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Abstract: In order to make the power level angle (PLA) have the same bijection relationship with the

thrust when the environment changes before operational limit exceedance, and ensure the pilot’s ability of unre-

stricted throttle movement as well as the safety of the engine. a method used to design a constant thrust power

schedule was proposed. The research was based on a simulink turbofan engine model and the results were or-

ganized as look-up tables in different structures with limitations. Simulation was done to confirm the validity

and demonstrate the effectiveness of the schedule obtained with the approach. The constant thrust takeoff

schedule, constant thrust idle schedule and constant thrust part power schedule with the present constant

thrust control (CTC) method were proved to be valid. The results can be applied to this specific engine but the

method can be applied to any areoengine and can be even extended to the unmanned plane.

Key words: power schedule; constant thrust; turbofan engine; operational limitations; control method

CLC number; V233.7

Nomenclature

H/km altitude

AT/K the difference between the tempera-
ture at the sea level and 288. 15K

W;/(kg/s)  fuel flow in the combustor

T:/K turbine exit temperature

Nico/ %0 corrected fan speed

Ma Mach number

p1/kPa inlet total pressure

T, /K inlet total temperature

pu/kPa environment pressure

T./K environment temperature

Niema/ % rotation speed command of the fan

In the primary control loop of a gas turbine
fuel control system, the reference command is
calculated based on the throttle position set by
the pilot which means the pilot’s power re-
quest'’!. That calculation is called power setting
logic and it is divided into three basic logic
paths: takeoff (TO) power schedule, idle power

schedule and part power schedule.

Received:2016-05-04

Document code ;

T,/K total temperature before the fan
Tsnnn /K temperature limitation after the turbine
Nicoriaie/ Y0 N in idle condition

Nicor /% Ny in takeoff condition
JV](’UYJ;:\H/% N in part power condition
Fiq./daN thrust in idle condition

F,.,/daN thrust in takeoff condition
F,../daN thrust in part power condition

F oommalizea normalized thrust

Ts . normalized normalized turbine exit temperature
a/ (") power level angle

The TO power schedule is most commonly
expressed as a function of ambient temperature
and the altitude™ . That function is always or-
ganized as a look-up table in modern fuel control
system. The idle power schedule sets the refer-
ence value of the minimum steady-state power
for an engine and the result also is a schedule or-

ganized as a look-up table. The part power
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schedule refers to the engine power that corre-
sponds to any throttle position between the idle
and the TO power is an interpolation between
the idle power schedule and the TO power
schedule with respect to the power level angle
(PLA).

In general, the demand of thrust is same
when a plane takes off or taxiings. However,
the environment which influences engine’s per-
formance varies widely at different airports. For
example, the lowest airport in China is the Tur-
pan Airport whose altitude is — 155 m and the
highest airport is the Daocheng Yading Airport
in Sichuan province whose altitude is more than
4km. When the planes are stopped in these two
airports, the inlet pressure of the former can be
1. 77 times more than the latter. Moreover, the
temperature varies in different seasons. In the
history of China, the lowest temperature 'is
220. 85 K. The highest temperature is 322. 75 K
and appears just in the airport in Turpan. As a
result, constant thrust TO power schedule and
constant thrust idle power schedule are needed.

However, the demand of TO thrust may
change in some condition.  One of the examples
is the flex takeoff which means reducing some
power during the process of takeoff. The flex
takeoff has important meaning for the life of the
turbine rotor blades. There are experiment re-
sults showing that if the TO thrust reduces 5% ,
the life of the turbine rotor blades will increase
25% and if the TO thrust reduces 10%, the life
of the turbine rotor blades will increase 40 % 7.
Therefore, constant thrust part power schedule
used in conditions like flex takeoff is needed.

Constant thrust power schedule!"” which is a
combination of constant thrust TO power sched-
ule, constant thrust idle power schedule and
constant thrust part power schedule is present.
Constant thrust power schedule means that the
reference value of the primary control loop chan-
ges with the inlet condition to make sure the
thrust is constant in particular condition in this
paper. It is important because it gives the pilot

the ability of unrestricted throttle movement

without considering the environment. In other
words, the purpose of the power logic schedule
is that the pilot can obtain the thrust he or she
desired by moving the power level angle (PLA).

In Ref. [ 2], the author mentioned that be-
cause of the dependency of the inlet condition,
the power setting reference value at each throttle
position must be made as a function of the ambi-
ent pressure, the ambient temperature and the
aircraft Mach number, but in most commonly
condition, it is expressed as a function of the
ambient temperature and the altitude. In Ref.
[5]. simulation was carried out to prove the cor-
rectness of this theory but how to get the sched-
ule is not mentioned.

This paper researches on the way of getting
the power setting schedule, which promises the
performance as well as the safety of the en-
gine'™ , based on the theory above and a Matlab/
Simulink model of a turbofan engine whose va-
lidity has been proved before the research of this
paper with the knowledge of the fan rotor speed
at the design point and temperature limitation.
The limitations like overspeed and any other op-
erational limit exceedance are not included in this
paper because they are the same as the tempera-
ture limitation and are very easy to be added
with the method in this paper. It should be noted
that any valid model can be used to substitute
the model here without influencing the research

process.

1 Model description

Nonlinear engine models are the basement
The plat-

form for the following research is built with

of aeroengine simulation research' .

Matlab/Simulink with the turbofan engine non-
linear model above so that the research can be

(10127 The inputs and outputs of

done graphically
the model are shown in Fig. 1. The inputs are the
environment condition H, AT, the control vari-
able W and any other inputs, named as OtherIn-
puts, make the model work but are not con-
cerned in this paper. T5, Thrust and N, are

the output parameters needed to be recorded.
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Other outputs not concerned in this paper,
named as OtherOutputs, are also shown in Fig.
1. Therefore, the nonlinear model can be de-

scribed as Eq. (1).

H Thrust F

AT
) N F—b—CD
Input W Output

OtherInputs OtherOutputs —»

Model
Fig. 1 Simulink model of the engine
[ Thrust N, OtherOutputs| =
f(H,AT,W,,Otherlnputs) @D)

In common condition, H, AT and Ma will
affect the inlet condition p; and T, together.
The Eq. (3) to Eq. (8)*"*) show the detailed re-
lationship of the parameters in Eq. (2) .

[p-T,]= g(H,AT,Ma) (2)

The Eq. (3) to (6) are used to calculate the
T, and p, at different altitudes.

When H<11km,

T, = 288 —6.5 X H+ AT (3)
pn = 101325 X (1 — H/44. 3)*? 4

When 11 km<CH< 20 km,

T, = 216.5+ AT (5)
by = Pu X e:(ll40fH),/'6.318] (6)

Where p;, =2.26X10" Pais the pressure of
the atmosphere at 11 km above the sea level.

Then, the inlet total temperature T, and in-
let total pressure p, can be calculated by Egs.
(7) and (8).

T, =T},><(1+K;1Ma2) %)

P = b X (1 +’%1Ma2)ﬁ (8

However, depending on the theory in Ref.
[2], Ma is not considered as a variable in the re-

search and is included in Otherlnputs.

2  Schedule design procedure

The purpose of the design is to make sure

that the PLLA has bijection relationship with the

engine thrust when the environment changes. In
order to include all conditions discussed in the
introduction and without lose of generality, the
range of AT is chosen as — 68 — 35 K and the
range of the altitude is selected as —1—4km in
the first step of the procedure in this paper. The
increment of AT is 1K and the increment of alti-
tude is 1km.

The design procedure is shown in Fig. 2. At
each situation, the N,., makes the thrust con-
stant, the 7y in Fig. 2, in TO condition is re-
corded as an element of the constant thrust TO
schedule. The Niu: makes the thrust constant in
idle condition is recorded as an element of the
constant thrust idle schedule. N,.. makes the T
the same as Ts..x» the n,s in Fig. 2, is recorded
as an element of the T limitation schedule.

The lower output values between the con-
stant_thrust TO schedule outputs and the T;
limitation schedule outputs at the same situation
consist of the TO schedule. The logic is shown
in Fig. 3 and the result is shown as a map in the
Fig. 4. The correctness of the schedule will be
tested in the next section.

The logicto generate the idle schedule is
shown in Fig. 5 and the result is shown in Fig. 6.
The validation of the schedule is also going to be
tested in the next section.

Part power schedule refers to the engine power
that corresponds to any throttle position between the
idle and the TO power. The simplest approach to
calculating the part-power reference command value
is to interpolate between the idle and the TO refer-
ence values with respect to PLA®) . Tt is expressed
by Eq. (9). This approach is called constant thrust
N control (CTNCO).

Nlmr,pm = Nlmr,idle +
(a— a\dlc) M (Nlcnrim _ Nlcnrﬁidlc)

Qo — Qidle

(9

Where @iy means ¢ in idle condition, a, means a
in TO condition and a,, means « in part power
condition.

A realization of obtaining the part power
schedule command of CTNC is shown in the

Fig. 7.
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/Read the range of AT and allilude/
‘ Define the AT and altitude as the minimum of the range
,#. ]
Calculate the N, and N .
and save the data ‘ Inorease the AT
Define the AT as the 1
minimum of the range
The AT is the maxmum in the range o
Increase the altitude [ Increase the altitude l
No
Fig. 2 Flowchart of the design procedure
H | Constant TO | Nyeor s ) — -
thrust schedule : :
44 + -
Tmitati N, ' » 1 Fevssstoini o T |
AT —> T limitation %—H\ _ 42 § : : :
schedule leor_te < )
“‘“E A0 b A0 i
Fig. 3 Logic of TO schedule =
38 1
36 P I I T e o e W .
120 3 Altitude
IIS_ i 34 1 L 1 L 1
-80 60 —40 =20 0 20 40
110} ATIK
105 Fig. 6 Map of idle schedule
1?,: (171 "UTSONIOE 390 VUSRI SOUVOOPOURNS: [OODRIOIOR SO,
95 L5y H =m ! rI.:m_(n_llmm
: thrust schedule
85 : Ault:}dh : : : Constant idle Teor_idle_thrust leor_ part_thrust
-80 60 —40 =20 0 20 40 AT "| thrust schedule
ATIK PLA N
- Icor_pan
Fig.4 Map of TO schedule » T limitation ¥ oor15
—*__ schedule i
) Fig. 7 Calculation procedure of CTNC
H [ Constant TO | Nicor to s

» thrust schedule

Y

— oor Ly .

schedule

Fig.5 Logic of idle schedule

Attention should be paid in this realization
is that Ny o and Ny iae come from the constant

thrust TO schedule and the constant thrust idle

schedule instead of the TO schedule and the idle
schedule because limitation is the same in all
conditions. Therefore, it should not be related
to the PLA. A part from the T; limitation in this
paper, it should be noticed that any limitation
should not be related to the a.

In order to improve the linearity between

the PLA and the engine thrust,another approach
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described as Eq. (10) is presented. This ap-
proach, relatively, is named as the constant
thrust control (CTC) in this paper.

(0( —a;(ne) . (Fm _ Fidle)

Qo Qidle

Fpart = Fq. T (10)

Where ayq. means « in idle condition, ai
means « in takeoff condition and a,,, means « in
part power condition.

The processof how to obtain the part power

schedule command of CTC is shown in the Fig. 8.

H F!u
F_“m 7
| Idle thrust = Eq.(8) W cor g
AT= PLA
* T, limitation it
~—»{ schedule

Fig. 8 Calculation procedure of CTC

It is illustrated in Fig. 8 that CTC is more
complex than CTNC because there is a 3-D look-
up table which can be described with Eq. (11).
It turns the thrust into N,., as well as takes en-
vironment condition into consideration.

Niow = f(H,AT,F) an

Although the 3-D look-up table should in-

clude the relationship between the thrust and
Ni.r at every H and every AT to make sure in
any environment condition the N, ensuring the
desired thrust can be obtained with the help of
the 3-D look-up table in Fig. 8, the number of
the data in the table will be very large if the
sampling points are as dense as what we have
done above. It is not allowed if it is contained in
the controller.

However, the effect of the AT is much
smaller than the other two factors and it will be
proved later. Therefore, the sampling points of
— 68, — 40,
—20, 0, 20K and 40 K. Then, the calculation

procedure for the 3-D look-up table is shown in

AT chosen in this research are

Fig. 9 and the dataof the look-up table is plotted
and shown in the Fig. 10.

In Fig. 10, we can see that the surfaces of
the N, data at different AT are almost coinci-
dent. An amplified part of the surfaces is shown
in the top left corner of Fig. 10 where the AT de-
creases from top to bottom.

When the « is the s the Niw pun equals
the N ia.. When the ais the ar,» the N par €-
quals the Ny ». Therefore, the logic shown in

/Iiead the range of AT, altitude and lhrust/

Define the thrust and

Define the AT, altitude and thrust as the minimum of the range |

altitude as the minimum

of the range

‘ Calculate the N, and save the data ‘

‘ Increase the thrust

Define the thrust as the
minimum of the range

Increase the AT

| Increase the altitude |
[y

No

The thrust is the maxmum in the range?

[y

No

Yes

[ Increase the altitude ]

The altitude is the maxmum in the range?

Fig.9 Calculation procedure for the 3-D look-up table
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Fig. 10 3-D look-up table for N, calculation

Fig. 7 and Fig. 8 is suitable for describing the
whole power setting schedule with the CTNC
and CTC.

3 Validation

An experimental program was carried out to
validate thethree power setting schedules. It is'a
feedback
structure is shown in the Fig. 11. The feedback

traditional negative system whose
signal is the N, calculated by the model which
represents the actual rotation speed of the fan.
The system simulation platform is built with
Simulink to find out if the schedule can always
make the thrust constant before reaching the
temperature limitation and whether the over

temperature will happen or not.

Environment :
prameters TO N N 1
PLA schedule| |correct

Fig. 11  Structure of the feedback system

Without loss of generality, the « is set to be
60 degree representing takeoff. Also, we assume
20 degree representing idle.

The simulation results of TO and idle are
shown in the Fig. 12 to Fig. 15. In the results of
TO condition, the thrust is hold constant when
inlet condition changes till the T; limitation is
reached. Then, the thrust decreases and the T;
remains unchanged. In the results of idle condi-
tion, the thrust is hold constant during the

whole simulation because the T;,.. will not be

exceeded in idle condition when 7T, increases
with the AT. It is exactly the same as designed.
They reflect that the schedule is valid.

When it comes to the part power schedule,
both of the CTNC and CTC should be tested. Be-

!qm-(m:l[uu!

1.00

1.1 0.95
1.0 S 0.90
209 NS 0.85
g
K 08 0.80
0.7
0% 0.75
-2 0.70
0
Pk 450 AT
Fig. 12 Thrust during the simulation of TO
5 normalized
1.00
T 0.95
1.0 0.90
=09 10.85
0.8
A 0.80
~ 0.7
0.64 0.75
50 0.70
gy -50 0.65
T N U
Fig. 13 T; during the simulation of TO
3 normalized
0.0548 0.05473
30,0547 0.05470
: 005463
k. 0.0546
0.05460
0.0545

50 0.0545

>50
27100 I

Fig. 14  Thrust during the simulation of idle

sides, although the part power schedule should
be tested in all @ between ajg.and a,, » for simplic-
ity, only the simulation results of part power
schedule when o« is 50 degree are shown in the
Fig. 16 to Fig. 19.

It should be noted that the vertical ordinates
of Fig. 12 to Fig. 20 are normalized parameters

which is normalized with Egs. (12) and (13).
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“m " 300 NS
Fig. 18 Thrust during the simulation of part power
Fig. 15 T during the simulati fidl
18 uring € Ssimulation oOr 1dle (CTNC)
Emlmulim]
0.76 5, normalized
0.75 1.00
0.80 0.74 0.95
2 0.75 0.73 1.2 0.90
s 0.72 N, [
E = 1.
w* 0.70 0.71 E 0.80
0.70 £08 0.75
0.65 0.69 (= 0.6 0.70
-2 0.68 . 0.65
69 ~100 [ o 67 04, 0.60
o 0 0.66 so [Mo.ss
450 ATIE 0.50

Fig. 16 Thrust during the simulation of part power
(CTOC)

5, normalized

1.00
0.95
0.90
0.85
0.80
0.75
0.70
0.65
0.60

Fig. 17 T during the simulation of part power
(CTC)
F
Fnormq ized T T~ (12)
alized F.

T

TS normalized — T ( ].3 )
Smax

The result of the CTC is the same as designed
while the result of CTNC is very different from
expectation. It is unable to make the thrust un-
changed when the inlet condition changes be-
cause the relationships between the N, and the
thrust are different when the environment chan-

ges as shown in Fig. 20. Same N, does not en-

42, 0 750
%m0 NI

Fig. 19 < T5 during the simulation of part power
(CTNO)
2 —_— .‘I:‘=4 km 1
— H=3km
- 08 SR ! H=2 km .
E —— H=1 km
S 06f — H=0km
8
=
E 04t
=}
z
0.2
0 i i i i i i L i i
20 40 60 80 100 120

‘;\‘I' JIr %

Lear

Fig. 20 Relationship between thrust and N, in

different altitudes

sure same thrust at different altitude. And the
3-D look-up table in the structure of CTC takes
this fact into consideration and modify the N,
with inlet condition to ensure the constant
thrust. It should noted that the influence of the
AT is relatively small and will not discussed

here.
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4 Discussion

First of all, although the N, has direct re-
lationship with the thrust™, the robustness of
the CTNC is unacceptable as shown in Fig. 18.

Another attention should be paid on the
difference between the relationship of the N,
and ¢ and the relationship of the thrust and « in
the CTNC and CTC.

For simplicity, only the result of the situa-
tion at the standard sea level is shown in this
part.

A series of steady state command N, of
these two control ways is recorded in each « and

is shown in the Fig. 21.

100
90 1
801

70+

N, /%

60
b/l

40,

SC

L —_

20 25 30 35 40 45 50 55 60
al(®)

30 i i ; ; i

Fig. 21 Different N, command of two approaches

As what is illustrated in Fig. 21, the com-
mand N, of these two control ways is very dif-
ferent when the o changes. The N,.,,command of
CTNC increases linearly when the « changes.
Meanwhile, when the CTC works, it is nonlin-
ear and the increasing trend decreases when the «
signal increases.

The thrust of this simulation is shown in
the Fig. 22.

As present in the Fig. 22, the relationship
between the o and the thrust of the CTC is much
more linear. Moreover, CTC has an advantage
that the TO segment is less sensitive to the « for
ease of manual throttle adjustment by the crew
or the operator”. This characteristic is impor-
tant because it means it will be more convenient

for the pilot to control the plane. In the other

lized

mornal

F

Fig. 22 Thrust of two approaches when o changes

hand, the thrust of the CTNC is much more sen-
sitive near the TO segment. It means the pilot
should be more careful when he or she tries to
reduce the TO thrust and more experience is de-

manded.

5  Conclusion

The procedure to develop aconstant thrust
power setting schedule was proposed in this pa-
per. Method taking operational limitations into
account was introduced and T limitation was
given as an example.

Validation of the TO schedule and idle
schedule was proved through simulation, and
the result of the experiment proved the schedule
had the ability to make the thrust unchanged as
the environment changes.

Besides the simplest CTNC, amore complex
but accurate way to get the part power schedule
named as CTC was present.

A simulation was done to check thevalida-
tion of part power schedules generated with the
CTNC and CTC. The CTC proves to be a better
choice in the constant thrust research power set-

ting schedule in this paper.
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