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Due to the harsh working environment, engine electronic controller (EEC) has limited computing power. Many advanced control al-
gorithms are difficult to be applied in practice because of complexity of calculation. In this paper, a novel aeroengine transient-speed
controller with low algorithm complexity is designed by combining linear parameter varying (LPV) model with U-control theory. Aiming
at restraining bad performance influence caused by possible disturbance in cruise, linear active disturbance rejection control (LADRC)
compensation is integrated as the U-LADRC controller. This new controller is verified in both the digital simulation platform and
hardware-in-the-loop (HIL) platform. The experimental results of the HIL platform show that the U-LADRC control algorithm meets the
real-time performance of the EEC in the actual aeroengine. It has good transition state control performance and good steady-state
antidisturbance ability, which ensures the smooth operation of the engine in the steady state and has a good practical application prospect.

1. Introduction

Aeroengine is a complex time-varying nonlinear thermo-
dynamic system, and its dynamic performance varies with
the change of engine thrust and flight conditions. Because of
the harsh environment and many kinds of disturbances in
real working state, the engine electronic controller (EEC) has
finite computational ability with around 20 ms calculation
period (control algorithms cost <5ms) [1]. Therefore, the
characteristics of aeroengine speed controller with practical
application potential should at least include the following:

(1) Good transient and steady-state control performance

(2) Simple structure

(3) Low algorithm complexity

(4) Wide range of flight envelope application

(5) Good antidisturbance ability

Up to now, only PID and LQG/LTR control method can
be applied to the real EEC in aeroengine maturely [2]. But

thesexmethodsstill-have deficienciesssuchras antidisturbance
ability of PID is limited and weight matrix of LQG/LTR is

difficult to choose. Due to the fact that advanced control
algorithms such as intelligent control algorithms usually
have high algorithm complexity, few of them can have
practical application potential. Therefore, it is very impor-
tant to create a novel control method which can meet the
previous requirements 1-5.

These years, a variable scheduling controller design
method based on the linear parameter varying model (LPV)
has received more and more attention. In this control
method, a LPV model capable of characterizing the dynamic
performance of an aeroengine is first established; then the
corresponding linear controller is designed directly
according to the scheduling parameters in the LPV model,
without interpolation and switching between the controllers.
The widely used controller design method based on LPV
model relies on Lyapunov function to solve linear matrix
inequality (LMI) on the whole control envelope parameter
trajectory, which has high complexity and difficulty in
solving. It is hard for realistic application.

Aiming at this problem, this paper focuses on the
simplification of the algorithm complexity and the im-
provement of the antidisturbance performance. The LPV
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model is combined with the U-control theory and the active
disturbance rejection control (ADRC) theory to design a
steady and transient speed controller with good real-time
performance. U-control theory was originally developed by
Zhu and Guo [3] in 2002. The core idea of the theory is to
transform the nonlinear controlled object into a U-model
structure oriented to control and then realize the online
solution of the dynamic inverse of the controlled object.
U-model structure is a polynomial structure that comprises
time-varying system parameters. It establishes a simple
general mapping which can transform almost all smooth
nonlinear input-output dynamic object models into
designable structures of linear control methods, simplifying
the design of the controller. After more than ten years of
development [4], the nonlinear control method based on
U-model has been applied to predictive control [5], internal
model control [6], adaptive control [7, 8], and so on. Active
disturbance rejection control (ADRC) is a control method
proposed by Han in the 1990s that can solve uncertain
systems with a large range of complex structures [9]. The
main idea is to eliminate the amplifying effect of differen-
tiation on high-frequency disturbance by using a differential
tracker, rearrange the transition process, and make full use
of the role of differential feedforward. Without relying on
the model, the disturbances and system uncertainties can be
estimated online by extended state observer (ESO) and the
corresponding compensation of control parameters can be
performed in real time, which eliminates the influence of
disturbances and system uncertainties on instruction
tracking to the greatest extent. But the ADRC method needs
to use complex algorithms and adjust too many parameters.
In order to solve this problem, Gao proposes the linear active
disturbance rejection control (LADRC) method [10]; it
linearizes part of the control structure and reduce the
number of adjusting parameters and algorithms greatly.
Compared with the ADRC method, LADRC can also achieve
good control results and save unnecessary engineering
calculation time, which is more conducive to the realistic
application. To deal with the system uncertainties, many
control methods are combined with disturbance observer
(DO) [11, 12] or extended state observer (ESO) [13] to
improve their antidisturbance performance. Therefore,
based on the principle of its linear ESO, LADRC can be used
as a disturbance compensator for mismatched uncertainties
aeroengines may meet during the flight mission.

In this paper, a gear turbofan (GTF) engine component-
level nonlinear model is taken as the research object. First,
the LPV model is established based on the nonlinear engine
model. Then, the LPV model is converted into a U-model
structure, and a dynamic inverse solver module is designed.
A linear controller with a fixed structure was designed in
series and connected to the closed-loop speed control loop to
form a transient speed controller (U-controller). In order to
solve the problem of poor antidisturbance ability of the
controller, LADRC disturbance compensation module is
introduced to compensate the effect of the aeroengine
caused by disturbance in advance in steady state. The digital
simulation results show that the U-LADRC rotor speed
controller is successfully applied to a wide range of dynamic
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speed control near the cruise steady state. At the same time,
it has a good disturbance suppression effect against the
atmospheric disturbance and power extraction disturbance
that may exist during the cruise steady state. Finally, the
hardware-in-the-loop (HIL) simulation platform was used
to verify the real-time performance of the control algorithm
in a real EEC. The results show that the control effect is
basically the same as the digital simulation result and meets
the real-time requirements of the real EEC. Besides, the
U-LADRC controller significantly improves the anti-
disturbance performance under steady-state conditions after
the introduction of the LADRC compensator.

This paper is organized as follows: U-control concept,
principle of LADRC, and aeroengine LPV model are in-
troduced in Section 2. The design method of aeroengine
U-LADRC rotor speed controller is introduced in Section 3,
which is the core part in this paper. Digital simulation test is
carried out to verify the transient-state control performance
and steady-state antidisturbance ability preliminarily in
Section 4. Section 5 shows the verification results of
U-LADRC controller in the HIL platform.

2. Preliminaries

2.1. U-Control Concept. U-control method provides a kind of
linear controller design method for nonlinear objects based
on U-model structure. U-model uses time-varying parameter
polynomial to represent a large class of smooth nonlinear
systems; it consists of the power series of the current input.
Consider a single-input and single-output (SISO) polynomial
U-model with a triplet of (y (¢),A(t), u(t)), the system can be
expressed as follows [14]:

] .
Y0 =Y (Va0 Uy 1 ©) (W @), M>N, (1)
j=0

where
(M-1)
Yyua=[y @®,....y®)] R,

(N-1) N (2)
UNfl :[ u (t)”u(t)] €R >

(y)(t) € R and (g)(t) € R are the Mth and Nth orders of
derivatives of output y(f) and input wu(t), respectively.
A;(t) € R is the time-varying parameter absorbing all the
other inputs Y, ;, outputs Uy_;, and the coefficients @

associated with the input ((g) ().
The dynamic inversion is to obtain the input u (t) from
(M) . (M) .
y’(t). For a given output y’(t), u(t) is solved by
] .
(N) (M) (N) J
TRORSHOR W SRGNINC) GHIC) RCY
=0

Simple example: consider a linear state-space model,
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Equation (4) can be expressed as the U-model structure:
Yy (t) = Ao () + Ay (Du(t), (5)

where A, () = 3x, () + x, (f) and A, (t) = 2.
The dynamic inversion can be calculated as
_ () -2 ()

The main idea of U-control concept is that the dynamic
inversion of U-model can be served as the inverse model of
the controlled nonlinear system. It is connected in series in
the control system loop as the part of the controller. In this
way, the remaining controller design problem for a non-
linear system can be transformed into a very simple problem.
Only a linear controller for the controlled object “1” is
needed to design. Figure 1 shows the closed-loop structure of
U-control.

In Figure 1, G, is a linear invariant controller, G' is
served as the dynamic inverse of the plant G,, and G and
G, 'are designed separately to form the resultant controller

P -1
G, =G, G,

2.2. Linear Active Disturbance Rejection Control (LADRC).
The main feature of ADRC is to estimate the unknown
disturbance and the dynamic uncertainty of the system
online by designing the extended state observer (ESO), so
that the disturbance and unknown dynamic compensation
can be performed in real time, minimizing the bad effects of
disturbances and unknown dynamics on instruction
tracking.

Traditional ADRC controller has many parameters
which are difficult to adjust, and too many nonlinear terms
are adverse to engineering application. Therefore, this paper
adopts a LADRC compensator for disturbance compensa-
tion. The LADRC controller is simplified from the ADRC
controller. Tracking differentiation (TD) is omitted. The
nonlinear function part of the extended state observer (ESO)
is changed to linear ESO, and the nonlinear PD control is
changed to linear PD control. The structure of LADRC is
shown in Figure 2.

The second-order controlled object is taken as an
example:

no_ . I,d,t Bu,
{x f(x,x',d,t) + Bu 7

y=x

where x, x1, x", and y are, respectively, the system states and
their first and second derivatives. The principle of LESO is

Z =2, Pi(z1-y)s

Z, =23 Py(z1 - y) + Bu, (8)

Z3=—Ps(z1- )
where f3,,,, and 3; are adjustable parameters in LESO,
z,,2,, and z; represent the estimations of the output y, the
differential of y, and the unknown disturbance of system,

respectively. By compensating control parameters, the sys-
tem can be linearized into an integrator| series structure.

FiGgure 1: Closed-loop structure of U-control.

LESO can accurately observe various internal and external
disturbances and introduce them into the control loop for
compensation, so as to achieve the purpose of anti-
disturbance. The reliability of LESO can be proved by fre-
quency-domain analysis method [15] and matrix norm
theory [16].

The control law in LADRC is

Ug = kp(ykp - Z1) —kyz;,
9)

U= (1o — 23))
B
where k,, k;, and B are the control parameters of PD link.
Adjustable parameters determine the quality of the observer
and also greatly affect the antidisturbance ability of the control
system. To maintain the stability of LADRC system,
B1> Ba» B3s ky» and k; can be selected by the rule [17] as follows:

[ B1 = 3w,
B, = 3w,
1B = w,’, (10)
k, = w?,
| k; = 2w,

where w,and w, are observer bandwidth and controller
bandwidth. By selecting appropriate bandwidths, the
LADRC system can keep a good stability [15].

2.3. Aeroengine LPV Model. This paper researches on a
Geared Turbofan (GTF) engine, as shown in Figure 3. GTF
engine represents the next generation of high-efficiency
engines. In the traditional turbofan engine, the fan is directly
driven by the low-pressure shaft, so the fan, LPC, and LPT
cannot work in their own best rotational speeds at the same
time. By using a gear box, the GTF engine solves this
problem of speed contradiction. The fan can work in ideal
low speed and the LPT can keep high-speed rotation, which
reduces the engine noise and fuel consumption. Therefore,
carrying out researches on designing the control system for
this advanced engine is very necessary.

The engine model used in this research is an advanced
GTF engine nonlinear component-level model provided by
Toolbox for the Modeling and Analysis of Thermodynamic
Systems (T-MATS) [18].

The GTF model has 3 main control parameters: fuel flow
W, variable bleed valve (VBV), and variable-area fan nozzle
(VAFN). VBV can transfer the air flow from the LPC outlet
to the bypass to prevent the LPC from stalling.
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FiGure 3: The structure of GTF engine.

VAFN maintains a specific pressure ratio at a given
corrected flow rate and rotor speed to make the fan keep
the optimal performance at the operating point. These
two control variables are calculated by a schedule related
to the flying Mach number Ma and the fan speed Ny; they
are not in the closed-loop control. The fuel flow Wyis the
main control amount obtained through the closed-loop
control of the control system. In the SISO model studied
in this paper, the input is the fuel flow rate Wy and the
output is the LP rotor speed N;. Based on the compo-
nent-level nonlinear model, the LPV model is established
off-line in classical Jacobian linearization. Mathematical
expression of the engine nonlinear model is shown
below:

x = f(x,u),

(11)
y=g(xu),

where f(-)andg(-) are continuously differentiable. A
steady-state point (x,, ;) € {(x,u) | f (x,u) = 0} is selected,
and Taylor expansion is carried out ignoring the minor
terms of the second order and above; we can obtain

of of

UICADESACORTY +$ (x040) x+$ (%0119 *
(12)
S Pp—
g(x,u) = g(xq, up) +ax (xo,uo)Ax +au (Xo’uo)Au,

namely, the linearized model which can describe the dy-
namic process at neighbourhood around a steady-state point
is

Ax = AAx + BAu,

(13)
Ay = CAx + DAu.

To study the rotor speed dynamic performance around
the cruise condition, the input u is the fuel flow, and the
output y represents LP/HP shaft rotational speeds. In order
to avoid the ill-condition of the system matrix, the input and
output parameters are normalized. The normalized fuel flow
PWr¢ is taken as an example:

pW, = (14)
=0 14

fF~w s

where Wy, is the fuel flow in steady-state design point in

cruise.

A series of normalized state-space models of steady-state
points around the cruise are taken to establish the LPV
model:

x=A(0)x+ B(O)u,
(15)
y =X

where x € R" is the state vector [ APN, APNy ]"; y € R is
the output vector [ APN; APNy]"; u € R is the control
parameter fuel flow variation APWg; and 6 € R is the
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scheduling parameter normalized high-pressure rotational
speed PNy. Linear interpolation scheduling method is
adopted.

In this study, for the SISO system from fuel flow to LP
rotor speed, the LPV relationship between the variation of
them is

APN; = a, (B)APN, + ay, ()APNy, + b, (0)APW ;.
(16)

3. Design of Aeroengine U-LADRC Controller

Affected by the harsh environment and changes in its own
operating mode, aeroengines often encounter various dis-
turbances (e.g., atmospheric disturbance, power extraction
disturbance) during steady-state operation in cruise. At this
time, problems such as mismatch of the LPV model may be
caused, resulting in large fluctuation in the rotor speed and
poor antidisturbance performance. Aiming at this problem,
a LADRC fuel flow compensation module is added to im-
prove the antidisturbance performance of the U-control
algorithm. The design process of aeroengine U-LADRC
rotor speed controller can be divided into two parts: design
of the U-controller and design of the LADRC fuel flow
compensation.

3.1. Design of the U-Controller. The U-controller is the core
part in U-LADRC rotor speed controller which guarantees
the based transient and steady-state control performance in
cruise. Based on Figure 1, the design process is introduced in
the following:

3.1.1. Convert LPV Model into U-Model Structure.
Converting LPV model into first-order U-model structure,

APN; = L, APW; + A, (17)
where A, = b, (0), Ay, = a;; (0)APN; + a,, (0)APNy, and A,

and A, are time-varying coefficients.

3.1.2. Calculate Dynamic Inversion G}’,1 Based on U-Model.
The inversion of U-model can be expressed as

APN; - A
APW, = M (18)
M
Therefore, the real control parameter is
W, =W, (6)+AW
f-u fst f (19)

= Wfst(e) + APWf ‘Wfd’

where W, (0) is the fuel flow baseline corresponding to
scheduling parameter 0. W, is the fuel flow design value
which is used for normalizing fuel flow values.

3.1.3. Design of the Linear Invariant Controller G,,.
Based on U-control concept, in perfect match the
G,'G, =1, the design problem can be simplified as

designing a controller for a controlled object “1.” There are
many methods to design linear controller. In U-control
condition, the easiest linear controller can be a simple gain
module, or a first-order damp element. For application of
engineering, here a first-order damp element is chosen.
Because the LPV model is normalized, the linear controller is
designed as follows:

K
G, = \
AT Ts 41

where K = (1/N; ), N; . is the LP rotor speed steady-state
design point in cruise. It is easy to prove that G, and the
closed-loop transfer function G = (G,4/1 + G,) are stable.

Considering the model error “mismatch,” the real plant
can be described as

(20)

!
G, = G, +4, (21)
where G;lGIL # 1. Defining the uncertainty of the model,
E- A

Whether it is atmospherics disturbance or power ex-
traction disturbance discussed in the research, |E| is im-
possible to be too large. At least, |[E|<1 is undisputed.
Therefore, the following conditions are satisfied:

(@) G = (G4/(1+Gy)) is stable
(b) IG(jw) - E(jw)| <1

Based on the small gain theorem [19], the U-controller
closed-loop system can keep stable.

3.2. Design of the LADRC Fuel Flow Compensation.
LADRC fuel flow compensation takes the difference between
the actual speed and the current ideal steady-state speed as
the input and uses the calculated fuel correction value as the
output. Take LADRC compensation control target r equal to
0 to reduce the fluctuation of LP rotor speed when the
disturbance exists. Actual fuel flow at this time can be
calculated as

We=W;y+We iapre (23)

where W ¢ LaDRC 18 calculated based on (8)~(10). In sum-
mary, the U-LADRC rotor speed control structure is shown
in Figure 4. The U-LADRC rotor speed controller consists of
a U-controller and a LADRC disturbance compensator.
When the aeroengine is in the transient-state process, the
LADRC disturbance compensator does not work and the
U-controller guarantees good performance of the transient-
state response. When the aeroengine is in the steady-state
operating condition, the LADRC disturbance compensator
is enabled to restrain the bad effects caused by various
possible disturbances.

4, Simulation in MATLAB/Simulink

In order to verify the control and antidisturbance perfor-
mance of the U-LADRC algorithm, the verification
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FiGURE 4: The structure of U-LADRC controller.
processes in two cases are designed on the MATLAB/
Simulink digital simulation platform. 6900 - i |
|
i \
! 1
U
4.1. Transient-State Process. In the cruise condition 6800 ~ ‘ \
(H=350001t, Ma=0.8), the aeroengine is simulated from 'g: | !
normal cruise point (N = 6777 rpm) — lower cruise point = 6700 J ? !
(N, =6551 rpm) — normal cruise point — upper cruise = ! |
. . . . !
point (N =6915rpm) — normal cruise point transient ! :
state process, command speed changing curve and U-con- 6600 - \ :
troller transient state control effect is shown in Figure 5. The \
fuel flow changing curve is shown in Figure 6. Simulation 6500
results show that the steady-state error is 0. The algorithm of 20 1 0 %0 100

U-controller can be preliminarily verified effectively.

4.2. Steady-State with Disturbance. In the normal cruise
condition (H=35000ft, Ma=0.8, and Ny =6777 rpm), at-
mospheric disturbance and power extraction disturbance are
used for simulating the disturbance suppression effect of the
U-LADRC controller. Besides, the U-controller without the
LADRC disturbance compensator is used as a comparison.

4.2.1. Atmospherics Disturbance. In this paper, Kopasakis’s
atmospheric turbulence model is used [20]. The combina-
tion of sine curves of unit amplitude is used to obtain the
atmospheric disturbance model, which acts on the inlet of
the GTF engine model. Atmospheric disturbance can cause
changes in Mach number, temperature, and pressure; then it
may lead to aeroengine performance becoming worse. The
Kopasakis atmospheric disturbance model is shown in
Figure 7.

To study the antidisturbance effect of U-LADRC con-
troller on the LP rotor speed under the atmospheric dis-
turbance, disturbance effects of static temperature, static
pressure, and Mach number are added to the inlet of the
GTF engine model at the same time from 20 to 30s. These
disturbances are shown in Figure 8.

The antidisturbance effect of U-LADRC controller
and U-controller © without, LADRC disturbance

W, (Ibf)

== N, _U

F1GURE 5: U-controller transient-state control effect.

0.86
0.84
0.82
0.80
0.78
0.76
0.74
0.72 1
0.70

0.68 T T T T T T T T 1
20 40 60 80 100

t(s)

FIGURE 6: Fuel flow changing curve.

compensator is compared in Figures 9 and 10. We can see
that U-LADRC controller leads to a better anti-
disturbance effect with the help of advanced fuel flow
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FiGgure 7: Kopasakis’s atmospheric disturbance model.

30 -
s 151 0.84 -
:’ 0 4
-15 ]
T . . 0.82 -
20 30
0.10 - F 0.80 -
- 005 ] =
= 0.00 ] = 0.78
< ~0.05 ] ]
-0.10 : :
20 30 0.76 -
0.4 4
= 0.2 4
5 00 7 20 30 40
< -0.2 4
0.4 : : t(s)
20 30
--- U-controller
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FIGURE 8: Atmospheric disturbances added in the inlet. == wpemd
FiGure 10: Fuel flow changing curve of U-LADRC controller and
6840 - U-controller.
6820 - . . )
4.2.2. Power Extraction Disturbance. When the aeroengine
6800 is operating at the steady state in cruise, the electrical
T 6780 4 components on the aircraft (such as motors/generators and
E battery packs) may extract a certain amount of engine shaft
= 6760 4 power for power generation and storage of electrical energy
6740 - [21, 22]. Power extraction can ensure the entire aircraft
power energy of the system, but it is also a kind of dis-
6720 1 turbance in flight that will affect the smooth flight of the
6700 aircraft. Power extraction disturbance schematic diagram is
- T ! simply shown in Figure 11.
20 30 40 When the HP shaft power extraction disturbance occurs,
£ the rotor dynamic equation of HP shaft becomes
--- U-controller dN 3002 11
—— U-LADRC d_tH = (;) NoTo (M Pupr = Pupc = AP,).  (24)
-~ N;_cmd H JH
FIGURE 9: Antidisturbance effect of U-LADRC controller and U- The disturbance in Ny will affect N, too. This section

studies the antidisturbance effect of U-LADRC controller on
the LP rotor speed under the HP shaft power extraction
disturbance. In the digital simulation, a certain amount of
compensation from the calculation of the LADRC  horsepower is extracted from the HP shaft in 20~40s. The
relative vari-  power extraction plan is shown in Figure 12. During the

power extraction period, the antidisturbance effect of

controller in atmospheric disturbance.
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U-LADRC controller and U-controller is shown in Fig-
ure 13. The fuel flow changing curve of U-LADRC controller
and U-controller is shown in Figure 14.

From Figures 13 and 14, we can see that the LADRC
compensator plays the role of advanced compensation. It
greatly improves the antidisturbance performance. The
steady-state maximum relative variation decreases from
1.62% to 0.59%.

5. Verification in HIL Platform

At present, in the development of aeroengine control system,
the cycle iterative design approach of “all-digital simula-
tion,” “hardware-in-the-loop simulation (HIL),” “semi-
physical simulation,” “engine platform test,” and “flight
verification” is adopted, which can shorten the development
cycle and reduce the design cost. Since the all-digital sim-
ulation is only a preliminary test of the control algorithm,
the real-time performance of the controller cannot be ver-
ified. Therefore, with the characteristics of low difficulty,
relatively low cost, and closeness to the actual operating
environment of the engine, the hardware-in-the-loop sim-
ulation becomes the most important part in the development
of the whole engine control system. It is very necessary to
carry out the verification of controller in HIL platform.

Mathematical Problems in Engineering

6900

6850 - N

6800 -| N\
- — \\
1
6750 - !
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6600 T T T T 1
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--— N;_cmd
--- U-controller
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FiGure 13: Antidisturbance effect of U-LADRC controller and U-

controller.
0.88 -
0.86

0.84 -

W (Ibf)

0.82 1

--- U-controller
—— U-LADRC
-- wffcmd

FIGURE 14: Fuel flow changing curve of U-LADRC controller and
U-controller.

5.1. Introduction of HIL Platform. Aeroengine/gas turbine
control system hardware-in-the-loop platform (hereinafter
referred to as HIL platform) in Nanjing University of
Aeronautics and Astronautics provides a complete inte-
gration and verification process for the engine model and
control algorithm. The physical platform is shown in
Figure 15.

The HIL platform has 3 parts: monitoring console,
simulator, and controller. Their functions are introduced as
follows:

Monitoring console: monitoring, operation manage-
ment, and fault injection of the entire hardware-in-the-
loop platform.
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F1GURE 15: Aeroengine/gas turbine control system HIL platform in
Nanjing University of Aeronautics and Astronautics.

Simulator: simulating the performance of the engine/
actuator in the entire envelope, transmitting the analog
signal to the digital controller, and receiving the control
signal output by the controller.

Controller: consisting of EEC and EEC upper com-
puter. EEC operates the control algorithm code to
control the engine model and EEC upper computer
monitors various parameters of EEC in real time.

The data flow diagram of the HIL platform is shown in
Figure 16. The entire simulation process is a closed-loop
structure. The engine model calculates the output speed,
temperature, pressure, and other signals. The PXI industrial
computer measures these signals and sends them to the
signal conditioning device. After receiving the signals, signal
conditioning device transmits them to the controller
through the system source fitting device. The controller
calculates the value of control signals through algorithms
and sends these signals such as fuel flow to the engine model
through the actuator model.

5.2. Code Generation and Verification Process. In this paper,
model-based design (MBD) method [23] is used to verify the
control and antidisturbance performance of the U-LADRC
controller. The entire code generation and integration
process in the HIL platform is shown in Figure 17. First, in
the Simulink environment, the designed controller and GTF
engine model in Section 4 are packaged and checked
ode generation
s generated. The

I I
I I
Monitoring | Main control Integrated measurement |
console | computer and control computer I
I I
I I
I I
[t 1 “““““““““ I “““““ I

Actuator Engine model

computer computer

! !

PXI industrial computer

d T T T 1

Signal NI source
shat, State control Load .
conditioning . . fitting
. device simulator .
device device

| l L1

System source fitting device

_| EEC upper
computer

Controller

2]
o
O
L

FiGURE 16: Date flow diagram of the HIL platform.
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model model
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e
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; Configurat |
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model : between : specification
L = : control law :
OB 1 and OS |
VS§2010/ i3 (] : i |
I
ye++60 | I EEC i
KernelDILdll | or | X

: upp Generate | CodeWarrior
. | COmPULE|  pin fle [
‘.r',,\" ! |
pd ! i !
|
! |
ModelDILdll | |

| Download | FlagRammer
: control law H
| |
L *_ —_—

A
Engine model EEC
computer

FIGURE 17: Process of code generation and integration in the HIL
platform.

code of the engine model is packaged into a.dll file after two-
layer integration; then, they are put into the engine model
computer. The code of the controller is imported into the
EEC host computer for interface configuration. When in-
terface configuration is finished, the bin file can be generated
and imported into the EEC. Then, the closed-loop
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verification test of the control algorithms under the HIL
platform can be performed.

5.3. Result Analysis. In the HIL verification test, the same
test example in the digital simulation platform is used to
verify the transient-state response performance and the
antidisturbance performance of the U-LADRC
controller.

The transient-state response performance in the HIL
platform is shown in Figure 18. Because there are many
uncertain factors such as noise and voltage fluctuations in
the hardware transmission link of the entire HIL platform,
the sensor signal and the actuator signal may be inaccurate.
These unavoidable hardware disturbances will affect the
transient and steady performance, which are not considered
in the digital simulation platform. In the HIL verification,
the U-model controller without the LADRC compensator is
used as a comparison. The experimental results show that the
U-LADRC controller has a speed jitter amplitude of +4 rpm
in the steady state of the HIL environment, which is lower
than +7rpm in U-model control without the LADRC
compensator. U-LADRC controller has a better anti-
disturbance performance.

U-LADRC controller’s antidisturbance performance
against atmospheric disturbance and power extraction
disturbance is verified in the HIL platform, too. The results
are shown in Figures 19 and 20.

During the whole experimental process, the uncertain
disturbance effect of the HIL platform itself is superimposed
simultaneously. In order to quantitatively characterize the
improvement of the antidisturbance performance before

6840 -

6820

6800

6780

N, (rpm)

6760

6740

6720

6700

30 40 50 60

- N;_cmd
- - - U-controller
—— U-LADRC

FIGURE 19: Antidisturbance effect under atmospheric disturbance
in the HIL platform.

and after the addition of the LADRC compensator, the
integration of absolute error (IAE) criterion is used. Per-
formance index J is defined as

23
J= Jt |NL,real - NL,stldt’ (25)

where N .. represents the real LP rotor speed and N;
represents the command of LP rotor speed. The selection of
[t;, t2] needs to include the time before and after the dis-
turbance occurs. Assume that f;, is the beginning time of

www.manaraa.com



Mathematical Problems in Engineering

N, (rpm)

6750

6720 -

6690

6660

60 70 80 90 100 110 120
t(s)

- N;_cmd
- —— U-controller
—— U-LADRC

FIGURE 20: Antidisturbance effect under power extraction atmo-
spheric disturbance in the HIL platform.

TasLE 1: Comparison of antidisturbance performance.

Ja I»
U-controller 415.3867 649.7069
U-LADRC 229.1846 204.4373
Improvement (%) 44.8 68.5

the disturbance and ¢, is the end time of the disturbance, and
two kinds of J are defined:

t,+10
]a = J |NL,real - NL,st|dt’ (26)
£,-10

t,+20
]P = J |NL,real - NL,st|dt) (27)
£,-20

where ], represents the antidisturbance performance under
atmospheric disturbance and ], represents the anti-
disturbance performance under power extraction distur-
bance. Smaller ] means better antidisturbance performance.
The value of two kinds of ] in the HIL platform test before
and after the addition of the LADRC compensator is shown
in Table 1.

It can be seen that the LADRC compensator greatly
improves the antidisturbance performance of the
U-controller.

6. Results

In this paper, a novel rotor speed controller was designed for
a GTF engine and both digital simulation and HIL platform
verification have been performed. Results are summarized as
follows:

(1) A U-control method based on the aeroengine LPV
model is proposed for the first time and applied to
aeroengine low-pressure speed transient and steady
control. While guaranteeing the good control
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performance, it greatly simplifies the complex design
process of the traditional LPV gain scheduling
controller.

(2) Aiming at the problem of poor antidisturbance
performance of the U-controller designed in (1), the
U-LADRC controller is designed. In this controller, a
LADRC compensator is added to make up for the
bad effects of disturbances in advance without
changing the original U-model control structure.

(3) The LADRC compensator has a significant anti-
disturbance performance on various types of dis-
turbances. Experiments results show that the
antidisturbance performance of U-LADRC rotor
speed controller is more than 40% higher than that of
the U-controller without the LADRC compensator.

(4) The U-LADRC rotor speed controller is successfully
integrated and verified on the HIL platform to meet
the real-time requirement of real EEC conditions. It
has a great practical application potential.
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