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Abstract

The paper describes a feedback controls design approach for a generic regional jet turbofan engine,
which can be adapted to aero engines in general. To demonstrate this approach, linear models for control
design are generated at different operating conditions from a full envelope nonlinear simulation created
with the NASA Glenn Research Center-developed Toolbox for the Modeling and Analysis of
Thermodynamic Systems. The primary objective is to design a single feedback controller that achieves
good performance, without the need of developing scheduled control designs to cover the engine
operating envelope. An additional objective is to progressively design more robust controllers that can
perform under large variations in plant dynamics to also cover control for engine limits and potentially for
some off nominal or even damaged conditions.

1.0 Introduction

The dynamics of aircraft engines vary substantially around the operating envelope, which is why
engine controllers are typically gain scheduled. Engine feedback controllers are designed to control either
the low spool speed (N1) or the Engine Pressure Ratio (EPR), by metering the fuel into the burner.
Scheduled controllers are designed individually for each of the predetermined operating conditions, as
well as for the different safety limits imposed on the engine for a given operating condition, which can
become a laborious process. The objective here is to expedite the process by designing a single controller
with globally acceptable performance that will cover the entire operating envelope, which potentially
includes engine limits.

The Toolbox for the Modeling and Analysis of Thermodynamic Systems (T-MATS) (Ref. 1) is used
here to model a generic regional jet (GRJ) turbofan engine. The T-MATS model was developed from
engine cycle analysis performed using the Numerical Propulsion System Simulation (NPSS). The T-
MATS GRJ turbofan engine model is linearized at different operating conditions to get corresponding
linear models or Transfer Functions (TF) of the engine plant, which are used to design feedback controls.

The controller design is based on the loop shaping (LS) method described in Reference 2. In
Reference 2 the approach was developed to design the controller and its bandwidth for a single plant TF
based on the speed of its actuator. Here, however, the approach is used to design a feedback controller for
a plant TF with approximately the average steady state proportional gain of the plant or with a plant step
response that is deemed to be situated about half way between the individual responses (for both the rise
time and for the steady state). Then this controller design is simulated for all the plant TFs selected to
cover the engine operating conditions in order to evaluate how well this control design is able to maintain

NASA/TM—2019-220361 1



desirable performance. Thus, the control bandwidth design carried out in Reference 2, which also
safeguards the actuator (not to exceed its speed limit), may not be met in this design.

The control design itself is subdivided into three different control elements. First, a low frequency or
a simplified control design structure is developed to be used as a baseline for comparisons with more
complex control designs. An additional objective of this control design, referred to here as “the slow
control design,” is that it will be faster in terms of execution time (the required sampling frequency is
lower) and is therefore more likely to be able to run in real time. Second, a fast control loop design is
introduced that takes maximum advantage of the speed of the fuel actuator (Ref. 2). Finally, an adaptive
gain control structure is employed based on the positive gradient control methodology described in
Reference 3 and comparisons are performed. This adaptive control design is introduced here as an
additional tool with the potential of embedding more robustness in the control with the ability to handle
even more uncertainty in the plant dynamics.

The paper is organized as follows. First, engine plant models under different operating conditions are
introduced in the form of TFs. This is followed by a description of the three control designs and results
that demonstrate the effectiveness of those control approaches. Next, control system simulation results
using the full envelope nonlinear T-MATS model are presented and compared with those obtained from
the linear system models. Finally, concluding remarks are presented.

2.0 Linear GRJ Turbofan Engine Models

Table | shows the engine conditions for which linear models were developed using T-MATS. The plant
TFs are N1(rpm)/W (Ib/s). As seen in this table, there are significant variations in plant dynamics,
especially for the proportional gain (i.e., the proportional gain in a normalized TF form (Ref. 2) or the steady
state gain), which varies over a range of approximately 1 to 10 times. The TFs for other nominal operating
conditions are encompassed within the range of the TF gains shown in this table. The corresponding step
responses of these TFs, which are labeled in order as Plantl to Plant4, are shown in Figure 1. A mid-plant
TF is constructed with a gain of 2,500 as mid-plant=(2,500/1,909)*Plant1, to be used for control design. The
proportional gain of this plant is about half way between the extreme gains shown in the table.

3.0 Feedback Control Design for the GRJ Turbofan Engine

The LS control law designs described herein, for the GRJ Turbofan engine, primarily follow the
approach described in Reference 2. The reader is encouraged to consult this reference for more detail, as
the design methodology will not be repeated in this paper. The difference is that instead of using the
actuator speed limit to design the controller and its bandwidth for a single plant TF (Ref. 2), the fuel
actuator speed limit is used here to design the control system bandwidth based on one of the plant models.
However, since the objective is to use the same controller design to accommodate large variations in plant
dynamics, the designed control bandwidth will not necessarily be met for all the plant variations. The
control design will be done in progressive steps, starting from the simplified or the slow LS feedback
control design with a step response designed to meet the FAA requirement of 95 percent thrust response
within 5 s (Ref. 4). This is followed by a fast loop control design that still meets the FAA requirement,
but with better performance. Finally, the adaptive gain control design will be demonstrated.

3.1 A Slow Control Design

The slow LS feedback control design is intended to establish a baseline for comparison of control
system performance for the subsequent control designs, as well as to allow fast execution for real time
engine control applications because it doesn’t require high frequency sampling. The LS control design
here follows the same steps as those covered in Reference 2, whereby the desired open loop TF is selected
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as G¢=3.3(s/0.33+1)/(s(s/1.0+1)) in order to have the desirable open loop shape, while the representative
feedback control system meets the 5 s response requirement. The feedback response for this desired open
loop TF is shown in Figure 2.

Aero engine fuel actuators are assumed to have a typical bandwidth of 6 Hz, and a corresponding
simplified and damped TF with such a bandwidth would be G,=1,369/(s>+81.4s+1,369), which is also
included as part of the plant. The Bode diagram of the desired open loop TF, Gy, is first plotted, and using
the combined actuator and Mid-Plant TFs, the controller is designed to match the Bode plot of G4. The
method used here for this process is described in Appendix Il of Reference 2, whereby the 3 dB
separation in the respective gains is located and a pole or a zero is inserted appropriately at that
frequency. The process is repeated in order for these gains to match well, at least up to the cross-over
frequency. As seen in Figure 3, the last step (i.e., Bode plot of Ge4 times Plant) matches well with the
Bode plot of G4 up to the cross-over frequency of 10 rad/s, with some compromise in phase margin (PM)
or system damping. If the desire is to preserve the PM of Gy, the responses would need to match at higher
frequencies. However, this would require faster dynamics and a decrease in the integration step time for
the simulation. This design process resulted in the following controller TF:

G¢=(3.3/2500)(s/0.33+1)(s/1.32+1)(s/8.6+1)/s(s/1.0+1)(s/3.2+1)
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Figure 1.—Step response of the linearized engine Figure 2.—Step response of the desired feedback
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Figure 5.—Step responses of the control system with the
different plant TFs.

The resulting feedback control system diagram with the evaluated controller TF is shown in the
SIMULINK® model in Figure 4. For this control system setup, the speed N1 is set to be commanded
starting from 7,000 rpm, with an optional speed disturbance applied, and with a proportional gain set to a
value of 1, which signifies that the original plant proportional gain (i.e., the proportional gain of either a
standardized or normalized TF, Ref. 2) remains as set. However, varying this gain allows testing the
control system design with different proportional gains. Even though the disturbance in this control
system model is speed, in a full T-MATS type engine simulation the disturbances would be quantities
such as upstream total pressure and temperature or mass flowrate.

The step responses of this control system with all the plant TFs shown in Table I, including the mid-
plant TF used for this control design, are shown in Figure 5 with no disturbance noise added. As shown in
this figure, all the responses are stable with this LS control design. However, some of these responses fail
to meet the 5 s settling time requirement. Note that these responses are linear (TF responses) and as such
the step size chosen will not change the characteristics of the response.

The fastest pole/zero frequency in this control system design is that of the fuel actuator (37 rad/s). A
common rule of thumb is to set the time step equal to the reciprocal of 5 to 10 times the highest
frequency, which in this case is 1/5(37) or 0.0054 s. Practically however, the time step could be as large
as 0.01 s and still maintain numerical stability or simulation accuracy. Since in this case the time step is
dictated by the actuator, this design will have as fast execution as any possible control system design.

3.2 Fast Control Design

In this control system design the speed of the fuel actuator, which is normally approximately 6 Hz or
37 rad/s will be used to about its maximum ability to increase the bandwidth of the control system in
order to improve the system performance. The LS approach in Reference 2 can also be used here to
design a controller for the mid-plant discussed earlier, even though this single controller design may not
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meet the maximum bandwidth desirable for the plant TFs. An alternative is to use a Model Following
Control (MFC) design structure as covered in Appendix 1l of Reference 2, which will add more
robustness to the control. In this section the former design approach will be used.

This LS control system design approach (Ref. 2) will be used here with the addition of a low pass
filter inserted after the input command to control the response time to meet the 5 s requirement, while the
control bandwidth can still be made much higher than this prescribed response time. This allows the
control system to have the typical response time required, while significantly increasing its ability to
reject disturbances. The SIMULINK® model for this control design is shown in Figure 6.

Since the LS control design described in Appendix Il of Reference 2 is for a high bandwidth
controller and since the plant model used for that design is not that much different than the mid-plant
discussed here, for instance the gain of that plant was approximately 4,000 versus 2,500, the exact same
control design is employed here as well. Restated here, the controller TF for this design is

Ge(s)=(9.102x10°%°+7.987x10%*+1.728x10"%5°+8.844x10"%°+1.609x 105 +9.665x 10™°)/
(1.959x107s%+1.599x10'%*+3.307x10%s3+1.901x10"s?+2.588x10*s)

Another purpose for using this controller design from Reference 2 instead of specifically designing a
controller for the selected process, is to further demonstrate the robustness of the LS control design approach.
The step responses of the control system with the different engine plant TFs discussed before, without any
disturbance noise, are shown in Figure 7. The responses show that a single engine controller design as this
provides for good performance that meets the 5 s response requirement. A high frequency padding pole on
the order of 400 rad/s was added in the design described in Reference 2 to make the controller TF proper, but
relatively good responses can still be obtained when this padding pole frequency is reduced to as little as
100 rad/s or slightly less. With this controller TF G¢(s), the control system response for all the plants still
meets the 5 s requirement, even when the plant proportional gain (Gain3 in Figure 6) varies in the range of
0.6 to 15 times. As such, this control design exhibits a relatively high degree of robustness.

These responses indicate that a single controller design should be able to cover the entire engine
operating range without the need of gain scheduling control designs. Note, however, that by increasing
the bandwidth of the controller beyond what is typically used, the control system may excite higher
frequencies than that of the rotor dynamics or excite lower frequency gas dynamics. So a final check of
this controller design should be against an engine model that includes volume dynamics (Refs. 5 and 6) or
against real engine testbeds.

3.3  Adaptive Gain Control Design

Even though the engine plant variations under different vehicle operating conditions may be well
covered with the plant TFs shown in Table I or with the control designs described in the previous
sections, there could be additional unaccounted for conditions such as wear and tear, damage, or perhaps
it may even be desirable to control engine limits with the same controller design. For a controller to be

1369 7054s+8881
Garmpler T ™ 5281.45+1368 | " |s%4.765:2.123
Actuator2 Plant mid2 Scope3
Disturbance2 |7,000
Corbn? SoreEr To Workspace/

Figure 6.—Fast bandwidth controller with step command filter employed to meet required response time.

NASA/TM—2019-220361 5



7,600

7,500
7,400
g
= 7,300 — Step response-Mid-Plant
= - - Plant1
7,200 Plant2
.‘ ........ P|ant3
7,100 Plant4
7,000 . : '
0 5 10 15
Time, s
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TABLE |.—ENGINE OPERATING CONDITIONS AND TRANSFER FUNCTIONS

Operating C. Mach no. Altitude dTamb TF Gain Poles, Zeros,
rad/s rad/s
+
Cruise 0.8 35,000 0 __06165+9969 1,909 -6.09, -0.86 -1.57
$2+6.9455+5.222
Mid-Cruise 0.5 25,000 0 M 1,550 -7.61,-0.89 -1.46
§2+8.5025+6.769
4
Takeoff 0 0 0 29055+1.664x107 650 -13.04,-2.0 -5.73
$2+15.03s+25.71
13720s+27120
Approach 03 0 0 Bl 6,350 | -353-121 ~1.98
$2+4.741s+4.271

able to operate over such a wide range of operating conditions, it may be desirable for the controller
design to exhibit even more robustness to variations in plant dynamics. Adaptive gain control
methodologies are numerous in literature and an on-line search can produce a plethora of information on
the subject. The objective here is to introduce a novel approach in this area with the potential to simplify
the aero engine feedback control system design problem and possibly provide more design flexibility for
applications where robust control system performance is of primary importance.

3.3.1 Positive Gradient Adaptive Gain Control Design

In this section an adaptive gain control methodology will be introduced that is based on the positive
gradient or the performance seeking control methodology described in Reference 3. The performance
control structure described in this reference was used to continuously adjust the control system setpoints
in order to drive the system to the operating point that maximizes a performance objective. This was done
by driving the process in the positive gradient direction of a performance function with respect to the
control inputs. Mathematically, this is positive gradient control of the performance objective, f, with
respect to the control input, u, (i.e., of/ou).

For engine control, the MFC structure (Ref. 2) and the positive gradient control structure (Ref. 3) will be
utilized to adapt the controller gain in an effort to handle plant uncertainties via a performance objective that
minimizes the error between the control system and a reference model. In the process of formulating the
performance objective, it is desirable for an error value of zero to produce a maximum performance value,
and as such the performance function chosen here is as follows: f = (Xret — R)> = (Xc — R)?, where Xref, Xc,
and R are the reference model output state, the control output state, and the setpoint, respectively. Notice
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that advantageously this function is quadratic and convex with a global maximum, which describes a three-
dimensional surface resembling a hill, whose maximum value is 0 at the point (X, Xc) = (R, R). It may also
be noticed that by squaring the terms in this function, the directional information that is necessary for the
gradient computation is lost. Thus, this performance function is modified as follows in order to restore this
information.

f = [~(Krer = R)* = (Xc = RY?| sign(Xyey — Xc) (1)

With this modification however, the performance surface is changed to the original surface adjoined by its
mirror image (upside down hill) at this extremum. Nevertheless, on either surface the sign of ou changes
correspondingly with the sign of of so that the positive gradient of of/ou is maintained at all times, and
positive gradient trajectories operating on either surface are mirror images of each other. This also means
that looking only at one of the surfaces is sufficient to see the evolution of the state trajectory, while the
actual state trajectory near the extremum point may be jumping from one surface to the other.

The evaluation of the gradient, of/du, is done using a derivative approximation with a first order low
pass filter used for causality (Ref. 3). Thus, the gradient approximation will not necessarily be normal to
the surface elevation contours (Ref. 3), but nevertheless the state trajectory will still follow either an
ascending or a descending path progressively advancing towards the extremum.

When adapting the controller gain, it would be expected that in the presence of noise, the positive
gradient adaptation will continue to increase the gain in order to suppress noise. That is because
increasing the controller gain increases the open loop TF gain or the control bandwidth, which increases
attenuation of disturbances and maximizes the performance function in Equation (1). This can become
problematic however, if at some point in the process the Phase margin (PM) or the Gain Margin (GM) of
the feedback control system is depleted. One way to minimize the possibility of this happening is to turn
off the adaptation when the reference model output and the control system output match within a certain
value say, a noise tolerance as

|(Xref - XC)/Xrefl < Nt (2)

where N; is the approximate noise to signal ratio of the noise tolerance. If the control setpoint is moved
starting from the value of 0 to 1, Equation (2) would be expected to enable adaptation as the value of X
in the denominator will also be small, while at steady state this relation will turn the adaptation off when
the resulting noise amplitude from the control system is less than N:. This could be an area where different
functions for noise tolerance may be more suitable depending on the situation.

The adaptation feedback process is shown in the SIMULINK® diagram of Figure 8. The plant with
the feedback controller TF design described in Appendix Il of Reference 2 is also used here for the
adaptive controller design. The reference model shown in Figure 8 is chosen to be the feedback TF of the
desired open loop TF design, Gq (G¢=15(s/1.5+1)/s(s/3.7+1)), described in Reference 2. The reason for
this is to make the bandwidth of the reference model the same as that of the inner loop control system,
with as good performance. The mechanism for the adaptive gain portion is added to the GainAdaptation
block shown in Figure 8. One of the inputs shown to the adaptation block comes from the output of the
controller. Because what really matters here is the actuation action to the process rather than the controller
output, this control input to the adaptation block is passed through the same actuator TF. This is done
here, since in a physical implementation it is easier to directly access the digital signal. In addition,
because a coupling oscillation in the adaptation loop is produced for the control input, the control signal
here is further filtered by a first order filter of 10 rad/s in order to suppress high frequency oscillations.
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TABLE I.—ADAPTATION PARAMETERS

Parameter Value
AEAATIME .ovveveere e e 0.001
Y (T T SRS 100
MINGAIN ...t 0.05
OMEBGA ettt 10
GradLimitH/- . ..o 1,000,000
INEEYGAIN ... 0.005
NOISETRIESN ....veciiiciecce e 0.2

The parameters that are used to tune this adaptation mechanism are constructed as a MASK in the
GainAdaptation SIMULINK® block shown in Figure 8, and are listed in Table 1. The deadTime
parameter is used to allow the controller to start and initialize, before adaptation is enabled. The MaxGain
and MinGain parameters set the range within which the adaptation gain is allowed to vary, and for the
values listed in the table it permits a gain adaptation range from about 0.05 times to 100 times the original
designed controller gain. The parameter Omega is used for the filter in the gradient derivative
approximation Reference 3. The parameter GradLimit+/- is used to limit the output of the approximate
gradient, of/ou, to avoid getting excessively large or infinite values. The output of this gradient value is
fed into an integrator Reference 3, and the parameter IntegGain is the gain of this integrator. This
integrator gain is tuned to allow for fast adaptation in this case, but not so fast that the initial response to
setpoint changes will end up being oscillatory. The parameter NoiseThresh is the noise threshold for
which the adaptation is disabled when Equation (2) is satisfied. Even though the value shown in the table
worked well for initial testing of the control system when the setpoint is varied around the values of +/- 1,
this value had to be changed significantly for the N1 setpoint, as will be discussed later. All the
parameters displayed in Table Il are found to have low sensitivity, except perhaps for the parameter
NoiseThresh.

3.3.2 Positive Gradient Adaptive Gain Method Results

An important aspect of the method described in Appendix Il in Reference 2, which is also used here,
is that the controller is designed so that the resulting open loop TF, including the padding pole, well
matches both the gain and phase of the desired open loop gain, at least up to the cross-over frequency.
This is done so that there is not a significant compromise to the PM, while the GM is still adequate. This
makes the adaptive controller more robust. This is shown in Figure 9, where the PM at the cross-over
frequency of about 37 rad/s is about 85°. With such a controller design, the open loop gains of all the
plant TFs listed in Table | have relatively large PM of at least 75° despite their different cross-over
frequencies, as shown in Figure 10.

Figure 11(a), shows an example control system response to set-point changes with the plant
proportional gain of 0.01 times its original value and with 40 percent disturbance added at a frequency of
3 rad/s (for the same Mid-Plant). Figure 11(b) shows corresponding changes to the adaptive gain during
the control process. Figure 12 shows the ascent of the state trajectory towards the extremum point on the
performance surface for a typical run, while Figure 13 and Figure 14 show an ascent through performance
elevation contours, with and without disturbance noise. As is evident from these figures and as described
in Reference 3, the trajectory moves in an approximate positive gradient direction, until ascent in a
particular direction ceases. At that point, a new ascent direction is established towards the maximum, and
the process repeats. Simulations (not shown here) with 100 times the original plant gain show about the
same results. Compared to the MFC structure described in Reference 2, this adaptive control design
displays more robustness.
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noise, (a) Control system step response, (b) Adaptive gain response.
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Figure 12.—A slice of the performance surface and the output
state trajectory ascending to the top of the surface to the
maximum performance point.
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Figure 13.—Performance surface elevation contours and the
output state trajectory ascending through the elevation
contours, with and without noise in the system.
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Figure 14.—Zoom in of Figure 12 to show that when ascent in a
certain direction stops, a new ascent direction is established
by the positive gradient and the trajectory continues to climb
towards the extremum.
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The response of the reference model in Figure 8 (i.e., the feedback TF of the desired open loop gain),
has a damped response that meets the 5 s requirement. The adaptive control system tracks the output of
the reference model and any variations manifest as a setpoint change to the inner control loop.

The different plants in Table I are simulated in this control system, and they all track the reference
model without any discernable differences in their responses. Varying the plant dynamics by varying the
normalized proportional or steady state gain of the plant has been simulated in the range of 100 times to
0.03 times and still all the control system responses track very well. This is shown in Figure 15 and
Figure 16, respectively, with a disturbance noise level of 50 rpm applied for both cases at a frequency of
3 rad/s. For a plant gain variation less than 0.03 times, the original plant gain the adaptive controller starts
having problems tracking the reference model. For this adaptive controller, all the tuning parameters
shown in Table Il remain the same, except for the NoiseThresh parameter, which is tuned to a value of
0.003. This value is approximately NoiseThresh/NA, where NA is the maximum noise amplitude in this
simulation and NoiseThresh is the value from Table II.

7,600 — Step response-Mid-Plant
7400 | 2 Wit plantz
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Time, s

Figure 15.—Adaptive control system step response for all the
engine plants in Table I, and with a plant proportional gain of
100 times the original gain.
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Figure 16.—Adaptive control system step response for all the
engine plants in Table I, and with a plant proportional gain of
0.03 times the original gain.
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40 T-MATSLS Controller Simulations

The LS controller designs described in the previous section were integrated into the nonlinear GRJ
turbofan engine model developed in T-MATS, and simulations were carried out to validate the controller
designs. First, relatively small throttle step commands that generated N1 step commands of 100 to
200 rpm were used to check the control system responses for the corresponding linear operating
conditions described in the previous section, without engaging the limiters. Before the step commands
were introduced, the simulation was allowed to run for a few seconds in order for the responses to arrive
at a steady state or an equilibrium condition.

Unlike the simulations carried out in the previous section (500 rpm N1 step commands starting from
7,000 rpm), in the T-MATS simulations the starting rpm is different for each operating condition, while
the size of the N1 commands are also different (i.e., the throttle position delta doesn’t linearly correspond
to N1 delta). For these reasons, the step responses here are normalized and plotted in order to compare
them with each other and to also compare them with the responses shown in the previous section. Figure
17 show the normalized step responses of the T-MATS engine simulation with the slow feedback
controller TF shown in Figure 4. One extra operating condition was included here for Taxi that turns out
to have a TF proportional gain of 7,775, which is outside the range of the TF gains displayed in Table I.
This extra condition is used to demonstrate that additional operating conditions can be included for these
studies as desired or required. Comparing the T-MATS responses in Figure 17 with that of the linear
control system responses in Figure 5, it can be seen that corresponding responses are similar, except for
the undershoot/overshoot responses displayed here for the approach condition, which apparently is part of
the nonlinear behavior of the engine model for this flight condition. Like those shown in Figure 5, not all
the responses in Figure 17 meet the 5 s requirement. However, with the design and implementation of
variable bleed valve (VBV) schedule (a Variable Guide Vane (VGV) schedule (Refs. 5 and 6) was
already employed in this design), all the responses in T-MATS (not shown here) using the slow controller
design do meet the 5 s requirement. The VBV or the VGV designs will not be covered here, as this goes
beyond the objective of this paper. Even though the slow controller design with the addition of a VBV
meets the FAA response time requirement, disturbance rejection or robustness will not be as good as with
a faster controller design.

Similarly, the T-MATS engine responses for the faster controller design TF in Figure 6, are shown in
Figure 18, which are comparable to the responses shown in Figure 7. In this case, all control system
responses for the different operating conditions meet the desired or required response time of 5 s, without
using the VBV schedule in these simulations.

—--Command
Cruise --—-Command
3 1.0 = smmmmmm - Mid-cruise - Cruise
= A h 8 el
© 1 pproaC 2 ........M|d_cru|se
E05 A --— Takeoff @© ‘\ Approach
5 € b
c 5 \ --—-Takeoff
= < T —Taxi
z 00 — .
= N
l I e |
9 10 15 10 15
Time, s Time, s
Figure 17.—Step responses of the nonlinear engine Figure 18.—Step responses of the nonlinear engine
model at different operating conditions with the slow model at different operating conditions with the faster
LS feedback controller design shown in Figure 4. LS feedback controller design shown in Figure 6.
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Figure 19.—Step responses of the nonlinear engine Figure 20.—Step responses of the nonlinear engine
simulation at cruise for PID control designed for cruise model at approach for PID control designed for
compared with the fast and slow LS controllers of the cruise compared with the fast and slow LS
previous design. controllers of the previous design.

For Aero engines, PID (Proportional Integral Derivative) control designs must be scheduled, in
contrast to this LS control design, which is not. However, some perspective can be given here to show
how a typical PID design is expected to respond for other flight conditions. Figure 19 and Figure 20
respectively, show step response comparisons of the slow and the fast control system designs discussed
above against that of a PID control system designed for the cruise condition and run at cruise, and that of
the same PID design run at the approach condition. As seen in Figure 20 the PID control system designed
for cruise and run at the approach condition would be nearly unstable, while the same fast controller
design for instance, is impervious to the condition change. There were other conditions for which this PID
control system design was completely unstable.

Simulations were also run with T-MATS to show additional engine responses for various flight
conditions. One of these simulated conditions is shown in Figure 21 for a throttle control action that
ramps the engine speed, starting at 95 s, from near idle at sea level to 100 percent power in 5 s. Then the
speed, N1, is slowly increasing during the next 30 s due to increasing Mach number, simulating a take-
off, climb and leveling-off at 2,500 ft. The figure also shows the thrust response during this flight, the
Stall Margin (SM) for the High Pressure Compressor (HPC) and the fan, and the Inter Turbine
Temperature (ITT)—the gas temperature between the High Pressure Turbine and Low Pressure Turbine.
As seen in Figure 21, the SM for the fan decreases during the acceleration portion of the flight envelope,
while the HPC SM initially dips and then increases. The HPC SM is increasing during this transient
because the bleed schedule kicks in at this time. The fan SM transient approaches nearly zero during the
fast part of the transient. This is because the engine performance maps are not necessarily optimized, with
a fan SM or a fan R-line that is situated closer to the stall line than what would normally be the case. The
ITT is also significantly higher than what normally will be experienced. The reason for this is that the
combustor stoichiometry is not simulated in this model. Thus, as significant air is diverted through the
VBV, the combustor is burning rich and without taking into account its stoichiometry, the temperature
increases significantly. Note that the objective here is not to exactly simulate an existing engine’s
performance, but rather to demonstrate an improved engine controls design methodology. As such, the
important thing here is to observe control system responses and the trends rather than the actual numbers.
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Figure 21.—Engine simulation responses to throttle
action at 95 s and engine accelerating from near idle to
about 100 percent speed. Then at 100 s a ramp is
applied for the next 30 s—simulating sea-level take-off
and leveling at 2,500 ft.

Next, the engine limits were tied back to the model to see how the same fast LS control design will be
able to accommodate the limits for cases where the limits are engaged. The standard controller
implementation in the T-MATS engine model uses a so-called free integrator at the output of the control
structure (Ref. 7) with a scheduled gain. To implement the control design for the limiters, the same LS
controller TF utilized before for N1 is also employed here for the limiters without the free integrator,
whereby the selected error from the Min-Max logic is directly fed to the controller TF. Because the plant
steady state proportional gains for the respective limiters vary significantly more than the gains shown in
Table I (e.g., vary from 0.001 to 200 and in one case there is even a sign change with a gain of —-5,000),
the control system responses for the limiters were first tested and their respective gains were adjusted so
that their responses approximated that of the fast LS controller shown in Figure 18 or Figure 19. So by
employing the same controller TF as that of the fast controller for instance, only a gain value was set for
each limiter.

The engine limiters were tested using step commands. Figure 22 shows the N2 limiter responses for
different operating conditions, which were also found to be typical responses for the rest of the limiters.
Due to the damped control system responses using the fast LS controller (see Figure 18), and perhaps due
to the addition of VBV schedules, the engine limits are more difficult to engage with this control design.

NASA/TM—2019-220361 15



For the adaptive controller, the T-MATS implementation is shown in Figure 23. Because several
processes are simultaneously taking place in T-MATS, especially for larger step commands where the
VGV and VBV are changing, it was found that some tuning or adjustments were necessary to implement
the adaptive controller with the nonlinear engine simulation. Gain adaptation needed to be slowed down;
a low pass filter was used for this purpose inside the GainAdaptation block. At the same time, it was
found that the adaptation of the outer control loop needed to be sped up, and for that, the gain of the outer
loop was increased from 1 to 3.

Figure 24 shows a step response of the engine speed due to a relatively sharp throttle
deceleration/acceleration command at sea-level. The adaptive controller closely follows the response of
the reference model. Figure 25 shows the fuel flow and engine gas temperature (ITT) during this
transient. Because the adaptive controller closely follows the schedule command and closely hugs the
reference model (see Figure 24), besides temperature, which is not well tuned in terms of performance, it
is even more difficult to engage the limits with this controller, even compared to the fast controller design
described earlier.

The adaptive as well as the fast controller discussed previously, have fast responses, significantly
faster than that indicated by their overall response time, which is slowed down by filtering the input
command. As such, these controllers also have better disturbance rejection capability (see Ref. 2).

Implementing the limits with the adaptive controller is more involved as the adaptive control structure
needs to be changed as follows. The reference model shown in Figure 23 needs to be duplicated
separately for each limiter while the respective limit values need to be used as the command input to the
reference model; the “NZ1 _int” (initial condition) needs to be set to zero after the initial startup transient;
limit flags need to be set with the Min-Max logic to switch in the right command and sensed values for the
controller to replace the “N1_sch” and “N1_sens” while the N1_sens value is also fed directly to the
second summation block — ahead of the command filter; approximate gains for the limits, as used for the
fast controller, may also need to be used for the “gain_change” block in Figure 23—this has not be done
here. The gain approximation for the limits will likely need to be within an order of magnitude of the
steady state value of the respective plant TF, as the adaptation mechanism will make necessary
adjustments.
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Figure 22.—Step responses of the engine N2 limit at
different operating conditions for the fast LS controller.
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Figure 24.—Engine step response with the adaptive
controller.

Figure 25.—Fuel and engine gas temperature during
throttle step command.

5.0 Discussion and Conclusion

The paper demonstrated aero engine control designs based on the loop shaping (LS) technique
published previously. The bandwidth of the control system in these designs can significantly differ from
that of the LS methodology where the control bandwidth design is based on the actuator speed limit. This
is because the same controller is used for large variations in plant dynamics in order to avoid the laborious
exercise of designing engine control schedules. Normally, the control bandwidth design in the LS control
methodology also safeguards against the process exceeding its speed limitations. In this case however, an
actuator speed limiter should provide adequate safeguard in case the actuator speed limit is exceeded. The
control designs in this paper start with the so-called slow LS controller and progress to a faster controller,
and finally an adaptive control design. This evolution in the control designs covered in the paper is for the
purpose of demonstrating a single controller design that covers all the operating modes of the engine as
well as its safety limits, while it maintains some robustness. The control designs illustrated here using a
turbofan engine simulation achieve these objectives, which demonstrates the potential to simplify and
expedite aero engine controls designs in general by potentially eliminating the design of engine control
schedules. The so-called slow control design was able to achieve the desirable engine response for all the
engine operating conditions, but with the aid of a Variable Bleed Valve (VBV) schedule. The so called
fast controller design described in the paper was shown to be able to cover the engine operating envelope
also with a single controller design, with or without the VBV schedule. The same controller design was
able to also handle the engine limits, but with proportional gain adjustments. The adaptive design
achieves the same objectives as the fast controller, but with the additional possibility of adapting to
engine changes such as engine health deterioration or even possibly damage. The implementation of the
limits using the adaptive controller design is more involved and this part was not demonstrated in the

paper.
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