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ABSTRACT Big data processing technologies, e.g., multi-sensor data fusion and cloud computing are being
widely used in research, development, manufacturing, health monitoring and maintenance of aero-engines,
driven by the ever-rapid development of intelligent manufacturing and Industrial Internet of Things (IIoT).
This has promoted rapid development of the aircraft engine industry, increasing the aircraft engine safety,
reliability and intelligence. At present, the aero-engine data computing and processing platform used in
the industrial Internet of things is not complete, and the numerical calculation and control of aero-engine
are inseparable from the linear model, while the existing aero-engine model linearization method is not
accurate enough to quickly calculate the dynamic process parameters of the engine. Therefore, in this paper,
we propose a linear model of turbofan engine for intelligent analysis in IIoT, with the aim to provide a
new perspective for the analysis of engine dynamics. The construction of the proposed model includes three
steps: First, a nonlinear mathematical model of a turbofan engine is established by adopting the component
modeling approach. Then, numerous parameters of the turbofan engine components and their operating
data are obtained by simulating various working conditions. Finally, based on the simulated data for the
engine under these conditions, the model at the points during the dynamic process is linearized, such that a
dynamic real-time linearized model of turbofan engine is obtained. Simulation results show that the proposed
model can accurately depict the dynamic process of the turbofan engine and provide a valuable reference for
designing the aero-engine control system and supporting intelligent analysis in IIoT.

INDEX TERMS Industrial Internet of Things, multi-sensor data fusion, cloud computing, turbofan engine,

linearized model.

I. INTRODUCTION

Currently, although the civil aviation traffic and industry are
booming and developing rapidly, aircraft flight accidents still
occur frequently [1]. Meanwhile, aero-engines require strict
reliability, safety, economic and maintenance guarantees,
which creates challenges for their control systems [2]. That
is to say, the demands of the aviation industry are increasing
together with its challenges [3]. Nowadays, various kinds
of Engine Health Monitoring (EHM) systems [4] are exist
that can collect data from each component of aero-engine.
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For instance, in paper [5], Hanachi et al. surveyed state-
of-the-art condition monitoring, diagnostic and prognostic
techniques using performance parameters acquired from gas-
path data that are mostly available from the operating systems
of gas turbines. In [6], Yildirim et al. proposed Modern condi-
tion monitoring-based methods to reduce maintenance costs,
increase aircraft safety, and reduce fuel consumption. As a
result, enormous amounts of data pertaining to the engine are
generated and transferred to the aero-engine control system
for further processing [7].

In recent years, the development and application of Indus-
trial Internet of Things (IloT) [8]-[11] has promoted inter-
connection, sharing and intelligence for data processing of

145313


https://orcid.org/0000-0002-6921-7369
https://orcid.org/0000-0001-6811-3851
https://orcid.org/0000-0003-0128-4052

IEEE Access

L. Gou et al.: Linearization Model of Turbofan Engine for Intelligent Analysis Toward IloT

the aero-engine. In [12], Hugh et al. introduces IIoT tech-
nology, which aims to integrate various collectors, sensors
and controllers having the abilities of sensing and monitoring
into the production and operation of the aero-engine industry.
Furthermore, it adopts advanced computing techniques [13],
e.g., cloud computing and fog computing to enable intelligent
analysis and control for the aero-engine industry [14]-[16].
The IloT-based aero-engine analysis architecture proposed
in [17] mainly includes four layers, i.e., the perception layer,
network layer, platform layer and application layer.

As mentioned above, an efficient model for aero-engine
deployed at the platform layer of IIoT is indispensable for
industrial analysis. Since the aero-engine is highly complex
and has several non-linear features, designing an aero-engine
model is a non-trivial task [18]. Therefore, devising a linear
aero-engine model is an important research direction and
objective toward achieving intelligent analysis in IIoT [19].

At present, the research on the linear model of engine
mainly focuses on two aspects: 1) construction of a linear
engine model; 2) improvement or optimization of an exist-
ing linear model. For instance, in [20], a linear model is
established or modified on account of equilibrium and non-
equilibrium states, respectively, such that the system transi-
tion state can be obtained. Based on this work, the authors
in [21] propose an improved local linear model by introducing
the parameters of Gaussian processing. Meanwhile, some
recent work also establishes a linear model independent of
dispatching to improve the integrated control of the turbofan
engine [22], [23].

However, to support efficient/intelligent analysis for turbo-
fan engine in IIoT especially in the presence of big industrial
data, the following challenges have to be confronted and
addressed: 1) the linear steady-state model based on small
deviation mode cannot accurately describe the real working
state of the turbofan engine [24]; 2) existing data processing
capability of the aero-engine control system is limited [19];
3) existing models cannot be adapted to the big data analysis
in IToT.

To address the aforementioned issues, we propose an accu-
rate dynamic real-time analysis based linear model for turbo-
fan engine which mainly contributes in the following aspects:

1 The analytical method we proposed is based on the
model of component development, which is more uni-
versal and can be applied to analyze and calculate linear
models for different types of aero-engines. The data
obtained from turbofan engine can be used to describe
turbofan engine accurately.

2 The nonlinear engine model can be linearized in real
time based on the equilibrium point and dynamic point,
which improves the operation efficiency and data uti-
lization rate.

3 The linearized model established by our method can
play a better role in IIoT.

The rest of this paper is organized as follows: A survey
of related works is conducted in Sec. II. The system model
is presented in Section. III. In Section. IV, some simulation
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and verification results are given to evaluate linearized model.
Section. V concludes the paper and discusses the future direc-
tions of research.

Il. RELATED WORK
In this section, we review existing research on aero-engine
mode linearization and its application towards IIoT.

Recently, with the improvement of computer simulation
technology and development of big data cloud computing
technology [25], computer engine modeling is increasingly
being used in research [26]. Meanwhile, aero-engine health
management has developed rapidly. By analyzing and pro-
cessing the collected data, the airborne health management
system can monitor the working condition of the engine,
further analyze the collected data, and realize the functions
of fault diagnosis, trend analysis and life management of the
engine. With the improvement of engine calculation method,
the Internet of things in aero-engine industry is becoming
complete.

Taking the example of a common mechanical, turbofan
engine, that is widely used in civil aviation [27], an aero-
engine can be seen as a complex aerothermodynamics sys-
tem with multiple rotating components, multiple cavities,
multi-coupling and strong nonlinearity. Its operating process
involves many aspects such as gas dynamics, thermodynam-
ics, chemistry and mechanics [28], [29]. The split multi-row
turbofan engine is composed of intake components, i.e., fan
and compressor, combustion component, i.e., combustion
chamber, turbine components, i.e., turbine, exhaust compo-
nents, i.e., nozzle and bypass and rotor components.

In order for an aero-engine to be stable under diverse
environmental and operating conditions, it is necessary to
control the complex and changeable working process of the
engine [30] so that it can operate reliably and perform to the
fullest its performance and benefit [31]. At the same time,
a linear model of the aeroengine with real-time analysis [32]
and calculation abilities is essential for the control system.

At present, engine modeling usually adopts component
method. The basic concept of the component method is to
establish a model based on the input and output relation
of each component and the aerodynamic constraint relation
between different components [33]. The engine model based
on the component method can be theoretically accurate.

For instance, in [34], Wang et al. demonstrated that com-
puter simulations can reduce the cost of research and develop-
ment and make up for the lack of field testing. In [35], Chung
et al. established an analytical linear model that can capture
the engine dynamics during aggressive transient maneuvers.
In [26], Popelka et al. obtained the output characteristics
and mathematical model of the engine by solving nonlinear
equations. In [36], Yang et al. obtained a linear model with
acceptable accuracy by piecewise linearizing the working
state of the engine. In the latest research [37], Yang ef al.
obtained the linear model of each component through the
Taylor series expansion of these nonlinear expressions at
the current working point, that is, the linearization of each
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component is realized by the partial derivative of the output
of each independent input. The introduction of partial deriva-
tives further improves the accuracy of the model.

lIl. REAL-TIME LINEARIZATION METHOD BASED

ON BIG DATA ANALYSIS

The linear model of engine is integrated from the linear model
of components according to the actual structure of engine.
The linear model of components can be freely combined into
the state space model of any target engine. The analytical
linearization method can be used to solve the linear model as
long as the engine model is expressed in a suitable form [38].
The analytical linearization of the engine model proposed
in this paper is realized through two steps. The first step is
to make simplified assumptions for the nonlinear model of
the engine and convert the engine description equation into
an algebraic expression that can be analytically linearized.
The second step is to obtain the linear model of the engine by
Taylor expansion of these algebraic expressions. Fig. 1 shows
the comparison between the traditional small perturbation
method and the analytical linearization method.

small perturbation method

Nonlinear
model
| ;
I S .
[ simplifying r algebraic | Analytic I
| assumption | expression | linearization |
_____ >| + S |
| Component I
L characteristic |

FIGURE 1. Two different linearization methods.

A. NONLINEAR MODEL OF TURBOFAN ENGINE USING
COMPONENT METHOD

In this sub-section, we give the non-linear mathematical rela-
tions between input and output parameters of each compo-
nent. Taking the components of a turbofan engine as a unit,
the relationship between the input and output parameters of
the components is completely expressed in the form of a
mathematical function based on the internal characteristics
of the components and the aerodynamic and thermodynamic
processes.

The operating process of the split-row turbofan engine
[39]: the air flows into the fan through the inlet deceleration
and pressurization, and the fan’s outlet airflow is divided
into two parts. One part enters the outer culvert and expands
through its nozzle to generate thrust, and the remaining air-
flow flows into a compressor for further compression [40].
Most of the outlet airflow from the compressor flows into
the combustion chamber to participate in combustion, and a
small part of the airflow is extracted to be used for aircraft
air supply and cooling of turbines. The high-temperature and
high-pressure gas produced by combustion expands in the
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TABLE 1. List of Symbols.

Symbol  Paraphrase

kw Flow loss factor

kx Pressure ratio loss factor

ky Efficiency loss factor

K Loss factor

We Flow rate

Nc Power

H, The low calorific value of fuel oil
My Combustion efficiency

H Enthalpy

J The moment of inertia of the rotor
T Output torque

FAR Fuel to air Ratio

HP/LP High/Low presser

C Compressor

T Turbine

Ma Mach number

turbine, and the generated power is used to drive the fan
and compressor. Finally, the gas flow is discharged from the
nozzles and thrust is generated. The numerical calculation
process of a fractional turbofan engine is as TABLE 1.

1) COMPRESSOR

The conversion speed (12 o, ), conversion flow rate (Wéi cor)
pressure ratio (n/CH) and efficiency (n/CH) of HP compressor
are given as follows:

To
n2.cor = N2, | /5—
Ti2s
/
W25,c0r = fl (nZ,cors Rcw)

né}H =f2(n2,cora Rcn)

77/CH =f3(n2,cors Rcn) . (1)
Prs | To
W25,cor = kwcH W2/5,cor P_O @

el = kxcu(miy — 1)+ 1
new = kycaney

Total outlet pressure of HP compressor

Pi3 = wcp Pros. 2)

and the enthalpy change of compressor compression pro-
cess is

Hs; — H
) + Hys. 3)
Nch

Using the inlet parameters of HP compressor Tyys5, Pyos,
H>s, S»5 and interpolated mcy, ncy, Export parameters can
be calculated further 73, H3 and S3.

The power required for all inlet airflows to be compressed
from the inlet state to the outlet state

Nr = Wps(Hps — H3). 4

H; =

The total pressure and enthalpy of the induced air flow in
the HP compressor are as follows:

e = Pros + Pr3 — Pios

(%)
Hcy = Has + H3 — Has
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FIGURE 2. Schematic diagram of numerical calculation of Separate exhaust turbofan engine.

The output power () and torque (tcy ) of HP compressor:
Ne = We(Hzs — Hen)

Ncy = N7 + Ne — We(Hs — H3)

60 Ncy
Tcn = (=)
2

(6)

nz

2) COMBUSTOR CHAMBER

Combustor outlet flow (W4), total pressure (Py,,,) and fuel to
gas ratio (FAR) are calculated as follows:

Wy = W3 + Wy
Prowr = (1 - K)Ptin (7)
W3 FAR 1%
FAR, = WirARs + Wy
W3(1 — FAR3)

According to the combustion chamber energy conservation
equation

(W3 + Wy)Hy + W3H3 + WrHynp, ®)

where Hy is low calorific value of fuel; 1, is combustion
efficiency of combustion chamber;

3) TURBINE
The exit enthalpy (Ha), flow rate (Was5) and fuel to gas ratio
(FAR4s) of HP turbine are given as

W3H3 + WrH,ny
H=——

W3 + Wy

Wys = Wy = Wy + W2a2acH

W, W,
1+F/§R4 FAR4 + 1+FA}11€cH FARcH

Wy o WH
T+FAR;  T+FAR=z

C))

FARys =
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where Wy, is air flow after mixing; FAR g is fuel to air Ratio
of high-pressure turbine cooling airflow.

Based on the conservation of energy before and after mix-
ing, the following expression can be obtained:

WenHen + WaHy = WaoHag. (10)

where H4a is enthalpy of the mixed flow.
The converted speed of HP turbine is given by the follow-
ing expression:

(11)

The reduced flow under current conditions and the corre-
sponding efficiency value are given as
WZLC()r = g1(n2,cor» TTH)
/
=g(n ,TT
Ny = 82( 2,007 TH) (12)
Wa.cor = kwra Wy o
nTH = knTHNTH
The total outlet pressure (P;45) and actual enthalpy (Hys)
at the outlet of high-pressure turbines are
Py

Prys = —
TTH

Hys = Hyg — N1y (Hag — Has))

The output power (N7y) and torque (t7y) of the high-
pressure turbine are given as follows:

Nty = Waa(Hyq — Hys)

(13)

(14)
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4) EXHAUST NOZZLE

The outlet flow state is expressed by the pressure ratio,
the critical pressure ratio and the true pressure ratio of the
nozzle are calculated as follows:

por =T = 2y
P, k+1
b (15)
P= b5

where P; is total pressure at nozzle inlet; P, is ambient
pressure at nozzle outlet.
when the airflow is in a critical or supercritical state,
the Mach number of the outlet flow equal to 1, i.e., M, = 1.
The outlet static pressure (Pg;), velocity (vgy) and flow
flow (Wg;) of the nozzle and the thrust of the engine (Fg)
can be calculated from the following formula

Pg; = Pi5Ber
Vg = Ver =
5
Wy = K ——Ag;
15
Fgr = Wgy + (Pg; — Pp)Ag;

when the airflow is in a subcritical state, the static pressure
at the outlet of the nozzle is equal to the ambient pressure,
ie., Pg; = Pp.

The relationship between different parameters is given
below:

2% p, =1
b
= | ——RT;5[1 — (=) &k
vgy 1 15l (PtS) ]
1

P;s Pys *% . (17)
81 = (=

RT;s Py
Wsr = pgrAsrvgy
Fgr = Wgpvgy

Once the parameters corresponding to the four parts of
the engine are calculated, the complete mathematical model
of the engine can be obtained according to the connection
relation and balance equation between the different parts,
as shown in Fig. 2.

B. LINEARIZATION OF NONLINEAR MODELS

Linearization means that the nonlinear relation of the system
is approximated by linear expression at the operating point
of the system [41]. The stronger the nonlinearity of the sys-
tem, the smaller the approximate range of linearization. The
general condition of linearization is that the system function
is continuous in the linearized region and the system runs in
the small range of the target operating point, that is, in the
confidence range of linearization.

The improved Newton-Rapson method [42] utilized in this
paper uses an iterative factor to correct the derivative of the
output with respect to the input and guide the search direction
of the optimal solution of the non-linear equations.
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Given the following nonlinear equations
fl(xlv-XZs e 7-x)’l) = O
folxi,xa, - x0) =0 (18)
fn(xla-x27 e 7-xn) - 0

The iteration number is represented by k and ranges from
0 to n. Other parameters used in the above equations are
given as

x4+ 1 =xp — 1| ex,
X+ 1= xp — Kokl Pex,

el ™ <M

B . (19
el =t > M

Iterative factors K; is used to modify the derivative of the
output to the input to guide the search direction of the opti-
mal solution of the equation. When dealing with nonlinear
equations, the same principle is used to determine the change
direction of the respective variables, where

X = [xOxOT (20)
e = [e(lk)egk)egk)]T. 21
o A AT
x| 0xo ox,
Jk = 3X1 axz axn
o
L dxp x> 0x,
SN Af AR
Ax| Ax AXx
~ | Ax1  Ax Axp |. (22)
Afn Afn Afn
L Axy Axo Axp,

For the nonlinear model of the engine mentioned above,
the system state and output at any working (xo, zo, #g) of the
nonlinear system can be expressed as

Xo = f(x0, 20, Uo)
20 = m(xo, zo, up) = 0. (23)
Yo = g(xo, 20, Uo)

The dynamic function and the function of intermediate
variables are expanded with Taylor series near the currently
selected working point, and the higher order terms are omit-
ted. The following expression can be obtained

f/(x/, Z/, u/)
= f(xo + Ax,z0 + Ay, up + Au)

) ) d
~ f(xo, zo, uo) + —floAx + —floAZ + —floAu
0x 0z u
= f(x0, 20, uo) + A’Ax + FAz + B Au. (24)
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m(x', 7 u)

= m(xo + Ax, zo + Ay, up + Au)
om
0x
= m(xg, zo, g) + M'Ax + KAz + L' Au. (25)

om om
~ m(xg, 20, Uo) + —loAx + — oAz + — [pAu
0z ou

where m(x, y, z) = 0, therefore, the expansion of the function
of the intermediate variable can be expressed as M A x +
KAz+LAu=0,i.e.

Az=—-K 'M'Ax — K~ 'L' Au. (26)
Simplified expansion

f& 2 ) = f(xo, 20, uo) + (A" — FK~'M)Ax
+(B — FK~'L)Au

= f(xo0, 20, up) + AAx + BAu. 27
& 2wy = f(xo, 2o, uo)
= Ax = AAx + BAu. (28)

The linearization of the nonlinear engine model gives
parameters to describe the linear model. In this paper, var-
ious components of the system are considered as part of
a simple static system, and we will be able to achieve the
linearization of each component using the partial derivative
of the output with respect to independent input of each
component [43].

Fig. 3 is a schematic diagram of the linearization process.
Linearization of working point (xo, zo, ug) will generate an
effective region. A more accurate output estimation can be
obtained by calculating point (x’, Z/, ') in the region with
the linear model obtained from this point. The arrow in
the Figure represents the value of the current point state
function, and the curve represents the working track of the
system.

The Taylor series expansion of the output function to
the working point (xg, 29, 4o) in the effective region can be
expressed by the following formula, and the higher order can

/

Valid region of

linearization

\/

FIGURE 3. Diagram of the linearization process.
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also be omitted, as follows
g, 7 )
= g(xo + Ax, z0 + Ay, up + Au)
g g g
~ g(x0, 20, o) + —loAx + —loAz+ —loAu
0x 0z ou

= g(x0, 20, ug) + C'Ax + EAz+ D'Au
= g(x0, 20, o) + (C' — EK~'M)Ax
+(D' — EK"'L)Au

= g(x0, 20, o) + CAx + DAu. 29)
g’ 2 u') — g(xo, 20, uo)
= Ay = CAx + DAu. (30)

The state space equation of the nonlinear system can be
obtained

Ax = AAx + BAu

€1y
Ay = CAx + DAu.

The above method linearizes the dynamic points along the
working track. Compared with the traditional steady-state
linearization method, a more consistent linear model can
be obtained, which gives a more accurate estimation of the
dynamic process, as shown in Fig. 4. In addition, this real-
time linearization scheme for each dynamic working point
also avoids the problems faced by the scheduling piecewise
linear model.

PR A

Dynamic line

\J

We

FIGURE 4. Linearization diagram of dynamic operating point.

The application of steady-state and dynamic calculations
of the nonlinear engine model is based on the state change of
the transmission components, i.e., whether the power on the
rotor is balanced or not.

Dynamic calculations are used to obtain the state parame-
ters of the engine during the transition from one steady-state
to another. In these calculations, not only the rotor dynamics
principle between the rotors should be complied with, but also
the constraints of the common working equations between the
components should be followed, so that the calculation results
can be consistent with the actual working state of the engine.
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In fact, not only the influence of rotor dynamics should be
taken into account when establishing a high-precision non-
linear engine model, but also the cavity and heat transfer
dynamics of high-temperature components involved should
be taken into account.

During the functioning of the engine, ignoring the mechan-
ical efficiency, the rotor motion equation used to calculate the
rotor acceleration is as follows:

n _de _Jdn 2
et =I 0 T a0
dn 60
dn _ 90 (e ter) (32)
dt 2 J

In this paper, only second-order rotor dynamics are consid-
ered in the modeling process, and the effects of volume and
heat transfer dynamics are ignored.

For the general nonlinear system, x is the state, u is the
input, y is the output of the system, z is the intermediate
variable of the system, the m is the intermediate variable
function, the g represents the output function of the system.

X =f(x,z,u)
z=m(x, z, u) (33)
y=g((x,z, u).

In the engine model considered in this paper, x refers to the
rotor dynamic parameters of the engine, and z represents the
volumetric dynamic parameters. As the volumetric dynamics
are ignored, the flow, temperature and pressure parameters
involved in each component of the engine are the same at the
inlet and outlet. This leads to

z=m(x,z,u) =0. (34)

As a result, the nonlinear model of the engine can be
expressed as

X =f(x,z,u)
z=mx,z,u)=0. (35)
y=g(x,z,u)

After the linear model of each component is established,
the overall linear model of the turbofan engine can be
obtained. For this purpose, the structure of the exhaust tur-
bofan engine is matched to each component by selecting
appropriate input, output and intermediate state parameters.
The linear coefficient matrix of each component is connected
in series based on the structure of the engine. The linear model
of the system is shown in Fig. 5.

The specific form of the linear state space model is as
follows:

Ax = AAx + BAu+ RAw

(36)
Ay = CAx + DAu+ SAw.

With n1, ny as dynamic models of the engine, the complete
description of its input and output variables can be written as

VOLUME 7, 2019

Aw
R - |
A x A
X
Au—— B I C Ay
> D
FIGURE 5. Linear model of the system.
1 0o 0o Py o 0000 0
op, —
o, =
0 1 0 220 0 0000 0 an, r
o [am] |am|  [© ar, B
0o 0 1 ER] 0 0 0 i0 00 0 [[AT on, 0 aTZ 673
o, . g N T om
L0 0 0 i1 0 0 000 0 |[AR on. W, * R
W, < - oP, oP,
: NARNKE oW, = =
oI, o, . or, @B |[AT,
— 0 10 1 0 :00 0 0 |[[A7 |+ 0 |An+| oL, AW, +|==2-t =0
ow, or, B 0 0 [lap
P, 25 0 o, 0o 0
0 0 =% 0 {0 0 1 1000 0 |aw| |ow,
LU/ S N WL/ SR LY N s 0 v o
ow, or, op, s 0o 0
5 5 J S 0
0 &L oo g g & Ly g L op, Lo 0]
o1, or, P, on, —
n.
P, P, s
0 0 0 0 {0 0 =2i00 1 >
oP, on, KAz + MAx+LAu+RAw=0

Compressor Combustion Chamber ~ Turbine

FIGURE 6. The core machine component model joint matrix.

Au,Ax, Az, —> A Zouw ns A Yi ng err

Nonlinear
_ model
>

Up, Xo, Zo

A Zout_AL» A Yi AL

FIGURE 7. Accuracy verification schematic of Linear model.

follows:
X
u= s X = n1 w= s y=1| z|. @37
Agy ny Tp ,
y
Yox1) = [rcrtertentra trrvs Fsrvs Fan]” . (38)
Z(TZ6X1) = [WaWasTi3P3Rer
WasTiosPrasReL WaT3Py3
Rep WaTi4P1aWasPras
g WsTysPysmor Wer Wepr 1. (39)

The output vector of the system is composed of system
state, i.e., n; and np, component parameters, i.e., N, T*
and P*, linkage parameters represented by 7 and perfor-
mance parameters, i.e., F; and Vy. For convenience, the out-
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(a) HPC

133
il T T T T T T=r= ﬁ

(b) HPT

FIGURE 8. The variation of engine state on the component characteristic
diagram in transition state. (a) HPC. (a) HPT.

put parameters of the iterative solver, such as compressor
R-line and turbine drop ratio data, are added into component
parameters to jointly form the output vector of the system.
Based on the composition of input/output and intermediate
parameters, the linear coefficient matrix of each component
can be combined to give the following form:

Koxn) AZnxcty +Mpxcm) AXmx i) F Linsem) Atgnxiy = 0. (40)

As the elements of the K matrix are independent of one
another, the matrix is invertible. In the process of component
combination, a large number of elements of the matrix K
will be zero due to lack of correlation between different
components. Based on this characteristic, the algorithm of
matrix operation can be optimized to improve the speed of
the state space model of the whole machine.

The component parameter vector Az in (40) can be repre-
sented by system input and system state as follows:

Az =—K Y(LAu+ MAx). (41)

The torque and performance parameter vector /\ ¥’ can also
be integrated into component parameter vector /\ z. However,
to reduce the dimensions of K, improve the operation speed
of the matrix and facilitate the solution of the system state
space model, Ay’ is listed separately as

Ay = EAz+ FAu+ GAx
= (—EK"'M + G)Ax + (—EK~' + F)Au.  (42)
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FIGURE 9. Dynamic variation of rotor in transition state.

After combining with the dynamic equation of the engine
rotor, the state equation of the whole engine and output
equation of the system can be written as

Ax = PAY
= (—PEK~'M + PG)Ax
+(—PEK~'L + PF)Au
= AAx + BAu.
Ay = CAx + DAu. (43)
Ax = AAx + BAu

(44)
Ay = CAx + DAu.

Fig. 6 shows an example matrix of a turbofan core engine
[44]. For the ease of understanding, equations of all the
components are integrated into the matrix K based on the
order of engine structure. Due to the universality of this
linearization method, a component equation can be included
in K based on the specific structure of the target engine to
obtain a new linear engine model. Each colored block in the
figure represents a component, and the last block is reserved
for storing the continuous flow equation.

IV. SIMULATION AND VERIFICATION

In this paper, a two-axis split turbofan engine model in the
pneumatic system modeling and analysis toolbox (T-MATS)
[45] compiled based on MATLAB/Simulink environment
was selected to verify and evaluate the linearized model based
on two linearized analysis methods.
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FIGURE 10. Comparison of compressor component parameters.

Two types of verification of the linear model are carried
out: steady-state verification and dynamic process verifica-
tion. The accuracy of the linear model is evaluated by calcu-
lating the difference between the response of the nonlinear
model and the response estimated from the linear model,
as shown in the Fig. 7.

To avoid excessive error fluctuations caused by the incre-
mental form of nonlinear response, which can render the error
analysis meaningless, the maximum variation of nonlinear
model response in the simulation process is used to normalize
and calculate the final error [46], as shown below

Ayar — AynL
AYNLmax

ERR = (45)

A. DYNAMIC VALIDATION

Dynamic accuracy analyzes the deviation between the linear
and non-linear models in the transition state. The engine is
put under a large range of acceleration and deceleration to
obtain the transition state, so that the state of the engine in
the characteristic diagram changes over a large span.

Taking high-pressure compressor and high-pressure tur-
bine as an example, under the given oil supply curve, the trace
lines of the nonlinear model on the characteristics of the
engine rotating components are shown in Fig. 8.

It is obvious from the figure that the steady-state point
linearization method can only fit a limited number of points
on the dynamic trajectory. It is obvious that the real-time
dynamic linearization method proposed in this paper is supe-
rior to the steady-state point linearization method.

The simulation results of dynamic verification using a large
range of transition states are shown in Fig. 9. The change
in acceleration increment is the output of the state equation
of the linear model of the engine. Where high-pressure and
low-pressure rotor speed ny, ny are two state variables of the
selected model, and the fuel flow W is the input variable.

The simulation results show that the linear model can
track the nonlinear model well under the same fuel input and
speed changes, which proves the dynamic accuracy of the

VOLUME 7, 2019

TABLE 2. The steady-state errorin H = 0, Mg = 0.

Wy(kg/s) ni(rpm)

na(rpm) LPerror HP error

1 0.27216  2669.125 6666.020 0.0034 0.0019
2 031752 2789.850 6765.991 0.0021 0.0224
3 0.36288 2901.320 6856.176 0.0102 0.0092
4 0.40824 2999.701 6938.191 0.0201 0.0045
5 0.45360 3090.144 7012.782 0.0004 0.0086
6 0.49896 3167.525 7079.330 0.0005 0.0804
7 0.54432  3235.881 7160.294 0.0200 0.0727
8 0.58968 3300.929 7238.733 0.0353 0.0022
9 0.63504 3360.746 7315.372 0.0205 0.0159
10 0.68040 3420.198 7386.443 0.0068 0.0880

linearization method proposed in this paper, and can quickly
fit the nonlinear model under dynamic conditions to track the
real state of the engine in real time.

B. STEADY-STATE VERIFICATION
Steady-state accuracy analyzes the deviation between linear
and nonlinear models when the former model transitions from
the original steady-state point to the new steady-state point.
This process generally uses the small perturbation method,
which tests if the linear model, after being disturbed around a
small range near the original steady-state point, gives results
that are consistent with those of the non-linear model. We
applied a step of £0.5s to the low-pressure rotor speed at
the selected steady-state operating point 1. By referring to
formula (45), we calculated the component output parameter
changes and the errors of the linear model compared with the
nonlinear model. The simulation results are shown in Fig. 10.

Simulation results show that except for the flow rate,
the overall error can be defined within 5%, where the error of
temperature, pressure and torque can be defined within 1%
except for the step point, and the error at the step point is no
more than 10%, indicating that the linear model has a high
accuracy under the step input with a small range.

Select 10 different steady-state operating points of the
engine under the condition of H = 0, M, = 0,
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the steady-state errors of the high pressure and low pres-
sure rotor speed under different steady-state conditions were
obtained, and the results are shown in TABLE 2.

It can be seen from the table that at the 10 operating points,
the steady-state error is very small. Therefore, this method
can fully reflect the calculation mechanism of the model and
improve the efficiency of the model.

V. CONCLUSION

In this paper, we have proposed a linear model of the tur-
bofan engine to enable intelligent analysis towards Industrial
Internet of Things. Notably, the component method is adopted
to address the problem of accurate engine modeling. For the
dynamic process of engine, we propose an analytical method
to carry out real-time linearization analysis and calculation
at the dynamic point of engine. Compared with the current
methods for constructing the linear model, the advantages
of our proposal are as follows: the analytical linearization
method based on component modeling can reflect the phys-
ical principle of the working process of the system, and can
quickly fit the real process of turbofan engine, with high oper-
ating efficiency and flexible modification; compared with
the traditional steady-state model, we add more accurate
description of the dynamic process; the proposed method can
be more easily applied to the industrial Internet of things
by taking the EHM detection platform as the application
carrier.

Possible future work that can be derived from this work
is to make the method be more universal for different types
of aero-engines by comprehensively analyzing and integrat-
ing the input/output data and many intermediate variables
of engines. In addition, the analytical linear model can be
improved to combine with some other factors, e.g., the engine
health degradation, such that the engine degradation charac-
teristics can be acquired and the applicability of the proposed
method can be increased, leading to a more perfect IloT
system especially for the aero-engines.
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