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NONLINEAR OBSERVER IN CONTROL SYSTEM 
OF A TURBINE JET ENGINE 

The time period of a jet engines full acceleration (from idle run rotating speed to 
full thrust) is a very important operational parameter. Minimization of this period is an 
important problem to be solved during the design of the fuel supply and control 
system. There are many methods of acceleration process control, especially in the case 
of engines with complicated design configurations. This work presents the problem of 
acceleration of a simple, single spool turbine jet engine with a so-called stable 
geometry, in which only one input (control) signal exists - fuel flow rate. Two 
methods of acceleration control consisting of limitation of the maximum allowable 
temperature of working medium in front of and behind the turbine in transient states 
were analyzed. In order to avoid diffi culties associated with the direct measurement of 
actual temperatures, the so-called nonlinear engine observer was applied. With the use 
of the computer simulation method it was proven that the control algorithm with the 
limited maximum temperature in front of the turbine makes it possible the shortening 
of the acceleration time period significantly in comparison with a similar algorithm, 
that realizes the limitation of temperature behind the turbine. 

NOMENCLATURE 

Cp23 

D 
G2 
G2r 

average specific heat of the working medium in the combus­ 
tion chamber, 
convergent nozzle, 
mass flow rate of the working medium at the compressor outlet, 
reduced mass flow rate of the working medium at the 
compressor outlet, 
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- mass flow rate of the working medium at the combustion 
chamber outlet, 

- reduced mass flow rate of the working medium at the 
combustion chamber outlet, 

- fl ight altitude, 
- polar moment of inertia of turbine-compressor assembly, 
- isentropic exponents, 
- combustion chamber, 
- steady state curve, 
- Mach number, 

n - rotational speed of the rotor, 
nsr - reduced rotational speed of the compressor, 
nsran - initial rotational speed of the rotor, 
n , - reduced rotational speed of the turbine, 
Pl total pressure of the working medium m front of the 

compressor, 
- initial total pressure of the working medium behind the 

compressor, 
- total pressure of the working medium in the convergent 

nozzle, 
- average initial total pressure of the working medium in the 

convergent nozzle, 
- ambient pressure, 
- fuel flow rate, 
- fuel flow rate during full acceleration with the limited T3 max, 
- fuel flow rate during full acceleration with the limited T4max, 
- gas constant, 
- total temperature of the working medium at the engine inlet, 
- total temperature of the working medium in front of the 

compressor, 
- total temperature of the working medium behind the com­ 

pressor, 
- total temperature of the working medium in front of the turbine, 
- maximum allowable total temperature of the working medium 

at the combustion chamber outlet, 
- initial value of total temperature of the working medium in 

front of the turbine, 
- total temperature of the working medium behind the turbine, 
- maximum allowable total temperature of the working medium 

behind the turbine, 
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T4start initial value of total temperature of the working medium 
behind the turbine, 

- temperature of the working medium measured with the use of 
the thermocouple set, 

u 1, u2, u3 iteration error, 
V fl ight speed, 
w1, w2, w3 - ampli fi cation factors of iterative loops, 
Wo - fuel heat value, 

T4t 

Wu 
bP 
bT12 

- compressor bleed coeff icient, 
- fuel pressure drop through the injectors, 

increase of temperature of the working medium fl owing 
through the compressor, 

IT - compressor pressure ratio, 
Estart initial value of decompression pressure ratio of the fl ow 

through the turbine, 
£ - decompression pressure ratio of the flow through the turbine, 
q> - convergent jet nozzle fl ow ratio, 
11ks - effi ciency of heat emission in the combustion chamber, 
17 t i sen tropic effi ciency of the turbine, 
a 23 - coeffi cient of total pressure retention in the flow through the 

combustion chamber, 
i- - time constant of the thermocouple set. 

GRAPHIC SYMBOLS 

---1 .. ! input (output) o----+- constant parameter 

~ a• b, where b = const. a~a+b 

b~ 

~~·-• ini tial value 

Block of 
calculation 

y = f(a,b, ... , z) 
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1. In troduction 

Jet engine transient processes are accompanied by thermal choking of the 
working medium. It is manifested with the phenomenon that all transient 
processes observed on phase trajectories ran far away from the steady state 
curve. During acceleration these processes run above the steady state curve 
and during the deceleration - below it. One of the significant kinds of 
transient states is the so-called full acceleration. It is the engine acceleration 
from the idle run to full thrust rotational speed realized by the rapid full 
displacement of a control lever. For justifiable reasons the time of the process 
realization should be as short as possible. For simple single spool jet engines, 
for instance S0-3 or K-15 the acceptable time of full acceleration in 
on-ground conditions cannot exceed 10 seconds. 

Theoretically, the shortest possible time of full acceleration may be 
reached at maximum thermal choking in transient states. The top limit of 
the thermal choking range (for a single spool jet engine) is defined by 
maximum allowable temperature at the combustion chamber outlet (T3) 
and the limit of the compressor steady operation (I1max = f(nsr)). In the 
majority of jet engines the process of acceleration control is realized 
significantly below the mentioned limits. This results from the difficulties 
with direct measurement of real temperature at the combustion chamber 
outlet in transient states [1], [10], [17] and accurate detection of the 
compressor steady operation limit [3], [4], [6], [7], [8], [11], [20]. There are 
many practically verified methods of solving this problem. They consist in 
avoiding the direct measurement of temperature and the compressor steady 
operation limit, assuming the substitutive top limit of thermal choking, 
which is easier for direct measurement. For instance it may be expressed by 
a I1max = f(nsr) programmed function for the whole range of the engine 
reduced rotating speed. 

In recent years, thanks to widespread microprocessor technology, another 
possibility of acceleration control system design appeared. The system is 
based on the usage of the indirect (T3) temperature measurement signal at the 
combustion chamber outlet or behind the turbine (T4). Direct measurement of 
average actual value of (T4) temperature in the nozzle with the use of 
a thermocouple set is burdened with a significant and difficult to determine 
measurement error resulting from high thermal inertia of measuring junc­ 
tions. Direct measurement of average actual value of (T3) temperature at the 
combustion chamber outlet is practically impossible, because of low 
durabili ty of commonly used thermoelements in this range of temperatures, 
which are much higher than temperature behind the turbine (Fig. 4 and 5). It 
results from the above mentioned fact that, in transient states, the actual 
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values of temperature at the combustion chamber outlet and behind the 
turbine belong to a category of the so-called non-measurable parameters. 

In order to measure actual values of temperatures, one can apply the 
well-known technique of the so-called observers. This name describes 
analytical algorithms used for calculating the actual values of non-measurab­ 
le parameters of any dynamic object (in this case a jet engine) on the basis of 
easily measurable values of its other parameters. 

2. Examples of turbine jet engine observers 

The proposed observer of the S0-3 engine has a form of nonlinear 
algebraic equations, which describe flow parameters of the working 
medium in all necessary analytical cross-sections of the engine duct. 
The major data for the system of equations are static characteristics 
of the compressor and the turbine, determined on the basis of numerical 
analyses, and the measurements performed on special test stands for 
each type of engine. The assumption of the observer in a form of 
system of algebraic equations is equivalent to the assumption that a turbine 
jet engine considered an object of control is a fi rst order dynamic 
object. It means that dynamics of the working medium enthalpy and 
mass accumulation in different elements of the engine duct volume 
may be neglected. In the case of engines equipped with long exhaust 
nozzles and afterburners the correctness of such a simpli fi cation has 
to be verified. For the S0-3 and K-15 engines the assumed simpli fi cation 
is correct [15]. 

"Otl 
I 

ti 1" tl2 ti Q t13 ti " 4" " St1 t1Ht1 

cc 

I - inlet 
C - compressor 
CC - combustion chamber 
T - turbine 
N - convergent nozzle 

C 

Fig. 1. Analytical scheme of the S0-3 engine 

It has to be emphasized that the present work is focused on presentation of 
the analytical block schemes of the observers, giving up the presentation of all 
necessary equations, what for the subject of the work herein is not necessary. 
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Reader may find them in numerous handbooks on theory of turbine engines 
and mechanics of fluids. 

Analog diagrams of two different observers (observer No. 1 and observer 
No. 2) of the same single spool turbojet engine intended a power unit for 
TS-11 ISKRA airplane are presented in the figures No. 2 and 3. The engine 
has a convergent nozzle of the critical section uniform area and an axial-flow 
compressor without any guide vane adjusting mechanism and without an 
anti-pumping system of bleed valves. 

Fig. 2. Block scheme of observer No. I 

Tl=TO 

Fig. 3. Block scheme observer No. 2 

The block scheme of the engine is presented in the Fig. 1. A characteristic 
feature of each observer is a set of engine operating parameters measured 
directly. The parameters are depicted in the diagrams as input signals. 

In observer No. 1, an average actual value of (T4t) temperature measured 
with the set of thermocouples in the nozzle and its fir st derivative (d(T4t)/dt) 
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were used for this purpose. For calculation of a real actual value of 
temperature in the nozzle, it was necessary to implement the thermal inertia 
compensating system into the structure of observer No. I. Setting a correct 
compensation system requires a good knowledge about the mathematical 
model of a thermocouple. A model in the form of the following fi rst order 
differential equation has been assumed: 

d(T4t) = ! · (T4 - T4t); 
dt T 

(1) 

where: r = f(T4, G4); (2) 

The (2) nonlinear function of two variables is the so-called characteristic 
describing dependence of ('r) time constant of the thermocouple set 
on (T4) real temperature of working medium in the nozzle and on 
its (G4) mass flow rate. 

In the conception of No. 2 observer, direct measurement with the use of 
thermocouples was neglected. Calculation of the determined temperature 
values was performed on the basis of the mathematical model of the 
combustion chamber (the KS block in the Fig. 3) and the reduced static 
characteristics of the compressor, given in the form of the following function 
of two variables: 

fl Tl2 TI= f(n, 11sr); (3) 

The analytical algorithms of both observers include iterative loops 
necessary for solving the sets of nonlinear algebraic equations. Observer No. 
l includes three iterative loops and observer No. 2 only two. Convergence of 
the algorithms was obtained by a proper selection of (T3,tan, P4,1ar1, T4,1an, 
£,tart) initial values of the iterated variables and the values of amplification 
coeffi cients of the iterative loops. 

Both observers were applied for processing the data from K-15 engines 
operation on the 1-22 IRYDA plane. The K-15 engine has a very similar 
design structure to the S0-3 engine. It differs in the compressor equipped with 
a bleed valves anti-pumping system. Therefore, the algorithm of observer 

No. 2 presented in Fig. 3 was provided with two separate generators of the (3) 
function for the case of the compressor operation with opened and shut 
anti-pumping valves. The generators were switched on the basis of in­ 
dications of a special system indicating their operating regime. Figs. 4 
and 5 show the exemplary results of application of observer No. 2 for 
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processing records of K-15 engine operating parameters recorded during the 
approximately 90 minute long airplane fl ight. The phase diagram of this fl ight 
(H) altitude and speed (V) profi les is shown in Fig. 6. 

T3 (0C] 
1000~- ~- - - - - ~- ~- - - - - - - ~ 

900 

600 · 
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400 · 

300 

200 . . · · · · · · · , · 

100~- - - - - - - ~- - - - - - - - - ~ 
40 50 60 70 80 90 100 110 

n(%) 

Fig. 4. Curve of average value of the working medium temperature 
at the combustion chamber outlet versus rotor speed 
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100~- ~- - ~- - ~- - - - - - - - - ~ 
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Fig. 5. Curve of average value of the working medium temperature behind 
the turbine versus rotor speed 
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Fig. 6. Range of fl ight altitude and speed, for which the results presented 
in Fig. 4 and 5 have been obtained 

The presented results prove the effectiveness of observer No. 2. They 
have been obtained by computer processing of the measurement data fi le 
sampled with a frequency of 64 samples/s. The time of processing on the 
microcomputer (with the Pentium II-400MHz processor) was approximate­ 
ly 20 minutes. It has to be noticed that after optimization of the source 
program code aimed at increasing its operating speed, this time can be many 
times shorter. Therefore, we can draw the conclusion that the algorithm of the 
proposed observer may easily be realized in the real time scale in the 
hypothetical microprocessor engine control system (Full Authority Digital 
Electronic Control - FADEC). 

Because of limited size of the present article, the results of processing of 
the same measurement data with the use of observer No. 1 are not presented. 
The curves of T3 and T4 temperatures obtained in this case are similar to the 
previous one in the range of positive and small negative engine accelerations. 
Relatively low accuracy of the applied mathematical model of the ther­ 
mocouple set ( 1, 2) is the reason for discrepancy. To the best of the author's 
knowledge, a correct and satisfactorily accurate methodology of mat­ 
hematical modeling of thermocouples for measurement of jet engine exhaust 
gas temperatures in transient states is a problem still awaiting a solution. 
Therefore, the conclusion is that, in the turbojet engine automatic control 
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systems, the usefulness of the measured signal obtained directly from the 
thermocouples is poor. It is very probable that temporarily the best method of 
solving this problem is the application of the observers, which use other easily 
measurable engine operating parameters as for instance the ones assumed for 
the conception of observer No. 2. 

It is evident that the accuracy of results of calculations performed with the use 
of an observer depends both on accuracy of measurement of the parameters 
measured directly and on the accuracy of all the data used for its design. This 
comment was formulated considering as the most important factor, the static 
characteristics of a compressor and a turbine especially. Allegorically saying, an 
observer is a sort of a virtual sensor. Therefore, its practical usage requires as 
careful calibration as in the case of commonly used measuring sensors. 

3. Top limit of engine thermal choking 

The results of No. 2 observer operation prove that it may be applied in the 
engine automatic control system in the assembly of maximum temperature 
limiter. Therefore, it is worth noticing that limiting the (T4) temperature 
behind the turbine applied on some engines (for example on the K-15) is not 
an optimal solution. A better solution allowing for advantageous shortening 
of the engine full acceleration time is a limitation of the (T3) temperature at 
the combustion chamber outlet. This is easy to conclude analyzing the 
location of the top limit of engine thermal choking for both cases. For this 
purpose we have used presented below results of experiments performed on 
the simulation model of the S0-3 engine [13], [14], [15], [16]. 

Fig. 7 and 8 present results of thermal choking of an engine operating in 
the on-ground test stand in normal ambient conditions. The experiments were 
conducted for various assumed constant values of engine rotating speed in the 
range between idle run and full thrust. In the case presented in Fig. 7, the 
top thermal choking limit observed in the T3 = f(n) coordinate system, 
marked with the (! ) point symbols, results from the assumption of maxi­ 
mum allowable temperature of the working medium behind the turbine 
(T3max = 900K). In the case presented in Fig. 8, the top limit of thermal 
choking observed in the T4 = f(n) coordinate system results from assumption 
of such a maximum allowable temperature in front of the turbine that the (T4) 
temperature behind the turbine across the whole range of rotating speed can't 
be higher than 900K. Additionally in both figures with the use of special point 
symbols the(•) line of the engine steady states and the (x) line of compressor 
steady operating limit have been shown. Fig. 9 and 10 illustrate similar limits 
of thermal choking in the coordinate system Q = f(n). 
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Fig. 7. The range of engine thermal choking for positive values of rotor speed accelerations 
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Fig. 8. The range of engine thermal choking for positive values of rotor speed accelerations 
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Fig. 9. The range of engine thermal choking for positive values of rotor speed accelerations 
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Fig. I O. The range of engine thermal choking for positive values of rotor speed accelerations 

The allowable engine steady state thermal choking area for (dn/dt > 0) 
positive values of rotating speed acceleration is located between the steady 
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state curve and the top limit of the engine thermal choking. The full engine 
acceleration time is shortest, when its trajectory runs as closely as possible to 
the top limit of thermal choking. However, the larger the area between the 
steady state curve and the top limit of choking, the shorter the absolute time of 
acceleration. In the analyzed case this area becomes larger when limitation of 
the T3max temperature is applied, what can be clearly seen when we compare 
the diagrams in the Fig. 9 and 10. 

4. Measurements of full acceleration time 

Measurements of full acceleration time for both cases of maximum 
allowable temperature of the working medium limitations were done by the 
experimental method on the simulative model of the S0-3 engine. The 
method of the experiment is shown in Fig. 11. A specific feature of the SO-3 
single spool engine was used for this purpose. The engine considered as an 
object of automatic control may be described by a first order nonlinear 
equation, which provided a good approximation [13], [15]. This way the goal 
of the experiment was achieved and the connection of the engine model with 
an adequate model of an automatic control system equipped with T3max or 
T4max temperature limiter was not necessary. The connection between the 
engine model and function generators realizing both cases of thermal choking 
described in subsection 3 (Fig. 9 and 10) was suffi cient. 

PH TH M " start 

dn dt = f(t,Q,PH,TH,M) 

Engine model 

n 

Fig. I 1. System of full acceleration excitation on the simulative model of the S0-3 engine 

Full acceleration was realized on the model by excitation with an input 
signal given as a functional dependence of fuel flow rate on rotor speed 
(Q = f(n)). The variant of the acceleration was selected with the use of the key 
shown in Fig. 11. The (n stan) rotor speed initial value was set slightly higher 
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than the initial value of the idle run speed set in the generator of the function 
realizing the Q = f(n) excitation. This resulted in an acceleration startup witch 
run along a selected top limit thermal choking curve until the final steady state 
was reached with a maximum rotating speed. 
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O 2 4 6 8 10 
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Fig. 12. Comparison of the engine full acceleration times for both limits of thermal choking 
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Fig. 13. Comparison of the temperature curves in front of the turbine during engine full accelerations 
for both limits of thermal choking 
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Fig. 14. Comparison of the temperature curves behind the turbine during engine full accelerations 
for both limits of thermal choking 
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Fig. 15. Comparison of the fuel fl ow rate curves during engine full accelerations for both limits 
of thermal choking 

Fig. 12 shows the time diagrams of full accelerations for both cases of 
temperature limitation. It is clear that the application of a temperature 
limitation at the combustion chamber outlet resulted in a shorter full 
acceleration time. Figs. 13 and 14 presents curves of temperatures in front of 
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the turbine and behind it versus rotating speed for both cases of acceleration. 
Based on these graphs, one can conclude that the limitation of the temperature 
in front of the turbine enables the use of a significant margin of thermal 
choking, which appears in the range of low rotating speeds, which is depicted 
in Fig. 13 and 14 by the shaded areas. 

In Fig. 15, the trajectories of both cases of acceleration are presented in the 
Q = f(n) coordinate system. It shows clear that the increase in the rate of 
acceleration is the result of much higher actual values of fuel flow rate in the 
range of low rotating speeds. 

5. Conclusions 

• The value and the possibilities of application of observers' technology in 
control systems of turbine jet engines results from accessibili ty of modem 
digital microelectronic systems, especially microprocessors. 

• All the problems presented herein concern the case of the engine 
operation on an on-ground test stand in normal ambient conditions. 
Discussion on additional, diff icult problems of turbine jet engine ac­ 
celeration control in the full range of an airplane fl ight altitude and 
speed is beyond the scope of the present work. However, these problems 
may be solved with the use of application of the observers' technology 
presented herein. This was proven by the results of operation of 
observer No. 2 presented in subsection 2 in Fig. 2. 

• The full acceleration curves presented in subsection 4 pertain to the case of 
the acceleration trajectory staying almost accurately in line with the 
assumed top limits of thermal choking. In the case of a real control system 
operating on the basis of observer No. 2 described in p. 2, the acceleration 
trajectory will be slightly different than the assumed one, because of the 
dynamics of fuel supply. 

• The described problems are exclusively related to the subject of limita­ 
tion of the working medium temperature during engine acceleration, 
whereas a large portion of the acceleration trajectory results from 
the limit of a compressor steady operation. The method of fast accelera­ 
tion control proposed in the present work may be also applied to 
this portion of the trajectory. Therefore, in the proposed limiter system, 
the compressor steady operation limit has to be defined in the 
T3 max = f(n) coordinate system. 

• Realization of the described method of acceleration control requires the 
application of an inertialess method of measurement of actual temperature 
values of the working medium in front of the turbine. In practice it can be done 
by application of such an observer variant, in which the temperature value 
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measured directly not exist (for instance observer No. 2 or a similar one). 
A program realizing the observers' algorithm may be installed in the memo­ 
ry of the engine microprocessor control system and operate in the real 
time mode. 

• A temperature signal obtained directly from the thermocouple set installed in 
the exhaust nozzle has a poor usabili ty for the jet engine supply and control 
system. The major reason is high thermal inertia of measuring junctions of 
thermocouples, which are difficult for accurate compensation. The result of 
inertia is a signifi cant and difficult to evaluate error of gas temperature 
measurement during transient states of a jet engine. Compensation of this error 
requires an adequate mathematical model of the thermocouples assumed for 
the measurement of variable gas temperature in the flow with high (subsonic) 
velocities. This problem is still awaiting solution. 

• Acceleration time of the engine equipped with the system of the (T3 max) 
combustion chamber outlet temperature limiting is shorter than that in the 
case ofl imiting the (T4max) temperature in the nozzle. Therefore, in systems 
of temperature limiters operating on the basis of the signal of temperature 
measured directly in the nozzle, the (T4max) raised temperature value may 
be applied in the lower range of rotor speed (Fig. 14). Consequently, 
a visible shortening of the full acceleration time may be expected without 
any concerns about the engine overheating. 

• The engine observers may find other applications [15], [16], for instance 
for measurement of actual thrust values during aircraft fl ight, for specifi c 
fuel consumption monitoring, engine performance degradation monito­ 
ring, etc. 

Manuscript received by Editorial Board, May 19, 2003; 
final version, August 26, 2003 
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