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Abstract
This paper proposes a novel approach for the implementation of limit controllers used for stall prevention and rotation speed
limitation of a single-spool jet engine. In this approach, the protection requirements regarding the rotation speed are achieved
through the use of a filter applied to the reference that will be sent to the power management controller of aMin–Max structure
controller. The main controller variable is the turbine’s core rotation speed. The filter chooses the most appropriate reference
value aiming at respecting the engine established limits, such as the stall margin and the maximum rotation speed, during
transient and steady-state behaviors. TheMin–Max compensators structure chosen for the implementation of the controllers is
proportional–integral with Back Calculation as the anti-windup technique. Simulation model of a GE-J85-13 single-spool jet
engine has been used to test the new approach and compare it to the more commonMin–Max structure, where each controller
is implemented individually. The simulation contemplates the case where a step function is applied to the power management
controller, where the final value is themaximum allowed rotation speed value, at sea-level, static and standard-day temperature
conditions. The simulation is repeated for different values of Back Calculation gains using both Min–Max structures, and the
behavior of the GE-J85-13 engine is evaluated in each case for comparison proposes.

Keywords Jet engine · Stall prevention · Min–Max · Proportional–integral · Speed limitation · Back Calculation · Windup ·
Reference filter

List of Symbols
AS(Nc) Acceleration schedule vector
ASVecNc

Acceleration schedule vector containing
the maximum allowed variations for given
values of Nc

e Process error
eI Integrator error

EPR Engine pressure ratio
ess Steady value of PI compensator error
Fn Net thrust

FRN Rotation speed filtered reference
I Moment of inertia of the engine’s rotating

set
Kb Back Calculation constant

KbN Back Calculation constant used on a rota-
tion speed controller
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KbT Back Calculation constant used on a tem-
perature controller

Ki Integrator term constant of a PI compen-
sator

Kp Proportional term constant of a PI com-
pensator

N Shaft mechanical rotation speed
Nc Shaft corrected rotation speed
ND Design point rotation speed

Nmax Maximum allowed mechanical rotation
speed

NVec
c Vector containing Nc values and used in

acceleration schedule
PI Proportional–integral compensator
Ps3 Combustion chamber static pressure
Pt2 Compressor inlet total pressure
Pt5 Turbine inlet total pressure
PR Compressor pressure ratio

PRstall Compressor pressure ratio for stall occur-
rence at a given Nc

RefN Rotation speed desired reference
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RU Ratio unit parameter
RUmin Minimum value allowed for RU parameter

SM Stall margin
ts Settling time
Ts Sample Period
Tt2 Compressor inlet total temperature
Tt4 Turbine inlet temperature

Tt4max Maximum allowed TIT
Tt5 Turbine exhaust temperature
Tstd Standard-day temperature
u Actuation signal calculated by PI compen-

sator
u0a Initial steady value of actuation signal cal-

culated by acceleration limit controller
u0Tt4 Initial steady value of actuation signal cal-

culated by Tt4 limit controller;
u0N Initial steady value of actuation signal cal-

culated by N limit controller
u0pm Initial steady value of actuation signal cal-

culated by power management controller
u0r Initial steady value of real actuation signal

umin Minimum allowed actuation signal
umax Maximum allowed actuation signal
uss Steady value of actuation signal calculated

by PI compensator
ur Actual control signal sent to engine’s fuel

pump
urss Real actuation signal steady value
Wc Power demanded by the jet engine’s com-

pressor
wf Fuel mass flow
Wt Power delivered by the jet engine’s turbine

1 Introduction

A single-spool jet engine is an approximate practical imple-
mentationof the Joule–Brayton thermodynamic cycle (Richter
2012a), being its basic functioning described as follows: air
enters the compressor, where a compression process occurs,
increasing the air total pressure and temperature. Follow-
ing, the compressed air enters a combustion chamber, where
fuel is injected and burned at constant pressure, increasing
the working gas temperature. Next, an expansion process is
accomplished at the turbine and energy is extracted from
the gas to be provided directly to the compressor through
the mechanical coupling between those two components.
Finally, the exhausting gas from the turbine is accelerated
by a nozzle with the remaining energy present in the gas
converted into the desired thrust. Figure 1 shows a basic dia-
gram of a single-spool jet engine, which corresponds to the
configuration of the GE J85-13 jet engine (no afterburner),
whose mathematical model has been implemented with the

Fig. 1 Basic diagram of a single-spool jet engine

use of T-MATS simulation tool (Chappman et al. 2014) for
the accomplishment of this work.

The jet engine control problem consists of providing the
desired level of thrust with minimum steady error while pre-
senting a transient regime which should be fast enough for
the aircraft to be able to accomplish the required maneuvers.
Furthermore, the controller must avoid undesired situations
during operation, such as compressor stall (Jaw and Mat-
tingly 2009), over temperature or combustion chamber blow
out.

Min–Max structure with linear actuators is a control strat-
egy widely used in commercial engines since the 1970’s
(Imani and Montazeri-Gh 2017). In this technique, each
engine limit and amain controlled variable (typically rotation
speed) are treated by individual controllers and the control
signal considered to be the most appropriate is selected aim-
ing to preserve safety operation while granting transient and
steady-state requirements.

Compressor stall avoidance (Csank et al. 2010) in a jet
engine is extremely important, since the stall phenomena
(characterized by the loss of capability by the compressor
of compressing the working fluid, as explained with more
details in Jaw and Mattingly (2009), may cause catastrophic
accidents. It is also desired that no significant performance
loss occurs while avoiding stall. Csank et al. (2010) and Jaw
andMattingly (2009) have presentedmethods for stall avoid-
ance on turbofan engines using direct acceleration control in
a Min–Max structure with PI compensators and Back Calcu-
lation as anti-windup protection. In thosemethods, a separate
compensator for direct control of acceleration is used and the
maximum allowed acceleration is a function of the normal-
ized core rotation speed.

This work proposes a novel method for stall avoidance
where engine acceleration is controlled through the appliance
of a reference filter to the input of a compensator identical
to the one used to control the engine’s rotation speed—the
main controlled variable. The Min–Max structure and the
PI compensators with Back Calculation are maintained. For
the effect of comparison, simulations of the rotation speed
and acceleration being controlled separately, as suggested by
literature (Csank et al. 2010; Jaw and Mattingly 2009), and
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appliance of the reference filter directly to the rotation speed
compensator have been carried out. It is shown that the use
of the reference filter directly on the rotation speed reference
results in a simpler controller with less sensitiveness to Back
Calculation gain variation.

2 TheMin–Max Control Structure

This section provides a brief explanation of the Min–Max
control structure, commonly used in commercial jet engines
and suitable for single-spool engines as well (detailed expla-
nations of the concepts addressed in this section are found in
Richter (2012b), Csank et al. (2010) and Jaw and Mattingly
(2009). For illustrative purposes, a generic block diagram
of the Min–Max structure with a total of four variables is
shown in Fig. 2. The controlled variables are V0, V1, V2 and
V3, where V0 represents the main variable to be controlled by
the power management controller and the remaining ones are
controlled by the limit controllers (maximum and minimum
limits). In the case of a single-spool jet engine, the main vari-
able V0 is the rotation speed and the variables Vi for i �= 0
are parameters having a maximum limit, such as Tt4 or mini-
mum limit, such as RU. Ref0 represents the desired value for
V0; E0 is the power management controller error, given by
Ref0 − V0, being C0 the compensator generating the control
signal responsible for driving the output V0 to Ref0. Each
limit controller variables Vi , where i = 1, 2, 3, also have
its respective individual compensator Ci. Ref iMax represents
the maximum value allowed for the variable Vi and Ref iMin

the minimum value allowed for the variable Vi . The errors
EiMax = Ref iMax − Vi and EiMin = Ref iMin − Vi are the
errors referred to the maximum and minimum values of Vi .
It should be noticed that the objective of the actuation sig-
nal generated by each compensator Ci is to drive the variable
Vi to its established limits, Ref iMax or Ref iMin. The compen-
sators gains, which are inputs ofC0 andCi, may change their
values to take into account any nonlinearity inherent to the
controlled system. Therefore, gain scheduling may become
necessary and is accomplishedby the Schedule block,whose
outputs, the gains for each compensator, are functions of
its inputs, the main variable V0 and the ambient conditions,
given by Alti tude and Flight Speed blocks.

The actuation signal generated by the power management
controller C0 and the signal generated by the various max-
imum limit controllers, i.e., Ci compensators having EiMax

as inputs, are passed through theMin block which selects the
lowest input and sets it as output. Then, the output from the
Min block and the signals generated by the various minimum
limit controllers, i.e., compensators having EiMin as inputs,
are passed through the Max block, which works similarly to
the Min block, but selecting the largest input value as out-

Fig. 2 Block diagram of Min–Max configuration

put. Finally, the Max block output is sent to the engines fuel
pump.

In the commonly used Min–Max structure, the power
management controller and the limit controllers are normally
separated, so that each corresponding variable is managed by
an individual compensator. The purpose of the integrator at
the final output is to attain absence of steady-state error for
the main variable. It is important to notice that, not neces-
sarily, a variable Vi used to guarantee both the maximum
and a minimum limit, as shown in Fig. 2. Depending on the
design requirements, a variable Vi might be used to control
exclusively a minimum or a maximum limit (Csank et al.
2010).

3 GE-J85-13 Jet EngineModel

Anonlinear model of a GE J85-13 jet engine (no afterburner)
has been implemented and used in this work for performing
the simulations necessary to analyze the novel proposed con-
trol scheme. For the implementation, T-MATS (Chappman
et al. 2014), a Simulink® toolbox designed for simulating
thermodynamic systems which describes the engine in terms
components individual blocks, has been used. The corre-
sponding block diagram is shown in Fig. 3.

For a more complete and accurate model of GE J85-13
to be obtained, both the engine compressor and turbine must
be described in terms of component maps. Data for build-
ing compressor and turbine maps, and performance data are
found in Chapman et al. (2016), Kopasakis et al. (2010) and
Yarlagadda (2010).

Component blocks are described as follows: an ambient
block, which calculates the inlet engine conditions based
on the altitude and the flight Mach number, a compressor
block, which relies on the compressor map to calculate the
compressor outputs and the consumed power, a combustion
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Fig. 3 Block diagram of GE-J85-13 jet engine

Fig. 4 Comparison of fuel flowwf obtained by Yarlagadda (2010) with
the ones obtained by the author’s model

chamber block,which calculates the turbine inlet temperature
conditions based on the amount of fuel flow, turbine block,
which calculates the turbine’s exhaust conditions as well as
the delivered power, exhaust nozzle block, which calculates
the thrust and the exhaust gas conditions, and a shaft block,
which uses the difference between turbine and compressor
power togetherwith the current rotation speed to represent the
shaft dynamics. T-MATS uses a very complete and complex
set of thermodynamic relations, and for balancing all equa-
tions, interaction algorithms, such as Newton–Raphson, are
used.

For control design purposes, it is enough that only the shaft
dynamics is considered (Kopasakis et al. 2010). Therefore,
T-MATSmodel does not take into account volume dynamics
and the only differential equation used in themodel is the one
describing rotation speed variation (shaft block) and given by
the equation below:

2π

60

d

dt
N = 1

I
(Wt − Wc) (1)

In Yarlagadda (2010), an alternative modeling technique is
presented where volume dynamics is considered, resulting
in a more complex model then the one implemented in T-
MATS. A comparison between open loop dynamic behavior
obtained from simulations of both models is shown in Figs. 4
and 5 where the curves of fuel flow wf and net thrust Fn are
exhibited. It can be noticed that a good match is achieved,
with minor differences due to slightly different design point
specification in each case.

Fig. 5 Comparison of net thrust Fn obtained byYarlagadda (2010) with
the ones obtained by the author’s model

4 Selection of Min–Max Linear: PI
Compensator Structure

For a better analysis of the engine dynamics and easier design
of the Min–Max linear compensators, a set of operating
points have been chosenwhere small perturbations have been
applied to the actuation signal and state variable in order for
the corresponding state-space matrices to be obtained at each
operating point. Since only the shaft dynamics is considered,
the linear models obtained for the main controlled variable
and the limited variables are of first order and share the same
pole. The state-space model obtained is shown by the sys-
tem of equations (2), where the indexes i and j indicate,
respectively, the i th operating point and the j th variable y j
for which the state-space coefficients ai , bi , ci j and di j have
been obtained. Considering that the index j = 0 represents
the main controlled variable, i.e., y0 = N , it is straightfor-
ward that ci0 = 1 and di0 = 0.

⎧
⎨

⎩

d

dt
N = ai N + biwf

y j = ci j N + di jwf

(2)

Applying the Laplace transform to the state-spate equations
(2) and considering the Laplace transforms L {yi } = Yi (s),
L {N } = N (s) andL {wf} = Wf(s), local transfer functions
Gi j (s) are obtained and described by Eq. (3):

Gi j (s) = Y j (s)

Wf(s)
= di j s + (ci j bi − di j ai )

s − ai
(3)

In the case of the main controlled variable N , an individual
compensator has been designed for each different transfer
function and gain scheduling with linear interpolation has
been used for choosing the controller gains as a function
of the measured value of N during engine operation. Chap-
man and Litt (2017) and Csank et al. (2010) suggest that no
gain scheduling is used in the case of the limited variables,
which has been respected in this work. Therefore, for the
limited variables, only the transfer function obtained at the
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points where the respective limit values occur has been con-
sidered, resulting in asymptotically stable minimum phase
first order plants in all situations, where ci j < 0 and di j > 0
if yi corresponds to a temperature variable, such as Tt4, and
ci j > 0 and di j > 0 if yi corresponds to a pressure variable,
such as Ps3, and ai < 0 and bi > 0 in any case. The PI
structure has been chosen in this work for its known good
performance and simplicity of tuning in the analyzed cases
and for its large acceptance within aeronautical industry.
Csank et al. (2010), Jaw and Mattingly (2009) and Chap-
man and Litt (2017) also adopt PI structure due to its good
performance and acceptance in their proposed methods. For
a digital implementation of the PI compensator, the forward
Euler discretization method has been chosen, where the error
signal is delayed by a sample period unit before it is inte-
grated.

5 Anti-WindupMethod: Back Calculation

The integrator windup phenomena occurs when the nominal
control u calculated and commanded by the PI is not achieved
due to actuator limitations, with u �= ur , where ur is the real
actuating signal sent to the controlled system (Hodel andHall
2001). Typically, a large value is observed at the integrator
output. This phenomenon is likely to happen in the Min–
Max structure using PI compensators, since, at steady-state
regime, only one of the compensators is actually active, hav-
ing its calculated signal sent to the controlled plant, while the
integrators present on remaining compensators will increase
their respective control signals indefinitely, since the corre-
sponding errors are normally not zero. Thismay lead inactive
controllers never to be activated again due to the Min–Max
logic.

Many techniques have been implemented for avoiding the
windup phenomena. Among the most commonly used, Back
Calculation (Visioli 2003), also adopted inCsank et al. (2010)
andChapman andLitt (2017), is the one chosen for this work.
The technique consists of adding a term to the integral error
eI of the PI as shown by the equation below:

eI = e − Kb(u − ur ) (4)

The extra term considers the difference between the real
actuating signal ur and the signal u calculated by the PI com-
pensator. The constant Kb determines the rate at which the
integral term is reset (Visioli 2003) and plays direct influence
on the controllers performance.

The Back Calculation technique diminishes the error seen
by the integrator and brings its output to a suitable steady
value whenever the controller is not active. This character-
istic keeps the correspondent controller from not being ever
selected by the Min–Max structure and reduces the size of

Fig. 6 Block diagram of PI structure with Back Calculation anti-
windup method

an instantaneous change in magnitude of the control signal
when the controller becomes active (Csank et al. 2010).

Figure 6 shows the block diagram of the PI compensator
using Back Calculation as anti-windup technique. The block
Error has, as an output, the difference between the reference
(Ref erence block) and the measured controlled variable
(Output parameter of the Plant block). The parameters Kp

and Ki are, respectively, the proportional and integral gains
and Kb is the Back Calculation gain, which must be care-
fully chosen for proper functioning of the adopted method.
The parameters umin and umax are, respectively, theminimum
andmaximum values allowed for the real actuation signal ur ,
where:

ur = u if umin ≤ u ≤ umax

ur = umin if u < umin

ur = umax if u > umax

(5)

In the case of study approached in this work, the values umax

and umin are determined by the Min–Max structure control
logic in its attempt to respect the established engine limits
during operation.

Following, a short analysis of the Back Calculation tech-
nique stability and the conditions that must be respected
during the choice of Kb are obtained. The digital control law
for the PI with Back Calculation, in terms of Z -Transform,
is given by Eq. (6). Considering Z -Transforms of the error
signal, the actuation signal calculated by the PI compensator,
u, and the real control signal sent to system to be controlled,
ur , denote, respectively, by E(z),Uz andUr (z), one has that:

U (z) = KpE(z) + Ki z
−1E(z)

zTs
z − 1

− KiTsKb

[
z−1U (z) − z−1Ur (z)

] zTs
z − 1

(6)

Rearranging Eq. (6), one gets:

(z − 1)U (z) = (z − 1)KpE(z) + KiTsE(z)

− KiTsKb [U (z) −Ur (z)]

123



32 Journal of Control, Automation and Electrical Systems (2019) 30:27–40

and by multiplying both sides by z−1:

(1 − z−1)U (z) = (1 − z−1)KpE(z)

+ z−1KiTsE(z)

− z−1KiTsKb [U (z) −Ur (z)]

(7)

Taking the inverse Z -Transforms Z−1{U (z)} = u(k),
Z−1{Ur (z)} = ur (k) and Z−1{E(z)} = e(k), the difference
equation becomes:

u(k) − u(k − 1) = Kp(e(k) − e(k − 1))

+ KiTse(k − 1) − KiTsKb(u(k − 1)

− ur (k − 1))

Denoting u(k) − u(k − 1) = Δu(k) and e(k) − e(k − 1) =
Δe(k), the above equation can be rewritten as:

Δu(k) = KpΔe(k) + KiTse(k − 1)

− KiTsKb(u(k − 1) − ur (k − 1))

During the steady-state behavior of the jet engine, the power
delivered by the turbine, Wt , equals the power demanded by
the compressor, Wc. In such situation, there is no variation
in rotation speed or in the fuel flow supplied to the engine’s
combustion chamber. Therefore, for steady-state behavior,
the actuation signal sent to the fuel pump, ur , shall not vary
in time, implying that ur (k) = ur (k−1). Andwith no change
in rotation speed reference and no rotation speed variation,
there must be no variation with time in the PI error, implying
that Δe(k) = 0. The following equation can then be used to
describe the behavior of the signal u calculated by the PI for
a stable steady-state behavior:

Δu(k) = KiTse(k − 1) − KiTsKb(u(k − 1) − ur (k − 1))

Using the Z -Transform on the above equation:

(1 − z−1)U (z) = z−1KiTsE(z)

− z−1KiTsKb [U (z) −Ur (z)]

Resulting in:

U (z) = KiTsz−1

1 − (1 − KiTsKb) z−1 E(z)

+ KiTsKbz−1

1 − (1 − KiTsKb) z−1Ur (z)

(8)

Equation (8) can be rewritten as:

U (z) = KiTs
z − (1 − KiTsKb)

E(z)

+ KiTsKb

z − (1 − KiTsKb)
Ur (z)

(9)

It can be seen fromEq. (9) that, in the case of steady behavior
of the engine, U (z) can be described by the sum of two first
order transfer functions having the same pole at 1− KiTsKb

and no zeros. For the obtained discrete transfer functions to
be stable, the pole must lie within the unitary circle, leading
to the condition |1 − KiTsKb| < 1. Also, a negative pole
will lead to an oscillatory behavior of U (z), which may be
undesired and can be avoided if the inequality 1−KiTsKb >

0 is satisfied. Therefore:

1 − KiTsKb > 0 ⇒ KiTsKb < 1

1 − KiTsKb < 1 ⇒ KiTsKb > 0

Which leads to design condition:

0 < Kb <
1

KiTs
(10)

In the particular case,Ur (z) and E(z) are step functions with
final values urss and ess, respectively, and Eq. (9) can be
rewritten as follows:

U (z) = KiTs
z − (1 − KiTsKb)

z

z − 1
ess

+ KiTsKb

z − (1 − KiTsKb)

z

z − 1
urss

The “Final Value Theorem” can be used to obtain the steady
value uss (of u),

uss = lim
z→1

(z − 1)U (z)

Therefore:

uss = urss + ess
Kb

(11)

Equation (11) shows that u approaches the steady value uss
as the engine remains operating at a steady-state behavior.
For smaller values of Kb, the pole approaches the unit circle,
reflecting a slower time response of u, as can be seen in
Eq. (9). It can also be noticed that, in the case of the power
management controller, since the control structure intends
to follow the power management reference, ess = 0 and
uss = urss. For the limit controllers, however, in most cases,
the steady-state value of the errorwill not equal zero, since the
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Fig. 7 Response of Tt4 in for PI structure with no protection and PI
structure with Back Calculation applied to Tt4max controller

reference used by the limit controllers is not being followed.

Therefore, for that case, uss = urss + ess
Kb

�= urss.

To make evident the advantages of applying the Back
Calculation anti-windup method, an illustrative hypothetical
case is considered where simulations of a Min–Max control
system for the GE J85-13 have been accomplished. In this
case, besides the main controlled variable N , three other lim-
iters were considered and managed separately in the control
structure: maximum acceleration, maximum allowed value
of rotation speed, with Nmax = 16,540RPM, and maximum
T I T , with Tt4max = 800K. PI structures with Back Calcu-
lations have been used for the individual compensators, and
the main N reference has been changed from 10,000RPM
to 13,000RPM at the instant 40 s. For this hypothetical case,
rotation speed overshoot is admitted as long as Nmax is not
exceeded, a settling time ts = 6s is considered to be accept-
able and Tt4 must not exceed Tt4max.

In a first simulation, the Back Calculation gains KbN =
10,000 and KbT = 0 were adopted, being equivalent to the
use of a pure PI structure for the Tt4 limit controller—which
has Tt4max as reference value and is responsible for providing
temperature protection. Figure 8 shows that control signal
coming from the Tt4 limit controller increases indefinitely
and reaches extremely high values, never being selected by
the Min logic of the Min–Max structure and, as the rotation
speed reference is changed, the Tt4 limit controller is never
activated, as seen in Fig. 10, leading to a high temperature
peak value during the engine transient regime which largely
exceeds the value of Tt4max specified for this hypothetical
case, as shown by Fig. 7.

In a second simulation, the Back Calculation gains are set
to KbN = KbT = 10,000. It is shown by Fig. 9 that the
control signal coming from the Tt4 limit controller presents a
steady value before the reference is changed, making it suit-
able for selection by the Min–Max logic. Therefore, when
there is a reference change, the Tt4 limit controller is acti-
vated during 4 s, as shown by Fig. 10, and the temperature
peak during transient regime does not exceed the desired
maximum value of 800K, as shown in Fig. 7.

Fig. 8 Actuation signals for PI structure with no protection applied
to Tt4max controller. In the legend: power man. for power management
controller; Tt4 for Tt4 limit controller; acceleration for acceleration limit
controller; N for N limit controller; ur for real actuation signal

Fig. 9 Actuation signals for PI structure with Back Calculation applied
to Tt4max controller. In the legend: power man. for power management
controller; Tt4 for Tt4 limit controller; acceleration for acceleration limit
controller; N for N limit controller; ur for real actuation signal

Figure 11 shows the response of N in both cases, with the
rotation speed reference being changed from 10,000RPM
to 13,000RPM at the instant 40 s. It can be noticed that,
although the application of the Back Calculation protection
method leads to a slower response with larger overshoot,
the specifications established for this hypothetical case con-
cerning N transient regime are still met, with Nmax not
being exceeded and ts < 6s. Therefore, the application of
Back Calculation becomes a better choice over the controller
with no protection at all, since Back Calculation protection
ensures that the temperature protection becomes active when
necessary and that the established value for Tt4max is not
exceeded, as required.

6 Power Management Controller, Limit
Controllers and PI Compensators Design

For the current work, the core rotation speed N has been
chosen as the main controlled variable. Therefore, the value
for the desired rotation speed is the reference input of the
power management controller.
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Fig. 10 Active controllers: 2 for Tt4max controller; 3 for Max. Accel.
controller

Fig. 11 Rotation speed response for PI structure with no protection and
PI structure with Back Calculation applied to Tt4max controller

The variables established for the limit controllers are
the TIT Tt4, which prevents the combustion chamber from
achieving excessive temperature levels that could result in
turbine thermal damage, the rotation speed N , being used
to limit the acceleration in order to avoid compressor stall
or surge and to limit the maximum rotation speed allowed
in order to avoid mechanical damage. The RU parameter
has been chosen to provide an inferior limit used to prevent
combustion chamber blow out during deceleration. There-
fore, four limit controllers are present in the adopted case
study: the N limit controller, preventing the engine to exceed
the maximum allowed rotation speed value, the acceleration
controller, preventing the engine to operate at regions where
there is higher risk of compressor stall, the Tt4 limit con-
troller, preventing the engine from exceeding the maximum
allowed TIT value, Tt4max, and the RU limit controller, pre-
venting engine blow out.

For designing the PI compensators, the engine nonlinear
model has been linearized around chosen operating points
of different steady-state values of N for sea-level, static and
standard-day temperature conditions. Also, a linear model
has been obtained at the operating points where Tt4 = Tt4max,
for obtaining the compensator gains used by the Tt4 limit
controller. A cutoff frequency has been chosen at each point
where linearization was achieved for designing the corre-

spondingPI compensator and thePI gains havebeendesigned
aiming critical dumped closed-loop response or overshoot as
low as 2% in case no critical dumping could be achieved at
the chosen cutoff frequency.

The current work does not make use of specific linear
models for acceleration, differently from what is proposed
in Jaw and Mattingly (2009). Therefore, the power manage-
ment controller, the acceleration limit controller and the N
limit controller use the same compensator gains, since they
all use the variable N as the controlled variable and have
rotation speed values as respective references. Because the
complete model is nonlinear and there exist strong depen-
dencies with respect to the operating an ambient conditions,
the gain schedulingmethod is required. Hence, the PI param-
eters for the power management controller, the acceleration
limit controller and the N limit controller are functions of
the altitude, flight Mach number and measured value of N .
The Back Calculation gain KbN is fixed and does not vary
with ambient conditions or measured N value.

The remaining limiters, Tt4 limit controller and RU limit
do not make use of gain scheduling. The Tt4 limit controller
uses fixed gains, and the RU limit controller output is cal-
culated through the multiplication of the measured value of
Ps3 by the established value RUmin, not making use of any
compensator.

7 Stall Margin Control Through Acceleration
Schedule

The choice of a proper value for the stall margin is extremely
important in order for proper operation to be guaranteed at all
situations. For the current work, the value of 15%was chosen
for the stall margin—as defined by the equation below—and
must be respected during the transient and the steady-state
phases. It is important to mention that the stall margin for
the steady-state operating line of the engine is larger then
the chosen limit and that the surge avoidance limiter will
never keep the engine from reaching any of its steady-state
operating points.

SM = PRstall − PR

PR
(12)

The limitation in acceleration is obtained by the use of a
maximum acceleration schedule, being defined as a set of
values composed by the maximum step reference values that
can be applied to the power management controller that will
result in an maximal acceleration that does not violate peak
value of 15% for the stall margin. Each entry in the accel-
eration schedule was obtained for a given value of initial
Nc through the simulation of various step values applied to
the power management controller until a step value resulted
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Fig. 12 Step of Nc = 0.042 applied to the power management con-
troller

in an acceleration with minimum peak of 15% of stall mar-
gin. The simulations have been carried out at sea-level, static
and standard-day temperature conditions. For instance, for
Nc = 0.7, the maximum step value was found to be 0.042
(final value of the step reference Nc = 0.742). Such step
function, when applied to the power management controller,
results in a transient behavior with minimum peak value of
15% of stall margin, as shown by Fig. 12. Tests that have
been carried out at different ambient conditions indicate that
good conservativeness has been presented by the resulting
controller.

The vectors NVec
c and ASVecNc

, described in the following

equation, were used in this work. NVec
c contains the values of

Nc where the maximum acceleration value for a minimum
stall margin peak of 15% was obtained. ASVecNc

contains the
entries for the acceleration schedule, where each entry was
obtained through a procedure similar to the one described
above for Nc = 0.7.

NVec
c = [0.55 0.6 0.7 0.8 0.9 0.99]

ASVecNc
= [0.049 0.048 0.042 0.064 0.081 0.011] (13)

8 Min–Max with Individual Limiter
Compensator and ProposedMin–Max with
Reference Filter

In general, theMin–Max structure adopts an individual com-
pensator for each limit controller. For comparison proposes,
the Min–Max structure has been implemented as shown in
Fig. 13, where the power management controller, the accel-
eration limit controller, the N limit controller, the Tt4 limit
controller and the RU limit controller calculate separate actu-
ation signals to be selected by the Min–Max logic.

The current work proposes an alternative approach with
respect to the use of individual compensators for the accel-
eration limit controller and N limit controller. Instead, the

acceleration limitation and the maximum rotation speed lim-
itation are achieved by limiting the allowable maximum
reference value of the power management controller at each
calculation interaction, i.e., by directly filtering the power
management controller reference.

The power management reference filtering is accom-
plished as follows: First, the instant value of Nc is obtained
and the index i is obtained from the vector NVec

c defined in
Eq. (13), where:

NVec
c (i − 1) ≤ Nc ≤ NVec

c (i) (14)

A coefficient f is then obtained through the following rela-
tion:

f = Nc − NVec
c (i − 1)

NVec
c (i) − NVec

c (i − 1)
(15)

A maximum variation value for Nc is then calculated from
the vector ASVecNc

defined in Eq. (13):

ΔNc = ASVecNc
(i − 1) + f

(
ASVecNc

(i) − ASVecNc
(i − 1)

)
(16)

The corrected rotation speed Nc is given by the following
relation, being N the instant value of the rotation speed:

Nc = N

ND

√
Tt2
Tstd

(17)

Therefore, the acceleration schedule output value AS(Nc)

can be calculated as follows:

AS(Nc) = (ΔNc + Nc)

(

ND

√
Tt2
Tstd

)

(18)

Finally, the calculated output AS(Nc), the actual desired
rotation speed reference, RefN and the maximum allowed
rotation speed, Nmax, become inputs of a Min block. The
Min block’s output is the minimum value between AS(Nc),
RefN and Nmax, and equals the filtered reference FRN, as
defined by the equation below, being adopted as the actual
reference for the power management controller. Figure 14
shows the block diagram of the control scheme incorporat-
ing the proposed reference filter.

FRN = Min(AS(Nc), Nmax,RefN) (19)

The reason for proposing such scheme is that, as shown by
Eq. (11), the steady value of the calculated actuation signal of
any limit controller differs from the steady value of the actual
actuation signal sent to the engine’s fuel pump. Therefore, in
a situation where the engine has been operating at a steady-
state operating point for a relatively long time and a sudden
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Fig. 13 Classical Min–Max control scheme

Fig. 14 Min–Max control scheme incorporating the proposed reference
filter

acceleration is required, the limit controllers outputs will be
initially larger than the power management controller out-
put. The Min–Max structure will therefore select the power
management controller output, and the limiters may become
inactive for an excessive period of time, causing a more
aggressive behavior which may lead to limit exceeding dur-
ing transient behavior. In the proposed scheme, acceleration
and Nmax limitations are achieved through sending a smaller
reference valuewhenever needed, therefore avoiding any dis-
putes among any individual limit controllers which use N as
a controlled variable or any high output values that would
keep them from being selected by the Min–Max logic. Such
scheme represents an advantage especially in the case where
limiters using other variables then N , such as the Tt4 limit
controller, are activated during very short periods of time, as
will be shown in the next section.

Fig. 15 Maximum N step values for stall margin of 15% applied to
each different chosen point of Nc

8.1 Stability Verification

Despite the large use of Min–Max structure with linear com-
pensators in commercial engines, stability analysis of such
configuration has only been attempted by fewworks (Richter
2012b). Johansson (2003) analyzes a similar system with
the use of piecewise-linear systems and multiple Lyapunov
functions. Overall stability, however, has not been fully con-
sidered in the open literature (Richter 2012b).

The proposed method, as well as the method proposed
in Csank et al. (2010), utilizes a predefined reference vector
for acceleration and maximum variation on speed reference
(acceleration schedule) whose values will vary in accordance
to the measured core rotation speed Nc. Those proposed
schemes add extra nonlinearity to the system, requiring an
even more careful analysis in order for a sufficiently rigorous
result to be obtained.

This work has verified the closed-loop stability of the
Min–Max structure with reference filter by accomplishing
numerical simulations at each individual engine operation
point of interest, defined by the vector NVec

c [Eq. (13)]. The
step values applied at each point of NVec

c are defined by vector
ASVecNc

[Eq. (13)] in order for a minimum stall margin peak
of 15% to be obtained during engine’s transient response.
The simulation results show that the system is stable in every
case, as shown in Fig. 15.

9 Simulation Results

The proposed control scheme was evaluated in a variety of
operating conditions. However, for the sake of illustration
purposes, a specific operating condition was chosen; namely,
at sea-level, standard-day temperature and static conditions,
a GE J85-13 remains operating at steady-state regime and
N = 10,000RPM (minimum thrust condition) for 80 s. At
the instant of 80 s, a step is applied to the power management
controller demanding the engine to operate at 16,540RPM
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Fig. 16 Simulation results for different values of KbN. a Stall margin
response for different values of KbN, b acceleration lines for different
values of KbN, c N response for different values of KbN, d active con-

trollers for different values of KbN: 1-powermanagement; 2-Tt4 limiter;
3-acceleration schedule limiter; 4-maximum N limiter, e Tt4 response
for different values of KbN, f ur for different values of KbN

(maximum thrust condition), which is the value adopted for
Nmax. For avoidance of high T I T values and combustion
chamber blow out, the parameters Tt4max = 1250K and
RUmin = 2.8 × 10−7 kgm/Ns have been adopted. A settling
time of 5 s from minimum thrust condition to maximum
thrust condition is considered acceptable in the current eval-
uation, being this criteria based on the rules established by
Federal Aviation Administration (Csank et al. 2010). The
above values for rotation speed references and Nmax have
been carefully chosen for the simulation results to remain
within the region covered by the real compressor map and
the used turbine map, resulting in more reliable results. The
values of Tt4max and RUmin were enough conservative and
still did not prejudice the comparison between both control
structures.

Simulations have been carried out for, KbN = 5000,
KbN = 20,000 and KbN = 100,000. A constant value
KbT = 10,000 has been adopted and never changed, and
all adopted Back Calculation gains meet the condition estab-
lished by Eq. (10).

The simulation results are shown in Figs. 16 and 17.
It can be observed in Fig. 16c that, for the smaller value
Kb = 5000, the rotation speed N presents a more aggressive
behavior, with a relatively low response time (ts ≈ 1 s)when
Min–Max with individual compensators is used. However,
as shown in Fig. 16a the stall margin did not remain close
to the established limit of 15%, presenting a minimum peak
of almost 0, which may represent an unsafe situation, since
the stall line may be approach the engine static operating
line for different reasons, such as steady-state temperature
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Fig. 17 Errors and w f for Min–Max with individual compensators. In
the legend: power man. for power management controller; Tt4 for Tt4
limit controller; acceleration for acceleration limit controller; N for N

limit controller;ur for real actuation signal.a Kb = 5000,b Kb = 5000,
c Kb = 20,000, d Kb = 20,000, e Kb = 100,000, f Kb = 100,000

and pressure distortions at the compressor inlet (Bobula and
Burkardt 1979; Mehalic and Lottig 1974). It can be noticed
through the observation of Fig. 16d that the acceleration limit
controller is activated for a very short period of time, despite
being the one individual limit controller intended to ensure
that the stall margin is respected. Instead, the Tt4 limiter is
activated before the acceleration limit controller and remains
active for a much longer period. Such behavior can be better
understood through the analysis of Figs. 17a, b. The initial
steady-state value of the acceleration limit controller output,
u0as , and the initial steady-state value of the Tt4 limit con-
troller, u0T , are obtained with the use of Eq. (11):

u0as = u0r + e0as
KbN

= 0.0776 + 791

5000
= 0.236 kg/s

u0Tt4 = u0r + e0Tt4
KbT

= 0.0776 + 500

10,000
= 0.128 kg/s

The initial steady-state value of the power management con-
troller output equals the steady fuel flow value for the initial
operation point, i.e., u0pm = u0r = 0.0776. It can be noticed
that, initially, u0a > u0Tt4 > u0pm = u0r (Fig. 17b). Because
of this initial larger value of u0a , the acceleration limit con-
troller will remain inactive for a period long enough for
allowing a more aggressive behavior of the controller and
thus prejudicing the stall margin protection. Notice that, due
to a higher initial error (Fig. 17a) and the relatively low value
of KbN, the initial value of the N limit controller output is
much higher then the outputs from the other limit controllers
(close to 1.4kg/s) and this limiter is never activated in this
case (Fig. 16d).

When the value of KbN = 20,000 is used, a lower
value of u0a = 0.117kg/s [Eq. (11)] is observed, as shown
in Fig. 17d, being much closer to the initial steady value
u0r = 0.0776kg/s and lower than u0Tt4 = 0.128kg/s. This
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lower value of u0a allows the acceleration limit controller
output to be chosen almost immediately after the reference
change, as shown in Fig. 16d, since the power manager con-
troller becomes very aggressive with the reference change
(Fig. 17d). However, the value of u0a is still high enough
to permit a sufficiently aggressive behavior of the overall
controller for a very short period (Fig. 17d), ensuring that
the engine operates very close to the established stall mar-
gin (Fig. 16a). The rotation speed response, for this case, as
observed in Fig. 16c, is 1 s slower that of the previous case,
but still acceptable (ts ≈ 2 s) and smaller then the estab-
lished maximum of (ts = 5 s). Notice that, in this case, the
Tt4 limit controller is activated for a very short period of time
(Fig. 16d).

For the case of KbN = 100,000, the initial value u0a =
0.086kg/s is observed, being even closer to the initial value
u0r = 0.0776kg/s (Fig. 17f). Again in this case, the accel-
eration limit controller is activated almost immediately after
the reference change (Fig. 16d). This time, however, a lower
value of u0a does not allow the controller to remain more
aggressive for a period as long as the one in the previous
case (Fig. 17f), which results in a slower response of N -over
1 s slower (Fig. 16c), despite still acceptable by the estab-
lished criteria. The stall margin response, however, is more
conservative, with the stall margin remaining larger than
the established limit during the entire acceleration regime
(Fig. 16a).

It should be noticed that the RU limit controller was never
activated, since an acceleration case has been simulated and
the rotation speed response was not oscillatory enough to
make necessary the activation of this limiter (Fig. 16c). Also,
as observed in Fig. 16e, the value of Tt4 does not exceed the
established value of Tt4max in any case.

For the cases where the proposed control structure, Min–
Max structurewith reference filter, has been used, no changes
in the controller response were observed regardless of the
changes in values of KbN, with the engine response being
very similar to the response observed for KbN = 20,000
and Min–Max structure with individual compensators, as
observed in Fig. 16a–f. This independence of KbN may be
explained for the fact that, when a reference filter is applied
to the power manager controller, the power management
controller output will always equal the real actuation sig-
nal ur , since the Tt4 limit controller remains activate for
a very short period (Fig. 16d). The simulation shows that
the Min–Max structure with reference filter tends to oper-
ate very near the established stall margin (Fig. 16a), since
the reference to be sent to the power management controller
will be filtered and adapted to any instantaneous protection
requirement concerning limitations of rotation speed. The
proposed method, therefore, presents the advantage of being
simpler to be implemented, requiring only one compensator
for implementing the power management controller together

with acceleration limit controller and N limit controller
(Figs. 13, 14) and also operates closer to the established
limits for the limit controllers which use N as controlled
variable (Figs. 16, 17), which gives the advantage of a faster
and still enough conservative response, when compared to
the responses obtained by the Min–Max structure with indi-
vidual compensators, and higher values of KbN, which are
conservative but slower (Fig. 16c).

10 Conclusions

This work proposes a novel approach to design a controller
for single-spool jet engines, where the power management
controller, the acceleration limit controller and the N limit
controller are implemented with the use of a single compen-
sator. The simulation results show that, for the various test
cases considered, the new approach yields a better behav-
ior than the scheme with individual compensators, operating
closer to the established limit with a sufficiently fast response
(in accordance to the established criteria) and suffering lower
influence from the KbN gain, which should be carefully set in
order for the system not to be too aggressive or too slow. The
new approach also presents the advantage of having a sim-
pler implementation, eliminating the need for an individual
compensator design for the acceleration limit controller, as
proposed in previous work (Jaw and Mattingly 2009; Csank
et al. 2010), and using a single compensator to implement
the power management controller, the acceleration limit con-
troller and the N limit controller.

Eventual disadvantages have also been observed in the
proposed method and must be taken into consideration in
more detailed future studies. Robustness and a reduction in
the grid of operating points where locally linear models are
obtained have not been investigated in this work, where a
large grid has been adopted aiming better investigation of
the proposed method itself. The use of a more refined grid
would require more hardware resources, leading to a more
expensive practical implementation. Also, it is noticed that
the maximum values of N step are a function of the corrected
speed Nc, which can only be calculated if total inlet tempera-
ture and pressure aremeasured. Obtaining themaximum step
values from a direct measurement of N would require larger
tables and more hardware memory during implementation,
since, at different altitudes, the same value of Nc corresponds
to a different value of N . Finally, the proposed method intro-
duces an extra nonlinearity to the Min–Max conventional
structure, demanding large effort for a formal complete sta-
bility analysis to be accomplished. It is important to mention
that, even for the conventional Min–Max structure, complex
questions such as global stability have not yet been fully con-
sidered by literature (Richter 2012b).
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Future work might also contemplate the use of the pro-
posedMin–Max structurewith reference filter to simplify the
control structure of two-axis turbofan jet engines, which is
commonly implemented with the use of Min–Max structure
with individual compensators. Experimental tests should be
also carried out to validate the new approach in single-spool
jet engines and turbo fan jet engines.
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