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Abstract Maneuverability is a key factor to determine whether a helicopter could finish certain

flight missions successfully or not. Inverse simulation is commonly used to calculate the pilot con-

trols of a helicopter to complete a certain kind of maneuver flight and to assess its maneuverability.

A general method for inverse simulation of maneuver flight for helicopters with the flight control

system online is developed in this paper. A general mathematical describing function is established

to provide mathematical descriptions of different kinds of maneuvers. A comprehensive control sol-

ver based on the optimal linear quadratic regulator theory is developed to calculate the pilot con-

trols of different maneuvers. The coupling problem between pilot controls and flight control system

outputs is well solved by taking the flight control system model into the control solver. Inverse

simulation of three different kinds of maneuvers with different agility requirements defined in the

ADS-33E-PRF is implemented based on the developed method for a UH-60 helicopter. The results

show that the method developed in this paper can solve the closed-loop inverse simulation problem

of helicopter maneuver flight with high reliability as well as efficiency.
� 2017 Production and hosting by Elsevier Ltd. on behalf of Chinese Society of Aeronautics and

Astronautics. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

18

19 1. Introduction

20 A helicopter is a special aircraft which can perform hover, ver-
21 tical takeoff and landing as well as low-speed maneuver flight.
22 However, it is also an aircraft that is difficult to fly due to its
23 unstable and heavy coupling characteristics, and this problem

24will be more severe during maneuver flight. Therefore, relevant
25topics on helicopter maneuver flight such as how to assess the
26maneuverability of a helicopter, how to find a best control
27strategy for certain maneuver, etc. need to be studied. At the
28early stage, maneuverability was not considered in helicopter
29design, and the only standard for helicopter design is perfor-
30mance. This situation lasted for decades until the first flying
31quality specification for rotorcraft appeared in 1961.1 In the
32first flying quality specification, the MIL-H-8501A, various fly-
33ing quality criteria such as control stick force, acceleration to
34stick input, etc. were proposed, and some of these criteria have
35obvious influences on helicopter maneuverability. Currently,
36the state-of-art flying quality specification for rotorcraft is
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37 the ADS-33E-PRF,2 in which maneuverability is described
38 more explicitly. There are totally 23 mission task elements
39 (MTEs) defined in the ADS-33E-PRF with different agility
40 requirements, and the flying quality as well as the maneuver-
41 ability of a certain type of helicopter can be assessed by per-
42 forming these maneuvers.
43 A flight test is a direct way and the most accurate method to
44 determine flying quality as well as maneuverability for heli-
45 copters. However, a flight test can only be performed very lim-
46 ited times, so it is usually used to obtain an assigned level of
47 flying quality only. In order to get more information about
48 maneuverability of helicopters, some researchers use ground
49 flight simulators to do simulation flight experiments instead
50 of real flight tests.3,4 One of the key techniques of a flight sim-
51 ulator is the mathematical model of helicopters. A helicopter is
52 a very complex system, so flight dynamics modeling is also
53 complicated, and it will be more difficult to obtain an accurate
54 flight dynamics model of a helicopter during maneuver flight.
55 In order to solve this problem, there are a lot of research works
56 carried out in this domain.5–7 The advantage of using a flight
57 simulator to study maneuverability is that a pilot can perform
58 different kinds of maneuvers without considering the safety
59 problem, which is quite useful to help finding the maximum
60 maneuverability of a certain helicopter. On the other hand,
61 the cost of a simulation flight test is much lower than that of
62 a real flight test, so it can be performed much more times than
63 the latter one. The deficiency of a simulation flight test is that it
64 cannot tell a pilot how to control a helicopter to finish each
65 maneuver, and it cannot be used to optimize the flight trajec-
66 tory as well as the control strategy for different kinds of
67 maneuvers. Inverse simulation was proposed then to deal with
68 these problems.
69 Inverse simulation uses some mathematical tools to calcu-
70 late the pilot control time history for certain maneuvers, and
71 it does not need a real pilot during the simulation procedure.
72 Therefore, the cost of inverse simulation is very low, and it
73 can provide very useful information to a pilot when he/she
74 conducts a simulated or real flight test for the same maneuver.
75 One commonly used inverse simulation technique is an opti-
76 mization based method,8–13 which gives a prescribed flight
77 path for a certain maneuver at first, then establishes a cost
78 function related to the error between the calculated flight path
79 and the prescribed one, and finally, pilot controls for the
80 maneuver are obtained based on some optimization algo-
81 rithms. In order to increase the efficiency and practicality of
82 inverse simulation, some improved methods such as sensitivity
83 analysis, and 12 trajectory optimiaztion,13 were proposed.
84 Although the optimization based method is quite useful and
85 has been used in inverse simulation for decades, its deficiencies
86 are also obvious. Firstly, the calculation efficiency is poor,
87 because it requires several iterations at each time step during
88 the whole maneuver, and typically there are about 100 time
89 steps in 1 s simulation. Secondly, the numeric stability of the
90 optimization procedure is also poor since the dynamic charac-
91 teristics of a helicopter are very complex, and sometimes
92 inverse simulation may fail due to the divergence of numerical
93 optimization. Finally, the optimization based method requires
94 a prescribed trajectory of the maneuver to implement the opti-
95 mization calculation. However, a lot of maneuvers do not have
96 explicit trajectories. Therefore, this kind of method cannot be

97used to solve the inverse simulation problems of all kinds of
98maneuvers. In order to consider the pilot behavior during
99the maneuver flight, there are some research works focused
100on pilot modeling;14–16 however, pilot modeling is also a com-
101plicated problem, and the introduction of a pilot model makes
102it more difficult to obtain inverse simulation results. Therefore,
103only simple pilot models and simple maneuvers are imple-
104mented currently. In recent years, another inverse simulation
105technique based on automatic control theory17,18 is developed
106to conquer the difficulties encountered in the optimization
107based method. In this kind of method, no optimization calcu-
108lation is required, so there is no numeric stability problem, and
109the inverse simulation efficiency is increased considerably. On
110the other hand, this kind of method does not depend on the
111flight trajectory, which indicates that this kind of method
112can be used to inversely simulate a wider range of maneuvers.
113Although it has been proven effective, the automatic control
114based method still has many problems to be solved. Firstly,
115in the current technique, only several typical maneuvers are
116inversely simulated by using this kind of method, and there
117is no general inverse simulation scheme based on this kind of
118method for all kinds of maneuvers. Secondly, the flight control
119system is not considered in current approaches, and neglecting
120the influence of the flight control system will make inverse sim-
121ulation results a bit unreasonable.
122In order to solve the above difficulties, a general method
123based on the optimal control theory for the helicopter
124closed-loop inverse simulation problem is developed in this
125paper. The influence of the flight control system is considered
126in the developed method. Three different maneuvers with dif-
127ferent agility requirements are implemented for a UH-60 heli-
128copter with a flight control system online. The differences
129between the inverse simulation results with and without con-
130sidering the flight control system’s influence are also studied.

1312. Flight dynamics model for inverse simulation

132The helicopter is a nonlinear, unsteady, high-order system,
133which is extremely true in maneuver flight. In order to increase
134the confidence of inverse simulation results, a nonlinear flight
135dynamics model as shown in Eq. (1) is used.
136

_y ¼ fðy; u; tÞ ð1Þ 138138

139where u is the control input vector, t is the time variable, fð�Þ is
140a nonlinear function, and y is the state vector of the helicopter
141which can be expressed in a more detailed form as Eq. (2).
142

y ¼ ½yTB; yTR; yTW; yTU; yTE�
T ð2Þ 144144

145where yTB is the helicopter body state vector, yTR is the rotor

146state vector, yTW is the rotor wake vector composed of inflow

147variables as well as wake geometry and distortion variables,

148yTU is the unsteady aerodynamic force and dynamic stall vector,

149and yTE is the engine state vector.

150Since the unsteady aerodynamic phenomenon, dynamic
151stall, and dynamic wake distortion are considered in this flight
152dynamics model, it can be used to simulate different kinds of
153helicopter maneuver flight with different agility. More detailed
154information about this flight dynamics model can be found in
155Ref. 2.
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