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Abstract — This paper deals with an automatic system
for a jet engine’s speed control during its
acceleration/deceleration, independent of the engine’s
fuel pump, but connected to the engine's (single) spool.
Starting from the functional scheme and the functional
block diagram, one has established the system’s non-
linear mathematical model, the linearised and the non-
dimensional mathematical model; based on this model,
the block-diagram with transfer functions and the
system’s transfer function were issued. A stability study
was performed, which has determined the system’s
stability domains.
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1. INTRODUCTION

Modern aircraft gas-turbine engines, particularly the
jet engines, have as most important controlled

parameter the speed n, both for various flight speeds
and flight altitudes. The control parameter is, for
most of the systems, the injection fuel flow rate Q,.

Especially during the dynamic regimes (for example
the starting regime and the acceleration/deceleration
regimes), a very important matter is also its variation

speed,%, because of the possible side effects
concerning the combustor gases’ temperature, which
can overheat the turbine’s blades. So, the speed
control systems, based on the injected fuel flow rate
control, must be completed with additional fuel
control systems based on another control parameter,
such as the air flow rate, the fuel’s injection pressure,
the compressor’s total (or static) pressure ratio, or the
engine’s speed itself.

Figure 1 shows a constructive-functional scheme for
an acceleration controller, based on the injected fuel
flow rate’s control, with respect to the engine’s
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Figure 1: Controller’s constructive-functional scheme
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rotation speed. The engine’s acceleration controller’s
main parts are, as follows: a) engine’s speed
centrifuge transducer; b) single active chamber
actuator, with c) rigid feed-back; d) slide-valve com-
mand organ; e) fuel dosage rotation valve.

The controller operates opening/closing the dosage
valve, according to the engine’s speed’s increa-
sing/decreasing value.

2. SYSTEM’S MATHEMATICAL MODEL

2.1. System’s motion non-linear equations

The non-linear mathematical model consists of the
motion equations for each above-mentioned subsys-
tem, as follows:

- speed centrifuge transducer’s equation

d’x  _dx
F‘L‘p_SCpC_mS?_éaz()’ (1)
- flow rates’ equations
Ql ::ule\lzpil‘\/pa_p(‘ > (2)
) =
Q) =ty = "N2P NP~ P s €)
0 =ubz\2p"\p, 4)
0=0+0,, Q)
- C pressure chamber’s equations
dv, dp
= + V. =<, 6
0, & BV, & (6)
Vo=V =Sex, (7
- M pressure chamber’s equations
dv,, dp,
=—X 40V, —=, 8
O=—g Py ®)
Vi=Vy+S8z, )
- A pressure chamber’s equations
dav, dp
-0 = +p/V, ==, 10
Q-0 == =+ (10)
V,=V,—S,x, (In
- slide-valve’s equation
d’z  _dz
S\p.+ kﬁ(z +u)—k7(v—z)—ml e —fa =0, (12)
- actuator’s equation
d’y L dy
SApA_kSy_mz dr? _55209 (13)
v=ky, (14)

where F, is the axial force due to the centrifuge
masses rotation, which expression is, according to [7]
and [8], F,=F,(nx)=(K +Kx)'s p.pe.py -
pressures; S..,S,,S, —pistons’ surfaces; p, -supplying
pressure (assumed as constant); V,,V,.,V, — pressure
chambers’ volumes; [ —fluid’s compressibility co-
efficient; S —fluid’s density; Q,,0,,0,,0,,0. —fluid
flow rates; u,, u,, 1, — flow rate’s co-efficient; L,b—
slide valve’s slot width; d, — drossel’s diameter; & -
viscous friction co-efficient, m, —actuator’s mobile
ensemble’s mass, m, —pressure sensor’s mobile slide
valve’s mass; k,,k,,k, -spring elastic constants; x-

sensor’s slide valve’s displacement; z-transducer’s
slide valve’s displacement; u-pressure sensor’s spring
preset; y-actuator’s rod’s displacement, v-lug’s
displacement; k&, —rigid feed-back’s co-efficient,

based on the cam’s profile.

2.2 Linear mathematical model

The above-described 14 non-linear motion equations
are building the system’s non-linear mathematical
model, very difficult to be used for studies.
Assuming the small-disturbances hypothesis, one can
obtain a linear form of the model; so, assuming that
each X parameter can be expressed as
2 n
X=X, +%+ (A;() +...+ (AX) R
n

(13)

(where X, is the steady state regime’s X-value and
AX -deviation or static error) and, neglecting the
terms which contains (AX)",r > 2, one obtains a new

form of the equation system (1)...(14), particularly in
the neighborhood of a steady state operating regime,
as follows:

d? d

b An =k, Ax =S, Ap =y < Ax— £ Ax =0, (15)
AQ, = kAx—k Ap, (16)
AQ, =—SciAx+ﬂVcoiApC, (17)

dr dr
80, =S Lnce gy, Lap., (13

dr dt
AQ, = AQ, +AQ,, (19)

S Ap. +k,(Az + Au)—k,(Az + Av)—
d? d

A= £ Az=0, (20)
Av=kAy, @1
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AQ =k Az+k Ap,, (22) Av=k,Ay, (30)
AQ, =k, Ap,, (23) —kAz=Sshy+[pV s+ (k,, +k,)Ap,, (31)
SAp,—(ms*+&+k)Ay=0. (32)

d d
AQ,—AQ =S, —Ay+ iV, —Ap,, (24
0, —AQ, Y ot i (24)

. ) . = AX
Using, also, the generic annotation X =——, the

2
S.Ap, kv —m - ap-eLay—0. (25) X,
dr dr above mathematical model can be transformed in a
The above system’s used annotations are: non-dimensional one:
. (apw j Y [an)J . ki —k.pe — (I} +2T,0,5+ 1)K =0,  (33)
Tolon ) Lo ), k (Ts+)F=rsz+(cs+p.,  (34)

k., :(%} =120 (D, = Peo); ke.pe + kg —kv=(17s +2Tws+ 1)z, (35)
0

v=k,y, (36)
k, = (6QIJ HLlx2p” (5@] pbz2p™ ~k,z=15+(Ts+1)p, (37
e — | A B cA: ~ = > .
e )y 24P, = Peo Pi)y  2NPa k,p, =T +2T,05+1)7 . (38)
Based on this mathematical model, one has built the
_ [GQ‘) J 27! (26) block diagram in fig. 2, where the annotations are
94 — | A Y o i
P, 8y(p. - p, k. n
. .0 0 . kn = > kc = SCPCO > Ts = T > 2Tsa)0 :i9
Substituting the expressions for 0,,0,,0,,0,,0. in K X, k,,.x, k.. k..
the equations (15), (19), (20), (22)...(25) and
applying the Laplace transformer (s being the image k, = M’ T = S_C, T = S_I, T.= M’
of the derivation operator), one obtains the linear C kepeo T kT ke

form of the mathematical model, as follows:

2 ) k.o = SlpC() k= k(,uo k= k7V0
Fonlin = Scpc s + S5k Jor =0, 27) ok +k)z, (kv )z, (k k)z,

(SCS+k1r)Ax:SlSAZ+[ﬁ(VCO +VM0)S+k1C]ApC’ (28)
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Figure 2: Controller’s block diagram with transfer functions
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k (T, st+1)

Figure 3: Simplified block diagram with transfer functions

T2 = &’ 2T2a)0 :é’ km =—erZO s
kx ks ) (k9A +kr'A )pAO

T = SAyO T _ IBI/AO k — SApA(l .(39)

' (km + krA )p,m T (kgA + km)’ » kxyo

2.3 Simplified mathematical model

Based on some practical observation, one can make
some supplementary hypothesis that could be further
involved in the mathematical model simplifying.
Thus, the hydraulic fluid is a non-compressible one,
so =0 the inertial effects are very small, as well as
the viscous friction, so the terms containing m and &
are becoming null. The fluid flow rate Q, is very
small, comparative to the actuator’s fluid flow rate
Q2 5 SO Q1 ~ QZ N

So, the new, simplified, equations system is:

ki—k.p.=%, (40)
k,(Ts+D)x=1r52+p,, (41)
ko p, +kiu-kv=z, (42)
V=k,V, (43)
~k,Z=T1+p,, (44)
y=k,p,. (45)

System’s simplified block diagram with transfer
function is presented in figure 3.

3. CONTROLLER’S TRANSFER FUNCTION

Observing the simplified model’s equation’s form, as
well as the block diagram in figure 3, one can affirm
that the fuel’s dosage valve’s opening y depends on
the engine’s speed n, as well as on the slide-valve’s
spring (6) pre-tension, through the adjustment u.

So, after favorable substituting between the above
equations, the system becomes a single-equation one,
which has the form:

(bls +b, )ﬁ —csu

; , (46)
a,s" +as+a,

y:

where

77
a,=k,7.7,, 47)
a, =t +k,(c,p, —k kK, +kkz.), (48)
a,=p, 1~k k, k, k), (49)
b =k, k k. k kT, (50)
by =k k, k.k,k,, (51)
¢ =k, krz_, (52)
T =kk. T +k.7,, (53)
p, =k,k +1. (54)

Based on this single equation, one has built the
equivalent block diagram in figure 4.

7 bstb,
> 2
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u ¢S
N —
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Figure 4: Equivalent block diagram
with transfer functions

As far as the adjustments are made before the engine
becomes fully operational, during the ground tests,
one can affirm that the opening y depends only on the
engine’s speed 7, so one can define only one transfer
function for the system, the one with respect to the
speed,

bs+b,

— S (55)
as +as+a,

H,(5)=2 -

Its characteristic polynomial has 2™ degree, so the
system is a second order one.
Its main part, the actuator, can be described as a first
order subsystem
H)=2=—1 (56)
Z T,5tP,

The actuator’s time constantr, and its stability co-

efficient p,. have the forms:
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S, » [2
7, =—A—z [T (57)
/u,-b\lpAo Z P
- k(ky, +K,) y, /g. (58)
#bS P, Z

4. ON CONTROLLER’S STABILITY

One can perform a stability study, using the Routh-
Hurwitz criteria, which are easier to apply because of
the characteristic polynomial’s form. So, the stability
conditions are

=k,7,.7,>0, (59)
a=t.+k, (ry p, —k kk 7. +kk,z)>0, (60)
au - ( k kAzknkv) (61)

The first condition (59) is identical accomplished, the
two time constantsz .,z , as well as the co-
efficientk, , being always positive.

The second condition leads to a relation between the
two time constants, 7,., 7., which has the form

ar, +pPr.+y>0; (62)

this inequality represents, in a co-ordinate system
(TW —TZ), a semi-plan (see figure 5), limited by the

line of equation ar,+pf7r.+y=0, which co-
efficient have the forms
g=1+5Pe (63)
4k,
Tar
UNSTABLE
( ar)ma A C -
\
\B
)
STABLE
UNSTABLE
] 2
% Z T
\\
a)

$:8,P,Pcy
=Pl 64
ﬂ 2(k6 + k7 )karzzg ’ ( )
:Sépa[(k9A+k )_kSZ ] (65)

Mk, , +k ek k_ v,

8N epe

This line has a negative slope and intersects the axis

in A (— z ,0) and B (0,——) .
p a

The last condition (61) leads to

ko k ok k (kek, +1)—kok, <1, (66)
equivalent to
2
145¢Ps |y kki ke, >0,(66)
4k, key(k, + ke, Nk, , + &, )

which represents, as figure 5 shows, a semi-plan
limited by a line of equation

— ks (ks + k7 XkQA + km)y_

v kk.k’ z,

0

(67)

intersecting the vertical axis of the co-ordinate

k(e + &, Ky, +K,,) v0
ke, k2 z,

So, one has revealed the maximum value of the
actuator’s time constant, above which the controller
becomes unstable.

According to the specific values of the co-efficient,
two situations can exist, as figures 5.a and 5.b shows,
each one representing a specific shape of the stability
domains.
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Figure 5: Controller’s stability domains
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7|

figure 5.a. Otherwise, if (z'm) <, the stability
a

max

domain is the one in figure 5.b. In this case, the
stability domain was displaced to the right, the
intersection between the two lines, (62) and (67), is
D, which has as significance the minimum value of
the time constantz_, that means the minimum value

for stability,

1
(Tz )mm == [7/ - a(Tar )mz\x ] ° (68)
B
The condition for non-periodic stability,
al —4a,a, >0, (69)

gives a more complicate form, but can offer some
new conditions for the actuator’s time constant
choosing, even in the pre-design stage.

CONCLUSIONS

One has studied an engine’s acceleration controller,
which operates as fuel’s flow rate’s growing speed
limiter, based on the engine’s speed information.
Controller’s non-dimensional mathematical model,
linearised and simplified, leaded to a second order
transfer function.

The stability studies, which are realized based on the
algebraic criteria Routh-Hurwitz, are showing the
stability domains, depending on the actuator’s time
constant.

Furthermore they are offering, indirectly, some pre-
design information concerning the actuator’s
geometry and performance, starting from imposed or
choice time constants and stability constants of the
involved actuators.

References

[1] Abraham, R. H. Complex dynamical systems, Ae-
rial Press, Santa Cruz, California, 1986.

[2] Lungu, R. Flight apparatus automation, Publisher
“Universitaria”, Craiova, 2000.

[3] Mattingly, J. D. Elements of gas turbine pro-
pulsion. McGraw-Hill, New York, 1996.

[4] Stevens, B.L., Lewis, E. Aircraft control and
simulation, John Willey Inc. N. York, 1992.

[5] Stoenciu, D. Aircraft engine automation. Aircraft
engines as controlled objects, Publisher of
Military Technical Academy, Bucharest, 1977.

[6] Stoenciu, D. Aircraft engine automation. Album
with automation schemes, Publisher of Military
Technical Academy, Bucharest, 1977.

[7] Stoicescu, M., Rotaru, C. Turbo-jet engines.
Characteristics and control methods, Publisher of
Military Technical Academy, Bucharest, 1999.

[8] Tudosie, A. Aerospace propulsion systems auto-
mation, Inprint of University of Craiova, 2005.

244





