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ABSTRACT

Future helicopters will rely heavily on advanced flight control systerns to extend bad weather
operations and to fully utilize the operational envelope of the vehicle, Especially in hover the pilot workload
can be significantly reduced by providing advanced command and stability augmentation functions. This
paper documents the design and flight testing of a translational rate command (TRC) control faw including
positon/aliitude/heading hold functions which completely stabilizes the helicopter and decouples the inputs.
Without pilot inputs the control law switches into hold modes, so that precision hover is done automatically.
The control law has been validated in neonlinear simulations as well as flight tests on the BO105-83 fly-by-
wire/fly-by-light rescarch helicopter of DLR. Discrete-time multivariable control design techniques have
been used to derive the new control law demonstrating the applicability of such technigues to complex
nonlinear systems.

1. INTRODUCTION

Due to the demand for extended bad weather and single pilot operations advanced control systems
arc pecoming increasingly important in modem helicopters. These systems can provide significant
reductions in pilot workload owing t¢ stabilization of the aircraft and decoupling of the conirol inputs.
Especially in hover the reductions in pilot workload achieved with advanced stability and control
augmentation sysiems are remarkable.

The basic dynamic behavior of a helicopter, whether stability augmentation is being used or not, can
be classified into certain response types, which describe the way in which the helicopter responds 10 a pilot
input. The inherent response type of most helicopters is a rate command response, i.e. the rotational rates
correspond 1o the pilot inputs. The benefits of varnious response types have been studicd by Hoh', who
concludes that in most situations pilots prefer a rate command response type. However, in poor visibility
and hover better pilot ratings are achieved with attitude command and for certain high gain maneuvers such
as sidestep and dash a transiadonal rate command (TRC) response yields the best pllot raiings. Translatonal
rate command implics that the translational velocity of the helicopter is direcdy controlled by stick inputs.

This paper documents the design and flight testing of a TRC control law including position/altitude/
heading hold functions. Any pilot input is translated inte a commanded value of the corresponding motion
vanable, which are forward and transverse velocity for cyclic stick input, climb rate for collective input,
and tum rate for pedal input. Whenever the pilot input is smaller than a certain threshold the hold function
i the corresponding channel 1s engaged automatically, thus precision hover above a given spot is achieved
withouwt any pilot activity,

Previous examples of control laws providing velocity vector contrel in haver can be found in the
ADOCS (Advanced Digital/Optical Control System) program of Boging Vertol® and the McDonnell Deougtas
Helicopter AV-05 Flight experiment pmgrnm3. Both programs demoenstrate a significant reduction in pilot
worklowd, The AV-05 {light contrel system however is not a translational rate command system, since the
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command variable is the aireraft acceleration. The velocity vector is maintained in the North/FEast reference
frame so that the inertial velocity vector is held independent of yaw. The control law described in this paper
maintains the velocity vector in the aireraft reference frame, so that a heading change will result inoa
coordinated turn. Both the ADOCS and the AV-05 control laws are based on classical control Casign
methods, whereas the control Jaw presented here is based entirely on discrele-time multiveniabic contrl
design methods demonstrating the applicability of modem control theory 10 complex real world svstemis,

2. CONTROL LLAW STRUCTURE

In this scction the equations for the TRC control faw are derived, The control law uses discrete-time
multivariable control design methods with separate feedback and feedforward paths. The feedback path is
based on a proportionai+integrator+filter (PIF) regulator algorithm which is implemented in incremenial
form. To compute the feedback gains an cigenstructure assignment method is used and, (¢ accommaodae
the significant nonlinearities of the helicopter, an optimal gain scheduling method is applied. The feedfcr-
ward path is based on a non-zero setpoint formulation, however, an cxplicit mode! following algorim i3
currently being implemented to enhance the performance of the system,

PIF Controller
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As mentioned before the feedback control is based on a proportional+integrai+[ii:
Consider the linear system given by the discrete-time stale equation

(¢
-

(D Xy = Ox, +Tu,.
This system equation is then augmented with a filter equation. Here the control deflections zre expreossed
as an Euler integration of the control rates,

(2) Mey = Ut Ty,

where T is the sample time. Finally, integrator states are also added,

(3) £ep = E+ Ty,

where the integrator states & are an Euler integration of the system outputs y. The addition o
system states provides several benefits. The filter states limit the bandwidth of the controliz

-
1
-
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output variables. These equations are now combined to form the PIF system equation:

(4 x & I 0|x 0
u =10 r Oitu| +|TT|v
& ITC TD Ijlg), |0

k

A lincar constant gain feedback control 18 applicd:

(5) v* = ‘KJ_XA"K‘U*“K{EA
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‘The feedback gain matrices K may be computed using any method for linear discrete-time controller

design. In the current ru(,drch a standard cigenstructure method® is used, since this provides an casy way
ol satislying the bundwidth requirements in the handling qualitics specifications and also to shape the modes
of the system, which is needed for dynamic decoupling.

(yain Scheduling

A significant problem in the computation of the feedback gains is posed by the nonlincarities of the
helicopter. The most important nonlinear terms are the kinematic coupling terms, €.g. in the longitdinal
equation of motion®:

(6) m{U~VR+WQ) = mg +F,

the terms VR and WQ. Early simulation resuits indicated that these nonlinearitics demand a gain scheduled
controi iaw. Presently the feedback gains are scheduled with respect to the three kinematic velocity
compenents «, v, and w using a special scheduling algorithm Lhat computes gain matrices which minimize
the errors in the eigenstructure assignment over all design pomts This opimal gain scheduling algorithm
is described in the following paragraphs.

A quadratic gain schedule in one variable, in this case u, is given by

% K = K,+Ku+Eu’.

The simplest way to compute the coefficient matrices Ky 5 is to compute individual gain matrices at a
number of design points and use a least squares approximation to obtain the coefficient ratrices.
Unfortunartely a least squares approximation cannot account for the performance of the scheduled gains. To
this end an optimal pole-placement gain-scheduling algorithm has been devised that minimizes the erTors
in the eigenstructure assignment over all design points. This algomhm works by first recasting the schedul-
ing problem into a constant-gain outpui-feedback problem Consider a constant output-feedback control
u = -KCy, then a quadratic schedule according to Eq. (7) is achieved by setting

(8) K = [Ko K, Kz]
and
(9 C
C =|uC
wic

The constant-gain output-feedback problem is solved following the procedure given in Rell 7 by minimizing
the cost function:

(10 7= Yullkc,-K)vQ,v/(KC,-K)"}
J
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wiicre (. is a diagonal weighting matrix,
K;, V;are the gain mairices and closed-loop cigenvector matrices at the design points,

K = [KG K, Kz] are the cocfficient matrices to be computed, and
(1 arc the output matrices in the form given by Eq. (9) with u = 2F being the velocity at the
design point J.

The solution found by sctting the partial derivative dJ/gK = 0 is given as

-1
(11) K = (; KJWJCJT}[JE C}WJCJT) ;

where Wj = VJQJ-VJ. . This gain matrix K yiclds a gain schedule with one parameter. To obiain the desired

gain schedule with three parameters the following procedure is used: First separate gain schedules K- Ko,
and Ky, arc computed for U, V, and W. Then these gain schedules are combined into one schedule

(12) K =

mi»—-
—

Ko+ K+ Kyp)

3

(UK + UK ) +

§~<{Q

Here the contribution of each velocity component is scaled by the ratio of the velocity component and the
total velocity.

Feedforward Path

The feedforward path is responsible for good response to pilot inputs. Here a nonz
formulation is uscd, which means that the steady state oulput vector y of the systern will trac
command vector y.. The corresponding ideal values for the state and control vectors are then ortiainad as

(13) =Sy,
t= Suyc 4
where
(14) - 8] le-r
sl |¢c b

K

is the inverse of the quad panition matrix of the lincar system. While this definition is only valid for a
constant command vector, experience has shown that good tracking is also achieved for slowly varving
commands. In this case x and « arc forming the so called ‘star-trajectory’. 1t is also necessany o define
star values for the integrator states £, These values defline the change in the intcgralor states due o a
command change. A lincar relationship between the commanded output vector and the star values of the
integraior vectlor

(15} & =38,

77 - 4



15 assumed. In the current research S, i§ sct to be a diagonal matrix wilh negalive entries, t.e. a2 command
input in any variabic will only affect the corresponding integrator state, The rationale for sclecting a
negative value is explained with a simple example in Fig, 1. In this figure the response of a simple lincar
system with constant gain feedback on the system states as well as an additional integrator state o a siep
input for several values of S, is shown. Since the system lags behind the step input, the integral of the out-
put crror, which is the arca between the output curve and the step command, will initially become negative.
If the controller is asked 1o drive this integral back 0 zero, ie. if S, = 0, then this can only be achieved

with some oversheot. Selecting a negative value for S{ on the other hand yiclds a response with littde or

no overshoot, depending on the particular value. Obviously the magnitude of S, should not be taken too
large, since this will siow down the system response significantly. Indced one can achieve a response
characteristic such that the output will initially move into the wrong direction. Currently no algorithm is
known to the author to compute the optimal values for S, and so the values are optimized using simulation
runs.
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Fig. 1 Response of a simple system with integrator
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The feedback control law is now modified such that the feedback gains multiply the differences
between the actual and the star-values of the states, the controls, and the integrators:

(16) Vg = 'Kx(xx_x;)"K.(“k"“;)"x((fk"5:)

Incremental Control Law

The final step in the derivation of the control law equations is the incremental implementation, which
provides the benefits of implicidy including a full sample period computation time (in conjunction with
using filter states) and also allowing the use of the measured quantitics rather than perturbation quantitics
in the control faw, This second benefitis very important, since the control law in this form does not require
any kind of tim bles or equations, but still provides auwtomatic trim functions. The basic idea is 1o write
down the dilference between two suceessive sample steps:
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(7 V-1 " Ve = —Kx((xk—l _xkuz)_(x;—l ’x;q))
-K, ((uk-x - “b«z) - (";-1 - “;2))

“K(Es = ) (601~ 6
It can be shown® that under the assumption of a constant command Eg. (17) is also valid for total
values X = X, +x, i.c. the nominal values cancel out of the cquation. Using

(18) G182 = Ty
(19) U =, =Ty,
and

(20) Yeu1 T B

Eq. {17) can now be rewrilien as
(21) Vi = _Kx(xt-lka—z)
I~ TE )V~ TR (Y, - ¥, ;o)

€,

+(KxS; +K, S, +K{S()(Uc1k- Uc,k-l) .

Also
(22) Uy = U +TV,, .

These are the equations that are actually implemented in the flight computer. Obscrve the following
facts: The control position at time k depends only on values of the state vector at or before time k-1, while
the feedforward term achieves an immediate control response since v, , depends on u, . Note also that the
computation of the star trajectory values is included implicitly in the feedforward term. The structure of
this control law is depicted in Fig. 2.

3, TRC CONTROL LAW FOR HELICOPTER

The controller structure derived in the previous section is now applied 10 a helicopter control law
providing translational rate command and position hold functions. Here the helicopter is described by an
cight degrees of freedom lincar model with the state vector x = {ww g © v p r ¢]° and the control vector
1= [Sgy Siiteh Srott Opegl”- Since the controt law shall provide tracking for translational velocity commands
the output vector is scrcctcd tobey={U VT H W), Whiic the implemented control law uses the nonlincar
cquations 0 compute the output variables Trom the measured state variabices, this is not possible in the
feedback gain design. Here the output vector is approximated by y = {u v «w r]'. Note that the body-axis
coordinate system is delined such that the z-axis is pointing downward, hence /1 is approximated by -w.

The cigenvalues for the rotational modes as given in Table | have been sclected to satisfy the
. - . - . . o ' ¢ . . .
bandwidih specifications given in the handling-qualitics rcquxrcmcms). Note that a large damping ratio is

77 -6



Pilot Input

9>W_J@ _J._u__*i..{ F

j AT Feedforward Signal
§ DOlaj} -{ S k1 k-2 /
Uck1 w1 €
X  State Vector
U Control Vector
Y Qutput Vectar
Integrator Vector
Y e k-1 r—jYQ k-2 6 c
' r ontrol Rate Vector
Dealay
Yk -
SYSTEM
Xy m XK-1 -
* Y L
i +
Dalay + &
Uk
Fig. 2 Control law block diagram
Tabie 1 Design eigenvalues for TRC control law
Mode w (rad/s) {
1y Pitch 4,5 0.%
2) Rell 5.0 0.8
3) Longitudinal motion 0.2 1.0
4y Vertical " 0.5 1.6
5) Lateral " 0.3 1.0
6) Yaw 6.0 1.¢
7) Collective filter 8.0 1.8
8y Cyclic pitch " 14.0 1.¢
9y Cyclic roll " 15.0 1.0
10) Pedal " 20.0 1.8
11} Long. vel. integrator 1.0 1.0
12) Lat. vel. " 1.2 1.8
13) Altitude rate M 2.0 1.8
14y Yaw rate " 1.5 1.0

sclected lor the two oscillatory moedes 1o reduce oscillations, Past c.\pcn'cncc7 has shown that the filter
frequencics shoutd be significantly higher than that of any aircraflt mode, However, a fairly small bandwidth
was selected for the collective filter, since any input o the collective actuator results in a change in required
enpine rgque. The small bandwidih in this control channel reduces the required rate of the torgue changes.
The integrator cigenvalues are a compromise between small values (lule coupling, but slow response (0
disturbances) and large values {fast response, bul increased coupling).
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To achieve the desired dynamic decoupling of the aircraft modes cigenvegtor shaping is applicd. The desizn
closed-loop ¢igenvectors are listed in Table 2. For example, the pitch mode cigenvector is such that the
dominant clement corresponds 1o £2, while the clements corresponding o P and £ arc bath st 1 zero,
resulting in a pure pitching motion for that made. The filter and intcgrator cigenvectors are all designad
such that the filters (or integrators) are fully decoupled.

Table 2 Design eigenvectors for TRC control faw

1 2 3 4 5 & 7 8 9% 10 11 12 13 14
» ¥ 1 w % = AR S 4 % P 7 b ¢
*»x 0 = 1 x =x ¥ A % P y ¥ + W
1 0 = = 0 0 VAR A S ® # e x ”
¥ X A X M ox ¥ O®x ¥ ¥ ® pe 4 ® 8
¥oo¥x X % 1 9= XX XX b ¥ A X v
1 0 0 = = »ooox  ow o ® ¥ # X pd
0 x 0 0 x 1 X X ® X X ® P X p<S
¥ ¥ X X ® X VA S S ¥ ® b ® <o
¥OOX X K M X 10 0 0 ® *® v ® Cocll
¥ X X X M O 1 0 0 b e x b 2iltch
X ¥ %X X x ® O 0 1 0 e x » * Foll
X X X ¥ X g 0 0 1 X % # X recal
¥ X ® X X % ¥ x X X 1 0] O 0 U,
WX ox X X X % oOoxX ¥ 0 1 ¢ 0 Ve
X ¥ ® X % = ¥ X X X 0 0 o 0 =
¥ ¥ % X X X K K X 0 0 s 1 i Y
where: '0° element shall be exactly zero
17 element shall be the largest
T t]

x" element may have any value

Hold Functions

In addition to the control law described so far position/altitude/heading hold functions are implemenied s
separate outer icops. For each channel constant gains are applied to the position error as well a8 the o
to obtain artificial pilot commands for the TRC control law, Since the output vector used in the TR
control is defined to be translational velocity, climb rate, and heading rate, it can be used direcidy fort
rate feedback of the hold functions. The position error is computed as a simple integral of the translaional
velocities, while the altitude and heading errors are ¢biained from the sensor equipment. As an exampic
the structure of the position held function is shown in Fig, 3.

M) w
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Fig. 3 Hold function implementation

The hold functions are activated automatically whenever no pilot inputs are applied to the system, they can
also be switched off completely to better investigate the performance of the inner control lcops.

4. CONTROL LAW VALIDATION

The control law described in the previous secuens has been validated using nonlinear simulations and
flight tests. The BO105-83 research helicopter of DLR was flown with the TRC control engaged at forward
speeds ranging from -20kts to +40kis, sideways +20kts, climb rates of £1000ft/min, and wm rawes of
+90deg/sec. Wind speeds during the test flights were up to 30kts. All modes of the control taw have been
exercised during the flight tests and no major problems were encountered. There was & slight pitch-roll
oscillation with a frequency of about 0.5Hz, which the pilots found somewhat annoying, as well as some
residual coupling between the inputs. These problems are due to modeling ervors and the use of a simpie
feedforward structure in the control law and will be resolved for the next flight test campaign.

Flight Test Setup

In this paragraph the general setup for the flight tests is described. The BO105-S3 research helicopier
is cquipped with a simplex full authority fly-by-wire/fly-by-light system controlled by the iest pilot using
regular flight controls. A full mechanical backup is provided for the safety pilot who can take control of
the aircraft at any time by simply overpowering the fly-by-wire actuators, which arc coupled inio tie
mechanical controis with springs, hence a redundant fly-by-wire control system is not needed. The sensor
package consists of a strapdown attitude and heading reference system, digital air data computer, and
Doppler radar. The pilot control panel allows mode selection and in flight parameter adjustments using
software controlled switches and potentiometers.

The test engineer coordinates and monitors the flight tests from the ground. For this purpose 2 PCM
data link between the helicopter and the ground station is provided that transmits flight data and also
intercom voeice connection. The ground station is equipped with a video display to observe the helicopter,
4 quicklook screen display, sinp chart recorders, and data storage on analog tape as well as hard disx.

Flipht Test Results

In the following paragraphs some examples are shown o demonstrate the capability of the proposad
control Liaw,
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Forward velocily command

Figr 4 shows the respanse of the helicopter Lo a series of forward velocity command inputs. The pilor
input s filtered with a first order Jag filter to dampen the response of the controller, this filiered signal is
shown in the figure {dashed line in upper left plot). Since the helicopter first needs to pitch in order to
accelerate, the delay of the response {continuous fine) is quite natural, While most of the activity in the
pitch angle and control deflection curves is due to the command changes, the small osciliation which was
mentioned cariier can also be observed. The sharp deceleration command at =37 sec from about 20 kis 1o
hover results in a rapid pitch-up from -10 deg to about 20 deg. This rapid pitching motion leads in turn to
an undesired climb which can be aitributed mainly to the simple feedforward structure used in the current
control law design,

actual
-~~~ command
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Climb Ruate (Viniz)
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- I . n I AN " "
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Fig. 4  Response to forward velocity commands
{Ground speed and pitch angle)

Contot Dell. (%)

Pitch Angle {deg)

Lateral velocity command

The response of the helicopter to a lateral velocity input is shown in Fig, 5. Again good tracking of
the command is achicved, As in the previous example rapid changes of the commanded velocity result in
an undesired climb rate, here the peak is at about 200ft/min (about 1m/s). In addition a significant heading
change of almost 30 deg can be observed. This heading change can be attributed to crrors in the
acrodynamic model leading 10 an overcompensation of the open loop coupling, which is negative yaw due
to positive v.
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Position hold

In Fig. 6 the accuracy of the position hold locop is demonstraied. At wind speeds ranging from 10-
20kis the position error with respect to the intermally generated position reference stays less than 0.5m.
Since no sensor signal is available for position measurement, the positien is computed {rom the Doppler
radar signal and therefore offsets in the Doppler radar signal will cause a drift in position. This drift can
neither be measured nor compensated for intemally and depends entirely on the accuracy of the Doppler
radar.

1 X-Direction

Poshion Tirror (o)
- AAAAOA S -

Pexiticn Frror {m)
&
(PN (=3

i
Q 10 20 k) 40 50 50 70 20 90 100
Time (3ec)

Fig. 6 Position crror with position hold engaged, wind speed 10-20k1s

S, CONCLUSIONS
A transhational rate command control law has been developed and flight tested on a fly-by-wire

helicopter by DLR showing significant reductions in pilot workload and thereby frecing up the pitot for
other tasks, The control law provides velocity veetor and heading controi plus position/altitude/heading hold
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functions. In addition turn coordination is achicved automatically, i.c. a heading change will resull in a
coordinated wrn. All modes of the controt faw have been validated during the fiight tests. Tracking of
velocity commands was found to be good, but some coupling was obscrved, the main problem being climb
rates resulting from rapid pitching motions during acceleration or deceleration. This coupling can be
atributed to the simple feedforward structure used in the initial flights. Currently an explicit model
following algorithm is being implemented to ¢liminate this coupling. A slight pitch-roll oscillation with a
frequency of about 0.5 Hz was also obscrved, this oscillation is a result of modeling errors and should also
be eliminated for the next flight test campaign.

The control law was designed using discrete-time multivariable control design methods demonsirating
the applicability of modem control design methods for linear systems to complex and highly non-lincar
systems. The computation of the required feedback and feedforward matrices is compleicly automated using
MATLAB!? programs. [t should be pointed out that tuning individual ioop gains is practically impossible
with this type of control law design. Gain matrices are changed by modifying design parameters like desired
pole locations and/or corrections to the lincar models of the helicopter.
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