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Abstract: Modern turbojet engines mainly use computerized digital engine control systems.
This opens the way for application of advanced algorithms aimed at increasing their operational
efficiency and safety. The theory of robust control is a set of methods known for good results in
complex control tasks, making them ideal candidates for application in the current turbojet engine
control units. Different methodologies in the design of robust controllers, utilizing a small turbojet
engine with variable exhaust nozzle designated as iSTC-21v, were therefore investigated in the article.
The resulting controllers were evaluated for efficiency in laboratory conditions. The aim was to find
a suitable approach and design method for robust controllers, taking into account the limitations
and specifics of a real turbojet engine and its hardware, contrary to most studies which have used
only simulated environments. The article shows the most effective approach in the design of robust
controllers and the resulting speed controllers for a class of small turbojet engines, which can be
applied in a discrete digital control environment.
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1. Introduction

Design of control systems for a turbine engine requires knowledge from many science fields,
including aerodynamics, fluid mechanics, thermodynamics, rigid body mechanics, chemistry,
and material sciences [1]. Each designed control system has to keep the controlled engine within
certain operational limits, as depicted in Figure 1. These limits are defined by the maximal rotational
speed and exhaust gas temperature, as well as by the surge line represented by the coefficient of
excess air in the main combustion chamber. This means that the control system has to operate in
a complex environment and respect the constraints of a multi-dimensional non-linear space with
many uncertainties [1].

In order to solve the aforementioned problems and deal with uncertainties in the control of
turbojet engines, the methodology of robust control, as described in fundamental literature [2-5],
can be applied. The reported results show that this methodology can achieve a high quality of control
in a broad spectrum of operational states of complex systems. Therefore, it can be deemed a suitable
candidate for application in the efficient control of turbojet engines [6]. Based on current research in
robust control of turbojet engines, the method mainly applied in turbine engine control in current
publications is the Ho norm-based control [7,8].
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Figure 1. Turbine engine with variable exhaust nozzle compressor characteristics with control borders.

However, application of the methodology is often done in virtual environments only [8,9]. The
aim of the present paper is to show and demonstrate the application of this methodology in an
environment with physical systems, taking into account all limitations and specifics, such as discrete
forms of robust controllers, data delays, and limited action hits, all within a variable operational
envelope. In a simulated environment, using H norm-based controllers as part of a turbine engine
control system and the impact of those controllers on the engine’s control system stability and
performance have already been studied [7]. The aim of the study was to design a robust controller
with the smallest possible output and power consumption [7]. It was also proved that robust
controllers are generally better in performance and stability than the classical control approach using
proportional-integral-derivative (PID) controllers using a simulated turbojet engine [8]. Operation in
real world conditions is, however, different from such ideal calculations in a simulated continuous
state space, as the measured data are often delayed and the controller operates in a discrete state
space. Such uncertainties, represented by data delays or drop-outs, were modeled in a distributed
aero engine control system [9]. The paper describes an H, controller designed to control the whole
engine’s operating envelope, but again, the results were only obtained in a simulated environment.

The possibilities of application of robust control in turbine engines in advanced intelligent
frameworks were also studied [1]. Nonlinear behavior and uncertainty of a turbine engine with
deterioration was taken and compensated by its robust control system. Using simulations with the
C-MAPSS40k model, it was proven that robust controllers can effectively control a turbine engine
with the mentioned types of modeled uncertainties [10]. Data delays or dropouts in a distributed
control system with impacts on uncertainty modeling as well as stability and performance of the
robust control system of a turbine engine were also studied in simulated environment [11]. Compared
to predictive or classic PID controllers, robust controllers have achieved higher control quality in
speed and temperature control of a gas turbine power plant [12]. In the same study, robust controllers
were tested together with the nonlinear autoregressive model, using exogenous inputs (NARX).
All robust controllers were designed using the experimental NARX models and were designed using
the Hoo method. In addition, researchers from NASA Glen Centre [13] used robust control to preserve
control system properties even during engine degradation, either over time or for other reasons.
They used the Lyapunov parametric depending function to design a parameter dependent control
system. The robust control system was able to adapt using performance weights depending on
coefficients, which were determined by the index of the engine’s degradation. Robust tracking control
of turbofan engines using the Ho, Leitmann method was applied with good results in attenuation of
the engine’s uncertainties [14]. By numerical simulations, the authors in the paper proved very good
performance in stability of a turbofan engine tracking control.

The robust control approach has also successfully been applied in other engineering and aviation
topics in technical practice. The classical root locus and He methods were investigated in the design



Machines 2019, 7, 3 3of 14

of the well-known C* flight control algorithm, in order to compare advantages and disadvantages of
both approaches [15]. The root locus approach was faster and simpler to apply but gave conservative
results, while the advanced H., controller was better in uncertainty attenuation but more difficult to
design [15]. In another aviation application, the H«, theory was successfully used to fight the nonlinear
behavior of autonomous aerial vehicles [16]. A nonlinear, predictive robust controller was better in
control of an autonomous plane, even with data delays, plane degradation, and instability, compared
to linear controllers. The problem of vessel positioning control was also solved using He and p
synthesis, with good simulation results in frequency and time domain [17]. An efficient combination
of fuzzy control and robust control strategies were applied to design the controllers for solar collector
fields [18]. An efficient control framework for discrete nonlinear systems using a state dependent
Riccati equation solution was also successfully developed using the methodology of robust control,
showing very promising results on an inverted pendulum [19].

The motivation behind the present research was to apply working approaches in robust controller
design, and test them in control of a small turbojet engine in order to determine the resulting control
efficiency. The aim, and the expected scientific contribution, was to research and identify the methods
and approaches that will be suitable and applicable in developing digital control systems for this class
of turbojet engines. This research should also answer the question of whether the design of robust
controllers, which is a quite complex task, can feasibly be applied in the real-time environment of a
digital control system of turbojet engines, compared to traditional control design approaches. Contrary
to most simulation studies presented in the introduction, the result of this study is intended to be a
pioneering practical application of robust control in a digital control system of a small turbojet engine,
and it may support further developments in the control of such engines in aviation applications.

2. Modeling the iSTC-21v Engine with Uncertainties

In order to design a robust control system, a model of the engine and its uncertainties must be
designed. An experimental identification approach was selected to design a set of dynamic models,
suitable for design of robust controllers. As a data source, a small turbojet engine iSTC-21 was
employed, as shown in Figure 2. The engine was operated in laboratory conditions with a digital data
acquisition system measuring the most important input, output, state, and environmental variables,
with a sampling rate set as f; = 10 Hz. The data acquisition system, measured parameters, and the
resulting data are described in detail in References [20-22]. In the specific case of robust controller
design, the nonlinearity of a turbine engine can be taken as its uncertainty. Therefore, it was necessary
to design a set of linearized models of different operating points of the engine, which covered its whole
operational envelope. The transfer function defining the structure of the individual linear models is
defined by Equation (1). This model structure was selected according to the previous experiments
described in References [21-23]. The resulting model after Laplace transformation, which is valid
for the i-th operational point, described the dynamic dependence of the engine’s speed n(s) on the
control variable of fuel flow - FF(s) (Equation (1)). The aim of the identification process was to find the
coefficients a; and b;.

ais + ag n(s)

Fi(s) - b252 + bys + by B FF(S) M
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Figure 2. An iSTC-21v small turbojet engine on a test bench.

Figure 3 shows the measured dynamic engine data used for identification of linearized models
for the six operational points defined as OP1 ... OP6, while the resulting transfer functions were
designated as Fy(s) ... Fg(s).
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Figure 3. The measured dynamic input data used for identification and modeling.

A model for each operational point was constructed; the obtained models, using an experimental
identification methodology [21,22], are summarized and given in Table 1. The models were evaluated
using standard metrics, the mean absolute error (MAE), and the maximum absolute error (MAAE),
as well as their percentage expressions (MAAPE and MAPE). The table shows that, using the
methodologies presented in the previous publications [21-24], it was possible to achieve a precision
with average errors lower than 1%. These models were used to determine the uncertainties applied in
the design of robust controllers. The frequency response of the individual models is shown in Figure 4.
It can be seen that the models had a high gain, they were thus highly susceptible to changes in control
inputs and noise.
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Table 1. Dynamic linearized models of the engine in different operational points.

?}(’)‘::’t‘t(ig‘;f)‘l MAE (rpm) MAPE (%)  MAAE (pm)  MAAPE (%) I“‘li:il:’;ft‘i‘s:l:}i‘(‘:)f“
1. 37.3312 0.2714 109.9996 0.0931 Fi(s) = %
2 76.3130 0.1778 621.0031 14112 Fy(s) = 82195 133810°
3 35.1434 0.0778 1322502 0.2889 Fiy(s) = 22880~
4. 34.1676 0.0721 175.5602 0.3669 Fy(s) = 458563959 10°
5 37.7333 0.0762 110.1576 0.2215 F5(s) = mpaaiaes
6 30.8231 0.0607 187.9138 0.3676 Fols) = g otse s

The nominal engine model was computed as a mean of the individual model’s coefficients
(F1(s) ... Fg(s)), with the resulting transfer function defined as follows in Equation (2) [2,3,25]:

(s) = 4879s + 1.468 x 10*
O T 2 12,8055 + 2.325

@
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Figure 4. Frequency characteristics of the individual linearized engine models Fy(s) ... Fg(s).

As an example of the obtained precision as demonstrated in Table 1, the linear model for the
operating point OP1 was selected and the results shown in Figure 5. In the left part of Figure 5,
the measured fuel flow is shown (note small oscillations in fuel flow supply). The middle part
shows the dynamic response of the model with the engine accelerating to a speed of 40,500 rpm,
defining the operational point 1. The right part of the figure shows the model as the amplitude
frequency characteristics.
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Figure 5. Dynamic simulation of the model for the first operating point OP1.

As the resulting model for a robust controller design, the nominal engine model Fy(s) was used.

On top of the model, Equation (3), showing the additive dynamic uncertainty, and Equation (4),

presenting the multiplicative dynamic uncertainty were used in our investigation into the design of
robust controllers [2—4].

F(s) = Fo(s) +wa(s)-6(s) ®)

F(s) = Fo(s)-[1+ wm(s)-6(s)] @

where

e [y (s) represents the nominal model of the dynamic system, in this case a small turbojet engine
described in Equation (2).

®  w,(s) represents the transfer function of the additive uncertainty.

®  wp(s) represents the transfer function of the multiplicative form of uncertainty.

e  3(s) represents the absolute value of the uncertainty in the interval: <—1,1>.

For the small turbojet engine iSTC-21v, the following transfer functions of the uncertainties, using
the models F1(s) ... Fg(s), were obtained:

wals) = 0.00159s® + 57515 4 7632 )
T $241.309s + 1.998

wn(s) = 0.7856s + 4.171s + 1.593 ©)
" s24.3.073s + 3.114

Having computed the nominal model of the engine Fy(s), and computed its uncertainties using
linearized models across six operational points, the robust controllers could be designed. After
preliminary tests and initial design of controllers, the additive uncertainty as modeled in Equation (5)
was selected and applied in the following sections.

3. Robust Control Design

Two different approaches in the design of controllers were applied, based on well-known robust
control theories. The aim was to evaluate the efficiency of small gain theory and the methods based on
the Ho norm [2-4]. The aim was to find the most efficient approach suitable for a small turbojet engine,
as well as to define a robust speed controller that can be applied for this class of engines. Comparison
of results between simulated (synthetic) environments and tests in laboratory conditions with a real
engine can also provide valuable knowledge, which can be applied in the follow-up design of robust
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speed controllers. Because the simulation models of the engine were designed in continuous time,
methodologies in continuous time [3-5] were applied in design of the controllers, and the calculated
controllers were afterwards discretized for implementation in a digital control system.

3.1. The Small Gain Theory

For robust controllers written in the classical proportional-integral-derivative (PID) form,
a method developed by Vesely and Harsanyi was used [5]. The method is based on small gain
theory, and a full description can be found in the mentioned publication. The small gain theory was
chosen because of its fundamental place in robust control theory and proven results in control of
complex systems [2—4]. Two approaches for design of PID controllers using the small gain theory
were developed [5]. The first one is based on direct controller synthesis, with respect of the object’s
uncertainty. The module of the design function must be below the maximal module of the controlled
object’s uncertainty [5].

Fo(jw)
To(w)| < =2~ = My(w ()
To(w)] < k) = Mo(e)
where w(jw) is the system’s uncertainty module and My (w) is the maximal module of the uncertain
closed loop control system. The coefficients of the controller can then be calculated as follows, using

the chosen closed loop transfer function W (jw) [5]:

W(jw) = |To(w)| = R(jw)Fy(jw)

= 1+ R(jw)Fo(jw) ®)

where R(jw) is the resulting controller transfer function achieved by derivation of Equation (7).
The conditions that must be satisfied are presented in Figure 6.

M A

<
Figure 6. Closed loop control module Ty (w) and the uncertainty module My(w).

The comparison of the designed controller in a closed feedback loop scheme, marked as CL,
is shown in Figure 7. All curves of the uncertain model are close to the design curve W(jw), and it lies
below the max of the uncertainty module Mp(jw).
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Figure 7. Bode diagram of designed PID controller in a closed loop (CL), and design restrictions W and M.
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The second method is based on a nominal model denominator comparison, and once again the
closed loop module should be under the controlled object’s uncertainty [5]. By applying this algorithm,
the resulting equation for the PID controller is shown below [5]:

a3s® + axs* + ays +ag = (dis +1) <c152 +cos + c,l) 9)

On the left side of the equation is the system’s transfer function denominator, and on the right side
is the complementary polynomial D(s), and the controller’s coefficients without any gain. The gain
is a chosen value, and the only limitation is that the closed loop transfer function must lie below the
maximal uncertainty module My(w). The resulting coefficients of the PID controller can be expressed
as follows [5]:

rs?+rgs+rog B+ Ps+ co e

_ _ _ _% ;15 G
Fo(s) = : = . =>P=2,1=—-D=%

(10)

3.2. H-Infinity Control

Two methods using the Ho, norm of the closed loop system were selected to design robust
controllers: the loop shaping method and the mixed sensitivity method. The H optimization was
selected because of its high quality, efficient robust design, and also good simulation results from in
the state of the art analyses published by previous authors.

3.2.1. Loop Shaping

The Glover McFarlene algorithm was used as a loop shaping method, based on normalized
coprime factorization of the controlled system [2,26]. The first step was to select pre- and post-
compensators W; and W, so that the gain of the shaped plant F; = W,GW; was low at frequencies
where good disturbance attenuation was required, and was sufficiently high at frequencies where
good robust stability was required. The second step was to use the ncfsyn Matlab function to compute
the optimal positive feedback controller R [2].

The resulting controller was defined as follows (11):

R = WoReW; (11)

and it simultaneously minimized two He cost functions (12,13):

7 == min II{ 1 (I-FER) 'F, 1] (12)
7 :=min 1—{5 1 (I—RE)"'[R, 1] (13)

A more detailed description of the applied algorithm can be found in References [2,26].

The second loop shaping method used the loopsyn Matlab function. Based on the desired loop
shape as defined by the transfer function Fj, it computed a stabilizing Ho controller to shape the D f
singular value of the loop transfer function FK, resulting in the desired loop shape with the desired
accuracy v, in the sense that if wy = 0 db at the crossover frequency of the singular value of the transfer
function F;(jw), then [1]:

—_

0(F(jw)R(jw)) > —c(F4(jw)) for all w > wy (14)

2

0(F(jw)R(jw)) < yo(F4(jw)) for all w > wy (15)
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Full description of the applied algorithm for computation of Equations (14) and (15) can be found
in Reference [2].

3.2.2. Mixed Sensitivity

The second applied method was synthesis using mixed sensitivity. The mixsyn Matlab function
computes a controller R that minimizes the H norm of the closed loop transfer function using the
mixed sensitivity [1].

Wi S
I wok ||| (16)
WsT

e}

The resulting controller R is such that S, K and T satisfy the following loop shaping inequalities:

7(S(jw)) < ve (Wi (jw) ) (17)
T (K(jw)) < e (W; ! (jw)) (18)
o(T(jw)) < 7e(W5 () (19)

where 7 is accuracy. The inverses of the W; and W3 weights determine the shapes of the sensitivity
function S and the complementary sensitivity function T. Typically, a large W is chosen inside the
desired control bandwidth, to achieve good disturbance attenuation (performance). A large W3 value
is typically chosen outside the control bandwidth for good stability (robustness) [2,26].

4. Simulation and Experimental Results

Simulations and implementation of the calculated controllers were realized using a closed loop
feedback speed control scheme, as shown below in Figure 8. The controllers were discretized using a
sampling period set as Ts = 0.01 sec.

Fuel Pump nonlinear model e L

op)=2 [

p(N) - Polynomial

Idle FF(l/min) K=pN) o
N (1/min) -9 ——— »| output_N
H || 02324265 / 0.048771 f\ FF (Umin) m [m :‘
EngineSpeed_CMD m m z+05 z—0.95123 a3 \/ RateTransition EngineSpeed
Subtract - - Fuel Transport Engine
Rate Transition  H_inf controller deadzone Fuel pump model Dela R i
Y Engine nonlinear model

Figure 8. Simulation and implementation scheme.

Evaluation of the calculated robust controllers in simulation environment was realized using
a nonlinear model of the iSTC-21v [21,22]. This model is able to describe both the multi-mode
operating envelope and some delays, which are caused by the engine’s systems as well its own
dynamics. In laboratory conditions these are the most significant uncertainties, because all other
ambient/environmental conditions are relatively stable. The simulation results show that the
H-infinity controller designed using the loop shaping methodology approach accelerated the engine
through step changes in the operational speed set-points, up to its theoretical maximum speed limit.
These simulation results showed that the controller was stable and could be tested on a real small
turbojet engine on a test bench. The best performing robust controllers were the small gain robust
controller (SG) and the Ho, robust controller. These two controllers were compared to a classical
PI controller designed using the optimal module methodology [20]. The experiment in a simulated
environment, as presented in Figure 9, showed that all three controllers were very smooth in operation
and were able to control the engine with sufficient control quality. The next step was to use the
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best performing controllers and test them on a real object—the small turbojet engine iSTC-21v—by
updating its control system.
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Figure 9. Simulation results on the chosen operating points of the iSTC-21v engine.

Figure 10 illustrates the response of the individual controllers in a laboratory test, using the
iSTC-21v engine running on a test bench with a real-time data acquisition control system, with the
tested controller implemented in a situational control system [20] without switching, and using only
a single controller throughout the whole operating range of the engine. The first set of test results,
presented in Figure 9, shows the controllers responding to a step change in the set-point control signal,
accelerating the engine from the operating point of N_;z;, = 40,000 rpm to the operating point defined
by the command signal N o104 = 46,000 rpm. The command signal is shown as a blue line in Figure 9,
and the responses of the individual controllers designed by the small gain method, the H., method,
and an optimal PI controller are also shown. All controllers performed in an acceptable manner, robust
controllers having faster acceleration at the physical limits of the fuel pump and the engine itself.
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Figure 10. Engine speed controlled by robust controllers and a PI controller—single step response.

The other test, which illustrated the performance of the designed controllers showed step
accelerations of the engine nearly up to the maximal speed of the engine N and = 49,000 rpm.
As can be seen in the results, all controllers exhibited slightly oscillatory behavior around certain
operational points, namely the idle operational point, defined at N 14 = 38,000 rpm, and the
operational point N mand = 43,000 rpm.

The oscillations are believed to have been caused by high susceptibility of the controlled system to
very small changes in fuel flow supply from the fuel pump, as shown in the Bode diagrams in Section 2.
They could also be attributed to the age of the engine and ageing effects on its fuel system and nozzle
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construction. To get rid of these effects in the iSTC-21v engine, it would be necessary to replace the fuel
nozzles and improve the fuel supply system. These oscillations could be attenuated by the controllers
by increasing the response times of the controller, however, this would go against the design aim
to have the engine accelerated as fast as possible. Another solution to this problem would be the
application of a situational control system with switched controllers, where this oscillatory behavior
was eliminated using specifically designed controllers for stable conditions with higher robustness,
albeit slower response [20]. The obtained controllers are given in a discrete form in Table 2.

Table 2. The resulting robust controllers in a discrete form for application in digital control systems.

Controller Discrete Transfer Function Controllers—Sample Time: 0.01 s
G e
Hoo Fy, (s) = 3'363“07523?334%%;3193;5_ 2-3200,10"*2=3.016x10°*
Pl Fpi(z) = 2'429><10;5fI2.4><10*5

The experiments showed that robust controllers have a slight advantage over the classical optimal
PI controller in performance. The performance of the individual controllers is shown in Table 3.
Acceleration characteristics were defined according to the criteria of settling time, defining the time it
took for the speed to reach 90% of the commanded speed, and maximal overshoot of the controller
averaged across six operational points as shown in Figure 11. In the steady state where the speed was
stable, mean average error across six operational points, shown in Figure 11, was evaluated. We can
see that the lowest settling time and the best transitional behavior (during acceleration) is obtained by
using the Ho controller. In steady state the robust H was slightly better in mean absolute error than
the small gain robust controller. The PI controller designed by the optimal module design method had
the worst performance, although it was still acceptable for application in a small turbojet engine.

Table 3. Statistical evaluation of the designed controllers.

Transition State Steady State
. Max.
Controller . S°iN8 5 choot MAE(RPM)  MAPE (%) MAAE A APE (%)
Time (sec) (%) (RPM)

SG 5.115 0.435 111.805 0.245 284.405 0.615
Hoo 2.7833 0.788 101.532 0.2347 285.4147 0.6507
PI 3.244 0.8215 157.3056 0.3594 396.0219 0.89

5 %(10 T T T T al
4.8 ——IPM cmd
- Hinf contr.
£ —SG contr.
\%4'67 e —PI contr.
o
0 4.4 1
Y
()
£4.2 il
(o))
[
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3.8 LAJ
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Figure 11. Engine speed controlled by robust controllers and a PI controller—multi step response.
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5. Conclusions and Discussion

The results, obtained in simulation and laboratory experiments, show that a robust control
approach can be applied to control the speed of a small iSTC-21v turbojet engine. This means that the
theory of robust control can be successfully applied to a real turbojet engine using a digital control
system. A suitable approach to design of robust controllers has been found, which can be further built
on and applied in this class of small turbojet engines. The recommended dynamic model for use in
design of robust controllers for small turbojet engines is a second order nominal model, computed
as an average across several operational points covering the operational envelope and expanded by
additive uncertainties.

The dynamic engine models presented in the paper are suitable for design of robust controllers for
small turbojet engines with static thrust from 50 up to 100 kilograms. The developed nominal model
can be used in design of a robust controller; the best performing method in laboratory conditions
and using a digital control system was the H-infinity method, using the loop shaping approach in
its design as described in section three. The robust controllers, which are deemed to be suitable for
the class of small turbojet engines, are given in Table 2. It needs to be noted here that all designed
robust controllers performed flawlessly in simulated environment, however when implemented on a
real engine in laboratory experiments that was not always case, as the controllers oscillated at certain
operational points. This illustrates the fact that good simulated performance of a robust controller
does not guarantee similar performance in a physical system. Transition times during acceleration
were improved by about 0.5 seconds using robust controllers, the maximal overshoot was decreased,
and other comparative criteria were also improved as shown in Table 3.

In conclusion, it can be said that the improvement using robust controllers on a real turbojet
engine is rather marginal when dealing with an engine at the ground level. Higher uncertainty
would be present when using the engine in flight conditions, where the outer environment has a
significant impact on its thermodynamic performance. It can be hypothesized that robust controllers
would significantly improve performance of the engine in these conditions, however, the designed
uncertainties would have to be recalculated. Performance could be further enhanced by application
of algorithms from the area of computational intelligence, as illustrated in some recent works [27,28].
Another path would be to test the possible application of additive and multiplicative uncertainties to
improve results [29]. More complex tests resembling certain flight conditions can be done using the
variable exhaust nozzle of the iSTC-21v engine in future experiments.
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Nomenclature

ARX Auto regressive Model with Exogenous Input

c* The C Star Algorithm for Aircraft Attitude Control

EGT Exhaust Gas Temperature

FADEC Full Authority Digital Engine Control

FF Fuel Flow

H-inf H Infinity Method

iSTC-21v Intelligent Small Turbo-Compressor Engine -21 with Variable Exhaust Nozzle
MAE Mean Absolute Error

MAPE Mean Absolute Percentage Error
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MAAE Maximum Absolute Error

MAAPE Maximum Absolute Percentage Error

n The Speed of the Engine

NARX Non Linear Autoregressive Model with Exogenous Input

or Operational Point

PID Proportional Integral Derivative Controller

RPM Revolutions per Minute

SG Small Gain Controller

Tic Temperature on the Compressor Inlet

T3C Temperature on the Compressor Outlet
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