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Abstract. Advanced aircraft engine needs higher unit thrust and lower fuel consumption nowadays.
The variable cycle engine (VCE) could meet these requirements, and it becomes the top choice of
the new generation aircraft. It is a difficult task to find a satisfactory dynamic model that can well
match the VCE during its life time due to the performance deterioration with the increase of service
time. Besides, the more variables of control and actuator are involved. This paper presents an
adaptive dynamic modeling method for the VCE based on the state estimation. It mainly contains
the nonlinear component level modeling of VCE and self-tuning dynamic model combined with a
distributed extended Kalman filter. The digital simulations are carried out to verify the effectiveness
of the VCE modelling methodology.

Introduction

The turbofan engine is more fuel-efficient than turbojet engine as Mach number is less than one.
When the flight speed is greater than 1.8 Ma, the thrust advantage of turbojet engine is more obvious.
These two independent types of engines hardly meet the requirement of the latest generation of
?i]r[c]raft power system, and variable cycle engines (VCE) become one of the appropriate candidates
1]-[2

Different from turbojet engine or turbofan engine, the VCE runs in different working modes in a
fairly wide flight envelope according to different tasks. It achieves the goal of less fuel consumption
during cruising and higher thrust at the acceleration process. Thus it easily satisfies the needs of
advanced aircraft to perform a variety of tasks under complex flight conditions. In order to shorten
the research cycle and reduce the manufacture costs of the VCE, it is necessary to master the
dynamic model with high enough accuracy in the course of lifetime. In recent years, the component-
level modeling technology is well developed for aircraft engine and gas turbine engine B4,

However, the compressor characteristics of the VCE vary significantly due to the deterioration,
and it makes the initial dynamic model using the component-level modeling technology based on
aero-thermodynamic principle deviate from the actual engine output. The compressor feature
parameters, such as flow capacity and efficiency, are usually employed to represent the compress
maps. The feature parameters are unmeasurable, the variations of which can be reflected by the
sensor measurements. Thus we can try to tune the engine model outputs from the change of the
unmeasurable feature parameters. For these purposes, the self-tuning dynamic model of the VCE is
developed. It includes the nonlinear component level model and Kalman filter to estimate the state
parameters of component characteristics. In the simulation, the modelling methodology is evaluated
in the steady and transient behaviour at six working conditions of the VCE.

The remaining parts of the paper is organized as follows. The nonlinear component level model of
the VCE is built up in Section Il. Section Il presents the adaptive dynamic model of the VCE, and it
includes the state estimator based on a distributed Kalman filter. The simulation and analysis are
given in Section V. The conclusion is draw in Section V.
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Component Level Modeling of the VCE

Component Model of VCE

An advanced VCE owns three additional key components of core drive fan stage (CDFS), core
drive fan stage bypass and sub-duct, compared to the conventional turbofan enginel®. The input of
VCE model is Height H, Mach number Ma, sea level atmospheric pressure Po, temperature To,
combustor fuel supply W, afterburner fuel supply Wra, mode valve area A4, front adjustable duct
ejector area Az, rear adjustable duct ejector area Aies, rear mixing chamber duct inlet area As,
nozzle throat area As, nozzle outlet area Ao, the angle of fan inlet guide vane is «. , the angle of

CDFS inlet guide vane is a., the angle of compressor inlet guide vane is «., the installation

angle of high pressure turbine guide vane is =y and the installation angle of low pressure turbine
guide vane is «,, . Variable cycle engine structure is shown in figure I.
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Figure 1. GAS path component structure of the VCE

The high pressure compressor can further increase the air temperature and pressure, so that it is
more easily to be ignited in combustor. Since the different rotating components follow the similar
operating mechanisms, the mathematical model of the compressor is only presented in detail in the

paper.
n/\/ﬁ
(1) Calculate the compressor corrected speed M cor N
(2) The import corrected flow Weor and import corrected efficiency ., is obtained from the

compressor maps. The actual physical values are then deduced by the inverse calculation of
correction:

WCOT = f5 (ac 1 ncor ! 7[)

ncor = f6 (aC ' ncor ’ ﬂ-)

Win = mecor Pin 1,TI_MESW3 (1)
Pind Tin

n= C;;’]cor[SE3

where fs () and fs () are the interpolation functions of flow capacity and efficiency from pressure
ratio and corrected speed. SEs and SW3 are the compressor feature coefficients of efficiency and
flow capacity. SEs and SW3 are equal to one as no deterioration.

(3) Calculate outlet entropy Smid, enthalpy Hout and surge margin SM are as follows:

Spis =S, +logx
{HMHH+(HMH")/77 (2)
SM = (7, /W) (x/W,,) -1
(4) The release ratio of compressor inlet air is ro%. The stage of compressors is r, and air release
position is at k stage labelled the j-th (j < r) level. The release volume Wbk, total pressure Pok,
entropy Sindbk, and enthalpy Houtok are obtained:
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Wo, =W, I %
Py« =Po7
Dk Dk (3)
Sinaok = Sin + 19775,
Howoe = Hin + (Hinaoe = Hin) / 770
where the release pressure ratio isz, =7"" and efficiency »,, =7, . Thus exhaust air is related to

total temperature Tokand power Npk are as follows:

Tox = fuor (FF Houpi)
{NDk =Wp, (Houox — Hin) (4)
(5) The calculation procedure of the rest air bleed and induction is the same as Eq.(3) and Eq.(4),
so it is no longer discussed. The outlet pressure, temperature, flow capacity and power are
calculated by:

Poul = Pin”

Toul = fHZT (FF, Houl)

W =W, 216 -3 W ®)
N =W (H ~H) SN + S,

where Wci and Nci are the flow capacity and power of air induction for cooling hot-section
components.

Common Operating Equations of the VCE

(1) The mass flow balance equations are as follows:
The mass flow of fan outlet balance:

W, =Wy, =W;; =0 (6)
where W2 is the mass flow of fan inlet, W21 is the mass flow of CDFS inlet, and W13 is to the bypass
depended on the mode selection valve. The mass flow of combustor outlet balance:

WgAl _Wa3 _Wf _Whl‘coolNGV =0 (7)
where Wga1 is the mass flow of HPT inlet, Wa3 is the compressor outlet, Wr is the fuel supply in
combustion, W, ..snev 1S air mass flow to cool HPT guide vane. The mass flow of HPT outlet

balance:
W943 _W3_va _Wm‘ooolNGV _th,oooIBlscb =0 (8)
where W, ,, is the mass flow of LPT inlet, and W, ... 1S the air mass flow to cool HPT blade. The

mass flow of mixer outlet balance:

W,, ~W,, =0 9)

(2) The static pressure balance are as follows:

The static pressures between two ducts at the front duct ejector outlet, and two ducts at the rear
duct ejector outlet:

P~ P

s114 — Fs204 =

Pas —Pygs =0

0

(10)
where P,,, is the static pressure of CDFS outlet, and P,,, is the static pressure of mode selcetor
valve outdoor. P,, and P, are the static pressure of the bypass outlet and LPT outlet.

(3) The spool power balance are as follows:
The dynamics equation of low and high pressure spool:
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dn,

Bk N
dt

Nir7m — Ne 7(1)2‘]LnL
e (11

Nt 7w = Nep =Ne = Negr _(%) ‘]HnHKZO
where Nit and Nur are the generated powers from LPT and HPT. 5, and 5, is the mechanical
efficiencies of low-pressure and high-pressure spools. Nr, Nco, Nc, and Nexr are the power
consumptions of fan, CDFS compressor and accessories. J. and Jn are rotor inertias of low pressure
and high pressure spools. The involved nonlinear equations from Eq. (6) to Eq. (11) are solved by

Newton-Raphson method.

Adaptive VCE Model

VCE Model Combined with State Estimator

In the course of VCE service, foreign damage, corrosion of wet air, wear of blade tips and casing,
burning loss of turbine blades, warping deformation of hot-end parts, fouling of components and
other factors will cause the performance deterioration of the VCE. The efficiency and flow capacity
of rotor components, such as fan, CDFS, compressor, HPT and LPT used to depict performance
deterioration, which in turn lead to the avaliable measurements like speed, temperature and pressure.
Therefore, the magnitudes of engine gas path deterioration are obtained from the sensor
measurements, and the state estimator could provide a bridge between the unmeasurable feature
parameters and sensor parameters.

The VCE rotor components includes fan, CDFS, compressor, HPT and LPT, the feature
parameters SEi and SWi of these examined parameters are defined:

s, = sw = o
7 W,

where 7 and 7, are real and ideal component efficiencies, and w, and W," are real and ideal

component mass flows. Thus the feature vectors of the VCE is given h= [SE1 SW1 SE2 SW2 SE3 SW3
SE4 SW4] T, wherein subscripts i from 1 to 4 separately relate to fan, CDFS, compress and HPT.

The feature parameters are tuned to reach the consistency between the actual sensor measuremnts
and the model outputs. Since the VCE model is nonlinear, distributed extended Kalman filter
(DEKEF) algorithm is utilized to state estimation. As a result, an adaptive VCE model is developed
from the conventional componnet level model, and combined with the DEKF. The residuals
between the estimated from the VCE and its model drive the DEKF to compute the rotating
compoents’ feature parameters. The framework of the adaptive VCE model is shown in Figure 2.

(12)
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Figure 2. Adaptive VCE model combined with dekf

Distributed Extended Kalman Filter

The noninear component level model of the VCE is packaged to a dynamic link library, and the
discrete mathematical expression is given:

X = T XU ) + W,

Y = g(xk'uk)+vk

(13)
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where u, is the input vector at step k, and u= [Wr As A224 Aies]. The four elements are fuel flow Wr,
nozzle throat area As, front adjustable duct ejector area Az24 and rear adjustable duct ejector area
Auses. The state vector x= [nL nu SE1 SW1 SE2 SW2 SE3 SW3 SE4 SW4], and it contains component
feature parameters except for two spool speeds. The sensor measurements are y= [nL nH T21 P21 Tis
P1s T3 P3 Ts Ps], wherein T2: is the fan outlet temperature, P21 is the fan outlet pressure, Tis is the
CDFS outlet temperature, P15 is the CDFS outlet pressure, Ts is the compressor outlet temperature,
Ps is the compressor outlet pressure, Ts is the LPT outlet temperature, Ps is the LPT outlet pressure.

Wk and Vi are the process noise and measurement noise, and Q and R are related to their
covariance matrix, respectively. These noise follows Gauss white noise. All measurements are
divided into four groups based on the sensors’ locations, and that is to say, [N nH T21 P21], [NL nH
Tis P1s], [nL nu T3 Ps] and [nc nn Ts Ps]. The procedure of DEKF algorithm is given as follows.

(1) The state variables and covariance matrix are initialized:

0 :ﬁiilpo i=12+N (14)

where xo is the initial global state variables, Po s the initial error covariance matrix. N is the number
of groups in the DEKF, and g; =1/N.
(2) The update computation of local filter at step k:

Yok 1= f(§athis)

Pus=AR LA +Q

K =RueiC CRyiC +R)* (15)
o =ier K Y =0 Gt )

Ri=(1-K,C)R s

where Jacobian matrices A and Ci are calculated:

A0t o A,

. T o (16)
(3) Information fusion of local filters and the share of information in the master filter are given:
Pk—l — ZN: Pl—l
Ak =R ) Pi*klAi,k
%= R (i) (17)
-1
Rk =4 %
Xi, k =Xk

During the state estimiation process, step (2) to step (4) are iteratively executed.

Simulation and Analysis

The involved VCE model is evaluated in the six operating conditions in the simulation . Ten gas
path failure modes are added to the healthy VCE model to simulate performance deterioration. Table
| gives the typical operating conditions of the VCE, and Table Il shows the gas path failure modes.

Table 1. VCE operating point

Labels a b C d e f

Flight H=0, H=0, H=11km, H=11lkm, H=10km, H=O0,
conditions Ma=0 Ma=0 Ma=15 Ma=1.7 Ma=2 Ma=0
Operating Single Double  Single Single Single Mode

modes mode  mode mode mode mode switch
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Table 2. Gas path failure modes of the VCE.

Labels [ 1l 11 v \Y% Vi Vil Vil IX X

SW>-1, SEs-0.7,
h SEi-1 E;-0.5, SW;i- SEz-1 SE;O.7 SW>-1  SEz-1 SWs-1 SV3V3-1 SEs-1  SW,+l

Steady Behavior

The VCE runs at the operating points from a to e in Table | which relate to the steady behavior, and
the corrected nn is equal to 100%. Figure 111 shows the estimated state variables and outputs from
the adaptive VCE model at the operating condition 4. The gas path deteration mode VIII is
introduced to the VCE at 6s.
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Figure 3. The adaptive VCE model tracking results at the operating condition 4

In Figure 111(h), the relative error mean of thrust is about 0.061%, the average value of absolute
error is 0.00068, and the maximum deviation is 0.00285. The estimated Fn fluctuation is small
around its real value. Besides, the estimated feature parameters of the examined components also
move around the actual deteriorated status at the operating condition 4 in the steady behavior. In
addition, the performance index of root mean square error, called RMSE, is introduced to reveal the
model tracking accuracy. Table Il gives the RMSE of adaptive VCE model output at the operating
conditions from a to e in steady states. As seen from Table 111, the RMSE are all below 0.03, and it
indicates the adaptive VCE model could provide satisfactory tracking accuracy during performance
deterioration.
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Table 3. RMSE of the adaptive VCE model in steady states

Operating Gas path deterioratin modes

conditions | 11 111 1V \ VI VIl VI IX X
a 0.0161 0.0171 0.0172 0.0162 0.0162 0.0175 0.0177 0.0181 0.0182 0.0168
b 0.0205 0.0224 0.0238 0.0239 0.0199 0.0269 0.0214 0.0283 0.026 0.0255
c 0.0182 0.0206 0.0193 0.0194 0.0205 0.0188 0.0194 0.0191 0.0180 0.0182
d 0.0192 0.0192 0.0200 0.0176 0.0184 0.0191 0.0201 0.0177 0.0197 0.0186
e 0.0170 0.0185 0.0218 0.0176 0.019 0.0204 0.0174 0.0187 0.0174 0.0181

Transient Behavior

As was mentioned earlier, the most interesting speciality of VCE is that the engine could operates
both in the turbofan and turbojet modes. There are two ducts as the VCE works in the turbofan
mode, and the air flows to both of the bypass and core ducts. The turbojet mode is related to the
single core duct. In this paper, the mode switch process is examined from the double ducts to single
duct, and then moves back to double ducts. The fuel flow varies during the mode switch process,
and it is recognized as the transient behavior. The simulation time is 50s, and the sudden gas path
degrdation mode |1 is added at 5s. The turbofan mode converts to the turbojet mode at 10s, and it
lasts 3s. As 30s, the VCE changes from the single duct to double ducts mode, and it also lasts 3s.
The simulation results are shown in Figure 1V.
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Figure 4. The adaptive VCE model tracking results in the transient behavior

From Figure 1V(c), the relative error mean of high spool speed is about 0.088% from 10s t013s,
and the maximum of absolute error is 0.00132. It indicates that the adaptive VCI model track the
actual VCE output well during the mode switch process that is from the double ducts to single duct.
The relative error mean of ny is about 0.023%, and the maximum of absolute error is 0.00104 from
30s to 33s in Figure 1V(c). Throughout the whole simulation process, the relative error mean of nn
is about 0.069%. When it comes to the remaining physical parameters, we find that the estimates
from the VCE could also closely track their real curves. Hence, it illustrates the adaptive VCE
model could generate the satisfactory tracking accuracy during the mode switch process in the
transient behavior.
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Conclusion

DEKEF algorithm is designed and applied to build up the adaptive VCE model. The objective is to
provide an adaptive VCE model to track the real engine with high enough confidence as
performance deterioration during its life time. The modeling methodology consists of nonlinear
component level model and state estimator of DEKF. The simulation is carried out on the VCE in
steady and transient behaviors, and the results indicate that the adaptive could provide the accurate
state estimates and outputs. It confirms the effectiveness of the adaptive dynamic modeling way.
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