controls, and the
possible excitation of the high frequency unmodaied
rotor dynamics.

Fig. 83 shows that the AFCS initially maintains the
helicopter cyclics slightly out of phase. In doing so
both helicopters pitch downward (Fig. Sb) and
accelerate forward (Fig. Sc). In trying to achieve a 2
foot horizontai separation, the AFCS coordinates the
cyclics so as to induce the necezssary helicopoter
pitching motions (Fig. 9¢). Due to the inertiz of the
helicopters, however, a ‘horizontal

decreased substantiailg by increzsing the bandwidth

‘af the final SM but this can be den2 only at the
: epense of substantially larger cyclic controls and the
: possible excitaticn of the high frequency unmodelad

rotor dynamics, - L
. L 2

.>~
-
1
>

degrees

\/_/

e

-a..' ™ e N . [
time (seconds) _
Fig. 9a: Master § Slave Cyclic Controls.

. Figs. 9a - 9d show that the AFCS must essentially
© *tradeoff" the pitching motions of the helicopters in

order to follow pilot reference commands for Ax.
Because of this tradeoff, it follows that 2 sluggish
horizontal acceieration characterictic may result for
a low bandwidth SM design (Fig. 9c). As in the vertical
case discussed above, it should be noted that the

N

separation
overshoet” occurs (Fig. 9d). This overshoot can be
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horizontal acceleration charateristics may be greatly
improved by increasing the bandwidth of the St loop,
but only at the expense of larger cyclic controls,
larger pitch rates, and the possible excitation of the
high frequency unmodzied main rotor dynamics.
Comparing figures 8b & 9, it is seen that the vertical
acceleration charateristics are slightiy worse than
the horizontal acceleration charateristics. This is




primarily cue to the fact that although Az does appear

(7]

in the expression for x - Zx (eq. 16), it is not

directly “penalized®; i.e. it is not an output as is ils
horizontal counterpart, Ax,

It shouid be noted that the four integrators (cne per
input chiannzl) have provided the desired zerc stzady
state error to the pilot's step reference commands. It
should also be noted that beczuse of the unstable
“tethered helicopter® and “backflapping® :(odes, 2
minimum bandwidth is required to just stabilize the
‘symmetric 2nd  2nti~symmetric  motions. This, of
course, transiates into minimum control rates and
more importantly (from a passerger's viewpoint),
larger pitch rates. These large pitch rates raust be
lived with, and are linear functions of the pilot
reference commends as well as the system initial
conditicns.

To improve the vertical ptzrfcrman'-c one mgrt try

first to use a confiquration in which thz slave tether
is longer than the master tether [4l Such &
configuration greatly improves the relative stabitlity
of the nominat modal by  introducing damping in the
‘tethered helicopter® mode and the ‘backflapping®
mode, as wall as the other oscillatory modes of the
TUHS. It rust be emphasized that by bringing’ the
unstable poles of the TLHS closer to the left half
piane, the minimom bandwidth needed to stabilize cur
system decreases. This is desirable because a lower
bendwidth implies smaller controls angd hence smanzr
pl N rates.

Another great improvement would resu't by flying. - -

with the helicopter-tether attachment points directly
at the Blackhawk cg.'s (h = 0). This has been proposed
at Sikorsky Aircraft and is dicussed in {il. .

Another idea for improving the performance of the
TLHS is to use real lime tether lepgth control This
would introduce another degree of freedom in the
controls which would seem to be of tremendous help
in controlling tha payload-bar assembly.

S. Summary

This paper has shown that the LQG/LTR design
methodology, ccupled with. sinqular value ideas, can
be wused o formulate performance and stability
robustness specifications which can then be used to
cevelop a centralized MO AFCS for 2 twin lift
hehicopter system (TLHS). The methodology is
extremely powerful in that it possesses enough
degrees of freedom to tailor designs to prescibed

pilot specifications. The paper and (4] show that the

methodolegy can b2 used to address the TLHS control
problem -with  repect to the (ollowing five
fundamental feegback issuess

(1) tow frequency command following,

(2) low frequency disturbance rejection,

(3) tow frequency sensitivity reduction,

(4) robustness to high frequency modeling, and

(S) attenuation of high frequency sensor noise.
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