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Abstract: Since ambient conditions vary in a wide range within the full flight envelope, the existing piece-
wise linear model (PLLM) , which is based on sea-level static condition with use of corrected parameters for oth-
er points in the flight envelope, cannot meet the accuracy for replacing the nonlinear model. To obtain more ac-
curate linear models, a method of partitioning the flight envelope over a grid of Mach number and altitude bo-
xes was suggested. Then, a set of linear models for a given operating condition was selected by picking the
nearest (Mach number, altitude) box in the flight envelope. Through the selected set of linear models, inter-
polating for power level based on a weighted sum of corrected rotor speeds can obtain a linear model with ac-
ceptable accuracy. Simulation results of different points within the full flight envelope showed that the maxi-
mum error between nonlinear model and the existing PLM was more than 50% , while the maximum error be-
tween nonlinear model and the improved PLM was within 8%. It is concluded that the improved PLM per-
forms accurately, especially under the non-standard conditions. In addition, the improved PLLM can satisfy the
real-time requirement better than the existing PLM.
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Nomenclature
Noe percent corrected high-pressure-rotor speed Vo engine inlet air flow velocity
Ny percent corrected fan speed V, nozzle exit gas flow velocity
F thrust of the engine H altitude
R engine intake air mass flow Hiuea  altitude of chosen condition
Wi fuel mass flow Ma flight Mach number
Weore core air mass flow Ma, flow Mach number at inlet section
Wiset bypass air mass flow May flow Mach number at nozzle exit
Po engine inlet total pressure Muayakea  flight Mach number of chosen condition
Dss compressor outlet static pressure ©(Ma) aerodynamic function
T total temperature k gas adiabatic coefficient
T, static temperature R gas constant
T, engine inlet total temperature B bypass ratio
Tos engine inlet static temperature a weighting factor to balancing m. and ny.
Ty nozzle exit total temperature 0 distance between two conditions
Tos nozzle exit static temperature K value of state schedule parameter
T ambient temperature difference K., serial number of optimal point
\% velocity K; serial number of selected row
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K; serial number of selected column

With the development of aero-engine design
technology, fault diagnosis and health manage-
ment increasingly attracted widespread atten-

L In general, fault diagnosis and health

tion
management require the airborne model with ac-
curacy as well as high execution speed®®. In
terms of the aero-engine modeling, although the
nonlinear thermodynamic models are the most
exact, linear dynamic models are still needed to
exercise controller hardware during system inte-
gration. Linear models are different from the
nonlinear models. They are computationally fas-
ter, thus able to operate in real time. However,
the above merit also bring about a shortcoming
that linear models could only be used in a very nar-

L9101 Tn order

row range of the operating conditions
to extend the range and make the linear models
available in the entire area of flight envelope,
these key challenges should be faced:

1) Get several linear models to ensure that
all operating conditions in the flight envelope are
covered.

2) Match the current operating condition
with the proper linear models at any time''"’,

3) Switch from one linear model to another

smoothly while the operating condition is var-

ying"
For the first challenge, the existing method

12-13]

suggests that classifying all conditions to two
types: standard sea-level conditions and other
conditions. Under the sea-level conditions, op-
erating points are chosen from idle to full pow-
er. For example, power range can be defined by
percent corrected high-pressure-rotor speed ny.
from 70% to 100%, where m.=70% represent
idle and m. = 100% represent full power. To
cover this power range, 7 operating points could
be selected of which the values are m. =70% .,
75%,80%, ++, 100%. As for the other condi-
tions, the existing method suggests that reduc-
ing the engine parameters to the sea-level condi-
tions by the similarity principle.

The second challenge is about the problem

M number of columns

of scheduling linear models. While the engine
model is running, there is a need to select the
proper linear models at any time. The states of
selected linear models should be close to the cur-
rent operating states so that the results could be
more accurate. To describe how close it is be-
tween two states, a special parameter is defined
as state scheduling parameter (SSP). Practical-
ly, ms is often used as SSP for convenience. In
the case of commercial engines with big fans,
percent corrected fan speed n. is commonly used
as SSP"*'. Moreover, SSP could be considered
as a function of all states"*,

Since the third challenge is not the focus of
this paper, no expansion will be followed.

To deal with the challenges above, piece-
wise linear model (PLM) in reference!'V, with
quite simply structure and high execution speed,
is the common approach in engineering. PLM

d""*'"1, however, the accura-

has been widely use
cy of the existing PLLM is unacceptable under the
non-standard conditions. The reason will be ana-
lyzed and the simulation result will be displayed
in later sections. To overcome the issue, this
paper devotes to proposing a partition method to
improve the existing PLLM, and the simulation

results verify that the accuracy of the improved

PLM is significantly increased.

1 Existing PLM

To make the linear models available in the
entire area of flight envelope, PLM has been
proposed. PLLM suggests extracting linear mod-
els at different operating points under standard
sea-level conditions, and scheduling them ac-
cording to the SSP. Overall, the quantity of op-
erating points determines the accuracy of PLM.
More points means more accuracy but slower
computing speed. If the actual operating condi-
tion is non-standard, PLM will still schedule lin-
ear models in the same way, just using the re-
duced parameters instead. In a word, the es-

sence of the existing PLM is scheduling linear



3044 Wi

¥

5]

AN [ 531 %

models under standard sea-level conditions.

As for reduced parameters, however, the
similarity principle cannot be applied in every
situation. The similarity principle requires a
fixed flight Mach number. When the flight Mach
number changed., some similar parameters lost
their similarities. For instance, the thrust simi-
lar parameter expression is the following formula

F_W /T [T, V. Vi

b B { T JT, VT,

Where subscript 0 means the inlet section,

Q)

and subscript 9 means the exit of nozzle section.

According to gas dynamics
ng = May/kR TS,
J

V, = May/kRT,, 2)

T,
T

= (Ma)

Where subscript s of temperature means
static parameters, no subscript s means total pa-
rameters. The formula (1) can be transformed
to the following formation (assume the gas adia-
batic coefficient k is a constant)

F_ WJT,
Po B Po

It is obvious that the thrust similar parame-

[ EﬂMas)—f(Mao)} (3)
T,

ter depends on not only corrected mass flow but
also Mach number.

When the flight Mach number keeps con-
stant, the speed similar parameter can use the
formula (3) to ensure that the thrust similar pa-
rameter is correct. On the contrary, the chan-
ging flight Mach number will cause error in pa-
rameter calculation because the similarity of the
air flow in each section of the engine has been
broken. Therefore, it is uncertain that the phys-
ical parameters in engine through conversion un-
der the similarity principle are precise in the en-
tire area of flight envelope.

Referred to formula (2), keep the Mach
number stable, and the gas adiabatic coefficient

is changed accompany with the temperature,

therefore, the similar parameter V/+/T cannot
On the other

hand, the parameter reduction error as referred

keep constant at every altitude.

before will become larger because of the variable

specific heat calculation in engine nonlinear
model™™,

In the aspect of reducing computation and
saving memory, applying similarity principle to
extend the range of the PLM from standard con-
dition to non-standard conditions maybe reasona-
ble. However, in the actual test, the error it

caused has beyond acceptable range.

2 A partition method for

non-standard conditions

Known that using reduced parameters to the
existing PLM under the non-standard conditions
may not meet the accuracy requirement, espe-
cially when the actual condition is far from the
standard sea-level condition. To describe the re-
lationship between different conditions, a con-

cept of distance p can be defined as

o= [ D w(X,—Y)? (4)
i=1

Where X and Y are two conditions, they
both have n parameters. And w;(i=1,++,n) are
the weighting factors depending on the impor-
tance of condition parameter. Since the atmos-
phere conditions can be determined by altitude
and Mach number (the same as inlet temperature
T and pressure p), the n in formula (4) is 2,
and formula (4) can be simplified as

o= Vw (X, =Y )+ w(X,—Y,)" (5)

Where subscript 1 is of the altitude while

subscript 2 is of the Mach number. In order to
make the distance easy to understand, a two-di-
mensional coordinate system is established, one
axis represents altitude H while the other axis
represents Mach number Ma. Then a point can
be used to describe an operating condition. And
when w, and wy are equals to 1, Euclidean dis-
tance between two points is just the distance we
defined between two conditions.

To avoid using the similarity principle in
such a large range, this paper proposes an im-
provement for the existing PLM, based on a
partition method.

PLM should take the non-standard condi-
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tions into consideration by adding non-standard
linear models instead of simply using reduced pa-
rameters. When breaking the entire area of
flight envelope into a collection of range-limited
areas, a set of points (Ma, H) can be used to
describe the divided areas, and each single area
corresponds to one point within the area. These
points are defined as reference points. The new
added linear models are constructed at every ref-
erence point, which means that each divided area
corresponds to a set of linear models (from idle
to full power at one condition) at its reference
point. Compared with the improved PLM, the
existing PLM that simply uses reduced parame-
ters just has one area, corresponding to one set
of linear models at reference point (0, Okm), as

shown in Fig. 1.

H4 Divided area Reference point
o [ [ e
/ o | o]

Flight envelope

L] L . L] ®

%\ . . L] L]

Reference point (0, 0 km) Ma

Fig. 1 Comparison of the existing PLM and the
improved PLM

It’s clear that the existing PLM just has
models at reference point (0, 0km), while im-
proved PLM has models at every reference
points. After partition processing., every reason-
able point (condition) can be located in divided
range-limited areas that contain reference
points. It is noted that distance between the
point and the corresponding reference point is
not very far away, reduced parameters can be
range-limited used as an approximate method in
every divided area.

For example,area can be partitioned with 1
km altitude intervals and Mach number intervals
of 0.1. As for a particular point (0.48, 5.1
km), reference point (0.5, 5km) could be got

according to the area in which they are both lo-

cated, as shown at Fig. 2. Then the parameters
are reduced from the particular point (0. 48, 5.1
km) to the reference point (0.5, 5km). After
that, linear models are scheduled at reference
point by interpolation, just like the way to
schedule the existing PLM.

(0.5, 6 km)

o The point of the given condition
% The selected point
® Reference points

H

Ma

Fig. 2 Example of a given condition (0. 48, 5. 15km)

The interpolation for the steady-state pa-
rameters and the matrix of linear model coeffi-
cients is according to the SSP. For a two spools
turbofan, the SSP can be defined as following
formula:

K = anie + (1 — @) nye (6)

Where K, is the value of the SSP, «is the
weighting factor depending on bypass ratio.

Essentially, ais the weight showing whether
N, or m. is the main factor to represent the state
of the engine. For the engine with lower bypass
ratio, m. is the major factor to influence the en-
gine state. When it turns to high bypass ratio,
n. stands out as the major one. Therefore, «
could be express as
_ W et _ 1 _

C Waa FWeo  1THWoo/Wae

_ 1
1+1/B

a

7

Where B is bypass ratio, W is the core air
flow while Wy, is the bypass air flow.

In summary, the algorithm of the existing
PLLM contains three steps.

1) To reduce the parameters from any con-
dition to the standard sea-level condition.

2) To calculate the SSP which is weighted

by corrected rotor speeds n. and n..
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3) To interpolate based on the SSP under
the standard condition (reference point at (0, 0
km)).

While the algorithm of the improved PLM
contains four steps.

1) To locate which condition is the nearest
condition according to altitude and Mach number.

2) To reduce the parameters from any condi-
tion to the nearest condition picked in step one.

3) To calculate the SSP which is weighted
by corrected rotor speeds m. and n..

4) To interpolate based on the SSP under
the condition picked in step one.

As can be seen, the existing PLLM schedules
linear models by the SSP, while the improved
PLM schedules linear models by (Ma, H) and
the SSP as well.

3 Scheduling method of the
improved PLM

The essence of scheduling linear models is
scheduling sets of data. Known that PLLM needs
two types of data, one type is for static perform-
ance represented by static data; the other is for
dynamic performance represented by matrices of
PLM coefficients. In terms of scheduling meth-
od, however, there is no essential difference be-
tween the two types of data. The main challenge
is determining how to select the proper data ac-
cording to a particular condition.

While proposing a method, not only detail
strategy should be described, but also the feasi-
bility in all aspects should be analyzed.

3.1 Strategy A

For any particular condition, a point can be
used to describe it, here it is named “marked
point” for convenience. The marked point is in
the same coordinate system as the reference
points. Since all the reference points have been
prepared, the directly way to pick up the proper
one is checking them one by one, using a varia-
ble to record the shortest distance between the
marked point and every reference point, and u-
sing another variable to record which reference

point breaks the distance record newly. After a

traverse, the optimal reference point will be got,
the distance between this point and the marked
point is the shortest which means the most similar

conditions. The strategy A is shown in Fig, 3.

Marked point
If current point is closer to marked point,

Ma=0.48 then record current point as optimal point

H=5.1 km

Traverse

Y

Ma=0.3
H=2 km

Ma=0 | Ma=0.5| Ma=0
H=1 km|H=5 km | H=0 km

Ma=0.5
H=0 km

Reference points

Fig. 3 Strategy A

3.2 Strategy B

To select the optimal proper point among
the reference points, it seems unnecessary trav-
ersing all reference points. Organizing data in
order is helpful to select the proper point effi-
ciently. Inspired by the correlation between two-
dimensional array and one-dimensional array,
the reference points in a two-dimensional table
are organized. Every row has the same number
of elements, and rows are sorted by altitude.
The elements in each row have the same alti-
tude, and sorted by Mach number. Now, the lo-
cating algorithm is defines as follows.

1) For any point, the altitude is Hyukeq and
Mach number is Manuked. It can be got that
H.ukea is the closest to the K;-th height by one-
dimensional interpolation;

2) In the K;-th row, It also can be got that
the Mapukea 1s the closest to the K;-th Mach
number by one-dimensional interpolation;

3) If the number of elements in a row is M,
the serial number K, of the optimal point can be
calculated as follows:

K., = (K,— DM+ K, €))

For instance, reference points have been
prepared in Table 1 (M= 3), and the marked
point for current condition is (0.48, 5.1 km).
According to the locating algorithm, K; equals 2
because the number 5.1 closest to 5. Likewise,
K; equals 2. At last, the serial number of the

selected reference point is 5.
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Table 1  Sorted data Obviously, strategy B is better choice.

w Mo K. After getting serial number of the selected
K; reference point, the improved PLLM could be cal-

km K;=1K;=2 K;=3 K;=1 K;=2 K;=3 ) o

culated just the same way as the existing PLM.

1 0 0 0.2 0.4 1 2 3
) 5 0.3 05 0.7 4 s 6 4 Simulate validation of the method
3 10 0.5 0.6 0.7 7 8 9 This section is to test the existing PLLM and

3.3 Analysis of memory consumption

Clearly, there is no difference between the
two strategies in terms of memory consumption.
They both need to store data of all reference
points, and the number of reference points de-
pends on partition plan.

Although the improved PLLM contains more
data, the memory consumption is totally accept-
able. As the result of practical test, one set of
linear models require no more than 50 kB of
memory. Assuming that N segments on the alti-
tude axis, M segments on the Mach number ax-
is, the total memory consumption of the im-
proved PLM is about 50N « MkB. Obviously,
there is no need to care about the issue of memo-

ry consumption.
3.4 Analysis of algorithm complexity

Computing speed, related to the real-time
performance, is quite more critical than memory
consumption. Clearly, computing speed is decid-
ed by the complexity of algorithm.

In terms of strategy A: this algorithm is
simple and easy to understand, but have to trav-
erse all reference points at every step. Assuming
that N segments on the altitude axis, M seg-
ments on the Mach number axis, this algorithm
takes time O(N « M),

In terms of strategy B: according to the
processes, the row with the nearest altitude is
located by one-dimensional interpolation. The
worst-case takes time O(N), and it will take
time O(log; N) using dichotomy method. Then
the point with the nearest Mach number is got in
the located row the same way which takes time
O(log, M). Therefore, this algorithm takes time
O(log, (N = M)).

the improved PLLM by simulation, and compare
them with the nonlinear model. Here is the top-
level structure of the simulation platform as

shown in Fig. 4.

A 4

EI

p{simout
y
J -5_ Output_NON

Tse Output
wi
N

N_NON

on-linear model

y
Ma i_ Qutput_EPLM
Tse Output N>

A i;‘ r 2—+¢‘

. 1 N_EPLM
Wi z
The existing PLM |
y
Ma -![- Qutput_IPLM
Tse Output N>
N N_IPLM

The improved PLM

EETS

1
wi z

Fig. 4 Top-level structure of the simulation platform

From top to bottom in Fig. 4 are nonlinear
model, the existing PLM and the improved
PLM. Three models have same input signals:
H, Ma, T.(temperature difference between the
sea-level local and the sea-level standard condi-
tions) and the normalized fuel flow W;. It can be
considered that T, always equals zero in this
tests, which means the temperature at zero
height is 288. 15 K. The output data of the three
models mainly contains the normalized static
pressure of high compressor outlet ps;,, normal-
ized thrust F, normalized EPR (engine pressure
ratio, m , normalized EET (engine exhaust tem-
perature, T..) s n. and n,.» which will be plotted

for comparison.
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A part structure of the existing PLM is
shown in Fig. 5 and a part structure of the im-

proved PLLM is shown in Fig. 6.

& o

QO »ff PH PR o] plp,
H »lweTH| BTH

o outpt | »(1)
fcn

Ma 12 P T2

[ ambient1 ’—b Output
@ @ CalcTotPara P+ Steady Data
Tse Ma Steady Output

Constant

Fig.5 Module for steady output of the existing PLM

In Fig. 6, the “scheduling method” module
is designed for calculating the serial number that
represents which one is the most appropriate ref-

erence point.

(€] H TH H
H Ma_ 2
@ CalcTotParaL 2

Ma (1)
PIH 4 ouput| ouput
i Ma fen
H_tab %number -—W{ number
Constant3 Ma_tab

Scheduling method

P1_T1_tab
P1_T1_tab

Constant4

1_1
Constantt Steady Data
SteadyData
Constant2 Steady Output

Fig. 6 Module for steady output of the improved PLM

The specific plan of the full-envelope tests
is listed in Table 2.

Table 2 Plan of the full-envelope tests

No H/km Ma T./K Fuel flow
1 0 0 0
ramp from idle to
2 11 0.4 0 full power, then
3 11 0.8 0 ramp from full
4 0 0.5 0 power to idle

In addition,

the simulation results are

shown in Fig. 7—Fig. 10.

Figure 7 illustrates the simulation results

under H=0km, Ma=0. Fig. 7(a) shows the in-
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put normalized W¢, while the rests of Fig. 7 are
some primary quantities including the normalized
static pressure of high compressor outlet ps,,
normalized thrust F, normalized =, normalized
Tes m. and m.. Every quantity is related to two
subfigures. The subfigure above contains three
types of curves, the solid line means result of
nonlinear model, the circle mark means result of
the existing PLM and the cross mark means re-
sult of the improved PLM. The subfigure below
shows relative errors, the solid line means the
error between nonlinear model and the existing
PLLM, while the plus mark means the error be-
tween nonlinear model and the improved PLM.
It can been seen from Fig. 7 that there is no
difference between the existing PLM and the im-
proved PLLM, which is because there is no need
to use the reduced parameters under H=0 km,
Ma=0. In fact, the improved PLM is now sim-
plified as the existing PLLM.

Figure 8 illustrates the simulation results
under H=11km, Ma=0. 4, just the same form
as in Fig. 7. Differences between the existing
PLM and the improved PLM can be seen in
Fig. 8, especially the thrust F and the m It
seems that the improved PLM performs much
better than the existing PLM, which confirms
the analysis in section “the existing PLM”.

Figure 9 illustrates the simulation results
under H=11 km, Ma=0.8. Apparently, the
improved PLLM shows better performance than
the existing PLLM.

Figure 10 illustrates the simulation results
under H=0km, Ma=0. 5.

proved PLLM shows better performance than the

Obviously, the im-

existing PLM.

The simulation results shows

1) Under the standard sea-level condition,
the existing PLM is just the same as the im-
proved PLM, as stated before. They both per-
form well, the agreement of main parameters be-
tween linear and nonlinear models is within 4%.

2) Under the non-standard condition, the
existing PLM shows poor performance. Al-

though the agreement of T.. and ps, is within

5%, other parameters are far away from the
nonlinear model. Conversely, it can be seen that
the linear model using partition method perform
well. The agreement of main parameters be-
tween improved PLM and nonlinear model is
within 8%.

The conditions tested is very near to the
boundary of flight envelope, that is to say, the
improved PLLM can be used in full area of flight

envelope.

5 Conclusions and further

development

In the testing process of PLLM, it has been
found that some reduced parameters won’t meet
the accuracy requirement when the operating
condition is far away from the standard sea-level
condition. After analyzing the usage of the simi-
larity principle, it is not appropriate to use the
reduced parameters. In order to avoid this a-
buse, a partition method has been proposed to
improve the existing PLM.

This paper has introduced the partition
method as well as the way to scheduling linear
models, by which an improved turbofan PLM
has been finished. After testing the PLM, the
simulation results show that the improved PLM
is the same as the existing PLM under standard
sea-level condition. In terms of non-standard
conditions, the agreement of parameter thrust
between improved PLLM and nonlinear model is
within 8%, while between existing PLM and
nonlinear model can be over 50% (thrust is the
most inaccurate parameter). The validation re-
sults indicate that the improved PLM is much
more accurate than existing PLM under the non-

On the other hand, the

computing speed of the improved PLM is much

standard conditions.

faster than nonlinear model.

This study does not address the following
problem

1) Smooth the output of model when the in-
ner linear system switched.

2) Take different partition plans into con-

sideration, and analyze the impact on the model.
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These would be areas for further investiga-

tions.
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