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Optimal Control of Helicopters Following Power Failure
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Helicopter control procedures following power failure were investigated theoretically by applying optimal
control theory. The calculated height-velocity boundaries showed good correlation with flight test results.
However, several differences were observed between the optimal solutions and pilot’s control usage, especially
in the timing and amplitude of the collective flare before touchdown. In addition, parameters such as pilot
reaction delay, collective setting during descent, the location and available field length of the landing site, and
wind speed were found to have a significant effect on the success of the emergency landing. Some of these effects
are not currently taken into account during certification flight tests.

Introduction

ELICOPTERS can land safely following total power
failure by using autorotation. Success of this autorota-
tive landing depends on various factors, €.g., the pilot’s con-
trol technique and operating conditions such as the gross
weight, altitude, and ambient air temperature.! However, the
most essential contributing factor is a combination of the
height and velocity at the moment of power failure. Flight test
verification is required for certification to establish the height-
velocity (H-V) boundaries over the entire operating envelope.?
A helicopter’s takeoff path must be planned to prevent violat-
ing these boundaries while simultaneously complying with
field length limitations, thereby limiting the maximum weight
for takeoff from a confined area. '
Accordingly, many theoretical and experimental studies
have investigated methods of improving helicopter flight per-
formance in the event of a power failure.? Increasing the main
rotor’s moment of inertia showed distinct advantages in au-
torotative landing capability,* and increasing the one-engine-
inoperative (OEI) power of a multi-engine helicopter was de-
termined to greatly benefit transport category operations.® In
addition, many concepts have been proposed that supply aug-
mented energy using auxiliary equipment such as a tip-jet and
flywheel.® These techniques, however, have never been imple-
mented successfully due to weight and cost restrictions. To
best utilize available rotor rotational energy, optimal control
procedures following power failure have been studied.
Komoda’ proposed an analytical method to predict the H-V
boundaries utilizing a linear optimal control theory. Lee® ana-
lyzed optimal autorotative landing by applying a nonlinear
optimization technique to a point-mass helicopter model. The
present authors’ made several modifications to this analysis
model by extending it to a longitudinal rigid-body dynamic
model and adding sophisticated rotor aerodynamic model.
This improved method led to the present paper, which initially
discusses the optimal control procedures following power fail-
ure, with emphasis placed on their comparison with the pilot’s
control use recorded during flight tests. Following this, several
influential parameters such as the collective control during
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descent, landing site restrictions, and wind speed are dis-
cussed. These parameters have a significant effect on the suc-
cess of the emergency landing, although they are not taken into
account during the current certification flight tests.

Formulation
Equations of Motion

The equations of motion relative to a space-fixed coordinate
system were described using a rigid-body dynamic model hav-
ing three longitudinal degrees of freedom. The state variables
are horizontal flight distance x, height loss following power
failure z, horizontal flight speed u, rate of descent w, pitch
attitude ©, pitch rate g, and rotor rotational speed Q; whereas
the control variables are the main rotor collective pitch 6, and
longitudinal cyclic pitch 5. The following constraints are
taken into account: collective pitch range, cyclic pitch range,
pitch attitude range, maximum load factor, and maximum
effective angle of attack of the blade section at 75% span. The
external forces include main rotor thrust 7', torque Q, H-force
H, longitudinal hub moment My, fuselage drag Dr, horizontal
stabilizer lift Ly, and weight mg (see Fig. 1). The main rotor’s
aerodynamic characteristics were calculated using the modi-
fied blade element theory in combination with the modified
momentum theory. The former theory takes into account the
blade root stall effects during descent, and the latter theory
extends its applicability over all operating conditions including
the vortex ring state. When considering one engine failure of
a twin-engine helicopter, the remaining engine’s maximum
power was given as a function of the pressure altitude and air
temperature. The details of these dynamic and aerodynamic
helicopter models are contained in Ref. 9.

Ay

Fig. 1 Mathematical model representation.
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Fig. 2 Calculated H-V boundaries and flight test results.12:13

Optimization Problems

Four optimization problems were formulated as follows:

Problem 1) Minimizing the touchdown speed factor follow-
ing power failure at a given flight condition.® The performance
index was defined by the sum of the squares of forward speed
and rate of descent at touchdown, both of which are nondi-
mensionalized by the respective safety limits, i.e.,

I = min {[u(tf)/umax] 2 + [W(tf)/Wmax:I 2} M

where ., =20 and 30 kt for skid and wheel type helicopters,
respectively, and wpy,, =8 ft/s regardless of the landing gear
type.

The initial conditions were given by the state variables
0.5~ 1 s after power failure to simulate normal pilot reaction

delay. The terminal conditions for this problem were specified .

to obtain level attitude at touchdown, i.e.,

@) =0, z(tp) = ho 2)
where A, is taken as the power failure height.
Problem 2) Minimizing the H-V diagram’s unsafe region,
which is represented by the following three points (see Fig. 2):
Problem 2a) Minimizing the high hover point height, with

I = min z(t) (3)
Problem 2b) Minimizing the knee point speed, with

I = max min u(0) G
2ty Oo.bs

where the knee point height z(¢) was determined so that the
performance index has a stationary value.
Problem 2¢) Maximizing the low hover point height, with

I =max z() )

The terminal conditions for problems 2a-c were specified so
that the touchdown speed factor is within the safety limit, i.e.,

[t e + (Wt W] =1, Ot =0 6)

Problem 3) Minimizing the fly-away possible height in a
twin-engine helicopter’s H-V diagram, which is obtained
by adding a 35-ft clearance above the ground to the height
loss during the transition from one engine failure to level
flight, i.e.,

I =min z(t) + 35 ft @

Table 1 Helicopter specifications

Number of
Type Max. weight, kg Rotor radius, m engines
Sikorsky S-58 5900 8.53 1
Hughes 300 760 3.85 1
Bell 47 1290 5.66 1
Boeing Vertol
YUH-61A 8500 7.47 2
MBB/Kawasaki
BK117 3200 5.50 2
using the terminal conditions
u(ty) = vy, w(t) =0 )]

where V, denotes the minimum speed to attain a 100 ft/min
rate of climb.?

Problem 4) Maximizing the takeoff weight of a twin-engine
helicopter for Category A VTOL operation,? which is limited
to ensure the helicopter can safely return to its initial takeoff
point when one engine fails during takeoff before reaching the
critical decision point (CDP).1° The performance index was
given by

I = min max m ()]
2ty 8,05

where m denotes the helicopter mass. The power failure height
z(¢;) was determined to be the most critical height to make a
safe landing, similarly as when determining the knee point
height [Eq. (4)]. Since the takeoff speed in VTOL operation is
negligible [« (0) =0}, this problem is equivalent to maximizing
the helicopter mass under the condition that the H-V dia-
gram’s unsafe region is eliminated.

The terminal conditions for this problem were given by
Eq. (6) and, in addition, the flight distance from power failure
to touchdown x(¢;) was specified as a function of the power
failure height z(¢/) since a confined landing site is assumed in
VTOL operation, i.e.,

x(tf) =Xy [Z(tf)] (10)

The maximum takeoff weight in Category A VTOL opera-
tion is consequently related to the function x,, which in turn
depends on the all engines operating (AEO) takeoff path from
initial hover to the CDP (see Fig. 11).

Results and Discussion

The nonlinear optimal control problems formulated previ-
ously were solved numerically using the sequential conjugate
gradient restoration algorithm.!! The five helicopters included
as examples are listed in Table 1 along with their specifica-
tions.

Single-Engine Helicopter H-V Boundary

Figure 2 shows the H-V boundaries of two single-engine
helicopters, i.e., results using the presented theory (problem 2)
for the Sikorsky S-58 (helicopter mass m =4130 kg, density
altitude h;=6635 ft) and the Hughes 300 (m =660 kg,
h, = 5000 ft), and also their respective autorotative landing test
results.'2!3 Note that under these operating conditions, the

‘Hughes 300 has a higher knee point speed and a lower knee

point height than the S-58, although their high hover point
heights are almost the same. The calculated H-V boundaries
are generally in good correlation with the corresponding flight
test results. However, several discrepancies exist, especially in
the high hover points of both the S-58 and Hughes 300 and also
the low hover point of the S-58, which are primarily caused by
the difference between the optimal solutions and the pilot’s
control use as mentioned later.
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Fig. 3 Time histories of the optimal solutions and flight test results: a) high hover point, b) knee point, and c) low hover point.12,13
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Fig. 4 Optimal landing trajectories and associated tip-path plane
control histories for the S-58.

Figure 3 shows the time histories of the flight test results and
optimal solutions (problem 1, the initial flight conditions were
those from the flight tests) when landing from three represen-
tative points on the H-V boundary. The hatched lines indicate
the allowable ranges of the collective pitch, rotor speed, and
pitch attitude. Note that the rotor speed limitations (prescribed
in the flight manual) are not taken into account in the optimal
solutions. Since the pitch attitude limitation is a state variable
constraint, it was transformed into a state and control variable
constraint by introducing ‘‘slack variables.”’!# The calculated
optimal pitch attitude histories are generally in good agree-
ment with the flight test results. However, some differences are
observed between the calculated and measured collective pitch
histories, especially when landing from the high hover point
(see Fig. 3a). The S-58 pilot started the collective flare earlier
than the optimal timing and then lowered the collective pitch
after the initial overcontrol. On the other hand, the Hughes
300 pilot used a lower collective pitch than the optimal solution
almost throughout the flare. This insufficient collective flare
resulted in a higher rotor rotational energy remaining unused
at the moment of touchdown. Such nonoptimal timing and
amplitude of the collective flare caused the flight test high
hover points to be higher than the presented theory’s results
(see Fig. 2).
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Fig. 5 Calculated H-V boundaries and flight test results for the
YUH-61A.15

When landing from the knee point (see Fig. 3b), both pilots
performed nearly optimal collective flare, thereby obtaining
good agreement with the calculated knee point heights and
velocities (see Fig. 2).

When landing from the low hover point (see Fig. 3c), the
S-58 pilot maintained the collective until the flare was ini-
tiated. As a result, the flight test low hover point is much lower
than the calculated one (see Fig. 2). In contrast, the Hughes
300 pilot lowered the collective before raising it for the flare,
showing reasonable agreement with the calculated low hover
point height.

Figure 4 shows the optimal landing profiles along with the
associated tip-path plane control histories when landing from
the high hover and knee points of the S-58 (the numerals
denote time after collective flare initiation). Note that the op-
timal height to start the collective flare is almost the same in
both cases, but the flight-path angle and rate of descent at that
moment are much different. The steep landing at a high rate of
descent from the high hover point possibly prompted the pi-
lot’s collective flare.

Twin-Engine Helicopter H-V Boundary

Figure 5 shows the H-V boundaries of a twin-engine heli-
copter (Boeing Vertol YUH-61A, m = 7370 kg, hy = 7130 ft),
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where both the OEI fly-away and landing test results!® are
shown with the presented theory’s results. It is demonstrated
that this theory predicts the fly-away possible region as well as
the unsafe region, although it estimates a lower minimum
height for fly away following one engine failure during hover
than the flight test results.

Figure 6 shows the time histories of this case, i.e., transition
from one engine failure during hover to level flight (problem
3). It can be seen that the pilot performed a pitch-up maneuver
earlier than the optimal timing, thus resulting in insufficient
forward speed and a long duration of descending flight. The
broken lines show the result of this nonoptimal control when
simulated using the present helicopter math model as follows:
1) time histories of the pitch attitude and rotor rpm were
prescribed so that the flight test results are simulated; 2) the
collective and cyclic pitch controls were calculated to comply
with these prescribed state variables; and 3) the responses of
the other state variables were calculated using these control
inputs. The forward speed and height loss histories obtained in
this way reasonably correlate with the flight test results, hence
demonstrating the fidelity of this math model.

Collective Control Effects

The standard recovery procedure in the event of a total
power failure is to lower the collective immediately and main-
tain it at its minimum position until the flare. Therefore, the
time delay before control actuation and setting of the collective
pitch lower limit have significant effects on the safety and pilot
workload during the autorotative landing. According to the
regulations,? the collective pitch lower limit must be set to
accommodate rotor rpm limitations in any autorotative condi-
tion without exceptional piloting skill. A sufficiently low col-
lective pitch limit increases the autorotative landing capability
by allowing more energy to be stored in the rotor system for
the flare; however, it also increases the possibility of rotor
overspeeding. Here these effects on the H-V boundary were
investigated.
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Fig. 8 Effects of collective pitch lower limit on the H-V boundary for
the S-58.

Figure 7 shows the effects of the pilot reaction time on the
H-V boundary (Hughes 300, m =670 kg, h; = — 200 ft). Both
the experimental and theoretical results show that a 1 s delay
increases the high hover point height by 30 ft and the knee
point speed by 6 kt. It is demonstrated that the presented
theory can quantitatively estimate the effects of the pilot reac-
tion delay.

Figure 8 shows the theoretical effects of the collective pitch
lower limit on the H-V boundary (S-58, m = 4130 kg, A, = 6635
ft). The dotted line shows the presented theory’s results when
the collective pitch lower limit was omitted. (Actually a —2
deg limit was found to be adequate since no optimal solutions
violated this limitation.) A sufficiently low collective pitch
limit reduces the unsafe region, especially at the knee point,
because it enables rapid descent and maintains the rotor rota-
tional energy available for the flare. When the initial height is
sufficiently high (e.g., at the high hover point), the rotor rpm
can be recovered during descent so that the effect of lowering
the collective pitch limit is less remarkable.

The presented theory’s results are additionally shown using
the assumption that the initially trimmed collective pitch is
maintained until the flare (broken and one dot chain lines).
These results indicate the maximum effects of both the pilot
reaction delay and setting of the collective pitch lower limit.
Note that the flight test low hover point is reasonably esti-
mated using this assumption since the pilot did not lower the
collective following power failure as previously discussed (see
Fig. 3c). However, this control technique is not generally ap-
plicable (see Ref. 16) because it significantly increases the un-
safe region and also produces a region in which violating the
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Fig. 10 Effects of flight distance on the high hover point height for
the Bell 47.

rotor rpm lower limit is unavoidable as indicated by the one
dot chain line.

Figure 9 shows the time histories of the optimal solutions
(problem 1) using three collective pitch lower limits. The initial
conditions [Ay= 180 ft and u(0)=25 kt, i.e., hatched area in
Fig. 8] are determined so that the rotor rpm decreases to its
lower limit and the touchdown speed factor is also at its limit
(=1) when the initial collective pitch is maintained until the
flare (broken line). Note that a sufficiently low collective pitch
limit (dotted line) significantly decreases the touchdown speed
factor, provided proper collective pitch control is continuously
performed from power failure to touchdown. The normal col-
lective pitch lower limit (solid line) is shown to appropriately
trade off between the pilot workload and the safe autorotative
landing capability.

Landing Site Restriction Effects

In the current regulations,? it is not required to take into
account the landing site restrictions, e.g., landing site location
and its available field length during certification flight tests.
These factors, however, have a significant effect on the success
of the emergency landing in actual operation.

Figure 10 shows the theoretical effects of the flight distance
from power failure to touchdown on the high hover point
height of the Bell 47 helicopter (rm =1200 kg, h, = — 140 ft).
The high hover point height shows a nearly linear response to
the flight distance when the landing site is far enough from the
power failure point. When the landing site is located close to

the power failure point, a steep descent at a low forward speed
is required, causing an increased high hover point height and
also producing a region in which control difficulty may occur
during the collective flare due to the vortex ring state® (broken
line). Remember that this result assumes that the flight path is
restricted in a vertical plane. If a spiral flight can be performed
with sufficient precision, the helicopter may be safely landed
even when power fails directly above the landing site. A flight
test result!’? is also shown, where it can be seen that the pilot
took a longer flight distance than the theoretical optimum,
possibly because the steep landing of the optimal solution
makes encountering the vortex ring state possible and also
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makes keeping the landing site in view difficult for the pilot.
The measured and calculated high hover point heights show
good agreement at the flight test flight distance.

The flight distance from power failure to touchdown is most
severely limited during a rejected takeoff in Category A VTOL
operation at a confined heliport. The VTOL takeoff is usually
performed using a linear rearward path from initial hover to
the CDP so that the pilot can keep the heliport in view (see
Fig. 11). Hence, the angle of this takeoff path determines the
relationship between the power failure height and the distance
to be flown to the landing site [i.e., function x; in Eq. (10)],
which consequently influences the maximum takeoff weight
(problem 4). The solid and broken lines in Fig. 11 show the
theoretical effect of this takeoff path angle on the maximum
weight for Category A VTOL operation (BK117, A, = 2000 ft).
The normal takeoff path angle prescribed in this helicopter’s
flight manual is also indicated, at which the calculated maxi-
mum weight shows reasonable agreement with the certified
weight. The optimal takeoff path angle increases the theoreti-
cal maximum weight by nearly 80 kg, although such a steep
takeoff reduces the pilot’s visibility of the heliport.

Not only the flight distance but also the touchdown speed
would be severely limited during a rejected takeoff in a con-
fined area, e.g., a pinnacle helipad. Figure 12 shows the theo-
retical effects of the maximum horizontal touchdown speed
u(ts) on the maximum weight when assuming the normal take-
off path angle. Here the vertical touchdown speed w(#) is
fixed at 5.6 ft/s, which is the calculated result when using the
normal. touchdown speed limitations of ug,,=20 kt and
Wmax = 8 ft/s in Eq. (6). Results indicate the landing site should
be long enough to accommodate a 15 kt horizontal touchdown
speed so that the weight limitation is maximized. Alterna-
tively, more than 200 kg must be off-loaded if the heliport is
so small as to require a zero horizontal touchdown speed.

Wind Effects

Clearly defining wind effects on helicopter power failure
safety by means of flight tests is difficult. Accordingly, these
effects were investigated theoretically here assuming steady
and uniform wind conditions.

Figure 13 shows the wind effects on the H-V boundary of
the S-58 helicopter. Note that these results are given as a func-
tion of ground speed. Because the state variable u is defined as
airspeed, the wind effects can be estimated by shifting the
no-wind H-V boundary to correspond with the wind speed as
shown by the dotted lines, provided that the touchdown speed
limitation in Eq. (6) is also defined by airspeed. In actual
operations, however, the touchdown speed limitation must be
determined relative to the ground, hence Eq. (6) was rewritten
as follows:

u(t) + | /thmax | + [W(t)/ Wanax]* < 1 (11
{0 ] }

where u, denotes the wind speed (positive tail wind). The
broken and one dot chain lines show the presented theory’s
results using this assumption for 6 kt tail and head winds,
respectively. Note that the 6 kt tail wind increases the high
hover point height by 50 ft and the knee point speed by 12 kt.

Conclusions

A theoretical method based on optimal control theory was
successfully applied to investigate helicopter safety following
power failure. It was demonstrated that the presented theory
predicts the single- and twin-engine helicopters’ H-V bound-
aries with reasonable correlation to flight test results. How-

ever, several differences were observed between the optimal
solutions and pilot’s control usage, especially in the timing and
amplitude of the collective flare before touchdown. It was also
pointed out that success of the emergency landing significantly
depends on parameters such as the collective control delay,
collective setting during descent, location and available field
length of the landing site, and wind speed.
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