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Abstract

To effectively meet the high-quality engine control requirements of coaxial high-speed helicopters with variable rotor speed, a
novel integrated control method based on power prediction feedforward is proposed. Firstly, an integrated simulation platform
of high-speed helicopter/engine is established to reveal the maneuvering characteristics of coaxial high-speed helicopter and
the dynamic response of the variable-speed turboshaft engine under various flight conditions. It consists of a simplified coaxial
high-speed helicopter model and a variable-speed turboshaft engine. Secondly, an optimal selection method based on random
forest is employed to determine the optimal input variables for the demanded power prediction model, which is established
through a mini-batch gradient descent neural network. Then, a high-order filter for gas turbine acceleration is designed to
further suppress high-frequency interference without losing the low-frequency characteristics of gas turbine acceleration.
Finally, the integrated control method based on double feedforward of demanded power prediction is proposed and validated
through digital simulation under various typical flight conditions. The results demonstrate that the integrated control method
based on double feedforward of demanded power prediction decreases the overshoot and sag of power turbine speed by more
than 17.5% and 25.3% in multiple modes, which significantly enhances the dynamic quality of engine control system and
enables the swift output of integrated coaxial high-speed helicopter/turboshaft engine system.

Keywords Coaxial high-speed helicopter - Turboshaft engine - Demanded power prediction model - Integrated control

method - Fast response control

List of Symbols 1 Introduction

H Flight altitude (m)

To overcome the maximum flight speed limitations of heli-

HPA; Real helicopter demanded power (kW) copters, researchers have devoted to the development of
HPA;, Predicted helicopter demanded power (kW) high-speed helicopters since the 1930s [1, 2]. Over the years,
Ng Gas turbine speed (%) coaxial high-speed helicopters such as X2, S-97, and SB-1
Ngdot Acceleration of gas turbine speed (1/s%) have emerged as viable alternatives that are poised to serve
Ny Power turbine speed (%) as the next generation of military helicopters, owing to their
Tqe  Engine output torque (kN m) revolutionary coaxial main rotor and pusher propeller lay-
Tqep Predicted engine output torque (kN m) out. This innovative design allows high-speed helicopters
Vx Forward speed (m/s) to increase the forward flight speed to more than 450 km/h
6o Rotor collective pitch (°) and the range to 1200 km while maintaining the near-ground
O1s Longitudinal cycle pitch (°) maneuverability of conventional helicopters [3-5].

Op Pusher propeller pitch (°) One of the primary reasons for such significant improve-
£2Mvr  Coaxial main rotor speed (%) ments in the flight speed of high-speed helicopters is the
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application of variable rotor speed technology. In contrast
to constant main rotor speed, this technology reduces the
helicopter flight drag, and ameliorates the helicopter’s oper-
ational performance and maneuverability by reducing the
main rotor speed at high speed, thus avoiding the dynamic
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stall of the backward rotor blades and the compression effect
at the tip of the forward rotor blades [6]. In addition, the inte-
grated control technology is adopted to achieve coordinated
control of the main rotor, transmission system and turboshaft
engine, so as to ensure safety and stability during the transi-
tion process while increasing the helicopter flight speed [7,
8].

In current practical engineering applications, the tur-
boshaft engines typically adopt the cascade PID control loop
to control the gas turbine speed through the inner loop to
make the engine respond quickly to the external changes.
While the outer loop controls the power turbine speed to
maintain the constant speed under all operating conditions.
Additionally, the fuel flow is compensated by collective pitch
to follow changes in external load and ensure constant engine
speed operation [9]. During high-speed flight, the rotor of
high-speed helicopter is progressively unloaded while the
wing is loaded, and the flight thrust is provided by the pusher
propeller at the tail. The collective pitch of the main rotor can
no longer fully characterize the demanded power of coaxial
high-speed helicopters. Therefore, the engine control system
must select more appropriate variables to exactly reflect the
demanded power of high-speed helicopters, which helps to
meet the requirements for high quality control of variable
rotor speed.

Ebert predicted the helicopter demanded power through
the lateral cycle pitch variation in yaw maneuvers flight
to minimize the overshoot and sag of power turbine speed
[10]. In 2002, Smith proposed a torque feedforward con-
trol method based on neural network for the engine control
system requirements of the Black Hawk helicopter, which
enhanced the dynamic response quality of the engine con-
trol system [11]. Moreover, Driscoll predicted the demanded
torque of helicopter main rotor and tail rotor through poly-
nomial neural network, which further promoted the devel-
opment of helicopter/engine integrated control technology
[12]. Sun designed the incremental cascade controller for
turboshaft engine based on auto disturbance rejection control
technology, adopting cascade control structure and compen-
sating the controlled object in real-time by expanding state
observation to improve the engine power tracking character-
istics [13]. According to the cascade control of turboshaft
engine based on Ngdot, Wang proposed a feedforward com-
pensation method based on the error between the expected
output torque and the real output torque of the engine by
establishing a rotor torque prediction model [14]. The sim-
ulation results show that the overshoot of the power turbine
speed can be decreased by 14% compared with the conven-
tional collective pitch feedforward control method.

However, some of the above researches only consider
the compensation effect for a specific state of the heli-
copter, while others only select the collective pitch or torque
prediction to characterize demanded power. The demanded
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power of the twin-rotor and pusher propeller, coaxial main
rotor speed and collective pitch, and collective pitch and
rotor demanded power all change in reverse during the
variable-speed process [15, 16]. It makes the collective
pitch inadequate to characterize the demanded power of
coaxial high-speed helicopters. Additionally, conventional
helicopters adopt constant turbine speed control, thus the
engine output torque is consistent with the demanded power
change. However, for coaxial high-speed helicopters, the tur-
boshaft engine power turbine speed is no longer constant by
changing power turbine speed to change coaxial main rotor
speed, hence the change of the demanded power is not com-
pletely consistent with the engine output torque. In addition,
torque measurement at the rotor has a significant lag rela-
tive to the load change, and the response of the engine is
insufficient.

Therefore, to make up for the deficiencies of previous
research on the integration control methods for coaxial high-
speed helicopter/turboshaft engine system, an integrated
control method based on power prediction feedforward
is proposed. Firstly, an integrated simulation platform of
high-speed helicopter/engine is established based on blade-
element theory and momentum theory. Secondly, according
to the model simulation data, the optimal input set of the
demanded power prediction model is determined the opti-
mal selection method of the input characteristic parameters
based on the random forest. The demanded power prediction
model is then established by MBGD neural network. Thirdly,
a double feedforward control structure combined with gain
self-adjustment is adopted and an integrated control method
based on demanded power prediction is proposed. Then, a
high-order filter for gas turbine acceleration is designed to
further suppress high-frequency interference of gas turbine
acceleration. Finally, the integrated control method based on
power prediction feedforward is verified under multiple typ-
ical flight conditions and compared with the effect of torque
error feedforward control method.

2 Integrated Simulation Platform
of High-Speed Helicopter/Engine

To carry out research on the integrated control method of
coaxial high-speed helicopter/engine, it is first necessary
to establish an integrated simulation platform of high-
speed helicopter/engine, which simulates the strong coupling
characteristics and dynamic response of real high-speed heli-
copter/engine. The whole model consists of a simplified
model of coaxial high-speed helicopter and a variable-speed
turboshaft engine model.
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2.1 Simplified Coaxial High-Speed Helicopter Model

The coaxial high-speed helicopter is a coaxial compound
high-speed helicopter (CHH) with two rigid coaxial main
rotors and one pusher propeller. The mathematical model of
CHH consists of several subsystems: upper and lower rotors,
pusher propeller, fuselage, horizontal tail, and vertical tail.
The main modeling process is shown in Fig. 1.

2.1.1 Coaxial Rotor Aerodynamic Model

Owing to the distinctive features of the CHH, there is sig-
nificant aerodynamic interference between the upper and
lower rotors. It is necessary to correct the incidence model by
introducing an empirical factor between the upper and lower
rotors. The factor as an empirical factor is correlated with the
rotor spacing and flight status [17].

The inflow model of the coaxial rotor can be simplified as
[18]:

+VL™!
C AC

; ey

moment

|

|

|

|

Trim solution 84— Newton method |
|

|

Convergence I
|

Output final trim result

where M denotes the effect of air inertia, V is the mass flow
parameter matrix, L embodies the static relationship between
the perturbation induced velocity and the perturbation aero-
dynamic load, Ct is the lift coefficient of the rotor, Cy; is
the coefficient of the rotor pitch moment, and Ag and Ac
are the dimensionless quantization of the induced velocity,
respectively.

Figure 2 illustrates a schematic diagram of the interfer-
ence of the upper rotor wake on the lower rotor. The wake
slipstream of the upper rotor on the paddle disk of the lower
rotor causes an interference of the area of S’ on the lower
rotor. The induced velocity of the lower rotor in the area is
composed of the induced velocity vi, of the lower rotor and
the interference velocity v'yy of the upper rotor on the lower
rotor.

According to eddy current theory, the axial induced veloc-
ity at distance d below the rotor blade can be approximated
in Eq. (2):

@

via = vio| 1 +

d
—F Y = e(d, x)vio,

where, vjg is the induced velocity at the paddle disk, R is the
rotor radius, and x is the wake inclination angle.
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Fig. 2 Interference of upper rotor on lower rotor

By iteratively solving, parameters such as interference
area and interference velocity of the upper and lower rotors
are obtained. Substitute Eq. (3) to obtain the interference fac-
tor 8. of the upper rotor and the interference factor dy of the
lower rotor.

S/
8L = ?LS(d, XU)

o : )
Sy = ?Us(—d, xL)

Consequently, after the introduction of the interference
factor, the induced velocities vj;, and vijy of the upper and
lower rotors are depicted in Eq. (4).

-
viL = v + vy + (KjveL + KaéLvey) — cos ¥
R . @

N
viju = vy +dyvL + (Kjvcy + KZSUUCL)E cos Yy

wherevr, vy, vcu, and ver, are calculated from the simplified
inflow model. ¥, and ¥y represent the lower and upper rotor
azimuth angles, r is the distance of the blade element profile
from the flapping hinge, R is the rotor radius, K and K»
denote the empirical functions of the coaxial rotor wake high
angle.

The aerodynamic model of the rotor blade surface is
shown in Fig. 3. The lift dL and drag dD calculations of
the blade profile are illustrated in Eq. (5).

1
dL = —,o(QR)zaoooebdr
2 5
" : )
dD = Ep(QR)ZCdbdr

where p is the local atmospheric density, a is the slope of
the paddle lift line, « is the angle of attack, b is the profile
chord length, and Cg is the profile drag coefficient.

@ Springer

Fig.3 Aerodynamic model of rotor blade surface

Based on the small-angle assumption, the aerodynamic
load on the upper rotor in the hub coordinate is calculated by
the blade element theory.

2w R—Iyj
(- S Jaraw
271 R—Iy;j
S=— / " —Cosw<—ﬂ* + d—D)drdlp
27T R—Ipj dD i
H = / sm1p< B + )drdtﬁ
2 R—lpj dD
Mg = — / (Inj +V)( B + " )df’dw

(6)

where T is the rotor thrust, S is the lateral force, H is the
backward force, Mx is the counter-torque, k is the number
of blades, [y is the flapping hinge extension, 8 * is the inflow
angle of the profile, and v is the blade azimuth angle. Finally,
the forces and moments of the upper rotor in the body axis
coordinate system are obtained through coordinate transfor-
mations.

The aerodynamic model of the lower rotor is similar to that
of the upper rotor, but the direction of rotation is opposite,
and the counter-torque and lateral force are opposite to the
upper rotor.

2.1.2 Pusher Propeller Aerodynamic Model

Pusher propeller serves as the main power for CHH dur-
ing high-speed flight, generating forward thrust to counteract
fuselage and rotor drag. As the pusher propeller operates in
axial flow most of the time, the momentum theory of uni-
form inflow is applied to calculate the induced velocity of
the pusher propeller to ameliorate the high calculation accu-
racy.

From momentum theory, the relationship between the
average induced velocity v, and the thrust T', of the pusher
propeller in forward flight satisfies the following Eq. (7).

Ty = 279 R?up\(1pQpRp)? + (p 2 Ry )2, %



International Journal of Aeronautical and Space Sciences (2024) 25:1017-1033 1021
where p indicates air density, up, £2p, Rp, Ap denote the axis system as shown in Egs. (12)—(13).
advance ratio, rotational speed, radius, and inflow ratio of
the pusher propeller. Fxg cosap 0 — sinap —Dp
At the same time, the thrust and counter-torque of the Fyg | = 0 1 0 x o |, (12)
pusher propeller. are calculated from the blade element the- Fup sinap 0 cosagp —Lp
ory, as depicted in Eq. (8). -
Mxrp 0
1 _
Tp’ =—pm Rz(QpRp)ZCtp Mygr | = | Mk |, (13)
2 p
: ®) LMz 0

1
Myp = _EanS(QpRP)sztp

where Cyy, is the coefficient of pusher propeller thrust, and
Cwmp is the coefficient of pusher propeller counter-torque.

Combined with momentum theory and blade element the-
ory.

T, = TI: . ©)]
Finally, the thrust and counter-torque under the horizontal

propeller axis system are converted to the body axis system
to obtain the forces and moments in the body axis system.

Fep 0
Fyp | = | Tp
Fyp 0 (10)
My, 0 Fopyp — Fypzp
Myp | = | =Mip | + | Fapzp — Fpxp
Mzp 0 Fyp¥p = FrpYp

2.1.3 Fuselage Aerodynamic Model

During high-speed flight, fuselage parasite drag o also affects
the flight performance of high-speed helicopters [19]. The
corresponding aerodynamic drag, lift, and pitch moment of
the fuselage without yaw are listed in Eq. (11).

Lg=qF-CL- Af
Dg =gr-Cp - Ar ) (11)
Mg =gqF-Cwm - Ir - Af

where, gF is the dynamic pressure of the fuselage, L is the
characteristic length of the fuselage, and Af is the charac-
teristic area of the fuselage. Cp, CL, and Cy are the drag
coefficient, lift coefficient, and pitch moment coefficient of
the fuselage, respectively.

Decompose the aerodynamic drag, lift, and pitch moment
of the fuselage into the body axis system, and obtain the
aerodynamic forces and moments of the fuselage in the body

where o is the angle of attack of the fuselage.

2.1.4 Horizontal Tail Aerodynamic Model

The upward drag of the horizontal tail is a function of the
angle of attack, and the thrust and drag of the horizontal tail
are depicted in Eq. (14).

Ly _ | KgngAn 0 Cin | _ | KqngAnCin
Dy 0 KqgAn || Can KqngAnCan |
(14)

where ¢ is incoming flow pressure, Ay, is the horizontal tail
area, K g, is the dynamic pressure loss coefficient of horizon-
tal tail, Cyy, is the lift coefficient of horizontal tail, Cgyp, is the
drag coefficient of the horizontal tail.

Converting the horizontal tail aerodynamic forces and
moments from the wind axis system to the body axis sys-
tem.

Fxn —cos(an — ¢n) —sin(an —¢n) 0 | [ Dy
Fyn |=|A —sin(on — ¢n) —cos(an —¢n) 0 || Ln |,
Fzn 0 0 1 0
) (15)
Mxn Fynzh — Fznyn
Myn | = | Fxnzn — Fznxn | (16)
| Mzn Fynxn — Fxnyn

where oy, is the horizontal tail angle of attack and ¢y, is the
horizontal tail installation angle.

2.1.5 Vertical Tail Aerodynamic Model

The lift and drag generated by the vertical tail are directly
related to the angle of attack of the vertical tail. According to
the velocity and angle of attack at the vertical tail, the drag
and lift at the vertical tail are shown in Eq. (17).

LV = KqVqAV 0 ClV (17)
Dy 0 KqvqAy Cav '

@ Springer
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where Ay is the vertical tail area, K gy is the dynamic pressure
loss coefficient of vertical tail, C}y is the lift coefficient of
vertical tail, and Cgy is the drag coefficient of the vertical
tail.

Converting the forces and moments of the vertical tail
aerodynamic forces to the body axis system.

Fxy —cos(py — ay) 0 —sin(py — ay) Dy
Fyy |= 0 1 0 0 1,
Fzy —sin(gy —ay 0 cos(py — ay) Ly
i (18)
Mxy Fzvyv — Fyvzy
Myy | = | Fxvaiv— Fzyxy |, (19)
_MZV Fyvxy — Fxvyy

where o, is the vertical tail angle of attack and ¢, is the
vertical tail installation angle.

Subsequently, the statistical and empirical techniques are
utilized to calculate the aerodynamic forces and moments
acting on the coaxial rotor, the pusher propeller, the fuselage,
the horizontal tail, and the vertical tail.

ZFX = Fxu+ Fxi + Fxp + Fxp
+ Fxj + Fxy —mgsinf
ZFY = Fyy + Fy; + Fyp + Fyp
+ Fxp + Fxy — mgcos6 cos ¢
ZFZ =Fzu+Fzi+ Fzp + Fzp
+ Fxp + Fxy +mgcos 0 sin ¢
ZMX = Mxy + Mx; + Mxp + Mxp + Mx, + Mx,

ZMY = My, + My; + Myp + My, + My, + My,

ZMZ =Mz, +Mzi+Mzp+Mzp+ Mz + Mz,
(20)

The subscripts of force and moment in Eq. (20) represent
the aerodynamic forces and moments of upper rotor, lower
rotor, fuselage, pusher propeller, horizontal tail, and verti-
cal tail, m represents the helicopter mass, and g denotes the
gravity acceleration.f and ¢ are the pitch and roll angles,
respectively. Finally, the nonlinear flight mechanics model
of the whole aircraft is established. During stable flight, the
resultant forces and moments acting on CCH are zero, and
the triaxial angular rate and angular acceleration rate under
body axis system are zero, which can be solved by the newton
method.

To verify the confidence of the simplified model of CCH,
X2 helicopter is selected as the sample helicopter to calculate
its demanded power under a consistent flight state, and the

@ Springer
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Fig.4 Comparisons of coaxial compound high-speed helicopter model
in power calculation

model calculation results are compared with the test results
in the literature [20], as shown in Fig. 4.

2.2 Variable-Speed Turboshaft Engine Model

Upon establishing the simplified model of coaxial high-speed
helicopter, it is imperative to develop a suitable mathemati-
cal model of the variable-speed turboshaft engine to account
for the effect of coaxial rotor speed variation on engine
performance. A component-level model of variable-speed
turboshaft engine is constructed by the Newton—Raphson
(NR) method. A series of equations reflecting the co-
operating relationships among components are formulated
based on their aerothermodynamic relationships and rotat-
ing component characteristic data.

Specifically, it includes gas turbine inlet flow WG4 conti-
nuity, power turbine inlet flow WGys continuity, nozzle outlet
pressure Pg balance, gas turbine power HPT and compres-
sor power HPC balance, and power turbine power HPP and
external load power HPA balance [21]. The steady-state co-
operating equations of the turboshaft engine component level
model are shown in Eq. (21).

WG4 - WG
E() = 47 Whide
WG4C
WGys - WG
E(2) _ 45 45¢
WGyse
EQ3) = P8 — Pamb , @1
Pamb
HPC/n; — HPT
E4) = ——————
HPT
HPA/n, — HPP
ES) = —FF——
HPP
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whereng, and 1y are the rotor shaft mechanical transmission
efficiencies of the gas turbine and power turbine, respectively.
Pamb represents the atmospheric pressure at the outlet of the
nozzle. WGy, and WGys. represent the calculated flow of
the gas turbine and the power turbine, respectively.

When the turboshaft engine is in dynamic operation, the
mass flow and pressure balance equations are consistent with
steady-state operation, but the power at both ends of the
compressor-gas turbine shaft and the power turbine shaft is
no longer balanced, and the deviation power is applied for
the acceleration and deceleration of the rotors. Therefore,
the original two power balance equations are replaced by the
rotor dynamics equations, as shown in Eq. (22).

dN;  HPT — HPC/n, <30>2

e NgJ, m

. (22)
dN,  HPP — HPA/np (30
e NpJp m

where J, and J,, are the moments of inertia for gas turbine
and power turbine, respectively.

By optimizing and adjusting the power turbine efficiency
at low speed, it becomes feasible to change the coaxial
rotor speed by varying the power turbine speed. Further-
more, in combination with the multi-point model correction
method, the component correction coefficients are multi-
point matched to meet the accuracy requirements of the
variable speed turboshaft engine model.

Subsequently, considering the characteristics of power
transfer and the unified matching of power, forces coordi-
nate system and time simulation scale, the simplified model
of coaxial high-speed helicopter and the variable-speed tur-
boshaft engine model are matched to establish an integrated
model simulation platform for digital simulation research of
multiple flight modes, the flowchart is shown in Fig. 5.

As depicted in Fig. 5, the engine model takes the
demanded power of the simplified coaxial high-speed heli-
copter model as input and adopts the general characteristic
diagram of the components to determine the common work-
ing relationship of each component of the engine. The
steady-state calculation process of the engine involves solv-
ing the numerical solutions of the five equilibrium equations
based on the NR method, and iteratively calculating along the
residual reduction direction so that the solutions of the five
balance equations satisfy the residual requirements, thereby
obtaining the steady-state output results of the engine model.
The relative speed of the gas turbine, the fuel flow rate, the
pressure ratio coefficient of the compressor, the pressure ratio
coefficient of the gas turbine, and the pressure ratio coeffi-
cient of the power turbine are selected as the initial guesses
for the iterative solution. When the engine state changes, only
the mass flow balance and static pressure balance in Eq. (21)

need to be satisfied, and then combined with the rotor dynam-
ics Eq. (22) to calculate the rotor speed at the next moment,
using a once-through algorithm to perform dynamic calcu-
lations to improve the real-time performance of the model.
A one-time dynamic calculation algorithm is employed to
improve the real-time performance of the model.

The high-speed helicopter calculates the aerodynamic
forces and moments of each component according to the con-
trol inputs, obtains the kinematic equations, and ultimately
obtains the output state variables and the demanded power
of the high-speed helicopter based on the coordinate trans-
formation matrix. Connected with the engine closed loop, an
integrated model simulation platform is finally established.

3 Demanded Power Prediction Model

When the CCH operates in multiple working modes, espe-
cially during the transition mode process, the demanded
power of CCH cannot be measured directly, which involves
variable speed and variable power output, resulting in sharp
changes in demanded power. Since there are several heli-
copter parameters associated with CCH, which affect and
restrict each other. Therefore, selecting the relevant parame-
ters that correlate with demanded power is crucial to establish
the demanded power prediction model for CCH.

3.1 Optimal Selection Method of Model Input
Characteristic Parameters

The precision of demanded power prediction models is con-
tingent upon the judicious selection of input characteristic
parameters. Excessive input characteristic parameters result
in some parameters containing invalid and noisy information
that interferes with the model, thereby reducing the operation
efficiency and prediction accuracy of the model. Conversely,
when the input characteristic parameters are deficient, the
information provided for model is insufficient to fully guar-
antee the quality of model. Due to the strong autocorrelation
between some parameters of CCH, the model contribution
of the autocorrelated parameters is lower than the actual
value during the optimal selection and analysis. Accordingly,
selecting appropriate parameters as input variables of the
model through optimal selection is critical for developing
the demanded power prediction model.

Random forest [22-24] (RF) is a machine learning algo-
rithm with multi-class classification function. In view of the
strong generalization ability of the RF in small samples,
this paper proposes an optimal selection method for input
variables of CCH demanded power prediction model based
on the RE. By removing autocorrelated input characteris-
tic parameters and evaluating the contribution of remaining
input variables to the overall model, the optimal selection

@ Springer
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Fig.5 Flowchart of integrated model simulation platform

method facilitates the identification of optimal input vari-
ables.

The RF method based on statistical learning theory is
employed to select the relevant measurable parameters of
CCH according to the process depicted in Fig. 6. Initially,
based on the integrated simulation platform of high-speed
helicopter/engine, a full-flight envelope data set is estab-
lished by performing a full flight mission segment simulation
to obtain a total of 100,000 original data sets for optimiza-
tion, which includes most of the maneuvering processes
in low-speed mode, low-speed mode, and transition mode,
such as climbing, descending, accelerating, and decelerating
maneuvers. Subsequently, the bootstrap sampling method is
employed to obtainn sub-training sets from the original train-
ing set, using with put-back sampling.

Each of the n sub-training sets adopts the classification
and regression tree (CART) as the primitive learner. One
sub-training set generates one decision tree, with no associ-
ation between each tree. At each node of the tree, m (m <
M) characteristic parameters are randomly selected from M
characteristic parameters of the sample, taken m = int(~/M).
Each decision tree is allowed to grow completely without
pruning until it can accurately classify the training sets or
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until all classification attributes are exhausted, resulting in
a combinatorial learning model. In the process of building
primitive learner based on CART, Gini coefficient is applied
for feature selection of each node. The smaller the Gini coef-
ficient, the higher the purity, the smaller the uncertainty and
the more thorough the data segmentation. Knowing that there
are m feature parameters and the probability of a sample
belonging to class k is pg, the Gini coefficient of probability
distribution is defined as Eq. (23).

Gini(p) = ) pe(l = pi) = 1= ) pi- (23)
k=1 k=1

According to the definition of Gini coefficient, the Gini
coefficient of sample set D is obtained, where Cy denotes the
subset of samples belonging to the K-th category in sample
set D. Then the Gini coefficient of sample set D is depicted
in Eq. (24).

)2

|Ck|

24
D] (24)

K
Gini(D)=1-) (
k=1
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If data set D is divided on a certain attribute value a
according to featureA, D! and D? are obtained, then the Gini
coefficient of set D under featureA is shown below.

2. |DY|
Gini(D|A) =) N

Gini(D?), (25)

v=1

where Gini(D) denotes the uncertainty of set D, and
Gini(DIA) represents the uncertainty of set D after A = a
segmentation.

For each sample in the test sample set to be classified, n
classification results are generated according to n decision
tree models. The classification results of each decision tree
are aggregated based on the voting principle to determine
the optimal classification. The function of the classification
decision model is as follows.

ln Nhi,c
Cp = arg max| — \—/|,
p = argmax| 31" )

= Nhi

(26)

where, n is the number of decision trees in the RF, 1 (%)
is the indicative function, np; . is the classification result of
tree h; on characteristic parameterc, and ny; is the number of
leaf nodes of the tree.

When extracting a subset of samples, the probability that
each sample in the original data set is not extracted is given
by (1-1/N )N(where, N is the total number of samples in
original data set), which converges to 1/e ~ 0.368 as N is

T N —— o —— N -

large enough. Consequently, approximately 37% of the data
set samples remain unselected, and those data set samples
are referred to as out-of-bag (OOB) data. The OOB data are
adopted to add noise to the input characteristic parameters
to avoid over-fitting due to over-reliance on the test sample
set. The reduction in OOB accuracy can be determined as
its relevance to the target output, and its feature importance
index is calculated as follows.

_ 1
~ Noos

j=1
0 i
DAY =AY,

Noog

Si 27)

where, Noop is the number of OOB samples, A(j). is the
classification accuracy of OOB data before decision tree per-
turbation, and A; denotes the classification accuracy of OOB
data after decision tree perturbation.

Firstly, the 16 input control variables associated with heli-
copters and engines are normalized to eliminate the effect of
inconsistent input parameter ranges on the evaluation func-
tion. Utilizing a random forest to rank the importance of these
16 parameters, including helicopter control parameters, the
importance indicators of each parameter are obtained. The
results are illustrated in Fig. 6. By setting a threshold for
the importance index, the input variables with relatively high
importance indices are selected, which represent the param-
eters most pertinent to the demanded power of the helicopter.
To better emulate the real state of the helicopter, Gaussian
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white noise is introduced into the relevant control parameters
of the helicopter to simulate the real sensor noise.

According to the ranking of the importance index for
characteristic parameter, the contribution capability of the
characteristic parameters related to the demanded power
model is screened and the redundant parameters are elim-
inated. Finally, the classification results of these parameters
are presented in descending order of importance as follows:
cubic forward flight speed, pusher propeller pitch, coaxial
main rotor speed, collective pitch, longitudinal cycle pitch
and altitude. The importance score is shown in Fig. 6, which
is adopted to determine the optimal input combination of the
demanded power prediction model (Fig. 7).

3.2 Establishment of Demanded Power Prediction
Model

Considering the nonlinear characteristics of the engine oper-
ating process, this paper establishes a CCH demanded power
prediction model based on the sample data. The model
is trained offline using the mini-batch gradient descent
(MBGD) neural network to obtain an accurate mapping
that describes the input—output relationship. The structure
of MBGD neural network is shown in Fig. 8. As such, the
model exhibits robust fitting and generalization capabilities
and effectively addresses sample noise learning problems,
resulting in excellent nonlinear approximation performance.

The output expression for the m-th (m > 2) layer, and
the i-th node in the forward propagation process of MBGD
neural network is illustrated in Eq. (28).

@ Springer

tion model

Nm—1
a™ = Wpml 4 pn
i jzl 'ty i (28)
h' = f(a"),

where, n,, — 1 is the number of nodes in m — 1 layer, Wi’?
represents the weight of the i-th neuron in m-th layer, b}" is
the bias in m-th layer, h']’.’_1 and A" are the output of thej-th
node inm-1 layer and the i-th node inm-th layer, respectively.
f(-) is the activation function.

After completing the forward propagation process, if the
output layer is still unable to match the desired output, it is
transferred to the backward propagation process, and search
the weight vector dynamically according to the error func-
tion to minimize the loss function. The mini-batch gradient
descent (MBGD) method for training neural networks is
proposed, which combines the advantages of the batch gra-
dient descent (BGD) and stochastic gradient descent (SGD)
methods. The sample is divided into several subsets called
mini-batches, and the algorithm calculates the loss function
using only one mini-batch in each iteration. Consequently,
the MBGD method is faster than the BGD method and has
higher accuracy than the SGD method. The expression of the
loss function is depicted in Eq. (29).

Nw 1 )
Ley=min} >[yyyei =yl

i=1

(29)

where Nw is the sample capacity and yyy(x;) is the output
of the neural network.
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The weight and bias gradient calculation of the m-th layer
neural network and the weight reverse update after each iter-
ation are exhibited in Eq. (30).

IL(e)
oW

L) _ e
ab;{i -7 (30)

m __ _m m+1
W = =n" @8

Vo =

Wi = W — VW
bl = b)" — Vb,

where 8;.”“ represents the derivative of thej-th node of m +
1 layer, n is the learning rate.

Utilizing the aforementioned principles, the helicopter
demanded power prediction model is established by offline
training using the MBGD neural network. The model takes
the cubic forward flight speed, pusher propeller pitch, coaxial
main rotor speed, collective pitch, longitudinal cycle pitch,
and altitude as inputs. It takes the demanded power of CCH
in the current state as output, all the inputs can be measured
by sensors, making the model feasible.

The expression of the MBGD neural network mapping is
then constructed as follows.

Y = fan(x)

X (31)
x=[V., 0,, yr, 6o, 015, H].

To ensure that the established helicopter demanded power
model can meet the requirements of accuracy and real-time
performance, a three-layer MBGD neural network structure
is adopted. In addition to the input and output layer nodes
defined in the above formula, 15 hidden layer nodes are set,
and the implicit layer and output layer activation functions are
setas tansig and purelin functions, respectively. The collected
data are completely stimulated by the integrated simulation
platform of high-speed helicopter/engine and normalized to
serve as the training and testing samples of the neural net-
work.

The precision of the prediction model is verified by test
sample data. Figure 9 shows the relative error percentage
between the output of the demanded power prediction model
and the sample output. The relative errors of the output
parameter are less than 1.4%. With the exception of a few
points, the majority of the sample errors are within 0.6%.
Therefore, the overall high precision of the model allows for
the prediction of demanded power ahead of time.

With the variable rotor speed of the CCH, the coaxial
main rotor speed is not constant. Furthermore, due to the
pusher propeller generates the primary thrust during high-
speed flight, the conventional collective pitch feedforward
method is bound to be ineffective in ameliorating the over-
shoot and sag of the power turbine speed. In the literature

1.6 T T T T T

04+ iy T

I H r

0 2000 4000 6000 8000 10000 12000

0.0

Size of testing samples

Fig. 9 Relative error between the output of the neural network and the
sample output

[15], a torque error feedforward method is proposed for vari-
able rotor speed helicopter, as demonstrated in Eq. (32). It
obtains the engine demanded torque according to the coaxial
main rotor speed and the power turbine speed, and the error
with the real torque is adopted as the feedforward. Neverthe-
less, the torque error feedforward is only applied to the gas
turbine acceleration loop, which still has a certain lag in the
compensation effect. Furthermore, the torque error feedfor-
ward method is only applicable on the ground and cannot be
applied to the large envelope.

QMR
A=Tpep —R _ T 32)
Np

Consequently, this paper proposes an integrated control
method based on the double feedforward of demanded power
prediction as shown in Eq. (33). Based on the demanded
power prediction model, the error between the demanded
power prediction model and the real demanded power is
applied as the feedforward. The feedforward is corrected
by an adaptive compensation coefficient to achieve adaptive
compensation for turboshaft engine control system.

HPA,=fyn(V;, bp, 2MR. b0, 015, Vi)

A = K(HPA, — HPA,) (33)
K = f(H, Vy),

where K represents feedforward gain. To be suitable for the

full envelope, the gain self-adjustment is achieved by com-
bining similar transformation and interpolation search.

4 Design of High-Order Filter for Gas Turbine
Acceleration

The structure of the integrated control of coaxial high-speed
helicopter/engine based on power prediction feedforward is

@ Springer
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shown in Fig. 10. Based on measurable engine parameters,
the high-order filter is applied to predict real-time changes
in gas turbine speed, thereby estimating the gas turbine
acceleration. Based on the integrated simulation platform of
high-speed helicopter/engine, the characteristic parameters
obtained from the RF are transferred to the demanded power
prediction model. The model output is compared with the real
power calculated by engine torque and power turbine speed
to obtain compensation. Subsequently, the compensation is
transmitted to both the acceleration loop of the gas tur-
bine and the fuel flow position for feedforward through gain
self-adjustment. Finally, the double feedforward is superim-
posed to compensate the final output fuel control quantity
and realize the integrated control of coaxial high-speed heli-
copter/engine.

To realize cascade PID control of turboshaft engines based
on Ngdot, a gas turbine acceleration estimation method needs
to be designed to estimate the real-time change rate of gas
turbine speed based on engine measurable parameters. In the
engine system, due to system noise and other factors, the gas
turbine rotor acceleration calculated by differential equations
as an estimated value suffers from jumps, and there is a sud-
den change in fuel flow under certain large load changes.

The acceleration of a conventional gas turbine is calcu-
lated by Eq. (34), where AT is the sampling time, and k
represents the current moment.

Ng(k) — Ng(k — 1)
AT ’

ag(k) = (34)

To overcome the shortcomings of the first-order differ-
ence or center difference methods, a higher-order filter for
gas turbine acceleration estimation method is designed. As
illustrated in Eq. (35), the higher-order filter filters out the

@ Springer

high frequency noise of the velocity signal, the filter has
a simple structure, high real-time performance, and linear
phase.

N—1
Gh = Z haz ™" (35)
n=0

For this higher-order filter, the amplitude-frequency char-
acteristics can be written as:

N/2

. 1 iw( N=L
H('") = Zb(n)cos((n - E)w) ejw( 2 )
n=1 (36)
N N
b(ny=2h{ ——n),n=1,2,..., —.
2 2
The corresponding phase function is 6(w) = —%w,
and the group delay is 7(w) = —%. Assuming a speed

sampling frequency of 0-5000Hz and a sampling period of
25ms for a closed-loop control system, N should satisfy:

N—1
t= < 25 ms, 37
0.5k

where, t is the sampling frequency. From the above formula,
it can be inferred that the order of the filter should satisfy N
< 12. Therefore, let N = 12 to obtain the discrete transfer
function form of the designed high-order filter as follows:

Gh=ho+hz " +hoz 2 +h3z 3+ haz ™ + hsz >+ hez 0 — - -

(hsz*7 + h4178 + h3179 + h21710 + hlzfll + hozflz).

(38)
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From the above equation, it can be seen that the expression
has a coefficient duality feature, where hg = — 0.0099, h
= 0.0061, hy = 0.0267, hz = 0.0597, hsa = 0.0912, h5s =
0.0786, he = 0.0001.

In the typical fuel control bandwidth frequency range of
0-19 rad/s, the high-order filter maintains the characteris-
tics of the original first-order difference, while designing
an obvious frequency cutoff in the high-frequency range.
The high-order filter further suppresses high-frequency inter-
ference without losing fuel control characteristics, and also
make it possible to realize cascade PID control of rotational
acceleration, which is conducive to increasing the bandwidth
of the closed-loop system response. The amplitude frequency
characteristics of the high-order filters are depicted in Fig. 11.

As illustrated in Fig. 11, within 3 Hz, the characteristics
of the high-order filter are consistent with the first-order and
center difference methods, indicating that in this frequency
range, the estimation effect of the high-order filter for gas
turbine acceleration is consistent with the center difference
method. However, when the frequency is higher than 8 Hz,
the high-order filter exhibits a cutoff characteristic, which is
beneficial for attenuating high-frequency noise and alleviat-
ing the large range of abrupt changes in the estimated value
of the rotational acceleration within a single sampling step.

5 Simulation Verification

To evaluate the effectiveness of the integrated control based
on power prediction feedforward in different modes of the
CCH, the CCH accelerates from O km/h in 40 s and to
450 km/h in 160 s at the flight altitude of 3000 m. Maneuvers
are performed in low-speed mode, transition mode and high-
speed mode, respectively. The results are compared with
the conventional control without feedforward and the torque

error feedforward control method. The comparison results
are illustrated below.

As shown in Fig. 12, in the low-speed flight mode, the
demanded power of coaxial main rotor increases with flight
speed. However, due to a certain response delay in the
turboshaft engine, the power turbine speed drops instanta-
neously, while the power consumed by the coaxial main
rotor still dominates. Figure 12a—f demonstrate that the
integrated control method based on double feedforward of
the demanded power prediction can effectively suppress
the relative speed overshoot and sag of the power turbine.
Compared with the torque error feedforward, the maximum
sag is decreased by 28.1% and the maximum overshoot
is decreased by 25.6%. Moreover, during the maneuvering
process of CCH, the coaxial main rotor demanded power
changes rapidly. The power prediction feedforward control
is more responsive and exhibits better dynamic control qual-
ity. On account of the engine output torque measurement lags
behind, the large inertia of rotor, and the aerodynamic con-
nection between gas turbine and power turbine. The torque
error feedforward is adopted to correct the Ngdot com-
mand cannot compensate the fuel flow in time. However, the
demanded power feedforward employs several cross-linking
parameters from coaxial high-speed helicopter/engine into
the predicted model. By adopting the error between predic-
tion power and real demanded power as the feedforward to
correct the Ngdot command and fuel flow command online,
enabling more rapid compensation by performing feedfor-
ward compensation in both control loops at the same time.

In transition mode, as depicted in Fig. 13, the power tur-
bine speed is continuously reduced as the airspeed increases
to avoid blade tip stall. To maintain the constant lift and
thrust, the pusher propeller pitch is increased while the col-
lective pitch is decreased. The proportion of coaxial main
rotor power gradually decreases, the proportion of the power
of the pusher propeller gradually increases. These changes
are coordinated and result in an increase in total demanded
power of CCH. As shown in Fig. 13 (e), during the accel-
erated climb maneuver starting at 134s, coaxial main rotor
speed continues to decrease and turboshaft engine response
lags behind causing an instantaneous sag in power turbine
speed. Since the variation of the torque error no longer
accurately reflects the demanded power of CCH, which can-
not meet the dynamic control requirements. Compared with
the torque error feedforward control method, the integrated
control method based on double feedforward of demanded
power prediction decreases the sag of power turbine speed by
25.3%. The fuel variation curve shown in Fig. 13c indicates
that the fuel flow variation curve is smoother and the fuel
flow variation trend is more moderate.

In high-speed mode, the coaxial main rotor is unloaded,
and the pusher propeller provides the forward thrust. As the
forward flight speed reaches 450 km/h, the demanded power
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Fig. 12 Comparison of power prediction feedforward control effect in low-speed mode

of CCH is primarily composed of the power consumed by the
pusher propeller. As shown in Fig. 14, the relative speed of
the power turbine decreases to 80%. By adjusting the pusher
propeller pitch, the CCH climbs after 190s and decelerates
after 210s. The demanded power of the CCH changes sharply
in this process, resulting in the corresponding change of the
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engine output torque. Due to the mechanical coupling and gas
path coupling between the turboshaft engine and the CCH,
the delayed response of the engine leads to overshoot and sag
of the power turbine speed. The integrated control method
based on double feedforward of demanded power prediction
can respond to the turboshaft engine quickly compared to the
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Fig. 13 Comparison of power prediction feedforward control effect in transition mode

torque error feedforward control method. The maximum sag
of the power turbine relative speed is decreased by 30.1% and
the maximum overshoot is decreased by 17.5%. As shown
in Fig. 14a, d, the entire engine operation process remains
stable and reliable. The integrated control method based on

double feedforward of demanded power prediction has better
stability, dynamic performance, and superior robustness.
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Fig. 14 Comparison of power prediction feedforward control effect in high-speed mode

6 Conclusion

The research on integrated control method of coaxial heli-
copter/engine based on power prediction feedforward has
been conducted, and an integrated control method of coax-
ial high-speed helicopter/engine based on demanded power
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prediction double feedforward is proposed. The following
conclusions can be drawn.

1. By analyzing the contribution capability of parameters
related to the demanded power model and introducing
noise to the input variables with OOB data to eliminate
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redundant parameters. The six optimal input variables of
cubic forward flight speed, pusher propeller pitch, coax-
ial main rotor speed, collective pitch, longitudinal cycle
pitch, and altitude are finally obtained.

2. By employing the RF method to select relevant mea-
surable parameters for CCH, an optimal selection of
inputs for the prediction model is obtained. Subse-
quently, MBGD neural network is adopted to establish
the demanded power prediction model of CCH. The rel-
ative error of the demanded power prediction model is
less than 1.4%.

3. Under different flight conditions, the integrated con-
trol method of coaxial high-speed helicopter/engine
based on demanded power prediction double feedforward
decreases the overshoot and sag of power turbine speed
by more than 17.5% and 25.3%, respectively, compared
with the torque error feedforward control method. As a
result, it helps to enhance the stability, dynamic perfor-
mance, and robustness of the control system.
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