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't Abstract Zwfus fuselage vertical damp-
ing, sec

-

A ground-based simulation study was conducted
an a large-scale motion simulator to study the Zwvnflow  inflow vertical damp-
effects in the vertical axis of engine response ing, sec

-1

characteristics on handling qualities for a nap-of-
the-earth (NOE) operating environment. This study Zws stability augments-
concentrated specifically on the helicopter con- tion vertical damping,
figuration with an rpm-governed gas-turbine engine sec

-1

and expands previous work by focusing on aspects
peculiar to rotary-wing and NOE operations. A Zic collective sensitivity
wide range of engine response time, vehicle damp- g/in
ing and sensitivity, and excess power levels was
studied. The data are compared with the existing AT pure time delay, sec
handling-qualities specifications, MIL-F-83300 and
AGARD 577, and in general show a need for higher damping ratio
minimums when performing such NOE maneuvers as a
dolphin and bob-up task. eng equivalent first-order

nengine time-constant,
Nomenlature (engine response time),

s c I
KnKKeK1 ,K 2  engine parameters (see thrust time

T, ,KR ,KTq,TeTp Fig. 3) sec- constant,

N, engine gas generator
I speed, rpm a rotor speed, red/sec

engine power turbine 
5
F fuel flow, lb/hr

speed, rpm Wn second-order engine fre-

NOE nap-of-the-earth quency, rad/sec

PR Cooper-Harper pilot rating Introduction

Qlim maximum torque, ft-lb The potential for improving helicopter flying

power turbine torque, qualities through the use of electronic fuel-
fc-lb control devices on helicopter gas turbine engines

has led to a renewed interest in the study of

Qra torque required, ft-lb coupling effects due to engine dynamics on the
vehicle height and yaw responses. An understanding

T thrust, main rotor, lb and quantification of these engine coupling effects
mainr is essential for the successful exploitation of the

T/W thrust-to-weight ratio use of such controls. It is equally important to
determine excess power requirements for specific

secI tasks such as those pertaining to nap-of-the-earth
Zw vertical damping, (NOE) operations.

w equivalent vertical damp- Earl studies in the area of VTOL flying
i. sc qualitles 

- 3 
have provided a foundation for under-

Zw, aerodynamic vertical standing fundamental effects such as the thrust

damping, sec"
1  response time-constant and excess power require-

ments. These studies involved ground-based simu-
lation experiments that considered the near-hover

Presented at the 38th Annual Forum of the tasks of station-keeping and rapid ascent and

American Helicopter Society, Moffett Field, descent. Later studies''
5 
expanded this work to

California, April 1982. consider the coupling effects of thrust response

1



.J , / I

.(* ' I' ' o . -
, . , .*/ , . ..

ja

time with vertical velocity damping. These 2.5-3.0 for the tasks considered in this experi-
studies - together with the results of Ref. 6, ment. The stability derivative matrices for the
which considers vertical damping only - form the baseline augmented configuration at 40 knots and
basis for the vertical-axis handling-qualities hover are shown in Table 1.
specifications found in MIL-F-83300 and AGARD 577.

Engine Model
Reference 7 provides a good summary of the

above studies and criteria; however, it is impor- The basis for the gas turbine engine model
tant to preface that those engine coupling comes from a model developed for real-time simula-
studies considered a fixed wing VTOL (aircraft) tion by Bell Helicopteri0 and represents an XT-53
for which the engine response time (Teng) and engine with the inertias for a UH-IC rotor and
thrust response time (TT) were the same as transmission system. A block diagram of the adap-
depicted in Fig. I. Such is not, in general, the tation of that model for this study is shown in
situation for a rotary-wing aircraft with an rpm- Fig. 3. Provisions are included for a pure time
governed rotor response, as shown in Fig. 2. delay At and torque limiting Qlim at the power
This thrust response is influenced by a combina- turbine stage. By ignoring the nonlinearities in
tion of the energy stored in.the rotor, engine AT and Qlim, a transfer function with a second-
governor response, and the h damping resulting order denominator can be generated (Fig. 3). As
from rotor inflow. Thus, while the engine indicated in Ref. 10, most of the terms of that
response of Fig. 2 may be simplified to a first- expression vary as a function of the gas generator
order time constant, the thrust response, as a speed N,; for example, a range of 60-95% on N,
rule, cannot he. Reference 8 does, in a limited for the XT-53 engine results in a range of frequen-
sense, address this problem; however, what is cies of wn = 4-8 rad/sec and a range of damping
needed is a review of the existing criteria and of 0.6-1.1. In this experiment, the engine terms
the appropriateness of these requirements for were held constant for a given configuration and
rotary-wing vehicles. It is also essential that the configurations studied varied over a range of
specific mission tasks be addressed (e.g., NOE wn - 2-10 rad/sec and , - 0.3-1.0. In addition to
operation) so that the criteria may be more frequency and damping, Qlim was varied to provide
directly applied to the design of modern military a steady state (T/W) max. in hover ranging from
helicopters. 1.025 to 1.25. Bear in mind that actual transient

thrust can exceed these limits via the stored
This paper describes a ground-simulation energy in the rotor system.

experiment that considered a wide range of engine
response times and a wide range of vehicle verti- Task and Simulation Set-Up
cal damping and collective control sensitivities
for a helicopter model powered by an rpm-governed The determination of an appropriate task
gas turbine engine. Several levels of available required the selection of one that would be mini-
engine torque were also evaluated. The tasks per- mally affected by such simulation limitations as
formed were the NOE tasks of dolphin, quick-stop, limited field of view and limited motion cues and
and bob-up, and the sudy was performed on the yet one that would place large demands on the
Ames five-degree-of-freedom Vertical Motion Simu- engine and vertical axis. Both requirements were
lator (VMS) that used a model terrain-board visual sufficiently satisfied by flying the course out-
system. An aural cueing system was used which lined in Fig. 4. The task consists of a constant-
provided the pilot with the sound of rotor over- speed (40 knots) berm-hopping maneuver (called a
speed and underspeed, blade slap, and transmission "dolphin") followed by a deceleration to hover and
noise, and was based on an approach used in Ref. 9. then a bob-up maneuver. The pilot was requested to
The real-time simulation mathematical model con- change altitude during the dolphin maneuver, pri-
sisted of a nine-degree-of-freedom helicopter marily through collective control inputs. He was
model coupled to a simplified engine model, which instructed to maximize his masking by crossing the
included the first-order dynamics of the governor, four berms with minimal clearance and staying low
gas generator, power turbine, and rotor/transmis- between the berms. Because of a protective probe
sion inertias. The data obtained for this experi- on the terrain board camera, a minimum scaled
ment are compared with previous studies and, where clearance of 17 ft was necessary. The pilot was
possible, with the existing criteria, provided with a software-generated radar altimeter

reading to assist him in determining his altitude.
After the fourth berm, the pilot performed a

Description of Experiment deceleration of his choosing in preparation for
the bob-up maneuver. The hover bob-up required

A requirement for this study was the develop- the sighting of three objects through 45" direc-
ment of a real-time engine model and the estab- tional turns while maintaining maximum masking by
lishment of a meaningful task. The test matrix the trees. The course was completed after the bob-
consisted of variations in the vehicle z-axis down and reestablishment of a steady hover.
dynmics (Zw, Zc), the engine response dynamics
(, wn), and available torque or excess power The pilot provided two Cooper-Harper pilot
(T/W max); the remaining vehicle characteristics ratings for each run, one for the dolphin portion
were unchanged. The vehicle simulated was an of the course and one for the bob-up portion.
ooo-lb. two-bladed teetering-rotor helicopter, Evaluation of the deceleration segment was combined
sufficiently augmented to yield a pilot rating of with the bob-up maneuver during the experiment when
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changes were being made to the engine dynamics increasing the h rise time. The thrust responses
only and was evaluated separately during the time all exhibit an immediate maximum thrust because of
when changes were being made to the vehicle dynam- stored energy in the rotor followed by the tran-
ics. The latter was necessary since Zw varies sient behavior of the engine response and the h
as a function of speed and could only be specified damping owing to the rotor inflow and augmentation.
at 40 knots and hover. Note that since the maximum thrust is achieved

almost immediately, all the thrust responses
The cockpit instrument panel is shown in satisfy the 0.3-sec level i Vertical Flight Char-

Fig. 5. The primary instruments the pilot included acteristics (par. 3.2.5.2) criteria of MIL-F-83300
in his scan were radio altimeter, torque, rpm, and and the 0.5-sec rise time criteria of AGARD 577.
airspeed; an rpm warning light was added. The However, the resulting pilot ratings for these
pilot also had an rpm "beep" trim switch, for his governors in the bob-up varied from 3.0 for the
used on the collective grip. ideal governor to 6.5 for engine configuration E27

(i.e., wn = 2.0 rad/sec, c - 0.7). Based on pilot
Five pilots - two NASA test pilots, two Army co-mentary, these ratings reflected not only the

test pilots, and an Army tactical pilot - partici- changes to the vehicle response resulting from the
pated in this experiment. Most configurations engine dynamics but also reflected the attention
were evaluated by at least three of the pilots and required for undesirable governor droop and over-
were often repeated; there was a total of about speed.
200 data runs.

It should be noted that the data for the
MIL-F-83300 thrust-response criteria were extracted

Discussion of Results from experiments based on configurations similar to
the one shown in Fig. 1; therefore, they do not

The discussion that follows is based primarily account for effects of rotor-speed control, stored
on averaged pilot ratings and is presented in three energy, or inflow damping. Hence, since helicopter
subsections. Variations in the engine dynamics thrust responses, as described by Fig. 2, are quite

only, with the vehicle characteristics held at different in nature, it is reasonable to expect
those described in Table 1, are discussed first, that additional criteria to cover these responses
Data for variations in vehicle height damping Zw are necessary. Perhaps a criterion based on
and collective control sensitivity Zdc, with the vertical acceleration or on a frequency-domain
engine dynamics held constant, are discussed second, approach would be more appropriate.
and trade-offs between engine response time and
height damping for the bob-up maneuver are dis- Several engine configurations (i.e., wn = 2,
cussed last. Excess power requirements for spe- 4, 6, and 10 rad/sec) were studied at various
cific tasks are also discussed in each subsection. levels of excess power, ranging from a steady state

T/W = 1.025 to 1.25. Figure 9 shows how pilot rat-
Effects of Engine Dynamics ings varied with changes in engine dynamics and

T/W for the hover bob-up. The vertical damping
As was shown in Sig. 3, the engine model in was held at a fixed augmented level of

this study can be represented by an expression with Zw - -0.65 sec -1 and Zc = 0.38 g/in. for hover.
a second-order denominator. It was through this The engine response is depicted in terms of both
representation that the engine response time and frequency wn (at C - 0.7) and the equivalent
damping (i.e., w, and C) were controlled. Alters- first-order time-constant Teng. Also shown in
tions in wn and C in this model can be thought Fig. 9 is a line below which it was found that the
of as changes in the power train inertias, gas engine power or torque limiting would likely occur
generator dynamics, and speed governor or power sometime during the run. These data indicate that
turbine gains. No attempt was made to isolate a satisfactory flying-qualities boundary is formed
these terms specifically; instead the engine by T/W > 1.1 and an engine response of
parameters were varied to provide an overall gov- Teng < 0.2 sec (i.e., an Z 7.0 red/sec). Based
erned response in terms of the desired wn and ;. on time histories and pilot commentary, the lower

bound on T/W was influenced by excessive power
Figures 6 and 7 present the average pilot limiting, and the bound on engine response time

ratings for the engine configurations as a func- Teng was dictated by excessive engine overspeed
tion of w. and C for unlimited T/W. Figure 6 and underspeed, as well as sluggish response.
presents data for the constant-speed dolphin maneu-
ver, and Fig. 7 shows the results for the decelera- Effect of Vehicle Characteristics
tion and hover bob-up maneuver. Also shown on
these figures are the pilot ratings for the ideal In this segment of the experiment, variations
governor (i.e., Q held constant); this case re- in the vertical damping Zw and collective control
suited in pilot ratings of 2.5 for the dolphin sensitivity Zsc were studied. During this phase
and 3.0 for the bob-up. a highly responsive engine governor (wn - 10 rad/

sec) was used, thus keeping the effects of the
Time histories of the thrust and torque re- engine response minimal and yet realistic. Verti-

sponses to a 0.5-in. collective step for several cal damping Zw  was varied through stability aug-
engine models are shown in Fig. 8. The rpm and mentation of the basic speed-dependent aerodynamic
rate of climb responses are also shown; as can damping which was -0.25 sec- 1 in hover. A range
be seen, the slower governors have an effect of of Zw * 0 to -4 sec-t in hover was studied.
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Figures 10 and 11 show how pilot ratings questionable. However, what can be said of the
varied with Zw  and Zac. The results for the 40- data shown is that the required level of T/W does
knot dolphin task are shown in Fig. 10 along with depend on Zw and is minimized at a total damp-
an approximate pilot rating (PR) - 3.5 fit to the ing of Zw - -0.8 to -1.0 sec-

1  
in hover.

data. Also shown are the characteristics of the
basic simulation model and several current genera- Trade-Offs between Vertical Damping ZW and
tion helicopters."

1  
As can be seen, all of these Engine Response Tang

basic configurations lie outside of the PR - 3.5
region determined by this experiment. These data A final segment of this experiment studied the
indicate a need with this task for a higher damp- trade-off between engine response (Teng) and damp-
ing and sensitivity than currently provided. ing (Zw) on the overall height response of the

vehicle. First consider the representation given
The results for the hover bob-up maneuver in Fig. 1. This configuration consists of two

are shown on Fig. 11. The PR - 3.5 contours for cascaded first-order systems, which can be approxi-
these data along with those of several previous mated by a single first-order time-constant and is
near-hover studies are also given. The current shown by_ Zw, in Table 2. Several lines of con-
results describe a subset of the previous results. stant Zw resulting from that table are plotted
favoring, in general, higher sensitivities. The in Fig. 14. Also shown in Fig. 14 are the results
current results and the low-speed handling- of Ref. 5, which show a satisfactory boundary (i.e.,
qualities criteria give- in MIL-F-83300 and AGARD PR < 3.5) for a trade-off between teng and Zw.
577 are compared in Fig. 12. Also shown are the Although thatstudy did not address the idea of an
characteristics of several helicopters including equivalent Zw, it can be seen that the boundary
the unaugmented model used in this experiment. The lies along a constant Zw of -1.0 sec-1. This
results from this study do fall within the MIL-F- treatment implies that by maintaining an equivalent
83300 Level I boundaries; however, for the hover damping of greater than -1.0 sec

- 1
, satisfactory

bob-up task, they indicate a need for a higher flying qualities can be obtained. Such a trade-off
minimum for both damping and sensitivity, of Zw for 

t
eng represents a considerable depar-

ture from the MIL-F-83300 Level 1 criteria shown
The effects of vertical damping (Zw) on in that figure.

excess power requirements (T/W) has been addressed
in Refs. 1, 3, and 4, and form the basis for the Now consider the representation given in
criteria given in H1L-F-83300. Figure 13 shows Fig. 2. Exploring the possible trade-off between
the data from this experiment for the hover bob-up engine response and vertical damping for a heli-
maneuver. The solid lines on that figure are the copter is not as straightforward because of the
criteria as given by MIL-F-83300. These criteria complex nature of the thrust response, which, in
are for a vehicle whose vertical damping is com- general, cannot be characterized by a first-order
posed of an aerodynamic contribution only (i.e., time-constant TT. A closer look at the time
Zw = Zwa). The damping of the vehicle in this histories in Fig. 8, however, shows that the engine
experiment is represented by both an aerodynamic governor does have an effect on the a response
and stability augmentaxion contribution (i.e., and hence on the effective damping Zw. Specifi-
Zw - Zwa + Zdc (KSc/w)). In the case of a heli- cally, the engine configuration E67 (Teng - 0.23
copter model, however, the aerodynamic damping can sec) causes an increase in h rise time (i.e.,
be further broken down into at least the inflow time to 63%) of from 1.5 sec, for the ideal case,
and fuselage contributions (i.e., Zwa - Zwfus + to 1.8 sec. This results in a decrease in effec-
Zwinflow) where in hover the inflow damping is tive damping of from -0.65 sec

-1 
to -0.56 sec

-
1.

predominant (i.e., Zwa - Zwinflow). For the model A further decrease in effective damping can be
used in this experiment the aerodynamic damping in noted in the distorted i response for the engine
hover is -0.25 sec-1 and hence Zwa = Zwinflow configuration E27 (Teng 0.7 sec-l). Thus a trend
= -0.25 sec

-1
. From the time histories shown in in equivalent or effective damping exists for

Fig. 8 and from the diagram shown in Fig. 2, it Fig. 2 which is similar in nature to that shown
can be seen that the inflow damping and stability for Fig. i. However, the results for this case,
augmentation damping cause the thrust response to which are shown in Fig. 15, indicate a far more
decay, and since the steady-state value of thrust restrictive trade-off between Teng and Zw than
returns' to its original level, it can be concluded is shown in Fig. 14. As was indicated earlier, an
that Zfus - 0 (i.e., Zw s Zws + Zwinflow). Since upper limit on Teng exists which is determined
the criteria of MIL-F-83300 is intended for com- more by tolerable levels of engine overspeed and
parison with the portion of damping which does not underspeed than by resulting A response.
cause thrust decay (e.g., Zwfus), one is led to
conclude that the data from this experiment should
be compared with boundaries based on an inherent Conclusions
damping equal to zero, These MIL-F-83300 bound-
aries are shown in Fig. 8. However, a further The effects of vertical axis response on the
look at the time histories in Fig. 8 indicates that handling qualities of an rpm-governed helicopter
while the thrust response returns to the original operating in an NOE environment were studied. The
level, the torque response (i.e., engine output) results from this motion-based simulation show
does not. This peculiarity, along with the several areas where present handling-qualities
stored energy in the rotor, makes a comparison of criteria need extension or modification. The fol-
helicopter data with the MIL-F-83300 boundaries lowing trends or conclusions are summarized:
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Table 2. Equivalent damping for configuration in Fig. 1.

Damping - Zwa (sec-1)

Teng ,(at ds07 0 -0.5 -1.0 -1.5 -2.0 -3.0 -4.0

(sac) (ad/sac)

1.4 1 0 -0.3 -0.42 -0.52 -0.6 -0.71 -0.71

* .71 2 0 -0.42 -0.59 -0.73 -0.84 -1.03 -1.4

0.5 3 0 -0.5 -0.71 -0.87 -1.0 -1.22 -1.73

A 0.35 4 0 -0.5 -0.84 -1.04 -1.2 -1.46 -2.07

0.23 6 0 -0.5 -1.0 -1.3 -1.47 -1.81 -2.55

2 0.18 8 0 -0.5 -1.0 -1.45 -1.67 -2.04 -2.89

0.14 10 0 -0.5 -1.0 -1.48 -1.9 -2.31 -3.27

Case I Case II Case III

1 1 1-->5 Zwa  T -- w w Z~a 5 5-

Zw zw

T en g 5  Teng Zw _ eng

a leng Teng

ENGINE

(rENG)

b. ROO T A/C h
, (TTr) (Zw-uS)

("ENG, T)(ZWSzwIFO

Fig. 1. VTOL (jet lift) vertical control. Fig. 2. Helicopter vertical control.
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