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ABSTRACT In order to damp torsional vibrations in a helicopter, which would cause resonance in rotating
components like engine, transmission, and rotor, an adaptive notch filter is proposed. Instead of fixed notch
filter, the adaptive one, with FFT analyzer and sorting algorithm, can damp the low-order torsional vibration
signal with natural frequency varying in a wide range. Then, in order to enhance the power following
capability of the engine, a nonlinear model predictive controller based on the supported vector machine is
designed to compensate for the dynamic control performance. Through the adaptive notch filter, the torsional
vibration of the free turbine speed whose frequency is away from the set-point value can effectively be
suppressed by 50% compared with the fixed notch filter. Furthermore, instead of conventional PID controller,
the nonlinear model predictive controller based on the adaptive notch filter can reduce the sag of the
free turbine to less than 0.4%. Therefore, the control strategy achieves fast high-quality response of the

turbo-shaft engine.

INDEX TERMS Helicopter, torsional vibration, adaptive control, predictive control.

I. INTRODUCTION

Helicopter is a multiple-degree-of-freedom and strong- cou-
pling system with precise and complex design process and
control system. There is only one load channel from the
engine to the rotor, and any failure of any part of the channel
will pose a serious threat to flight safety [1]. Therefore, in
the aspect of structure and power, the torque drive chain of
helicopter is irredundant and critical [2].

One of the design principles of the turbo-shaft engine
is to ensure that the engine output speed is constant, does
not pulsate and does not deviate from the steady-state value
in steady-state flight. If the engine output speed pulsates,
the speed sensor can feel the variation, and the fuel flow
will change through the fuel adjustment system to correct the
speed. Therefore, if the output shaft speed pulsates, the fuel
flow will pulsate accordingly. The two systems form a closed-
loop coupling and self-excited vibration system. Under cer-
tain conditions, the difference of the phase between the fuel
flow and the output speed is the power to the vibration system.

If the input energy exceeds the damping of the system
(such as the damping of the rotor damper, etc.), the unsta-
ble self-excited vibration will occur [3]. Thus, the torsional
vibration is an unavoidable and basic problem in the design
of helicopter/engine control system.

Research on torsional vibration modeling and control
of helicopter/engine coupling system was carried out early
abroad. Boeing and Sikorsky discovered torsional problems
in the 1960s and 1970s [4]-[6]. In the 1970s and 1980s,
the dynamics and modeling techniques of the engine were
studied abroad [7], [8], and a number of solutions have also
been introduced, where vibration dampers were utilized early,
and replaced by notch filters later [9]-[11]. The analysis and
processing of the dynamics of the S-76 helicopter is very
successful [12]. In the control scheme, in 1998, Hansford
and Vorwald [13] proposed and used the impedance match-
ing method to analyze the torsional vibration problem of
helicopter. In the study of the rotor speed control, to sup-
press the torsional vibration signal in the feedback loop,
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the series notch filter in the speed closed-loop of free turbine
is used [14]-[17]. Due to rather large additional phase shift in
the low-frequency stage, Quan et al. [18] proposed multiple
notch filters in parallel. Thus, according to the different work-
ing conditions of the engine, different filters will be chosen.
The method can not only suppress the torsional vibration
signal well, but also reduce the influence of additional phase
introduced into the system.

In order to simplify the design process of the torsional
vibration suppression and avoid the deterioration of operating
efficiency of the turbo-shaft engine, the fixed rotor speed con-
trol is used in the conventional rotorcrafts. That is, the trans-
mission ratio of the power transmission chain is constant.
In this case, the torsional vibration frequency is fixed, thus
the fixed notch filter is widely applied in the speed closed-
loop control of modern turbo-shaft engine. In the variable
rotor speed case, however, the frequency and amplitude of the
torsional vibration signal vary with the rotor speed. Instead
of fixed one, the adaptive notch filter with good following
performance [19], [20] can better damp the coupling torsional
vibration and achieve high control effect quality. There have
been many adaptive torsional vibration absorbers available in
recent years, but many of them may cause time delay and too
much computing time.

During the process of variable rotor speed, the helicopter
demanded torque and the engine output torque match each
other through the variable ratio clutch that enhances the
coupling between the helicopter subsystem and the engine
subsystem. Thus, in terms of the traditional cascade PID with
total moment feed-forward, it is very difficult to obtain high
quality control effect [21], [22]. Especially in the maneu-
vering flight, there is a non-negligible delay caused by the
rotor torque measurement and the engine dynamic control
response. In the minor time scale of maneuvering flight, this
delay must be considered in the design of control law. The
cascaded PID does not have the prediction function, and it
will not have good performance in this situation mentioned
above. The model predictive controller [23], [24] has the
tolerance to the model (parametric or nonparametric, lin-
ear or non-linear), the validity of finite time-domain rolling
optimization and the possibility of considering various soft
and hard constraints, if applied to the engine control system,
it will be no doubt a desired control program. The predictive
scheme can refer to the study of turbofan engine control
system [25]-[29].

Therefore, In terms of the lack of researches on tor-
sional vibration suppression in helicopter/engine system,
the research proposes and designs an adaptive notch fil-
ter (ANF) by using the FFT, search algorithm and the
fixed notch filter, based on UH-60 model combined with
the simplified helicopter torsional vibration model. In order
to further enhance the power following capability of the
engine, reduce the sag and overshoot of the free turbine
speed, the nonlinear model predictive controller (NMPC)
is designed. In this case, the helicopter demanded torque
prediction model and the turbo-shaft engine state parameter
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FIGURE 1. Model diagram of torsional vibration system.

model established by supported vector machine (SVM) and
the feasible sequence quadratic programming (FSQP) algo-
rithm are utilized together to realize the fast response control
of the turbo-shaft engine.

Il. HELICOPTER/ENGINE TORSIONAL VIBRATION MODEL
In the power transmission process of helicopter, through the
reducer and drive shaft, the free turbine of the turbo-shaft
engine drives the rotor and the tail rotor. All these high-speed
rotating transmission parts together form a torque transmis-
sion chain of helicopter.

In order to truly reflect the dynamic behavior of the whole
system as much as possible, and take active control to the heli-
copter torsional vibration, a simplified helicopter torsional
vibration model needs to be established. The model is based
on several assumptions: in the torque transmission chain,
apart from the rotor and tail rotor, other rotation structures can
be simplified as two-node torsion unit and centralized mass
unit. Meanwhile, the power of the tail rotor is so small that
the torque can be ignored. In addition, the structural distor-
tion, the elastic deformation of the rotor, the helicopter body
and the pneumatic damping can be neglected. According to
these assumptions, the helicopter torsional vibration system
is a damping torsional vibration system with five degrees of
freedom and the structure as shown in Fig. 1, which consists
of the collective lead-lag rotation of the blades, the hub,
the transmission output, the rotating part of the engine, and
the fuselage. The blades are connected to the hub through an
offset hinge, spring and damper. The hub is connected to the
transmission output through a shaft spring. The transmission
output is free to rotate in the fuselage but connected to the
engine through a reduction gear and a spring. The engine is
free to rotate in the fuselage through a damper.

The torsional vibration equation is shown below, which is
a basic second-order ordinary differential equation with five
degrees of freedom.

My +Cy+ Ky =F 1)

where M, C, K, F represent the matrix of inertia, damping,
stiffness and force, and N is the gear ratio.

23897



IEEE Access

Y. Wang et al.: Adaptive Control and Predictive Control for Torsional Vibration Suppression in Helicopter/Engine System

The rotational displacement of ¥ vector is:

Yr Yrr

YE YEr /N — Lyrt

Yr | =| Y — Qurt 2
YH Va1 — Qurt

¥ Vr — Qurt

where, ¥, Y1, ¥H, ¥p represent the torsional vibration
displacements of fuselage, transmission, hub and blade
separately, which equal to the component that the absolute
displacements Vry, Y77, Y1, ¥pr minus the displacements
caused by rotor speed Ryr.

The engine absolute displacement gy is different.
Because of the gear ratio, a unit displacement of the trans-
mission is in some sense equivalent to N units of engine
displacement.

Supposing that the solution of Eq. (1) is the form as
Y = Ce*, where s = o + iw is plural, o is the damping,
o is the natural vibration angular frequency, C is a constant.
Therefore, the natural vibration equation of Eq. (1) can be
expressed as follows.

Ms*+Cs+K)yy =0 (3)
To make ¥ a non-zero solution, the sufficient condition is:
detMs* +Cs+K) =0 )

Taking the UH60 helicopter/T700 engine at the rotor
speed ,/r of 30 rad/s as a research example, the ten solutions
of Eq. (4) are obtained as follows.

s=0
0
0
—0.2857
—22.1356
—507.5016
—2.3911 + 12.3002i
—0.6173 £ 329.5269i

That is, the natural vibration frequency of each order is:

0 order: Orad/s = OHz
1%t order:  12.3002rad/s = 1.9576Hz
20 order:  329.5269rad/s = 52.4458Hz

Torsional vibration natural frequency consists of low order
and high order. Both of them locate in different range, thus,
different suppression scheme can be used. The high-order
one is 52.25Hz, which can be filtered by the low-pass filter.
However, the low-order one is close to OHz, instead of low-
pass filter, a notch filter can be adopted, which can filter out
a specific frequency.

When £,z increases from Orad/s to 135rad/s. the variation
of low-order natural vibration frequency is shown in Fig. 2.

Fig.2 summarizes the low-order natural vibration fre-
quency under different rotor speed. As shown in Fig. 2,
the natural vibration frequency varies in a broad range with
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FIGURE 2. Low-order natural vibration frequency under different rotor
speed.
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FIGURE 3. Conventional control structure of the turbo-shaft helicopter/
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the change of j/z. Unfortunately, in this case, the notch
filter with constant coefficient is hardly applicable. On the
contrary, the notch filter with adaptive ability is badly in need.

llIl. ADAPTIVE CONTROL
In order to avoid the torsional vibration of the free turbine,
the direct method is to make compensation at the free turbine
to change the amplitude and frequency curve of the open
loop. The torsional vibration filter in the control system of
turbo-shaft engine is shown as Fig. 3.

The design of the notch filter is based on the simplified
helicopter torsional vibration model described above. The
open-loop transfer function of the model is.

bos(bys + czl)(czs2 + bas + ap)
$3(s 4+ di)(s + da)(s + d3)(s? + e4s + da)(s*> + ess + ds)
©)

Quadratic polynomials in the denominator s> +es + d
is a second-order torsional vibration block, which can be
written as s2 + 2Lnwns+ a),% w, represents the natural angular
frequency of the torsional vibration model. As mentioned
above, instead of the high-order torsional vibration, only con-
sidering the low-order one is enough. Increasing the damping
coefficient ¢, to ¢y is able to suppress the torsional vibration,
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Adaptive notch filter |, N
Filter Data Buffer Detector

FIGURE 4. Block diagram of the adaptive notch filter in the feedback loop.

Sorting Algorithm

and the notch filter can be expressed as follows.
s2 + 2Lnwns + a)ﬁ
52+ 2nwys + @}

When the notch filter is applied, the second order
oscillation link in the system will be as follows.

G(s) = (6)

w2

- N

52 + 2Ly wys + ©F

The peak value at the oscillating frequency will be
effectively reduced.

However, when the torsional vibration signal changes, that
is, when the w, and ¢, change, because the wy, ¢, in Eq. (6) is
fixed, only the torsional vibration frequency at set-point value
can be filtered out. In this case, the notch filter cannot achieve
the best performance. Under this circumstance, the ANF may
be used. Based on the recursive algorithm, it can complete
the filtering operation in the case of unknown amplitude-
frequency information of torsional vibration. It means
off-line calculation of the model is not necessary. It can track
the change of the statistical characteristic of the torsional
vibration signal with time. In the frequency domain analysis
of the time domain signal, the fast Fourier transform (FFT)
has a good performance. Therefore, when the torsional vibra-
tion signal changes, the variable w, could be distinguished
by the FFT. The block diagram of the adaptive notch filter is
shown below.

Fig. 4 shows the block diagram of the ANF. Firstly, the
relative speed data Ny* is stored in a short time, which is
performed by the speed detector and the data buffer. Then, the
FFT method analyzes the stored digital speed in real time. The
FFT can well and easily transform data from time domain to
frequency domain to obtain the vibration information. Here,
rather than the globe data, a windowed data is utilized as the
input data of the FFT analyzer to get the real-time information
of the signal. Thirdly, with a sorting algorithm, the dominant
frequency of the maximum magnitude of the signal in fre-
quency domain can be sorted out. Based on the dominant
frequency of the maximum magnitude, the coefficients of
the digital notch filter can be determined. Finally, with this
ANF, the relative speed of free turbine N, without torsional
vibration interference is outputted.

The simulation of UH-60 model combined with the sim-
plified helicopter torsional vibration model under variable
rotor speed has been conducted at flight altitude H = 500m
and flight speed V, = 10m/s. Fig. 5. (a)-(h) summarize N,
and the amplitude-frequency curve of N, through FFT before
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and after ANF under different rotor speed. The sampling
frequency is 50Hz, and in order to observe the low-order
torsional vibration frequency, a step perturbation with ampli-
tude 30% of rotor demanded torque is applied during 9-10s
and the component of previous 15Hz is only drawn in the
figure. As shown in the figure, when the rotor speed is
close to 30rad/s, the torsional vibration frequency is approx-
imately equal to 1.96Hz. In this case, the filtering effect of
the fixed notch filter and ANF is similar. However, while
the rotor speed is away from 30rad/s, the ANF can reduce the
low-order torsional vibration signal by 50% compared with
the fixed notch filter. Fig. 5. (j)-(I) show &g, N, and the
amplitude-frequency curve of N, through FFT under contin-
uously variable rotor speed. When the variable speed instruc-
tion is applied (as shown in Fig. 5. (1)), the &g changes
continuously along the specified path, where the low-order
vibration frequency varies from 1.25Hz to 2.35Hz. In this
case, the fixed notch filter can effectively suppress the tor-
sional vibration at set-point value, but it is of little use to
other frequencies beyond its bandwidth. Nevertheless, the
ANF can still damp all torsional vibration signals remarkably
with the amplitudes decreased by over 70% compared with
those without any filters.

IV. PREDICTIVE CONTROL

In the case of variable rotor speed, the change of surge margin
is more irregular due to the variation of free turbine flow
capacity and efficiency. At the same time, the conventional
control strategy is simple and easy, but the ability to follow the
demanded power is poor. In order to optimize the helicopter
energy efficiency and obtain better performance, high-quality
response control of turbo-shaft engine is achieved by increas-
ing the power following capability of the engine and reducing
the amount of sag and overshoot of the free turbine speed.

The control block diagram is shown in Fig. 6. The ANF is
added in the engine output speed loop, and together with the
helicopter model constitutes the control object. The NMPC
includes three parts: the helicopter demanded torque model,
the turbo-shaft engine state parameter model and the rolling
iterative algorithm.

The helicopter demanded torque model and the turbo-shaft
engine state parameter model are both established based on
supported vector machine. Through the past and the current
input and flight status, the helicopter demanded torque model
could predict the trend of the future torque. Thus, it can
reduce the dynamic changes in the demanded torque and the
engine output torque, thereby further reducing the dynamic
interference and the torsional vibration. The torque estima-
tion model is expressed as follows and the subscript indicates
the time. Ny, N2, N3, N4, N5, Ng, N7, Ng are set to 2 [30],
and the specific meaning of the parameter is shown in the
symbol table. Then helicopter demanded torque model can
be expressed as:

Yy = Qn(k) = Pmpy(Xn) ®)
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where

Xy =[Hy), Hg-1), - - -
Vete=1ys - - -

s Hie—ny), Ve,
s Vete=N),
Ok —Ny)»

Vaiys Vak=1ys - - o> Vatk=N3)» Oy, Ok=1)5 -+ -

Bis@), Bisk—1)» - - - » B1s(k—Ns)» A1C(k)>

A1C(k—1)s - - - » A1C(k—Nqg)»
QMRK)s RMRUK=1)> - - - » RMR(k—N7)>» QH(k—1),
OH(k~-2)» - - - » OH(k—Ng)]

Yg =[OHk)]

V., 0, Bis, Aic, Qn represent the droop rate of helicopter,
the collective pitch, the longitudinal cyclic pitch, the lateral
cyclic pitch and the demanded torque of the main rotor
respectively.

The turbo-shaft engine dynamics model is as follows. It is
mainly utilized to predict the engine state parameters. The
engine dynamics can be simplified to a piece-wise-linear
plant with two orders [31]. Therefore, my, my, m3, ma, ms
will be set to 2.

Yg = Pmg(Xg)

Xe =Wra, Wra—1ys -+ » Wrte—my):
Oek—1)> Xe(k—2)» " * » Qe(k—my) s
OF(—1)s OE(k—-2)> -+ » OE(k—ma)>
Ng(k—1)» Ng(k—2)» -+ » Ng(k—ms);

Np—1), Npk—2)» =+ + > Np(k—my);
Sintk—1)> Sm(k—2)> ==+ » Smk—ms)>
Tak—1)> Tage—2y, - - » Tak—ms)]

YE = [QE®k)> Netk)» Nptys Smikys Taoy)”

where, Wy, a., O, N, are the fuel flow, the guide vane
angle, engine output torque and the relative speed of the
gas turbine separately. Based on the MRR-LSSVR predictive
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model, the output can be obtained after §, steps as:

Yek) = fe(Xgk)); Ye(k + 1)
=fEXEek +1));...; Yglk +3p) = fEXE(k + 8p))
(10)
XE (k) is deduced from Eq.(9). Then let
Xp=[Wilk =2, Wy (k= 1), ..., W (k+38,);
ack —2),ack—1), ..., a0k +8,);
Qptk—2),0ek—1),..., 0 (k+6,—1);
Ng(k—2),Ng(k — 1), ..., Ng(k+8,—1);
Ny (k—2),Ny(k — 1), ..., Ny (k48— 1);
Sk —2),Smtk—=1),.... S0 (k+8,—1);
Tytk—2),Tsk—1),...,T4 (k + 8, — 1]
Yi =[Qe(k), Qelk + 1), ..., Qulk + &);
Ng(k), Ng(k + 1), ..., No(k + 8,);
Ny(k), Ny(k + 1), ..., Np(k + 8,);
Simc(k), Smelk 4+ 1), ..., Spelk + 8,);
Tu(k), Tatk + 1), ..., Tutk + )17
8p = bu
(1)
Thus,
YEg = Pmp(XEg) (12)

Similar to the helicopter demanded torque model, the flight
envelope is also divided into several ones for accurate model-
ing. The training of a sub dynamic model is conducted in each
sub envelope. The training data for MRR-LSSVR predictive
model is also from exciting the component level model of
turboshaft engine during autorotation.

When the predictive model obtains the predictive param-
eters, through the FSQP algorithm, these parameters can
achieve the control target that ensures the temperature before
turbine engine T4 is not overheated and the surge margin S,,
does not exceed the limited value.

. 2
minJ — Z ((QEk+l] QH[k+l])>

QE ds

(Nplk + i] — 100)
+ Z ( 100 ) (13)
Wi min <= Wrlk +i] <= Wrmax
Qcmin <= aclk +i] <= ¢ max
| AWk + 11| <= AWf max
s.t. [Aaclk + ]l <= Ade max i=12,---m
Np min <= Nplk +i] <= Np max
Tylk +i] <= T4 max
Smlk + il >= Sp.min
(14)
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The control variables are the fuel flow Wy and the guide
vane angle o,. The first part of Eq. (13) decreases the dif-
ference between the torques provided by the engine and
helicopter demanded torque, thereby reducing the sag of N,
and Qf 45 is the set-point value of engine output torque.
The second part can reduce the overshoot and sag of N, in
the optimization process, so that N, can keep about 100%.

The simulation of helicopter autorotation process at H =
500m and V,, = 10m/s has been conducted. At around 4s,
the helicopter enters into the autorotation, the collective pitch
6 decreases rapidly (as shown in Fig. 7. (c)) to ensure that
the rotor blades do not stall, and the rotor produces enough
lift. At this time, the driven power is greater than the induced
power, thus the rotor speed increases. When droop rate V,
decreases to the minimum, the driven power is roughly equal
to the induced power. Then the rotor speed is constant, and
the helicopter enters into the stable autorotation. While the
helicopter is approaching the ground, through increasing 6,
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the V, reduces to ensure a safe landing (as shown
in Fig. 7. (b)).

At about 38s, the clutch engages, where the variations of
torque and rotor speed cause the torsional vibration of the
UH-60 model combined with the simplified helicopter tor-
sional vibration model. Fig. 8. shows the engine parameters
with PID and NMPC together. When executing the autorota-
tion recovery command, the NMPC can make the Wy increase
rapidly, but its growth rate will be affected by the maximal of
N, (as shown in Fig. 8. (d)). When the clutch is connected,
the difference between the demanded and the output torque
is large. In addition, due to inertia effect, N, has a sharp
decline in the trend. In order to make the sag of N, small,
the Wy increases at the maximum growth rate and greater
torque is provided. Due to the increase in Wy, Ty increases
rapidly. At about 40s, in order to ensure that the engine does
not exceed the surge boundary, the minimum limit of S, is
the constraint condition (Fig. 8. (f)). As shown in Fig. 8 (d),
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by reducing the difference of the demanded torque and out-
put torque and increasing the rotor speed, the sag of N, is
reduced to less than 0.4% through the NMPC. Nevertheless,
because of lack of prediction, the sag of N, in PID control is
almost 2.5%. Furthermore, during the optimization process,
the NMPC can significantly decrease the stable time of N,
to 5s, which is over 20s for PID control. Compared with the
conventional PID controller, the NMPC can obtain more rapid
and effective dynamic response quality.

V. CONCLUSION

To damp the helicopter/engine torsional vibration and
achieves fast response of the turbo-shaft engine, the adap-
tive notch filter and predictive controller is designed in this
research. Through the variable rotor speed and autorotation
recovery simulation, the following conclusions can be drawn.

(1) Through the ANF, the torsional vibration of N, whose
frequency is away from the set-point value can still be
damped by 50% compared with the fixed notch filter.
The FFT algorithm provides a simple and effective
new control method for adaptive torsional vibration
filtering, which can make up the performance and time
delay once the dominant frequencies vary and has real-
time and robustness.

(2) Instead of conventional PID controller, the NMPC can
reduce the sag of N, to less than 0.4%. In this case,
better dynamic performance of the engine is achieved.

(3) Due to the similarity of physical mechanism,
the research results can be extended to other shaft
power control system researches like wind turbine,
propeller, gas turbine and steam turbine.

In summary, the NMPC combined with the ANF enhances
the engine’s power following capacity. It filters out the vari-
able low-frequency torsional vibration signal, and further
reduces the sag and overshoot of free turbine speed. Thus,
high quality control of turbo-shaft engine is realized.

VOLUME 6, 2018

APPENDIX
NOMENCLATURE
Symbol Explanation
Wy Fuel flow (kg/s).
o Compressor guide vane angle (°).
N, Relative rotor speed of gas turbine (%).
N, Relative rotor speed of free turbine (%).
Npr Relative reference rotor speed of free turbine (%).
Sm Engine surge margin.
Ty Temperature before turbine (°).
Qur Main rotor speed (rad/s).
On Main rotor demanded torque (N.m).
Ok Turbo-shaft engine output torque (N.m).
H Helicopter flight altitude (m).
V. Helicopter droop rate (m/s).
Ve Helicopter forward flight speed (m/s).
0 Collective pitch of the main rotor (°).
Alc Lateral cyclic pitch of the main rotor (°).
Bis Longitudinal cyclic pitch of the main rotor (°).
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