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Abstract −−−− The paper presents a single-spool jet engine’s 
rotation speed’s control system, which has integrated a 
fuel flow rate injection controller meant to insure the 
speed and the temperature limitation during the 
engine’s transient operating regimes. One has realized 
an improvement of the mathematical model for the 
system presented in [8] and, based on some 
experimental determination (for a VK-1F engine) and 
some graph-analytical estimation, one has elaborated a 
new non-linear model, respectively a linearized non-
dimensional model. One has also performed a stability 
study and computer simulations, which determines the 
new domains’ frontiers, comparing the system’s 
operating with fuel injection controller and without it.  

Keywords: jet engine, rotation speed, control, fuel flow 
rate, controller, flight regime. 

1. INTRODUCTION 

The integration of a fuel flow rate controller with an 
automatic rotation speed control system is meant to 
insure the limitation of the engine’s speed and/or 
temperature increasing, to avoid the overshoots. 
The paper deals with a single-spool jet engine, for the 
multi-spool engines the principles and the 

conclusions being similar. 
Figure 1 presents a scheme of such an integrated 
system, based on a classic structure, using a fuel 
pump with mobile plate, a centrifuge rotation speed 
transducer and a hydraulic servo-amplifier with rigid 
feed-back [8], [6]. The fuel flow rate injection 
controller assists the hydraulic servo-amplifier, 
discharging its right active chamber during its 
operation [10].   
System’s main parts are: 1-single-spool turbo-jet 
engine; 2-fuel injection ramp; 3-turbo-compressor’s 
shaft; 4-fuel pump; 5-fuel dosing element; 6-fuel 
tank; 7-centrifuge transducer; 8-centrifuge masses; 9-
transducer’s slide-valve; 10- feed-back’s spring; 11-
constant pressure valve; 12-rigid feed-back’s slide 
valve; 13- feed-back’s lever; 14-rotation speed’s 
transducer’s spring; 15-command lever (throttle 
connection); 16-glider; 17-STOP valve; 18-fuel 
injection pipe; 19-fuel pump’s actuator’s spring; 20- 
fuel pump’s actuator’s rod; 21- fuel pump’s actuator; 
22- fuel pump’s actuator’s piston; 23-pressure 
corrector; 24, 26-variable drossel; 25-sylphon; 27-
controller’s main  spring; 28- fuel injection 
controller; 29-controller’s elastic membrane; 30-
pressure intakes; 31-controller’s slide-valve. 
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Figure 1.Integrated system’s functional diagram 
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2. OPERATIONAL COUPLING BETWEEN THE 
SPEED’S CONTROLLER AND THE FUEL 
FLOW RATE CONTROLLER 

The essential equations for the controller’s 
identifying are [10] the slide-valve’s (31) motion 
equation and the fuel flow rate’s equation: 
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where 31S is the slide-valve’s (31) frontal area 
surface, ip -fuel’s injection pressure (acting on the 
above mentioned area), mp -active chamber’s pres-
sure, proportional to the compressor’s exhaust pres-
sure *

2p , ( )*
2ppp mm = , *

1p -compressor’s intake 
pressure, ry -slide valve’s displacement, mS -
membrane’s active area’s surface, rmk - spring 
(27)+membrane (29) connection’s equivalent elastic 
constant, cpM� -pump’s fuel flow rate, cM� -combustor 
injected fuel flow rate. 

Assuming the same simplifying hypothesis [10], 
regarding the inertial effects, the fuel’s 
compressibility, the viscous friction and the small 

*
1p value, it results, for Eq. (1) 

 rrmmmi ykpSpS =−31 . (3) 

The fuel flow rate’s expressions in (2) are, as 
presented in [8], [6] and [9] 

 nykM cpcp =� , (4) 

 iciCAicic pkppkM ≈−=� , (5) 

where y is the fuel pump’s command part (plateau) 
displacement, n -fuel pump’s and engine’s rotation 
speed, CAp -combustor’s static pressure (which can 
be neglected versus the injection pressure ip ), 

cicp kk , -amplifying co-efficient. 
From Eq. (3) and (5) it results 
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and, considering the fuel pump’s actuator’s 
simplified equation [6] as 

 ( ) rmsp ykyT =+1s/ , (7) 

Eq. (2) and Eq. (4), it results 
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which, considering also Eq. (2), leads to 
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means that fuel flow rate’s variation’s velocity is a 
function of the engine’s rotation speed, compressor’s 
exhaust pressure, but of the flow rate itself too. 
From Eq. (9), as well as from the observation that the 
compressor’s exhaust pressure is a function of cM�

too, it results  
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so a non-linear function of two variables n and cM� .
Figure 2 presents a graph-analytical relation between   
these two parameters, but under a non-dimensional 

form, that means that ( ) 
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VK-1F engine [11]. 
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3. INTEGRATED SYSTEM’S MATHEMATICAL 
MODEL 

The effects of the integrated controller’s operating 
could be revealed by the engine’s speed control 
system’s mathematical model’s modifications, which 
model was presented in [8]. 
Assuming that the compressor’s pressure ratio 
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express the exhaust pressure’s relative parameter as 
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controller’s block diagram with transfer functions, 
presented in [9], can be represented in an equivalent 
form, which lays in figure 3. 

The connection (17) is discharged by the controller’s 
slide-valve, so the fu3el flow rate through this one is 

 ( ) scArsrrrr ppyybQ −−=
ρ

µ 2 , (12) 

where rµ -flow rate co-efficient of the connector 
(17), rb -connector’s width, rsy -steady state value of 
the slide=valve displacement, Ap -fuel pressure in 
actuator’s active chamber A, scp -low pressure 
circuit’s pressure value (neglected versus Ap ).   
One assumes that a generic variable X has the form 

XXX ∆+= 0 , so, expressing like this each variable, 
the equation (12) becomes 
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The total fuel flow rate eliminated of the A chamber 
is rA QQ + , so the mathematical model’s equations in 
[8] will be modified, based on the same assumptions, 
as follows 
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Similarly, one can express the equations for the flow 
rate and the pressure in chamber B; adding those two 
equations, it results 

 =∆+∆−∆−∆ rsrszsx yKzKy
t

SxK
d
d

( ) ( )BA
p

prAp
BA pp

K
KK

pp
t

V
∆−∆










−+∆−∆= 1

2d
d

2
0β

(17) 

The non-dimensional form of the above equation is, 
after the Laplace transformation, 
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The new form of the integrated system’s 
mathematical model becomes ([8], [9], [10]) 
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Based on the above determined non-dimensional 
linear mathematical model, one has determined the 
block diagram with transfer functions, presented in 
figure 4. 
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Figure 3. Fuel flow rate’s controller’s equivalent block 
diagram with transfer functions 



108

4. INTEGRATED SYSTEM’S STABILITY AND 
QUALITY 

4.1. About actuator’s constants 

One can observe that both of the actuator’s constants 
are modified with respect to their initial forms [8]: 
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because in this case the constants /
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equivalent to 
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which leads to the condition for the maximum slide-
valve’s stroke ( )maxry
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The growth of the co-efficient prAK , obviously, 
inside the above determined limits, involves the 
growth of the /

spT and /
apk values (see figure 5), 

theoretically to ∞ , extreme value obtained 
hypothetically when prAK becomes equal to pK ,
situation which corresponds to the permanent 
actuator’s active chamber’s discharging, equivalent 
to the actuator’s inactivation. 

4.2. System’s stability 

Considering the actuator’s new transfer function as 

having the form 
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H
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1)s(
/

/

+
=
τ

, one can observe 

that the stability constant sρ has the same expression 
as in [8], similar to the one in [6],  
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but the new time constant /
sτ behave itself just like 
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spT , becoming bigger then sτ if the condition (30) is 

fulfilled 
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In a ( )ss τ,ρ frame, as the one in figure 6, built as it is 
shown in [6] and [8], the point representing the 
assisted actuator is horizontally displaced to the right, 
being possible to change its stability domain. So, 
rapid actuators, which have great stability constants 

sρ values and small time constants values, pass from 
the non-periodical stability to the periodical stability 
(see point A in fig. 6); in the mean time, slow 
actuators, which have small stability constants sρ
values and great time constants values, pass from the 
periodical stability to the non-periodical stability (see 
point B in fig. 6). 
The situation B represents the favorable situation, 
when the controller improves the actuator’s (and the 
control system’s) behavior; in opposite, situation A 
represents the unfortunate situation, when the 
actuator’s (and the control system’s) behavior gets 
worse because of the controller using. One can 
observe that the controller using is equivalent to a 
displacement to the left of the stability limits (curves 
I and II), displacement equal to 

 s

p

prA

p

prA

ss

K
K

K
K

ττττ
−

=−=∆
1

/ , (35) 

until them reach the new positions /I and /II . So, in 
order to assure an appropriate operating of the 
integrated system, one must choose the appropriate 
and convenient combination between the actuator’s 
constants, even in the pre-design stage. 

4.3. System’s quality 

The controller’s operating modifies the whole sys-
tem’s quality. One has performed some simulations, 
using VK-1 engine’s experimental and analytic data.  

Some of the simulation’s result, concerning the 
controller aided and non-aided system’s step 
response, are shown in figures 7 to 9. The step input 
for the engine corresponds to a throttle “step handle” 
(throttle’s instant displacement from its current 
position to its extreme position - maximum or 
minimum).  
Figure 7 shows the engine’s behavior (time response) 
for a constant flight regime (“at the ground” H=0, 
V=0), for step input, in two cases: 1-for a complete 
acceleration, 2-for a partial acceleration; system’s 
response is presented in both situations: without 
controller (dash-line) and controller aided 
(continuous line). One can observe that the engine is, 
in any case, a stabile system from the rotation speed’s 
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n point of view, but the non-aided system could have 
a periodical behavior, especially for the total 
acceleration. If the flight regime changes (flight 
altitude and speed are growing), the non-aided 
system becomes periodical stabile, which is not an 
appropriate behavior, but if the controller becomes 
active, the stability tends to regain its non-periodical 
character (see figure 8). 
Figure 9 shows the engine’s behavior in the same 
situations and flight regime from the combustor’s 
temperature *

3T point of view.    

5. CONCLUSIONS 

Starting from earlier studied automatic control 
systems for turbo-jet engines, one has performed 
some studies concerning mathematical models and 
simulations for integrated control systems, 
particularly for a rotation speed control system based 
on the fuel flow rate control and a specific fuel rate 
controller for dynamic (transient) regimes. 
For the studied case, one can make some important 
observations: 

- the integrated system (connection between the 
turbo-jet engine, the fuel pump and its regulator 
and the fuel flow rate controller) is a stabile 
system in any studied case; 

- system’s stability is both periodical and non-
periodical, but the controller’s using tends to 
transform the periodical stability into a non-
periodical one; 

- engine’s time responses are bigger for the 
controller aided one, so the engine becomes 
“slower” but safer, because of the overshoots due 
to the periodic behavior eliminating/diminishing, 

both for the rotation speed and (more important) 
for the combustor’s temperature. One can affirm 
that, in most of cases, the fuel flow rate controller 
has eliminated the over-speeding and the over-
heating, or brought them into acceptable limits, 
which makes the engine more reliable, extends its 
life and service duration and reduces its 
maintenance/overhaul costs; 

- the flight regime’s intensity’s growing makes the 
aided engine’s time response until 80% bigger 
than the non-aided one’s, but the advantages are 
the same, the periodic behavior being eliminated 
or diminished. 
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