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Abstract：Aiming at the uncertainty of time-delay in aero-engine distributed control system， an internal 

model multi-variable control system based on neural network time-delay prediction is proposed for the aero-en⁃
gine control. Firstly， the causes and influencing factors of the network-induced time-delay in distributed control 
system are investigated. Then the internal model controller with time-delay is designed， which includes the delay 
prediction module based on neural network， the main internal model controller module， the actuator inner-loop 
control module， and the switching control module that combined with the open-loop control plan for the engine 
starting process. The system stability performance of internal model control with time-delay prediction is analyzed 
theoretically under ideal and disturbance conditions， as well as the permitted time-delay is then explained under 
the proposed control strategy. Finally， the full digital simulation and hardware-in-the-loop tests are carried out. 
The results show that the designed neural network delay prediction module owns the ability to predict current 
time-delay in high-precision， and the steady-state error of the internal model controller is less than 0.5%. In ad⁃
dition， the proposed controller has satisfactory anti-interference performance and meets the real-time require⁃
ments， which has the feasibility of engineering application.
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航空发动机内模多变量控制设计方法。首先分析了分布式控制架构下网络时延产生的原因及影响因素。

然后设计了内模控制器，包括基于神经网络的时延预测模块、内模主控制器模块、执行机构小闭环控制

模块以及与发动机起动过程开环控制计划相结合的切换控制模块。在理想和扰动条件下，从理论上分析

了基于预测时延的内模控制系统的稳定性能，并对所提控制策略下允许的最大时延进行了说明。最后进

行了全数字仿真和硬件在环仿真试验。结果表明，所设计的神经网络时延预测模块具备高精度预测能

力，内模控制器的稳态误差不超过 0.5%，具有良好的抗干扰能力、并满足实时性要求，具有一定的工

程应用价值。

关键词：航空发动机控制；神经网络时延预测；内模控制；多变量控制；硬件在环仿真

1 Introduction

With the intelligent improvement of aero-engine 
control requirements， the traditional centralized control 
architecture has been difficult to meet the complex con⁃
trol tasks. In order to further improve engine perfor⁃
mance， aero-engine control system is gradually transi⁃
tioning from centralized control architecture to distribut⁃
ed control architecture， due to its advantages of light 
weight， high reliability and low maintenance cost［1-2］.

Although the distributed control system（DCS） has 
been considered as an important direction of future intel⁃
ligent aviation power， the time-delay caused by distrib⁃
uted system in abnormal condition will affect the safety 
of the aero-engine［3］. This is because the existence of 
time-delay directly affects the signal transmission. If the 
control signals from the controller and the signals col⁃
lected by the sensors cannot be sent to the correspond⁃
ing node in time， the control performance of the system 
will be worsen. In addition， the time-delay characteris⁃
tics of distributed control system inevitably lead to the 
complexity of the control system［4］. On one hand， the 
characteristic equations of infinite-dimensional systems 
are generally transcendental equations that are difficult 
to solve. On the other hand， based on classical control 
theory， the situation that the control effect deteriorates 
and even becomes unstable in the presence of time-de⁃
lay may occur［5］. Therefore， the solution of time-delay 
problem is one of the key issues related to the applica⁃
tion of distributed control.

At present， robust control methods such as state 
feedback and output feedback have become powerful 
tools for time-delay system control. Yedavalli et al.［6］an⁃
alyzed robust stability for uncertain sampling time-de⁃
lay systems， gave a stability criterion under uncertain 

time-delay， and designed a robust controller for a tur⁃
bine engine with given time-delay parameters. Belapur⁃
kar and Yedavall et al.［7-9］ designed a distributed full au⁃
thority digital engine control （Decentralized Distributed 
FADEC， D2FADEC） system based on a decentralized 
architecture. They carried out a research about the sta⁃
bility under time-delay and packet loss， and used the 
concept of packet loss margin（PDM） to describe the ro⁃
bustness of the control system in the case of packet loss. 
Kratz et al.［10］designed a robust full-state feedback fan 
speed control system with the goal of maximizing the sta⁃
bility margin during instantaneous packet loss. Jonathan 
and Belapurkar et al.［11-12］applied robust control tech⁃
niques to the linear models of the T700 turbo-shaft en⁃
gine and the C-MAPSS40K engine， in order to solve 
the network time-delay and packet loss problems in dis⁃
tributed control systems. In 2017， Seitz et al.［13］ pro⁃
posed two new structural robust stability bounds， to im⁃
prove multi-delay modeling techniques， and a control 
logic based on dynamic compensators and state estima⁃
tors， to enhance the robust stability bounds. However， 
the research on aero-engine time-delay system mostly 
stays in the traditional uni-variate control， and most of 
them only consider fixed time-delay， lacking the inves⁃
tigations on time-varying time-delay and ultra-long 
time-delay［14-15］.

Internal model control （IMC） was first proposed by 
Garcia and Morari［16］ in 1982， and improved on the ba⁃
sis of Smith predictor， which greatly enhanced the ro⁃
bustness of the control system. At the same time， inter⁃
nal model control is widely used in the field of time-de⁃
lay system control because of its simple structure， small 
on-line adjustment parameters， strong anti-interfer⁃
ence and good control effect for large time-delay sys⁃
tems［17-18］. Therefore， the aero-engine internal model 
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control strategy is preferred in view of the existence of 
time-delay. On this basis， considering the uncertainty 
of the actual system time-delay， neural network［19-20］ 
time-delay prediction method is then introduced， and 
thus the internal model control system based on time-de⁃
lay prediction is proposed for the aero-engine control.
2 Aero-engine control scheme with time-

delay

2.1 Time-delay analysis under distributed archi⁃

tecture

In a distributed control system， multiple intelligent 
nodes share a communication line， and each intelligent 
node needs to abide by the bus scheduling mechanism， 
and can occupy the bus for data transmission when the 
bus is idle and allowed to access. When the bus band⁃
width is fixed， the waiting time for each node to com ⁃
pete for the bus will be prolonged with the increase of 
the number of nodes， which leads to non-negligible net⁃
work time-delay， also known as network-induced time-
delay. At the same time， due to the variety of data trans⁃
mission paths in DCS， data packet loss and confusion 
occur from time to time， which will also cause network 
time-delay and further increase the uncertainty of the 
system.

The existence of network-induced time-delay 
makes the future states of the control system not only re⁃
lated to the current states， but also related to the past 
states. In the field of network control， such systems with 
network delay are called time-delay systems［21］.

The time-delay composition of typical distributed 
control system is shown in Fig. 1. It can be seen from 
Fig. 1 that the time-delay of distributed control system 
is mainly composed of transmission delay and execution 

delay. In the process of network transmission， the delay 
caused by queuing and competing to use bus is called 
the transmission delay， and the delay caused by each in⁃
telligent node in data processing and operation tasks is 
called the execution delay， which is also referred to as 
software delay.

Total time-delay of distributed control system is de⁃
scribed as

τ = τ ca + τ sc + τ a + τ s + τ c （1）
Where， τ is the total delay of distributed control system.
τ ca is the transmission delay of data from controller node 
to actuator node. τ sc is the transmission delay of data 
from sensor node to controller node. τ a，τ c and τ s are the 
execution delays of actuator node， controller node， and 
sensor node respectively.

The size of the execution delay is determined by 
the hardware and software of the system. Yu et al.
［22］made an in-depth analysis of the software delay of 
the distributed control system， and concluded that with 
the condition of high-speed CPU and high-efficiency 
software coding， the system execution delay is about 
100μs， which almost exert no influence on the perfor⁃
mance of the control system. Therefore， the execution 
delay can be ignored， and the network time-delay in 
DCS can be simplified as follows：

τ = τ ca + τ sc （2）
2.2 Time-delay influence on aero-engine control 

system

Assuming that the transfer functions of the control⁃
ler and the aero-engine （controlled object） in Fig. 2 are 
expressed as Gc（s） and Gp（s）， respectively. Considering 
the time-delay τ ca and τ sc in formula （2）， the closed-
loop characteristic equation of the system can be ex⁃
pressed as

Fig. 1　Time-delay composition of typical distributed control systems
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1 + G c ( s )e-τca sG p ( s )e-τsc s = 0 （3）
It can be seen from formula （3） that the character⁃

istic equation contains the time-delay exponential terms 
of e-τca s and e-τsc s， which will have a great impact on the 
stability and control quality of the system.

In order to illustrate the effects of time-delay on 
the stability of the control system more intuitively， simu⁃
lation examples under different cases are given below. 
Here the pre-designed H∞ multi-variable control algo⁃
rithm with adjusted control parameters is utilized， re⁃
ferred to as the traditional method.

In the first case， it is assumed that τ sc is a fixed val⁃
ue 500ms， and τ ca is changed to observe the influence of 
τ ca. The system output curves are shown in Fig. 2. It is 
worth noting that the high-pressure rotor speed is the 

relative conversion speed and it is a dimensionless quan⁃
tity， which is also applied for other figures. It can be 
seen that， when τ sc is constant， the overshoot of the sys⁃
tem increases with the increases of τ ca， and the time re⁃
quired to reach stability grows accordingly. It is obvious 
that oscillations happen during transient state， which is 
not expected for the aero-engine.

In the second case， total time-delay is considered 
as a fixed value 1000ms， and the simulation results with 
different time-delay combinations are shown in Fig. 3. It 
is presented that， when the total time-delay is certain， 
the larger the value τ ca is， the slower the system’s dy⁃
namic response will be. Therefore， the impact of for⁃
ward channel time-delay τ ca on the system performance 
should be fully considered in the design of the aero-en⁃

Fig. 2　Simulation examples with fixed time-delay τ sc

Fig. 3　Simulation examples with fixed total time-delay
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gine control system.
From the above two cases， the system dynamic per⁃

formance with time-delay is not satisfying under the tra⁃
ditional control strategy， which has large overshoot， os⁃
cillations and long settling time. So the new control strat⁃
egy with time-delay should be investigated to enhance 
the control performance of the aero-engine.
2.3 Aero-engine internal model control structure 

with time-delay

In this paper， only the time-delay τ ca is consid⁃
ered， and the structure of internal model control system 
with time-delay for aero-engine is shown in Fig. 4， 
which mainly includes a starting open-loop controller， 
an actuator PID controller， a switching controller and 
the internal model main controller.

In the proposed control scheme， the control vari⁃
ables are main fuel flow W fm and nozzle area A8， and the 
controlled variables are high-pressure rotor speed 
nHand turbine pressure drop ratio π T. The throttle power 
lever angle （PLA） is taken as the control command， 
and the starting threshold PLAst is set as the basis for 
switching between the starting state and the non-start⁃
ing state. When PLA is less than PLAst， the engine is in 
starting state， and the target value of the control quanti⁃
ty is directly given by the open-loop controller， and 
when PLA is larger than PLAst， the engine is at idle 
state or above. At this time， the system obtains the cor⁃
responding target value of high-pressure rotor speed and 
turbine pressure drop ratio through the interpolation ta⁃
ble of control schedule， and then the closed-loop mas⁃
ter controller （IMC controller） computes the control val⁃
ues W fm and A8.

As for the actuator part， the actuator controller re⁃
ceives the target values of the control quantity， calcu⁃
lates the PWM （Pulse-Width Modulation） signal to 
drive the actuator structure through PID control logic， 
and receives the feedback value of the actuator sensor to 
form an inner-loop control structure. The control period 
of the inner-loop control is 5ms. The aero-engine is 
driven by the actuator. The data of high-pressure rotor 
speed and turbine pressure drop ratio in the current 
state are collected by the speed and pressure sensors， 
and fed back to the main controller to form an outer-
loop control loop. The control period of the outer-loop 
control is 10ms. At the same time， considering the high 
requirements of IMC controller on the accuracy of the 
model， the neural network time series prediction algo⁃
rithm is proposed to predict the time-delay， and the pre⁃
dicted time-delay is sent to the IMC main controller， 
further optimizing the control effect.
3 Design of internal model controller based 

on time-delay prediction

3.1 Time-delay prediction based on neural network

BP neural network， also known as back propaga⁃
tion network， is a multi-layer forward network for 
weight training of nonlinear differentiable functions， in⁃
cluding input layer， hidden layer and output layer. The 
structure diagram of typical BP neural network is shown 
in Fig. 5.

The nodes in BP network represent the data pro⁃
cessing function of the current position， which is called 
excitation function， and the connection between nodes 
represents the weight of the data passing through the 

Fig. 4　Aero-engine control scheme with time-delay
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line. In the training process， the network can learn the 
data mapping relationship adaptively by modifying the 
weight parameters.

The construction process of BP neural network is 
mainly composed of forward propagation and reverse der⁃
ivation. In the process of forward propagation， given the 
weight and threshold matrix， the predicted value corre⁃
sponding to the given sample can be obtained. In the 
process of inverse derivation， the network parameters 
are constantly corrected by the error between the predict⁃
ed values and the true values of the samples until con⁃
vergence.

It can be seen from Fig. 5 that the input of the jth 
neuron in the hidden layer can be expressed as

αj = ∑
i = 1

n

vij xi （4）
The input of the kth neuron in the output layer is ex⁃

pressed as
βk = ∑

j = 1

m

wjk bj （5）
The nonlinear transformation function （Sigmoid 

function） is adopted as excitation function， namely，
f ( x ) = 1

1 + e-x （6）
θb

j  indicates the threshold of the jth neuron in the hid⁃
den layer， and the output of the jth neuron in the hidden 
layer is

bj = f ( αj - θb
j ) = f (∑

i = 1

n

vij xi - θb
j ) （7）

The output of the kth neuron in the output layer is

yk = f ( βk - θy
k ) = f (∑

j = 1

m

wjk bj - θy
j ) （8）

Because the weights and thresholds in the forward 
propagation stage are randomly initialized， it is neces⁃
sary to constantly modify the parameters according to 
the network output error. Define the error function as

E = 1
2 ∑

k = 1

l (Yk - yk )2 （9）
Where Yk is the target output.

Using gradient descent method and error function 
to calculate partial derivative of network weight， the 
change of output layer weight can be obtained as fol⁃
lows：

Δwjk = ηδjk bj （10）
The variation of hidden layer weights is

Δwij = ηδij xi （11）
Where， δij = ∑

k = 0

l

δ jk w jk xj (1 - bj )，δjk = (Yk - yk )yk (1 - yk )，
η is the learning rate.

The weights are constantly revised and when the er⁃
ror is less than a certain value， the recursion is terminat⁃
ed， and the convergent neural network model is obtained.

According to the characteristics of network delay 
time series， nonlinear autoregressive （NAR） method is 
selected to construct neural network， and the time-de⁃
lay from k-n time to k-1 time is utilized to predict the 
current time-delay， namely：

y ( k ) = f ( y ( k - 1),⋯y ( k - n ) ) （12）
When n=10， the structure diagram of neural net⁃

work is shown in Fig. 6. It contains an input layer node， 
10 hidden layer nodes and an output node.

The training sample used in this paper is the actual 
time-delay data of aviation test verification platform. A 
total of 2500 continuous random time-delay data were 
collected， and the first 2000 time-delay data were tak⁃
en as neural network training samples and the last 500 
data were taken as test data. The data acquisition pro⁃
cess is shown in Fig. 7.

Fig. 5　Structure diagram of typical BP neural network

Fig. 6　Structure diagram of neural network
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Levenberg-Marquardt algorithm is used to train the 
neural network. The error histogram of neural network is 
shown in Fig. 8.

3.2 IMC master controller with time-delay

3.2.1 Analysis of stability and permitted time-delay
The structure of the internal model control system 

with time-delay is shown in Fig. 9.

In Fig. 9， GIMC（s） and Gp（s） represent the transfer 
function of internal model controller and actual con⁃
trolled object respectively， Gm（s） refers to the corre⁃
sponding mathematical model transfer function， and 
time-delay τ̂ ca means the predicted value.

The transfer function between the system output 
Y（s） and the reference input R（s） is

Y ( s )
R ( s ) = G IMC ( s )e-τca sG p ( s )

1 + G IMC ( s ) [ e-τca sG p ( s ) - e-τ̂ca sGm ( s ) ] （13）
The transfer function between system output Y（s） 

and interference input D（s） is
Y ( s )
D ( s ) = 1 - G IMC ( s )e-τ̂ca sGm ( s )

1 + G IMC ( s ) [ e-τca sG p ( s ) - e-τ̂ca sGm ( s ) ]（14）
The output can then be expressed as

Y ( s ) = G IMC ( s )e-τca sG p ( s )
1 + G IMC ( s ) [ e-τca sG p ( s ) - e-τ̂ca sGm ( s ) ] R ( s ) +

1 - G IMC ( s )e-τ̂ca sGm ( s )
1 + G IMC ( s ) [ e-τca sG p ( s ) - e-τ̂ca sGm ( s ) ] D ( s )

（15）
Some assumptions are made here. The mathemati⁃

cal model of the controlled object can accurately restore 
the characteristics of the actual controlled object， that 
is， Gm（s）=Gp（s）. There is no interference input， that 
is， D（s）=0. The predicted time-delay τ̂ ca is equal to the 
real time-delay τ ca. Under these conditions， the output 
of the system can be simplified as

Y ( s ) = G IMC ( s )e-τca sG p ( s ) R ( s ) （16）
According to the dual stability of internal model 

control， the internal model controller can be directly 
constructed for the open-loop stable controlled object. 
However， for the open-loop unstable controlled object， 
it is necessary to design the stabilization system in ad⁃
vance. A rational internal model controller can be de⁃
signed as

G IMC ( s ) = G -1
p ( s ) = G -1

m ( s ) （17）
Substituting it into formula （16）， then the follow⁃

ing equation holds.
Y ( s ) = e-τca s R ( s ) （18）

According to the inverse Laplace transformation， 
the formula （18） can be converted to formula （19）：

y ( t ) = r ( t - τ ca ) （19）
It is obvious that the output y（t） has a time-delay 

τ ca relative to the reference value r（t）， while the steady-
state error is zero.

In practice， the interference can not be ignored. 
Then the error of the internal model control system can 
be expressed as

Fig. 8　Training error of neural network

Fig. 9　IMC controller structure with time-delay

Fig. 7　Time-delay samples acquisition
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E ( s ) = R ( s ) - Y ( s ) = 1 - G IMC ( s )e-τ̂ca sGm ( s )
1 + G IMC ( s ) [ e-τca sG p ( s ) - e-τ̂ca sGm ( s ) ] R ( s ) +

1 - G IMC ( s )e-τ̂ca sGm ( s )
1 + G IMC ( s ) [ e-τca sG p ( s ) - e-τ̂ca sGm ( s ) ] D ( s ) = 1 - G IMC ( s )e-τ̂ca sGm ( s )

1 + G IMC ( s ) [ e-τca sG p ( s ) - e-τ̂ca sGm ( s ) ] ( R ( s ) - D ( s ) )
（20）

Assuming GIMC（0）=Gm
-1（0）， there exist：

E ( 0 ) = 1 - G IMC (0 )e0Gm (0 )
1 + G IMC ( s ) [ e0G p ( 0 ) - e0Gm (0 ) ] ·

( R ( 0 ) - D ( 0 ) ) = 0
（21）

The steady-state error of the system is：
e (∞ ) = lim

s → 0 sE ( s ) = 0 （22）
From the above deduction， it can be concluded 

that when there exists disturbance， as long as GIMC（0）=
Gm

-1（0） is satisfied， that is， the steady-state gain of the 
internal model controller is equal to the reciprocal of the 
steady-state gain of the model， the steady-state error in 
the system output will be eliminated.

As for the maximum allowable time-delay τ ca， from 
the perspective of control theory， it can be seen from for⁃
mula（19） that， under the proposed IMC control strate⁃
gy， the system can track the expected reference value af⁃
ter the delayed time τ ca， no matter how large it is. How⁃
ever， from a practical engineering point of view， the 
maximum allowable time-delay depends on the maxi⁃
mum allowable lag time demand of the flight task to the 
engine response time.
3.2.2 Design process

The structure of the internal model control system 
with time-delay for the aero-engine is shown in Fig. 10. 
The aero-engine nonlinear model is treated as the actual 
controlled object simulator. The time-delay predicted 

value obtained by the neural network prediction module 
is taken as the internal model path delay. It is noted that 
in the system， the closed-loop controller of the actuator 
and the neural network delay prediction module， all be⁃
long to the IMC main controller.

The design process of internal model controller is 
mainly divided into two parts： inversion of the con⁃
trolled object model and filter design. Firstly， the trans⁃
fer function of the ideal internal model controller is ob⁃
tained by inverting the controlled object model， and 
then the robustness of the system is enhanced by intro⁃
ducing filters.
3.2.2.1　Inversion of the controlled object model

For a certain turbofan engine， a linearized model 
near a typical operating point is obtained through system 
identification， and its state space model is shown as fol⁃
lows.

ì
í
î

ẋ ( t ) = Ax ( t ) + Bu ( t )
y ( t ) = Cx ( t ) + Du ( t ) （23）

Where， x（t） is the system state， u（t） is the control in⁃
put， y（t） is the system output.

Then after Laplace transformation under zero initial 
condition， there exist：

Gm ( s ) = Y ( s )
U ( s ) = C [ sI - A ]-1B + D （24）

The inversion model can then be obtained， re⁃
ferred to as Gm

-1（s） .

Fig. 10　Structure diagram of IMC main controller
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3.2.2.2　Filter design
According to the characteristics of the turbofan en⁃

gine model， I-type filter F（s） is designed as
F ( s ) = 1

(T f s + 1) q （25）
Where， Tf is the filter time constant， and q is an inte⁃
ger that makes GIMC（s） a rational transfer function. If 
the q value is too large， it will affect the dynamic re⁃
sponse speed of the system， while if it is too small， it 
will have influence on the robustness of the system. 
Choosing the filter parameters reasonably， the transfer 
function of the internal model controller is obtained as 
follows

G IMC ( s ) = G -1
m ( s )F ( s ) = G -1

m ( s ) 1
(T f s + 1) q （26）

4 Digital and hardware simulation verifica⁃
tion

In this section， the control effect of the proposed 
IMC controller that considering time-delay is verified by 
digital simulation and the hardware-in-the-loop simula⁃
tion test， which proves the effectiveness of the designed 
controller.
4.1 Digital simulation verification

The simulation model of neural network time-delay 
prediction module built in Simulink platform is shown in 
Fig. 11.

The constructed neural network module is utilized 
to predict the time-delay， and the predicted time-delay 
is compared with the actual time-delay， which is shown 
in Fig. 12. It can be seen that the trained neural network 
module owns a good prediction effect on time-delay. In 
addition， the predicted time-delay error is presented in 
Fig. 13， and it is worth noting that the predicted delay 
has a smaller time lag characteristic than the actual de⁃
lay， so there exist large continuous deviations on the 

graph， whose upper and lower amplitude are close to 
each other.

At the ground idle state， according to formula 
（23）， the coefficient matrices of the turbofan engine 
model are obtained as
A = é

ë
êêêê ù

û
úúúú-2.0020 -3.6312

-0.1502 -4.7309 B = é
ë
êêêê ù

û
úúúú0.0173 0.0090

0.0036 0.0106
C = é

ë
êêêê ù

û
úúúú1 0

0 1 D = é
ë
êêêê ù

û
úúúú0 0

0 0
（27）

And the inputs and outputs are u = [ ΔW fm ΔA8 ]， 
y = [ ΔnH Δπ T ]T.

Obviously， the system can be controlled and ob⁃
served. The transfer function matrix of the system is then 
obtained as follows：

Gm ( s ) =
é

ë

ê

ê

ê

ê

ê
êê
ê

ê

ê

ê

ê ù

û

ú

ú

ú

ú

ú
úú
ú

ú

ú

ú

ú0.0173s + 0.068772
s2 + 6.7329s + 8.9259

0.0036s + 0.0046087
s2 + 6.7329s + 8.9259

0.009s + 0.0040874
s2 + 6.7329s + 8.9259

0.0106s + 0.019869
s2 + 6.7329s + 8.9259

（28）
There does not exist non-minimum phase part in 

the model， so its inverse matrix Gm
-1（s） can be directly 

computed.
According to formula （25）， parameters Tf=0.5 and 

q=2 are set， and I-type filter F（s） is then designed .The 
transfer function of the internal model controller can be 
obtained as

G IMC ( s ) = G -1
m ( s )F ( s ) = G -1

m ( s ) 1
(0.5s + 1) 2 （29）

According to the method given in Section 3， the 
IMC control system with time-delay is built in Simulink 
platform. The response curves of the high-pressure rotor 
speed nH and the turbine pressure drop ratio π T are ob⁃
tained， as shown in Fig. 14. It can be seen that there is 
almost no difference between the output responses under 

Fig. 11　Neural network prediction module built in Simulink platform



Design of Aero-Engine Internal Model Control System Based on Neural Network Time-Delay Prediction第 44 卷  第 11 期 2023 年

210903-10

the conditions of actual delay and predicted delay， 
which also proves the accuracy of the constructed neural 
network delay prediction module.

In addition， the controller is simulated and verified 
under the time-delay of 180ms， 400ms， 600ms and 5s. 
The control effect of IMC controller under different time-
delay is shown in Fig. 15. It can be observed that the out⁃
put response curves only translate along the time axis 

with the increase of time-delay， which is consistent 
with the formula （19）. Even under the long delay of 5s， 
there is no oscillation phenomenon， and the dynamic re⁃
sponse is also good. The adjustment time is less than 
5s， the steady-state error is less than 0.5%， and the 
overshoot is less than 5%.It can be concluded that IMC 
controller has a very satisfactory control effect on any 
time-delay under the premise of high model accuracy.

Fig. 16 shows the system response with different 
levels of sinusoidal interference. Under the condition of 
180ms delay， and when 0.1% white noise is added to 
the feedback channel， it has little effect on the stability 
of the system. When 1% noise is considered， the output 
of the turbine pressure drop ratio oscillates slightly， but 
it can still follow the given value and maintain the sys⁃
tem performance. The results show that the designed 
IMC controller owns good anti-noise ability.
4.2 Hardware-in-the-loop simulation verification

Aero-engine hardware-in-the-loop test platform 
can be utilized to simulate the working states under the 
whole flight envelope. Through the combination of soft⁃
ware and hardware of the system， it simulates the input 
and feedback signals of sensors， actuators and other de⁃
vices during the engine starting， idling and cruising 
states， and the digital electronic controller （EEC） exe⁃
cutes the control algorithms to form the FADEC control 
loop， thus realizing the hardware-in-the-loop simula⁃
tion verification of the aero-engine control algorithms.

Fig. 12　Time-delay prediction effect based on neural 

network

Fig. 13　Time-delay prediction error based on neural 

network

Fig. 14　Control effect of IMC with neural network time-delay prediction
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On the hardware-in-the-loop simulation platform， 
the closed-loop simulation test of the designed IMC 
time-delay control system at nominal state is carried 
out. The Simulink model of the controller is converted in⁃
to C code and downloaded to the digital electronic con⁃
troller. The engine is controlled to start by pushing the 
throttle lever angle PLA command， and then transits to 
the idle state and switches to the IMC main controller 
mode. The response curve comparisons between hard⁃
ware-in-the-loop （HIL） simulation results and pure 
digital simulation （SIL） results of engine at idle and 
above states are shown in Fig. 17.

It can be seen that the hardware-in-the-loop simu⁃

lation results are basically consistent with the pure digi⁃
tal simulation results， and the dynamic performance is 
satisfying. The adjustment time during the large transi⁃
tion state is less than 10s， and there is no obvious 
steady-state error. Due to the characteristics of the en⁃
gine， the turbine pressure drop ratio loop has some over⁃
shoot， but it does not affect the system stability， and 
this is permitted in the practice engineering application.

The hardware-in-the-loop test results indicate 
that the IMC control method that designed in this paper 
can meet the real-time requirements and has the feasi⁃
bility of engineering application.

Fig. 16　Control effect of IMC with different noise levels

Fig. 15　Control effect of IMC with different time-delay
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5 Conclusion

An internal model controller based on neural net⁃
work time-delay prediction is designed for a turbofan en⁃
gine， some conclusions can be obtained through theoret⁃
ical analysis and simulation verification.

（1） When conventional H∞ multi-variable control 
algorithm of the turbofan engine is adopted， the long 
time-delay could result in the fluctuations of key perfor⁃
mance parameters during transient state， thus influenc⁃
ing the system stability. The results show that the pro⁃
posed neural network internal model control strategy has 
remarkable control effect on ultra-long time-delay， 
achieving satisfactory dynamic and static response， and 
owns strong anti-interference ability.

（2） Theoretically， under ideal conditions， that is， 
there is no model mismatch and the time-delay predic⁃
tion is accurate， the proposed control strategy can han⁃
dle arbitrary long time-delay， and the system response 
is postponed by the corresponding time-delay quantita⁃
tive value. The maximum allowable time-delay is gov⁃
erned only by the lag time that the engine response is 
permitted by the aircraft.

（3） The designed internal model controller can 
generate embedded code and operate in the digital elec⁃
tronic controller of the hardware-in-the-loop platform， 
which indicates that the proposed strategy meets the re⁃
al-time requirements.
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