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Whirl-Flutter Suppression in Advanced Turboprops and
Propfans by Active Control Techniques

_ F. Nitzsche*
DLR— Institute of Aeroelasticity, D-37073 Gottingen, Germany

The feasibility of using the active control technique to suppress the whirl-flutter instability of advanced
turboprops is investigated. Aerodynamic vanes are incorporated at the engine nacelle to generate control airloads.
The actuator system is driven by a control law that is based on the Kalman filter estimation of the critical
aeroelastic modes of the structure. The results demonstrate that the compensator provides enough controllability
to prevent the whirl-flutter onset well beyond the design speed. The present study suggests that a very efficient
vibration isolation in advanced turboprops may be achieved both by optimizing the engine-propeller suspension
in the actual flying envelope and by employing the active control technique to deal with the safe margins required

by the present aircraft certification regulations.

Nomenclature

a = distance between fuselage and nacelle
centerlines

b = engine-propeller c.g. distance from pylon elastic
axis

¢y, ¢. = blade chord, vane chord

d = propeller distance from pylon elastic axis

F = compensator transfer function

G = gyroscopic matrix

Gy, G = open-, closed-loop transfer function

h = pylon elastic axis flatwise bending displacement

h., h. = aft fuselage cone lateral bending in the

' horizontal and vertical directions

L = propeller polar moment of inertia

I, = engine-prop moment of inertia about pylon
elastic axis

I, = total polar moment of inertia about fuselage
centerline

I = engine-prop-nacelle moment of inertia about

' pylon elastic axis

J* = propeller advance ratio, V/QR

K = closed-loop gain, Fig. 5

K = stiffness matrix

K.. K, = control gain, Kalman filter gain

L, = vane lift, Fig. 2

{ = vane distance from pylon elastic axis

M = mass matrix

M, = aerodynamic moment about pylon elastic axis

M, = mass of aft fuselage cone

m = engine-propeller mass

m, = pylon mass

N = number of blades

Q', Q" = propeller aecrodynamic matrices

R', R® = vane aerodynamic matrices

R = propeller radius

S. = vane span

LT = time

Vv = freestream airspeed

Vo = aircraft diving speed

v horizontal displacement of the engine c.g. with

respect to the nacelle
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w = vertical displacement of the engine c.g. with
respect to the nacelle
v,z = engine-propeller total displacements with

respect to freestream direction
= unit, null matrices
compensator design parameters
= pylon torsion about elastic axis
= vane rotation angle
= aeroelastic mode damping
= engine-propeller total rotation about pylon
elastic axis
= torsion angle of aft fuselage cone
SENSOT noise
matrix of free-vibration eigenvalues
plant noise
= air density
engine-propeller pitch angle
engine-propeller yaw angle
propeller spinning frequency
aeroelastic mode frequency
free vibration decoupled natural frequency
associated with the dependent variable y;
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Subscript
1,2 = powerplants 1 (left) and 2 (right)

Superscripts
* = (1/Q})alot

= nondimensional value
= estimated value

~

Introduction

HIRL-FLUTTER is an aeroelastic problem described

as an oscillatory instability of the engine-propeller in-
stallation. Two-degree-of-freedom models, for which the en-
gine-propeller structure is considered to be a rigid body free
to develop only the pitch and yaw natural modes with respect
to the airstream direction, are able to reproduce the preces-
sional motion that may become unstable under certain con-
ditions.' In the classical whirl-flutter analysis the flexibility of
the system is supposed to be defined by a combination of the
individual flexibilities due to both the engine suspension (or
shock mounting system) and the backup structure that sup-
ports it. The mass properties are lumped at the engine-pro-
peller c.g., yielding a simplified dynamic system that can re-
liably analyze the phenomenon in structures where the
interaction is negligible between the aforementioned pitch
and yaw modes, and the natural modes associated with the
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backup structure. In modern configurations of turboprops,
where pusher propeller engines are supported by short pylons
cantilevered with the aft fuselage cone (Fig. 1), the whirl-
flutter analysis requires more elaborate work.>* Considerable
influence of the backup structural dynamics is observed, and
a coupling between the two powerplants leads to the devel-
opment of both symmetric and antisymmetric whirl-flutter
conditions, in many cases involving a major participation of
the supporting structure. Furthermore, as opposed to the clas-
sical whirl-flutter phenomenon, the instability may become
violent and cannot be suppressed by passive means such as
flutter dampers.

The present work extends a previous study on the feasibility
of applying the active control technique to both suppress whirl-
flutter and improve low-frequency vibration transmissibility
characteristics from the powerplants to the structure of such
advanced turbopropeller configurations.* In the preliminary
phase of the design, the engine suspension specialist faces the
well-known problem of selecting a shock mounting system
that cuts off the unpleasant forced vibrations generated by
the propellers and withstands a single structural failure. The
optimization of such a design often deals with two reverse
trends. A suspension which is efficient in terms of transmis-
sibility is likely to be characterized by the “‘soft” spring rates
that are prone to generate unstable situations, especially in
the event of a shock mount failure. Hence, the active control
may be employed either to stabilize the system in the dan-
gerous conditions determined by a structural failure or to
provide an extra safety margin to the nominal design at higher
speeds.

Fig. 1 Pusher configuration.

Feasibility

A pair of aerodynamic vanes is designed at the two nacelles
to achieve controllability of the system. The vanes are posi-
tioned at a distance / from the pylon elastic axis, according
to Fig. 2. The goal is to provide—through appropriate angular
displacements of the two vanes—the aerodynamic forces that
can control both the pylon bending and the pylon torsion,
precluding symmetric and antisymmetric whirl-flutter condi-
tions. The control philosophy, although simple, is efficient if
the critical aeroelastic mode presents significant displace-
ments of the pylon elastic axes. This is not an abnormal sit-
uation, and it is prone to occur in any advanced turboprop
configuration.® The magnitude of the aerodynamic moments
generated by the vane and the propeller at the pylon elastic
axis are estimated, respectively

Ms, = (DpV?S.c./(2me) (1)
M, = (ci/2)RANQ*R*m [c3)A ¢ 2)

Equation (2) is reproduced from Ref. 2, with
m, = p(mc3/4)R 3)

Ay = (OAVT + 772 - J*210g(1 + VI + T721*)]  (4)

Hence, the ratio between the two aerodynamic moments may
be calculated, yielding
M /M, = fJ*)Wl (5)

where f(J*) is presented in Fig. 3 and
v = ¢S, /(Ncy,R) (6)

Equation (5) indicates that the efficiency of the control is
proportional to the parameters » (the ratio between the area
of the vanes and the area of the blades) and the nondimen-
sional distance between the pylon elastic axis and the vane
hinge. According to Fig. 3, f(J*) is approximately 10 for
J* = 1.5; therefore, the ratio between the two moments in
Eq. (5) approaches the unity when the product » = 0.1. Since
J % = 1.13 for the open-loop design,* the numerical values of
v and [ assumed in Table 1 are expected to satisfy the present
investigation.

POWER PLANT 2

Fig. 2 Aerodynamic control vanes.
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Table I Definition of the aeroservoelastic system*

a = 1.6216 I, = 0.0355

b = 0.2008 I} = 0.0390

d = 0.7876 [ = 1.030

¢, = 0.1961 L = 0.0033

¢. = 0.2317 a')‘,,] = a,, = 0.3816

v = 0.0760 By = O, = 0.2167

I =0.3861 b, = @, = @, = @, = 1681
= 0.0013 @, = 6, = 106
Q, = 178 rad/s @y, = @y, = 0.1685

Q, = —178 rad/s o, = 0.0823

m = 0.1353 @. = 0.0628

m, = 0.0109 @, = 0.0600

“The geometric propertics arc nondimensionalized by R; the mass prop-
crtics by the system total mass; the moment-of-inertia propertics by
the system total mass X R*; and the frequency properties by (2.
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Fig. 3 Vane/propeller aerodynamic-moment ratio vs J*.

Reduced-Order Aeroservoelastic Equations

The equations of motion of the aecroservoelastic system for
the full-state feedback idealization were already developed in
a former study.* Here, these equations are written in a slightly
different form, assuming that the control variables (provided
by the aerodynamic vanes) are decoupled from the system’s
state variables. This assumption holds if the poles associated
with the control system are well separated from the poles that
characterize the backup structure and the engine-propeller
suspension. Since the whirl-flutter phenomenon is prone to
occur in the lower frequency range, involving low-damped
structural modes, the latter assumption is the same as con-
sidering that the control system is *“fast enough’ and able to
generate instantaneous airloads.

The 15 coupled, second-order, linear differential equations
that describe the system’s dynamics are cast in the state vector
form:

¥ =Ax + Bu (7)
where

A= [M_l [V«(Q‘ + ;R‘) - G] M- [,U«(QO + SRO) - Kﬂ
(8)

_ | urM1S
B - [ / ] ©
u = [efes]” (10
x = [§q]" (11)
q = [(/fl'l_}lﬁyi’zllfz(blVlﬁlwlﬁzowzﬁﬁ’zd’l]T (12)
= 2Nm, /¢, 13)

When the above equations are compared with those presented
in Ref. 4, it is worthwhile to point out that the dependence

of the airloads on the time derlvatlves of the vane angle of
attack is now neglected (£ = £5 = 0 and S = $Y), and thus,
v is factored out from matrwes Rl and R".

The modal superposition technique is employed in order
to reduce the order of the aeroservoelastic system

x = ®&y; & = block diagonal (®) (14)

where @ is the modal matrix of the related free-vibration
eigenproblem, truncated after m significant natural modes.
Hence

(—oiM + K)®, = i=1,2,...,m (15
where o; and ®; are the ith eigenfrequency and related ei-
genvector, respectively. Using the normalization

OPTMD = 1> OPTKP = A (16)

the equations of motion may be rewritten as
= dy + Bu (17)

where
- A
1 A ] as)

vy
B = [#0 ] (19)

2 o
[ R ]=<i>r[ R ]cb F = ®TS  (20)
4 G

According to Fig. 4, the superposition of three natural modes
is capable of reproducing the critical whirl-flutter condition.
These modes are referred to as numbers 9, 10, and 12 in Table
2. Figure 4 also plots the result obtained using only the two
most important natural modes (numbers 9 and 10). The latter
approximation yields good agreement for the damping at
J¥ = JZ%, but for J* < JI accuracy is lost. An additional
result, obtained with the superposition of modes including the
gyroscopic effect, is depicted in Fig. 4. These special coor-
dinates (‘‘gyro coords™) also generate accurate results, but
not superior to those obtained with the three natural modes.

"= [u(gl + oRY) — G w20 + vARO)

x103

3~ modes 9,10 & 12

- modes 9 & 10 *
- * - gyro coords

Lerl/

'S

3_ -

-4

J*
Fig. 4 Critical aeroelastic mode description in truncated coordinates:
L vs J*®.
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Table 2 Open-loop free-
vibration eigenvalues J* = 0;
p = 0 kg/m% Q, = 178 rad/s;

Q, = —178 rad/s

Mode

no. w/Q) I
01 4.9928 0
02 4.9888 0
03 4.6721 0
04 4.6721 0
05 1.6400 0
06 1.4346 0
07 0.9300 0
08 0.6027 0
092 0.5981 0
100 0.5357 0
11 0.4598 0
12¢ 0.4157 0
13 0.2828 0
14 0.2298 0
15 0.2053 0

“Antisymmetric propeller yaw. .
"Symmetric pylon bending-torsion and
propeller pitch.

‘Symmetric fuselage cone vertical bend-
ing and propcller pitch.

For the sake of simplicity, the superposition of the natural
modes (listed at the bottom of Table 2) was considered suf-
ficient.

Optimum Compensator Design

The optimum compensator design will be based on the
linear quadratic Gaussian (LQG) technique, for which both
the aeroservoelastic equations in modal coordinates

¥ = dxy + Bu + () _ (21)
and the output equations
L= @By + Du+ (N (22)

are perturbed by white-noise functions. Thus, the control
problem resumes in minimizing a cost function $, involving
both the system and the control states

g =6 [@ R] H ar 23)

subject to Eqgs. (21) and (22). The plant and sensor uncor-
related noises satisfy the expected-value function:

¢ [[f;{))] [é(r)’ﬁ(fﬂ] = [FOE g] -7 (4)

In the present formulation
Q=a [1 A] and R = g1 (25)

Hence, the quadratic forms x"Qy and u"Ru become propor-
tional to 1) the kinetic and potential energies (in modal co-
ordinates); and 2) the work done by the control vanes, re-
spectively. A suitable combination of «, 8, and I will select
the compensator’s “‘best design.”

The full-state control law

u=-Ki= —(UBRBRPY (26)

(where P is the solution of the algebraic Riccati equation
associated with the LQG problem), is realized through a Kal-

man filter modal-state estimation. For this, the dynamics of
the estimator is considered, yielding

3=y + Bu + K — 6x — Du) (27)

If two vanes are used in the control and three natural modes
are superimposed to generate the whirl-flutter critical mode,
the size of the vectors u and ¢ in Eq. 22 are 2 X 1 and 6 X
1, respectively. Therefore, the design of the compensator is
generally defined by a multiple-input, multiple-output (MIMO)
control problem. However, due to the system’s symmetry
properties, it is verified that the whirl-flutter onset may only
occur in either a symmetric or an antisymmetric aeroelastic
mode.* Since the control law is synthesized to suppress a pre-
established critical condition for which its characteristics are
a priori known, one of the following relationships must hold:
e{ = g5 or ¢ = —¢$. The problem becomes single-input,
multiple-output (SIMO). In this particular example, the latter
relationship holds as long as the critical mode is symmetric.

The next simplification, to a single-input, single-output
(SISO) problem, relies upon the hypothesis that the aero-
elastic response at the whirl-flutter onset condition may be
dominated by a single aeroelastic mode. Indeed, since such a
mode is much less damped at the vicinity of the critical speed,
it generates a very strong output. Assuming that the SISO
hypothesis is true, it is feasible to construct the matrix € in
Eq. (22) using the participation coefficients of the natural
modes in the critical aeroelastic mode defined by the open-
loop analysis. The contribution of the remaining aeroelastic
modes to the total aeroelastic response at the critical condition
may be incorporated into the noise associated with the sensor
3(1r). The validity of the SISO hypothesis will be checked later
in this work, based on a full-state simulation of both the
control law and the Kalman filter gain.

Placement of Poles of the Closed-Loop System
The system’s closed-loop block diagram is depicted in Fig.
5. The transfer function between the plant noise and the
aeroelastic response is

Us) = (1 + KGoF)~'Gé(s) = G&(s) (28)
where
t(s) = [6(1s — A)"'B + Dlu(s) = Gou(s) (29)

In a first compensator design no feed-forward path between
u(s) and «(s) will be considered. This is equivalent to set
% = 0 in Eq. (22). The white-noise correlation matrices in
Eq. (24) are selected based on a robustness criterion: con-
trollers incorporating a high level of uncertainty can withstand
larger variations from the design values without degrading
their performance. Therefore, assuming that 20% of the
aeroelastic modal response at the whirl-flutter onset is rep-
resented by the sensor white noise

0 = 0.20667 (30)

Next, it is assumed that the plant white noise can be as large
as the input control

E = BR7 (31)

In a stationary random process, the mean-square time-his-
tories of both the state and the control variables may be
readily estimated.® These are calculated at a design point
which is set immediately beyond the whiri-flutter open-loop
critical advance ratio (J%, = 1.2, J% = 1.13, respectively).
For a = 1, Figs. 6a and 6b present the variation of a) the
root-mean-square (rms) value of the composed pitch-yaw pro-
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peller angle, o,,, = V., + ¢, vs B; and b) the rms value
of the vane angle of attack vs 8. Three curves are shown for
different levels of plant noise (I' = 10-', 10", and 10', re-
spectively). As expected, when increasing the relative cost of
the control (represented by B) £¢,, decreases, whereas o,
increases. Moreover, increasing the level of the plant noise
(represented by I'), o, and &g, also increase. Figures 7a
and 7b are plotted vs 8, showing a) the negative of the critical
aeroelastic mode damping; and b) the value of the cost func-
tion

$ = x,Px{ (32)

(where the initial conditions are set assuming x, = 1, arbi-
trarily). Figure 7a recovers the classic result that the complex
poles of the unstable open-loop system converge to their mir-
ror images as the cost of the control approaches infinity.

€(t)

@BT 85 [6ts-a " e

+
o(t)

Fig. 5 Closed-loop system block-diagram.
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Fig. 6 Compensator design: a) 0,,,, vs Band b) €5, vs B for I’ =
10-', 1 and 10.

Figure 7b indicates that larger values of B8 lead to bad con-
troller designs as long as $ also increases indeﬁnitely.

Thus, it is estimated from Figs. 6 and 7 thata = 1, 8 =
0.01,and I' = 1 lead to a feasible design, for which the results
of Table 3 are true. The selected values of «, 8, and T are
substituted into Eq. (28), and the closed-loop system char-
acteristics are calculated (Table 4).

A second compensator design, including the information
on the vane’s angle of attack in the controller feed-forward
path, was also studied. A constant gain, @ = 0.01, was as-
sumed. The performance of the latter design compared to the
previous one is evaluated in the following.

Control System Robustness

Table 5 gives the poles and transmission zeros of the open-
loop transfer function obtained from Eq. (27). Since the sys-
tem being studied is one of a nonminimum phase, with poles
and zeros in the unstable region, the controller may at most
be conditionally stable. In order to verify its robustness, an
arbitrary gain was introduced in the block diagram of Fig. 5.
Figures 8a and 8b indicate that the robustness associated with
the two controllers designed (% = 0 and % = 0.01) is more
than adequate, but also similar. Gain margins based on the
closed-loop transfer function return difference®

T(s) = 1 + KGy(s)F(s) (33)

of 41 and 46 dB (0.391 < K < 110 and 0.391 < K < 194, at

Jis = 1.2) are obtained for the two designs, respectively.
Table 3 Closed-loop design values
$ =41
Oy = 6.95 deg

g
1.224 -13.34 3.874 4.387 —0.1707 -0.1421)
8202 — 0.3883 0.01672 0.3788 1.672 —0.1309)"

Table 4 Characteristic values of G; J* = 1.2;

D =0K=1
Zeros Poles
+0.0127 = 0.0641; —0.0218 = 0.6249i
—0.0147 + 0.4384; —0.0064 + 0.4454;
- 1.816 = 0.0000/ —0.0008 = 0.5506i
=0.0220 = 0.6249i —=0.0221 = 0.6249i
-0.0053 = 0.5506/ —0.0041 = 0.5506i
Cerl? 102 SR
E alfa=1 E
100 Gama=1
E ™ J star=1.2 E
T - ]
E N E
107 ¥ 4
1020+ i ik ]
105 102 100 104 107
a) B
3 10— e
FE alfa=1
r Gama=1
107 L J stax-l 2
104 | 7
E —
101 E=
105 102 100 104 107
b) 8

Fig. 7 Compensator design: a) —¢./Q vs Band b) § vs g8 for I
= 1.
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Table 5 Characteristic values of G,; J* = 1.2;
D=0

Transmission zeros Poles

+0.0127 = 0.6041i —0.0218 = 0.6249i
—0.0147 x 0.4384i +0.0003 = 0.5506i
—1.816 = 0.0000i —0.0064 = 0.4454i

D=0
¢/ 002 Jstar= 12 7[ ) ﬁ
OF' ---------------- . - ,:;’/"I g
-o.oz—__ﬁ Y
w0E e 10
a) K
D = 0.01

Lmmie b R o SRR

104
b) K

Fig. 8 Compensator robustness: (/) vs K: a) @ = 0.0 and b)
% = 0.01.

x103 K=1

ol 3 N
o open-loop P
4" xclosed-loop e
3t _
2 - 4
1 t- 4
of  wf-> i
b j
2k i
3 N
) 0.5 1 1.5 2

J*

Fig. 9 Critical aeroelastic mode damping in truncated coordinates:

£../S2 vs J* for the open- and closed-loop conditions.

Closed-Loop System Performance

Figure 9 presents a plot of the critical mode damping ratio
as a function of J* for the open- and closed-loop conditions
(% = 0 is taken thereafter for the sake of design simplicity).
The controller prevents the whirl-flutter onset from J}, =
1.13 (open-loop) up to J % = 1.28, corresponding to a 13.6%
gain in aircraft velocity. However, the performance of both
the control law and the Kalman filter in the presence of the
whole set of modes remains questionable. To accomplish this
analysis, Eq. (26) is substituted into Eqgs. (7), (22), and (27).
Next, Eq. (22) [with 9(r) = 0] is further substituted into Eq.

olg 0.7
0.65
0.6
0.55
0.5
0.45
04
0.35 4
0.3+ . 3
] %_
B N R
a) 7"
x103
tla T
\\l
1.5 2
b} ¥*

Fig. 10 Closed-loop system: root-locus vs J* in physical coordinates
(K = 1and @ = 0.0). For better identification, the plot only depicts
the first 11 most significant aeroelastic modes: a) w/€) vs J* and b)
I vs J*,

10 . v . -

-~

¥, (deg)

0 2 4 b 3 0 12
tis)

Fig. 11 Active control time-domain simulation for the initial condi-
tion ¢, = i, = 10 deg: ¢, vs .

(27). After the transformations between physical and modal
coordinates are performed

x _ A — OBIK, X (34)
x| | KedT A - BK, — K€ | x

The characteristic roots of Eq. (34) are plotted in Figs. 10a
and 10b vs J*. The root loci indicate that no instability occurs
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<

0 2 i 6 8 Y
t(s)

Fig. 12 Active control time-domain simulation for the initial condi-
tion ¥, = s, = 10 deg: n, vs &.

up to Ji = 2.0, when mode 7 becomes marginally stable.
Hence, the compensator has a superior performance in the
presence of all aeroelastic modes.

Yi d
Y2 0
¥ 1
g | _ |0
Z -
Z, 0 0

UK 0

In the Appendix, the output vector describing the aero-
elastic response is written as a function of the dependent
variables [see Appendix, Eq. (A1)]. Figures 11 and 12 depict
time domain simulations of the most interesting components
of y when both propellers are submitted to an initial condition
given by a symmetric yaw angle of 10 deg at J ., = 1.2. These
results indicate that the system reaches its steady-state value
in about 6 s if the control law is also activated at r = 0.

Conclusions

A simple control system for whirl-flutter suppression and
critical modal damping augmentation is demonstrated to be
feasible. The estimated performance of the compensator, de-
signed in the reduced modal space, is even better when the
complete set of the eigenvectors of the structure is included.

The merit of this investigation is clear when the current
FAR-JAR/Part 25 regulations for aircraft certification are in-
voked. According to these requirements, the aircraft shall be
free from any structural instability up to 1) 1.2V, in the nom-
inal configuration; and 2) 1.0V, under a single structural fail-
ure. Often, the transmissibility characteristics of the shock
mount system are downgraded in favor of the required safety
margin. The present study proposes that the safety margins
can be reached by active control. In this case, the controller

L -1

could be activated outside the boundaries of the flying en-
velope of the aircraft, and no special redundancies should be
done with respect to the fail-safeness of the controller itself.
Such an approach would allow significant improvements in
the design of efficient engine suspension systems. They could
be optimized within the flying envelope, and no additional
stiffness would be necessary to accommodate eventual shock
mount failure. ‘

Appendix: Aeroelastic Response—Qutput Vector

In a former study,” the total displacements of the propeller
with respect to the undisturbed airflow direction were cal-
culated as a function of the dependent variables of the aero-
elastic system ¢. These are the four linear displacements of
the two propeller hubs with respect to the equilibrium posi-
tion: y, and y- (lateral) and z, and z, (vertical); and the related
angular displacements: ¢, and ¢, (yaw) and #, and n, (pitch).
They are related to the output of the system according to the
following relationship:

0
d11-1a 000 o |17 (AD
00-1-a11—-d —d
100 0 0 00 0 O
000 000 -1-1
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