International Journal of Science and Research (1JSR)
ISSN (Online): 2319-7064
Impact Factor (2012): 3.358

Design of Robust PI/PID Controller for a
Parametric Uncertain Jet Engine Using PSO

UdayBabu Oleti', Dr. M. Siva Kumar?

M. Tech Scholar, Gudalavalleru Engineering College, Gudlavalleru, Andhra Pradesh 521356, India

%professor & Head of the Department, Gudalavalleru Engineering College, Gudlavalleru, Andhra Pradesh 521356, India

Abstract: The modern jet engine consists of various control loops and subjected to several disturbances. The design of controller under
the presence of parametric uncertainties is a difficult task. In this paper, an interval analysis is proposed for design of a robust PI/PID
controller for jet engine. The proposed method applied to acceleration control loop of a jet engine in the presence of parametric
uncertainties. The proposed method uses necessary and sufficient conditions for stability of interval polynomials. These conditions are
used to derive a set of inequalities in terms of the controller parameters which are solved and find the optimal control parameters with
the help of particle swarm optimization. The results show the efficiency of the proposed topology.
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1. Introduction

The performance requirements of modern, high technology
aircraft have placed severe demands to engine control
capability. Control requirements applied to gas turbine
engines consist of ensuring safe, stable engine operation.
Specific engine performance rating points are generally
defined as basic steady state design goals for the control. A
review of the basic theory of aero gas turbine engine
operation and on Control Design which is currently in
commercial and military use is dealt by Spang and Brown

[1].

The control logic of the modern Full Authority Digital
Engine Control (FADEC) having many control loops, each
has a specific function. Control loops include a high or low
rotor speed governor, an acceleration and deceleration loop,
and various limiting loops for temperature, speed and fuel
flow. With electronic controls, more accurate control of
engine thrust can be obtained through control of compressor
speed [2]. A block diagram of a typical compressor speed
control is shown in Figl.
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Figure 1: Block diagram of Compressor Speed control Loop
of Jet Engine

A compressor speed demand schedule establishes the desired
compressor speed as a function of inlet temperature and
throttle position. A variant of proportional control uses the
derivative of rotor speed (N dot) to control engine
acceleration and deceleration as a function of inlet
temperature. A block diagram of aNdot control is shown in
Fig2.
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Figure 2: Jet Engine’s Ndot controller Block diagram

Direct control of acceleration, rather than speed, allows
tighter control of engine acceleration thereby improving
transient response and reducing mechanical stress.

All existing systems are subject to various disturbances and
uncertainties. Robust stability analysis with uncertain
parameters has been very important research topic. Since
control systems operate under large uncertainties it is
important to study stability robustness in the presence of
uncertainty. The uncertainty in the control system causes
decrease of system performance and destabilization. An
important approach to this subject is via expressing the
characteristic polynomial by an interval polynomial, i.e. a
polynomial whose coefficient each varies independently in a
prescribed interval. The stability analysis of polynomials
subjected to parameter uncertainty have received
considerable attention after the celebrated theorem of
Kharitonov [3], which assures robust stability under the
condition that four specially constructed “extreme
polynomials”, called Kharitonov polynomials are Hurwitz.
The problem of robust stability of interval polynomial is also
dealtin [4, 5, 6, 7, 8, 9, 10]. Several results have appeared in
the literature which aims at reducing test of Hurwitz stability
of entire family to a small subset of entire family. In this
regard few extreme point results are available in the
literature. These includes work due to Ghosh [11], where he
has shown that a pure gain controller C(s)=k stabilizes entire
interval plant family if and only if it stabilizes a
distinguished set of eight of the extreme plants. Hollot and
Fang [12] considered the same setup as Ghosh but allow the
controller to be first order. They prove that to robustly
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stabilize the entire family, it is necessary and sufficient to
stabilize the set of extreme plants which are obtained by
taking all possible combinations of extreme values of the
plant numerator coefficients with extreme values of the plant
denominator coefficients.

If the plant numerator has degree m and the plant
denominator is monic with degree n, the number of extreme
plants can be as high as Next=2m+n+1 In [13], Barmish
proved that, it is necessary and sufficient to stabilize only
sixteen of the extreme plants. A complete survey of these
extreme points is given in [14]. In [10], a necessary
condition and sufficient condition for interval polynomials is
proposed using the results of Nie [15] for fixed polynomials.

In the present paper, a method using interval analysis
approach is proposed for the synthesis of a robustly
stabilizing controller of a jet engine interval plant having
parametric uncertainties using the robust stability conditions
in [10]. The method is simple compared to approaches in
[16, 17]. Basic definitions and important properties related to
interval analysis are discussed in [18].

The present paper is organized as follows. In section 2 we
give necessary condition and sufficient condition for robust
stability of interval polynomial. Section 3 deals with design
procedure for robust stability of interval plants. Section
4,Propose a particle swarm optimization to find optima
control parameters. Section 5, the design of a robust
controller is carried out using proposed technique for
acceleration control loop with the manipulated variable as
main burner fuel flow and controlled variable as the
compressor speed acceleration. Conclusions are drawn in
section 6.

2. Conditions for Robust Stability of Interval
Polynomial

Consider the set of real polynomials of degree nof the form
pi=d= p,t b, s+t b8+ g+ o+ p s (1)
Where the coefficients lie within given ranges,
by el ¥l elx sy L b 8[5_ 07, ]

We assume that the degree remains invariant over the family,
sothat Del[x, .y, ]

Such a set of polynomial called a real interval family and is
referred as an interval polynomial. The set of polynomials
given by (1) is stable if and only if each and every element of
the set is a Hurwitz polynomial. In [10] a necessary
condition and sufficient condition for the robust stability of
interval polynomial (1) is proposed using the algebraic
stability criterion for fixed polynomials due to Nie [15]
which are stated in the following lemmas.

Lemma 2.1 The interval polynomial ¢(s)

Defined in (1) is Hurwitz for all where i=0, 1, 2... n if the
following necessary conditions are satisfied

poslx.y]

v.zx,=0,i=012__n

. p)
KIK i+1 o }ri_l}r i+3 =1 == [:]:1:2:...__]?1 - 2 [:d-}

Proof: See [10].

Lemma 2.2 The interval polynomial # (=)

Defined in (1) is Hurwitz for all where i=0, 1, 2,...,n if the
following necessary conditions are

gatisfled ¥ =[x .7 ]

v,2x,»0,1i=012..n

0.4853 x . x,, > ¥

Proof: See [10].

(Fim.i= 012,00 -2 (3)

3. Design Steps for Robust Stabilization of
Interval Plants

Consider a interval plant consisting of all plants of the form,

N(s.p)

G[S:p:q}=— [:4}

D(s.q)
where the numerator and denominator polynomials are of the
form
N(sp)=p,+p,;s+ p:sl + e +1:|:r__]5’“':I +p 57
+q.2% (3)
where vectors p and q lie in given rectangles P and Q,

respectively, i.e.,
pEB={p:p %

P,
qEQ={q:q;£q__£q__'}furi=D:1: ...... . f

Dis,gl=q,+qg,s+qg,52" +...+qg__z2""

Zplffori=01,..., m

Where 4. = [1.1]land the bound on Pi-Pi-i-4; are
specified a prior. To stabilize the interval plant family we
consider a proper Pl or PID controller and its transfer

fiinetinn ic nivian hyv

k, N
Cp(s)=k;+— =D"—E3 (for PI)
Con (s :|=k:—1:—:—k5 5= :I: Ei (for PID)

We say that this controller C{ s)robustly

stabilizes the interval plant family if p € P’ for all and all,

the QeQ rezulting closed loop polynomial
Afs.p.q) = N_(s)N(s.p) + D .(s)D(s.p) (6)
has all its roots in the strict left half plane; that is

A(s.p.q) iz Hurwitz. This is being the case, C(S) is said to
be a robust stabilizer and the closed loop system is said to be
robustly stable. Let the closed loop interval polynomial be in
the form

Mspg)=[Eawl+[E 3] st +[E_v]s"HL]s == (7)

The stability conditions in (2) and (3) can be applied to
closed loop characteristic polynomial in (7), which leads to
inequalities in terms of controller parameters. These
inequalities can be solved to obtain controller parameters.
Even though the method in [13] provides a necessary and
sufficient condition for robust stabilization using only
sixteen extreme plants and which is used in [16] to obtain a
robust controller for jet engine, the method still involves
much computational complexity since it is required to
construct sixteen Routh table and solve the constraints
(obtained by enforcing positivity in the first column of the

Volume 3 Issue 12, December 2014
WWW.ijsr.net

Paper ID: SUB14553

Licensed Under Creative Commons Attribution CC BY

1064



http://creativecommons.org/licenses/by/4.0/�

International Journal of Science and Research (1JSR)
ISSN (Online): 2319-7064
Impact Factor (2012): 3.358

Routh table) for stability. Although the method in [10] is
based or necessary Condition and sufficient condition it
involves less Computational complexity and provides a
simple Way to obtain a robust controller as can be seen from
the application of the method for robust control of the Jet
engine.

4. Particle Swarm Optimization Algorithm
Operation [19]:

Particle Swarm Optimization optimizes an objective function
using population based search. The population consists a
group of solutions; named particles are randomly initialized
and freely fly across the multi-dimensional search space.
During flight, each particle updates its own velocity and
position based on the best experience of its own and the
entire population. The various steps involved in Particle
Swarm Optimization algorithm are as follows:

Step 1: The velocity and position of all particles are
randomly set to within pre-defined ranges.

Step 2: Velocity updating at each iteration, the velocities of
all particles are updated according to,

V= W R (Pipes—Pi) TR (Z 08D (8

where pi and vi are the position and velocity of particle i,
respectively; pbest and gbest is the position with the ‘best’
objective value found so far by particle i and the entire
population respectively; w is a parameter controlling the
dynamics of flying; R1 and R2 are random variables in the
range [0,1]; c¢1 and c2 are factors controlling the related
weighting of corresponding terms. The random variables
help the PSO with the ability of stochastic searching.

Step 3: Position updating- The positions of all particles are
updated according to,

P, =PtV (9)

after updating, pi should be checked and limited to the
allowed range.

Step 4: Memory updating — Update pi,best and gi,best when
condition is met,

Pites =P
gi.bast:gi

£1(p;) > (P pea)
if£(g:) > (Zaee ) (10)
Where: f(x) is the fitness function to be optimized.

Fitness Function:

The fitness function to be minimized is the ISE performance
criterion. The integral square error (ISE) criterion is defined
as

ISE =j[:(:}-;,=(:}]2dt (11)

Where: r(t)=reference signal
y(t)=output signal measured

Step 5: Stopping Condition — The algorithm repeats steps 2
to 4 until certain stopping conditions are met, such as a pre-
defined number of iterations. Once stopped, the algorithm

reports the values of gbest and f(gbest) as its solution.

PSO utilizes several searching points and the searching
points gradually get close to the global optimal point using
its pbest and gbest. Initial positions of pbest and gbest are
different. However, using different direction of ppes; and Qpest,
all agents gradually get close to the global optimum. The
above steps are resolved in to a flowchart as shown in Fig3.
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Figure 3: Flowchart of particle swarm optimization (pso)

5. Jet Engine Application

Consider the SISO Jet engine interval plant with input as fuel
flow and output as acceleration of compressor speed, Ndot
(refer fig.2)

_ Mis.p) g

Gls.pql= Dis.p) R re trs

Let uncertainty bounds are

g [940,980] .5 = [97.,107 ). 5= [ 215, 230]

Design of Robust P1 controller:

Let us synthesize a controller of the form
)=k, + X2 N0

s D3
to stabilize the interval model of jet engine. The C(s) will
stabilize the given model of jet engine if the closed loop
interval polynomial in (7) is stable. The closed loop interval
polynomial in (7) becomes

5* =[215230]s° ~[97,980s° = [340k, 580k ]+ [940k. 980c,] (12)

On applying the necessary and sufficient conditions given in
section2 to this polynomial the following inequality
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constraints are obtained.
— 01180 k, + 484216326 k, <0

— 01180 &, 4+ 223400 k, <0

— 20855 +210526 k,<0
— 20855 +980 k, <0

— 040 k, <0

~ 980 k, <0

By solving these above constraints to find the range of kg
k,and are optimized with the help of proposed PSO
algorithm in section4 to obtain optimal k; k, values for a
minimized ISE.

The control parameters are k;=0.0258, k,=0.0000154 and
ISE=1.69x10™"°

Then the set Kharitonov polynomials are:
A (s)=s 4215 534107 T + 25 284 s+ 0011446
A.(sy=s * +230 s7+107 ¥ + 24 252 5+ 0.011446
Ag(sy=s*+215s°+97 57 +25.284 s+ 0.015092
Ag(sy=s " +230 57407 7 + 24 252 5+ 0.015002
All the four Kharitonov polynomials are Hurwitz stable.
Hence the designed PI controller stabilizes the jet engine.

The closed-loop step response for k;=0.0258 and
k,=0.0000154 are shown in Fig4.
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Figure 4: Closed loop step response with designed Pl
controller for all extreme plants

Design of PID controller:

Let us synthesize a controller of the for

N.(s)

D.(s)

to stabilize the interval model of jet engine. The C(s) will

stabilize the given model of jet engine if the closed loop

interval polynomial In (7) is stable. The closed loop interval

polynomial in (7) becomes

s* +[215,230 )% +[97 + 940 k.07 + 980 k,]s’ + 3
[040 k,,980 k,]s + 040 k, 080 k, | (13)

On applying the necessary and sufficient conditions given in

section2 to this polynomial the following inequality

constraints are obtained.

k
Cls)=k +2+ks=
5

— 4244429 k- 4113158 Kk, + 225400 k, <0
— 901180 k, — 883600 k,k, +225400 k, <0
~0708.0025 —94077.55 k,+980 k, <0

— 20855 — 202100 k, +980 k, <0

~97 - 940 k, <0

—040 k, £0

~980 k, <0

By solving these above constraints we get the controller
parameters k;=0.438, k,=0.0003, k;=0.49 and ISE=1.69x10
16

Then the set Kharitonov polynomials are:

A(sd=s * +215s°+387 25 + 372 45+ 0282

A (g)== * +230 =+ 387 2s* + 337 2=+ 0282

A(s)=s *+2157°+557 657 + 372 4=+ 0294

A,(s)=s *+230 s°+357 .65 + 337 .25+ 0.204

All the four Kharitonov polynomials are Hurwitz stable.
Hence the designed PID controller stabilizes the jet engine.

The closed-loop step response for k;= 0.438, k,=0.0003 and
ks=0.49 are shown in Fig5.
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Figure 5: Closed loop step response with designed PID
controller for all extreme plants

6. Conclusions

In this paper, a new approach using interval analysis is
proposed for design of a robust controller to jet engine. The
proposed method is applied to synthesize the acceleration
control loop of a jet engine in the presence of parametric
uncertainties. The proposed topology uses a necessary
condition and sufficient condition for stability of interval
polynomial. These conditions are used to derive a set of
inequalities in terms of the controller parameters which can
be solved to obtain a robust controller. Although the
proposed method is based on a necessary condition and a
sufficient condition it is simple, involves less computational
complexity and provides an easy method to obtain a robust
controller. The PSO Algorithm is used to determine the
optimal control parameters for a minimized ISE which are
obtained with the help of MATLAB [20]. The extension of
this technique using Artificial intelligence to tune the PI1/PID
parameters is a part of further research work. The results
show the efficacy of the proposed method.

Volume 3 Issue 12, December 2014

WWW.ijsr.net
Licensed Under Creative Commons Attribution CC BY

Paper ID: SUB14553

1066



http://creativecommons.org/licenses/by/4.0/�

International Journal of Science and Research (1JSR)
ISSN (Online): 2319-7064
Impact Factor (2012): 3.358

References

[1] Austin Spang H. and Harold Brown, Control of jet
engines, Control Engg. Practice, 7, 1999.

[2] Wright H.EE. and Hall G.C., Advanced aircraft gas
turbine engine controls, Journal of Engg for Gas turbine
and Power, 90-GT-342, vol. 112, 1991.

[3] A.C. Bartlett, C. V. Hollot and L. Huang, Root location
of an entire polytope of polynomials: it suffices to check
edges, Mathematics of Control, Signals and Systems,
Vol. 1, pp. 61-71, 1988.

[4] B. R. Barmish, A generalization of Kharitonov’s four
polynomial concept for robust stability problems with
linearly dependent coefficient perturbations, IEEE
Trans. Automatic Control, Vol. 34, pp. 157-165, 1989.

[5] A. C. Bartlett, C. V. Hollot and L. Huang, Root location
of an entire polytope of polynomials: it suffices to check
edges, Mathematics of Control, Signals and Systems,
Vol. 1, pp. 61-71, 1988.

[6] S.P.Bhattachrya, Robust stabilization against structured
perturbations, Lect. Notes in Control and Information
Sciences, Vol. 99, Springer Verlag, Berlin, 1987.

[7] S. P. Bhattachrya, H. Chapelett and L. H. Keel, Robust
Control: The Parametric Approach, Prentice Hall Inc.,
NJ. 1995.

[8] P. Dorato (Ed), Robust Control, IEEEPress, NY, 1987.

[9] P. Dorato and R. K. Yedavalli (Eds.), Recent Advances
in Robust Control, IEEE Press, NY, 1990.

[10]B. M. Patre and P. J. Deore, Robust Stabilization of
Interval Plants, European Control Conference ECC-03,
University of Cambridge,01-04 Sept.2003.

[11] B. K. Ghosh, Some new results on the simultaneous
stabilization of a family of single input single output
systems, Systems and Control Letters, Vol. 06, pp. 39-
45, 1985.

[12]C. V. Hollot and F. Fang, Robust stabilization of
interval plants using lead or lag compensators, Systems
and Control Letters, VVol. 14, pp. 9-12, 1990.

[13]B. R. Barmish, C. V. Hollot, F. J. Kraus and R. Tempo,
"Extreme point results for robust stabilization of interval
plants with first order compensators,” IEEE Trans,
onAutomatic.Control, vol. AC-37, pp. 707-714, 1992.

[14]B. R. Barmish and H. I. Kang, A survey of xtreme point
results for robustness of control systems, Automatica,
Vol. 29, No. 1,pp. 13-35, 1993.

[15]A new class of criterion for the stability of the
polynomial “, ActaMechnicasinica , pp. 110-116,1976

[16]S. Srivastava and P. S. V. Nataraj, An Interval analysis
approach for design of robust first order compensator for
jet engine, Int. Symposium on Scientific Computing,
Computer Arithmetic and Validated numerics (SCAN),
Paris, France, Sep. 2002.

[17]P.S.V.Nataraj and S.Sriastava,Aquadra-tic inequality
approach for design of ro-ust controller for parametric
uncertain jet engine ,Pro.lEEE TENCONZ2003 on
Convergent Technologies for Asia-Pacific,Banglore
,Oct2003

[18] G.Alefeldand J. Herzberger, Introduction to Interval
Computations, Academic Press ,New York,1983.

[19]A.M.Abdelbar and S. Abdelshahid (2003), “Swarm
optimization with instinct driven particles,” Proc. IEEE

Congress on Evolutionary Computation, pp: 777-782.
[20] Mathworks Inc., Matlabusers guide, 1999.

References

Dr. Mangipudi Siva Kumar was born in

Amalapuram, E. G. Dist, Andhra Pradesh, India, in

1971. He received bachelor’s degree in Electrical

&Electronics Engineering from JNTU College of

Engineering, Kakinada and M.E and PhD degree in
control systems from Andhra University College of Engineering,
Visakhapatnam, in 2002 and 2010 respectively. His research
interests include model order reduction, interval system analysis,
design of PI/PID controllers for Interval systems, sliding mode
control, Power system protection and control. Presently he is
working as Professor & H.O0.D of Electrical Engineering
department, Gudlavalleru Engineering College, Gudlavalleru, A.P,
India. He received best paper awards in several national
conferences held in India.

Uday Babu Oleti a P.G Student completed B.Tech in
Electrical & Electronics Engineering from Lakireddy
Bali reddy college of Engineering (Autonomous) and
pursuing M.Tech Control Systems in Gudlavalleru
Engineering College, Gudlavalleru, A.P, India.

Volume 3 Issue 12, December 2014
WWW.ijsr.net

Paper ID: SUB14553

Licensed Under Creative Commons Attribution CC BY

1067



http://creativecommons.org/licenses/by/4.0/�



