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Abstract: Gas turbine engines have several advantages over piston reciprocating engines, such as
higher output per unit volume, reduced vibration, rapid acceleration and deceleration, high power
output, and clean exhaust gases. As a result, their use for propulsion in ships has been steadily
increasing. However, gas turbine engines exhibit significant parameter variations depending on
the rotational speed, making the design of controllers to ensure system stability while achieving
satisfactory control performance, a very challenging task. In this paper, a novel CEM-based 2-DOF
PID controller design technique is proposed to ensure the stability of a gas turbine engine while
improving tracking and disturbance rejection performance. The proposed controller consists of a PID
controller focused on enhancing disturbance rejection performance and a set-point filter to improve
tracking performance. The set-point filter is composed of gains from the controller and a single
weighting factor. When tuning the gains of the controller, the maximum sensitivity is considered
to maintain an appropriate balance between system stability and response performance. The key
novelty of this study can be summarized in two main points. One is that the controller is designed by
matching characteristic equations, and by setting the roots of the desired characteristic equation as
multipoles, the gains of the PID controller can be tuned with only one adjusting variable, making
the tuning of the 2-DOF controller easier. The other is that the controller parameters are tuned
based on maximum sensitivity, thus taking into account the robust stability of the control system. To
demonstrate the feasibility of the proposed method, simulations are conducted for four scenarios
using various performance indices.

Keywords: gas turbine; PID controller; disturbance rejection; performance index

1. Introduction

Gas turbine (GT) engines are being used in various industries [1-4], including the
defense industry, and they have made significant advancements in their applications and
performance. GT engines have a very high power output per unit volume compared to
other existing thermal engines. Most maritime GT engines derived from aviation engines
were initially applied to naval vessels. This is because, unlike commercial ships that
prioritize cost-effectiveness, warships have unique performance requirements such as
maximizing space for weapon systems, achieving maximum speed and high power capacity
to support operational concepts, rapid acceleration, ensuring survivability through dense
ship structures, and minimizing noise for anti-submarine warfare preparations. Therefore,
the U.S. Navy’s Zumwalt-class destroyers [5,6] adopted GT engines for their integrated
power system, which manages both propulsion power and onboard service power.

In recent times, due to the strengthened environmental regulations led by the Interna-
tional Maritime Organization (IMO), such as the energy efficiency design index (EEDI) [7]
and emission limits for nitrogen oxides (NOx) and sulfur oxides (SOx) [8], there has been
an increasing demand for marine engines using fuels like LNG (liquefied natural gas), LPG
(liquefied petroleum gas), methanol, and ammonia in commercial shipping. Furthermore,
GT engine manufacturers are producing and supplying high-efficiency GT engines that
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meet emission regulations for harmful exhaust gases, allowing them to be used in large
cruise ships like the Queen Mary 2 [9] or high-speed ferries like the Francesco [10]. The
performance requirements for commercial shipping are also changing with the increasing
speed and cargo carrying capacity in maritime transportation.

Figures 1 and 2 are examples of electric propulsion ships powered by gas turbine
generators. The Zumwalt-class destroyer [5,6] is equipped with two 35.4 MW main turbine
generators and two 3.8 MW auxiliary turbine generators. The cruise ship Queen Mary 2 [9]
is equipped with two 25 MW turbine generators and four 16.8 MW diesel generators.

Figure 1. The Zumwalt-class destroyer.

Figure 2. The cruise ship Queen Mary 2.

As a result of these changes, GT engines that were initially primarily applied in naval
vessels are now increasingly being utilized in commercial shipping such as LNG carriers,
cruise ships, and offshore facilities like floating production storage offloading units [11].

The performance of GT engines can be maintained by appropriately adjusting the
engine’s rotational speed and the temperature, pressure, and other parameters at each
station to prevent issues like air pulsations and vibrations generated by the axial compressor
rotor system when changing the rotational speed. To achieve this, it is essential to design
a precise rotational speed controller that can receive feedback from sensors such as the
engine’s rotational speed, maximum temperature, and pressure at each station in order to
supply fuel oil and air stably to the combustor. Generally, modeling of the control target
process is necessary to design the controller, and many controllers are designed based on
such models. Numerous studies on modeling [12-20] and control system design [21-30]
for various gas turbine engines have been reported in the literature so far.

The most widely used GT model is Rowen’s models [12] developed for power system
stability studies. Each model is represented simply in block diagrams. The fuel preparation
system is represented by two consecutive first-order transfer functions with internal loop
gains. Time delay is considered in the combustor. This model consists of transfer functions,
integrators, constant gains, and saturators. Hussain et al. [13] derived a simplified physical
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model for a single-shaft GT based on the principles of mass and energy conservation in
thermodynamics. The results of the simplified model showed similar responses to several
load variations compared to the manufacturer’s model. In the study by Yee et al. [14],
a validated model of GT primarily based on thermodynamic principles was presented.
However, some parameters were determined by calculating the temperature difference
at a steady state between the turbine and compressor, thus exhibiting highly nonlinear
variations. Chaibakhsh et al. [15] developed an analytical model for GT engines, apply-
ing the principles of mass and energy conservation. The parameters of the model were
identified using a genetic algorithm (GA), which is a nonlinear optimization technique.
Cha et al. [16] developed a mathematical model capable of simulating the dynamic be-
havior of two-spool GT engines for marine propulsion systems. The engine performance
model was developed using data provided by the engine manufacturer. Simulink was used
to model dynamic behavior, and validation was performed by comparing performance
data obtained from the manufacturer under steady-state conditions with the mathematical
model. Mohamad et al. [17] derived a simple physical model for a GT power genera-
tion system based on thermodynamic principles. The model parameters were identified
through the optimization technique of genetic algorithms. Adjustment of the fuel flow
rate is achieved through a combination of control valve and pilot valve operations. Aygun
and Turan [18] used a genetic algorithm to model the exergetic parameters of a turbofan
engine during the cruise phase, enhancing accuracy over the least squares method and
determining optimal cruise flight conditions. Xu et al. [19] proposed an input and output
self-tuning hybrid model to overcome the limitations of traditional gas path models for GT
engines. The effectiveness of this model was demonstrated through simulations and actual
tests. Yang et al. [20] reviewed 70 years of simulation, heat transfer effects, and platform
developments for the transient performance analysis of gas turbines. The limitations of
white-box and black-box approaches and numerical methods were presented, highlighting
the need for developing complex heat transfer models.

A technique commonly found in the literature for gas turbine control is model predic-
tive control (MPC) strategy [21]. MPC has been widely utilized in control applications such
as power plants and similar systems. This is because it can naturally handle operational
constraints and apply optimization to future signals. Sdez et al. [22] proposed a GA-based
fuzzy predictive control strategy for controlling GT. In the initial design, the parameters
were assumed to be constant, and in the second design, they were updated using GA based
on each prediction. Hou et al. [23] proposed a fuzzy predictive strategy for controlling the
GT in a combined cycle GT system. Here, the fuzzy predictive controller provides optimal
set-points for the fuel flow rate and inlet guide vane to control the GT. To validate the
effectiveness of the fuzzy predictive strategy, extensive comparative analyses with other
techniques were provided. Bonfiglio et al. [24] employed sliding mode control (SMC) as
a different approach from MPC for GT control, where the control law signals are directly
applied to the GT system. This method has shown promising performance for various load
variations with faster responses compared to traditional PID controllers. Mohamed and
Khalil [25] conducted a comprehensive review of the modeling, identification, and control
of gas turbine power generation plants. They systematically analyzed various approaches
and techniques, discussing models that capture key dynamic changes, neural network
models, and mathematical models used in stability studies. Zhou et al. [26] proposed an
improved multivariable generalized predictive controller algorithm for the direct control
of gas turbine engines. The adaptive component-level model and recursive least squares
algorithm were used to estimate and identify the performance parameters. A penalty
factor was added to the cost function for limit protection. In the study by Hou et al. [27], a
fuzzy modeling approach and a fast model predictive control algorithm were introduced to
address the complex characteristics of GT systems. Entropy-based clustering and subspace
identification were used to identify the system model. Lin et al. [28] studied the controller
design for micro GT in power generation. A nominal nonlinear model integrating a startup
model and component characteristic map model was implemented. Nonlinear and linear
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active disturbance rejection controllers and PID controllers were designed to achieve speed
and load tracking control.

Ryu [29] proposed a PID speed controller for the high-pressure turbine of a marine
LM-2500 GT engine using the GA technique. Lee et al. [30] designed an IMC-based PID
controller for the high-pressure turbine of a marine LM-2500 GT engine. This method exhib-
ited superior performance in both set-point tracking and disturbance rejection responses.
Additionally, there have been various studies reported in the literature on the design of
PID controllers based on process models. Skogestad [31] proposed a SIMC method for
controlling various processes with time delays. This method has been widely utilized
by many control system designers as a benchmark control algorithm for validating the
effectiveness of their proposed methods.

Despite these various research efforts, there are still challenges that need to be ad-
dressed, for example, parameter variations due to transitions between operating points, the
integration of multiple controllers designed for different operating points, and control of
the airflow rate in the compressor during combustion. Furthermore, research is needed to
ensure the stability of control systems and develop controllers with improved speed control
performance. In general, the most desirable control system is one with a simple structure
that can achieve excellent performance and robustness with minimal adjustment variables
for tuning the controller parameters. Therefore, this study proposes a simple structured
2-DOF PID controller that ensures the stability of the LM2500 GT system installed on naval
ships while providing excellent set-point tracking and disturbance rejection performance
over a wide operating range. The proposed controller consists of a PID controller and a
set-point filter. The PID controller is designed with a focus on disturbance rejection, while
the set-point filter is designed to improve the set-point tracking performance. Furthermore,
when tuning the parameters of the PID controller, the maximum sensitivity (MS), which is
the maximum value of the sensitivity function, is considered as a stability index.

The proposed controller is applied to the speed control of the low-pressure turbine in
the GT system, and its effectiveness is validated through simulation compared to traditional
control methods.

The structure of this paper is as follows: In Section 2, the GT engine, along with
a fuel oil metering unit (FMU), is modeled as a third-order plus time delay (TOPTD)
system for speed control, and it is approximated as a first-order plus time delay (FOPTD)
model for controller design. Section 3 describes the core of the research, which is the
design of the 2-DOF PID controller based on the CEM (characteristic equation matching)
technique. Section 4 conducts simulations to validate the effectiveness of the proposed
controller under nominal conditions and parameter uncertainties. Finally, in Section 5, the
conclusions are summarized.

2. Modeling of the Marine LM2500 Gas Turbine Engine System
2.1. Structure of the Marine LM2500 GT Engine

The marine LM2500 propulsion GT engine, which is commonly installed on naval
vessels, is a two-spool turbo-shaft engine derived from aviation engines like the TF39 and
CF6-6, adapted for maritime use. As for the key specifications of this engine, the output is
approximately 21 megawatts, the LPT rotational speed ranges from about 1100 to 3000 rpm,
the displacement of the fuel oil metering valve (FMV) spool ranges from 0 to 22 mm, and
the average fuel consumption is 269.5 g/kWh.

This engine consists of components such as a gas generator, low-pressure turbine
(LPT), fuel oil pump, FMU, hydraulic pump, variable stator vane actuator (VSVA), and
starter, as depicted in Figure 3. The gas generator consists of an axial flow high-pressure
compressor, a high-pressure turbine (HPT) to drive it, and a combustor. The LPT is used to
directly generate propulsion power by rotating the propeller shaft. The HPT and LPT are
mechanically separated.
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Figure 3. Structure of the LM2500 GT engine.

2.2. Modeling of the LM2500 GT Engine

Modeling is crucial for accurately implementing algorithms in control systems by
finely reflecting the characteristics that arise during various operating conditions of the
plant. In this study, modeling is conducted by dividing it into the fuel system and the
combustor-LPT system, as shown in Figure 3. To facilitate symbol differentiation, transfer
functions are represented in uppercase, while signals are represented in lowercase.

In Figure 4, u(s), z(s), and y(s) represent the output of the controller, output of
FMU, and rotational speed of LPT, respectively. Prpy;(s) and Pg(s) represent the transfer
functions of FMU and combustor-LPT system.

FMU Combustor-LPT
1(s) z(s) y(s)
—»| Paau(s) ¥ Pz(s)

Figure 4. Open-loop block diagram of the LM2500 GT engine system.

The FMU of the fuel oil system is modeled as a second-order system, while the
combustor-LPT system is modeled as a FOPTD system using actual operating data. This
results in deriving the overall GT system as a TOPTD system.

The FMU consists of a FMV that includes an actuator—specifically, a torque motor-
servo valve—along with a displacement transducer, internal amplifier, and linear variable
differential transformer (LVDT), as shown in the operational mechanism in Figure 5.

FMV
Transducer Amplifier ~FTmZoo=oo-o--oooos :
u(s) . L

— > + i(s) K. z(s)

K Ks P » 1K

— I Tys+1 5 |

! 1

- |

LVDT
K: <

Figure 5. Block diagram of an FMU.

In Figure 5, i(s) and z(s) represent the output of the internal amplifier and spool
displacement of the FMV. Ky, K4, K1, Ky, and Ty represent the gain of the transducer, gain
of the internal amplifier, gain of the LVDT, the steady-state gain, and time constant of the
FMV, respectively.
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The FMV [16,29,30] is represented as a second-order system with an integrator, as
shown in Equation (1).

z(s) _ Ky (1)
i(s) s(Tys+1)
The closed-loop transfer function of the FMU can be expressed as Equation (2).
z(s KyKaK
PFMU(S) — ( ) UNADY (2)

M(S) - Tys? + s+ K4Ky K,

The values of Ky and Ty were taken from [16,29,30], and the Kj, value of the LVDT
was set to 0.8, as it converts the spool displacement of 20 mm to 4-20 mA. By matching
the value of Ki; with K;, the steady-state gain of the FMU was 1. Additionally, the value
of K4 was selected by simulating the step response of the FMU multiple times to find an
appropriate value. Table 1 summarizes the parameters of the FMU within Figure 5.

Table 1. Parameters of the FMU.

Parameters Ku KA KL KV TV
Values 0.8 2 0.8 4 0.1

The combustor-LPT system is modeled mathematically because it directly generates
propulsion power for GT-driven ships. The integrated transfer function Pg(s) of the
combustor-LPT system, as a ratio of the LPT rotational speed y(s) to the FMV spool
displacement z(s), can be expressed as Equation (3).

_ y(s) _ Kg —Lgs
Pr(s) = 26) me ©)

where Kg and T, respectively, represent the steady-state gain and time constant of the LPT
system, including the combustor.

LE represents the time delay, accounting for the time it takes for the fuel oil adjusted
in the FMU to reach the combustor and the time for the ignited combustion gases from the
combustor to reach the blades of the LPT via the HPT.

By combining Equations (2) and (3), the mathematical model of the entire GT system
can be summarized as Equation (4).

P(S) — y(s) _ KuKaKvKE —Lgs__ bg o LES

= 4
u(s) (Tvsz+s+KAKVKL)(TEs+1)e a3s3 + ars? + ays + ag @)

where a3, ap, a1, ag, and by are as follows:
a3 = TyTg, ap = Ty+Tg, a1= KgKyK Tg+1, a9 = KoKyKy, and by = KyyKaKyKg

2.3. Parameter Estimation of the Models

Equation (3) represents a GT engine in which the parameters can vary significantly
depending on the operating region. Therefore, the parameters are estimated for three
operating regions within the combustor-LPT system: low-speed, medium-speed, and high-
speed. The models for the low-speed, medium-speed, and high-speed operating regions
correspond to steady-state speeds of 1600, 2200, and 2800 rpm, respectively. To obtain the
dynamic characteristics of the mathematical model, operational data obtained from the
LM2500 GT installed on naval ships are used. Figures 6-8 represent the fuel flow rate, FMV
spool position, and time delay with respect to the rotational speed of the LPT.
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Figure 6. The fuel flow rate with respect to the LPT speed.
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Figure 7. The FMV spool position with respect to the LPT speed.
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Figure 8. The time delay with respect to the LPT speed.

In Figures 69, the results were averaged after changing the set-points of the rotational
speed multiple times for the five operating points and were approximated with reference to
the commissioning data. Here, the fuel flow rate and FMV spool position are the values at
the steady state. The time delay was appropriately assumed by referencing the length and
diameter of the fuel pipeline from the spool valve to the combustor, as well as the fuel flow
rate. Figure 9 represents the relationship between fuel flow rate and FMV spool position.
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Figure 9. The fuel flow rate with respect to the FMV spool position.

The estimated parameters through the spline interpolation method [32] for each
operating region in Figures 6-9 are summarized in Table 2. However, the time constants
were appropriately estimated and selected based on prior research [29,30].

Table 2. Parameters of the LM2500 GT engine.

Parameters Kg TE Lg
Low-speed region, Pry 200.3 5.65 0.69
Medium-speed region, Pg, 192.6 3.97 0.49
High-speed region, Pg3 176.7 2.30 0.28

The entire GT system is represented as a TOPTD system, and by substituting the
coefficients from Tables 1 and 2 into Equation (4), the transfer functions P;(s) (i =1, 2, 3) of
the GT system at each operating point are obtained as shown in Equations (5a)—(5c).

1281.92
Pi(s) = e~ 0-6% 5a
1(5) = O 56552 1 5.7552 + 37.165 + 6.4 (a)
Po(s) = 3 1232.64 0455 b
0.3975% + 4.0752 + 25.4085 + 6.4
1130.
P5(s) 3088 g 0285 (5¢)

T 0235% + 2452 + 14.725 + 6.4

2.4. Approximation of the Models

In the previous section, the GT system was divided into three operational regions,
each of which was modeled as a third-order system with a time delay. Among these, it is
considered reasonable to use the model of the medium-speed region for controller design.
Therefore, the medium-speed model is selected as the standard model for controller design
and approximated as a FOPTD model, as shown in Equation (6).

M(s) = Tslj- e (©)

where K, T, and L represent the steady-state gain, time constant, and time delay of the
FOPTD model, respectively. The unit step response of the TOPTD system in the medium-
speed region is obtained, and the process reaction curve (PRC) method [33] is used to
identify the parameters of the FOPTD model from this response. In the PRC method, the
first step is to calculate the times at which the unit step response reaches 28.3% and 63.2% of
the steady-state value. The next step is to calculate the difference between these two times
and multiply it by 1.5 to obtain the FOPTD model’s time constant T. Then, the time delay
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L is determined by subtracting this time constant T from the time at which the response
reaches 63.2% of the steady-state value. The gain K is the magnitude of the steady-state
response to a unit step input. Table 3 summarizes the parameters of the FOPTD model
obtained using the PRC method.

Table 3. Parameters of the FOPTD model.

Parameters K T L
Values 192.6 3.97 0.64

Figure 10 shows the unit step responses of the original TOPTD system and FOPTD
model, along with the error between them.

N

= T T 3

/.

4 0.6 0.8

-
)]
T

3rd-order process |
FOPTD Model

Speed[x102 rpm]

o

a

T
o\o\wm

o . i
0 10 20 30
Time [s]
15 T T
1 [——Eror] |
€
=
— 0
S
i
-1 F —
1 1
6] 10 20 30
Time [s]

Figure 10. Comparison of the step responses between the TOPTD GT System and FOPTD model.

As you can see in Figure 10, the FOPTD model closely matches the original TOPTD
system with a maximum error of around 1.3 rpm. This indicates that the FOPTD model is
suitable for controller design.

3. Design of the Proposed Controller

The proposed CEM-based 2-DOF PID controller consists of a novel PID controller C(s)
and a set-point filter F,(s), as shown in Figure 11.

Set-Point Filter Controller . d(s) FOPTD model
7(s) Hs)+  e(s) u(s) + y(s)
—>| E(s) —>0—>»| C(s) M(s) >

1

Figure 11. Structure of the CEM based 2-DOF PID control system.

where 1(s), 7(s), e(s), u(s), y(s), and d(s) represent the reference input, output of the set-
point filter, error, output of the controller, output of the model, and disturbance input,
respectively. F,(s), C(s), and M(s) represent the transfer functions of the set-point filter, PID
controller, and FOPTD model, respectively.

3.1. CEM-Based PID Controller

The proposed CEM technique is a form of the pole placement method in control system
design that analytically designs the controller parameters by aligning the characteristic
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equation of the closed-loop system transfer function with that of the desired closed-loop
transfer function. When selecting the desired characteristic equation, the characteristic
roots are placed to be multiple roots to simplify controller design and tuning.

The transfer function of the PID controller is given by Equation (7), and the model
used for controller design is a stable FOPTD model approximated as Equation (6).

K
C(s) = K, + ?I + Kps )

where Kp, K}, and Kp represent the proportional gain, integral gain, and derivative gain of
the PID controller, respectively.

In the control system depicted in Figure 11, the relationship between the reference
input r(s), disturbance input d(s), and the output y(s) of the controlled process is given by
Equation (8).

F.(s)C(s)M(s) M(s)
= —— 7d
&) = Come 117t cem) e
By setting the denominator of the closed-loop transfer function of the system to zero

and substituting Equations (6) and (7) into it, the characteristic equation represented by
Equation (9) is derived.

(8)

14+ C(s)M(s) =1+ (Kp+ K +1<Ds) “Ls_ g ©)

Ts+1°

By approximating the time delay term as e ' ~ %;8?%@ using a first-order Pade

approximation, it can be rearranged and expressed as Equation (10).

as® + B+ ys+1=0 (10)
where «, B, and <y are as follows:
_05LT O05LKp , T-05L Kp—05LKp 1 Kp L
“T KK, K P T K sty Ty

Since the characteristic equation of the closed-loop transfer function is of the third
order, the desired characteristic equation for controller design is also chosen to be of the
third order, as shown in Equation (11).

(As+1)> =0 (11)

By equating the coefficients of each order in the characteristic Equation (10) with those
in the desired characteristic Equation (11), three equations are formed. Solving these equa-
tions results in the three parameters of the PID controller, as shown in Equations (12a)—-(12c).

L3+ (6A +4T)L? — 12(A%? — 2TA)L — 8A3

Kp = (12a)
F K(L+2A)°
K; = 4L(L7+2T§ (12b)
K(L+2A)
TL3 + 6TAL? — 4(2A — 3T)A2L — 8TA3
Kp— T8 (A —ST)V'L 8 (120)
K(L+2A)

As shown in Equations (12a)—-(12c), K, T, and L are determined from the FOPTD model
used for controller design. Therefore, it can be observed that the only variable that the user
needs to adjust is the time constant A in the desired characteristic equation.
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3.2. Set-Point Filter

The PID controller in Equations (12a)—(12c) is designed with a focus on disturbance
rejection, which can result in a large overshoot, depending on the set-point value. To reduce
this overshoot, the controller output of Equation (13) is used.

t dr(t) dy(t
) = Kelbr() = y() + K1 [ 0(0) —y(enae+ ko (52 - H0) )
where b is a weighting factor that takes values between 0 and 1.
By performing the Laplace transform on Equation (13) to obtain the transfer function
of the set-point filter F,(s), it can be expressed as Equation (14).

. TF(S) . KD52 +prS+K1

F = = 14
r(s) r(s) Kps? + Kps + K 14

3.3. Controller Parameter Tuning

The adjustment variable for tuning the parameters of a CEM-based PID controller, as
can be seen in Equations (12a)—(12c), is only the time constant A of the desired characteristic
equation. The three parameters of the PID controller are tuned based on the MS, such
as Equation (15), which represents the maximum value of sensitivity function that can
appropriately compromise between responsiveness and stability.

1

M =M T M) v

When the MS value is large, the disturbance rejection response is excellent but the
stability deteriorates. On the other hand, when the MS value is small, the opposite occurs.
Typically, for a stable FOPTD model, the controller is designed to have a MS value in
the range of 1.4 to 2.0 [34]. In this paper, the design MSy of 1.7 is specified for a system
composed of the FOPTD model and PID controller, taking into account the system’s stability
and performance. Therefore, to achieve MSy4 = 1.7, the desired time constant A was adjusted
to 0.7801 for tuning the parameters of the PID controller. The results, along with the
parameters of the Lee-IMC controller and Skogestad’s SIMC controller for comparison,
are summarized in Table 4. The actual MS, represents the MS obtained with the PID
controller and the original TOPTD system. Therefore, when calculating the actual MS,
from Equation (15), the TOPTD system P> (jw) is used instead of the model M(jw).

Table 4. Parameter tuning for the controllers.

Tuning Parameters Remarks

Methods Kp K Kp A MS, MS4
Proposed 0.0233 0.01071 0.00473 0.7801 1.7482 1.700
SIMC 0.0161 0.00405 - 0.6400 1.6117 1.590
Lee-IMC 0.0219 0.00510 0.00648 0.6965 1.7492 1.699

4. Simulation

Figure 12 depicts the entire control system composed of set-point filter, PID con-
troller, FMU, saturator, and combustor-LPT. Considering the limitation on the maximum
displacement of the actual FMV spool, a saturator with a limitation of 22 mm is taken
into account.

The simulation is conducted for the original TOPTD system under the nominal con-
dition and parameter uncertainty conditions using the proposed method. The nominal
condition refers to the TOPTD system in the medium-speed operating region, as the con-
troller was designed for this operating region. The parameter uncertainty condition refers
to the TOPTD systems in the low-speed and high-speed operating regions. Additionally,
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simulations are also conducted for a parameter uncertainty model where Kr and Lr are
increased by 5% each and T is decreased by 5% for the GT system in the medium-speed
operating region. When conducting simulations in the low-speed region, medium-speed
region, and high-speed region, the weighting values of the set-point filter are adjusted to
0.3, 0.62, and 0.79, respectively.

Set-Point Filter Controller FMU d(s) Saturator  Combustor-LPT
"(s) + e[ u(s) 2(s) Ji y(s)
—»| EB(5) C(s) Prvu(s) »| Pz(s) >

Figure 12. An overall control system for speed control of a GT engine.

Performance is quantitatively compared in each simulation based on the integral of
time-weighted absolute error (ITAE), taking into account parameters such as 2% settling
time T, peak response value Mpmk, and 2% recovery time Tycy.

t
ITAE:/O Tle(T)|dT (16)

Furthermore, the system’s stability is evaluated through the stability evaluation index
MS,. The performance of the controller is considered superior and more stable when these
performance indices have smaller values. The proposed controller is compared with the
responses of the Lee-IMC and SIMC controllers.

4.1. Medium-Speed Operating Region

Figure 13 depicts the responses for the nominal state condition when the LPT is
initially rotating at 1600 rpm, a step input of 2200 rpm is applied at t = 0 s, and disturbance
inputs are introduced at t = 20 s. In this scenario, the disturbance assumes that wind
corresponding to 30% of the current load is applied as a step input in a vertical manner to
the bow of the naval vessel. When operating at 2200 rpm, the position of the FMV spool is
approximately 11.4 mm. Therefore, using Figure 9 to convert the current load to fuel flow
rate, it corresponds to approximately 2280 kg/h, and external disturbances due to wind
result in an additional fuel oil quantity of about 684 kg/h.

2.4 T T T
S_ 2.2 N —
c\')o \/
= 2 1 .
>, i 2220 T~ ]
2 18] 2200 /\ Proposed | -
o / 2180 e I E R Lee-IMC
PN 1.6 (o] 5 10 SIMC .
0 10 20 30 40
Time [s]
25 T T T
? Proposed
E, '.-\_ ————— Lee-IMC
— 20 sIMC .
Qo
8
o 15 o= -
=
L
10 1 1 1
0 10 20 30 40
Time [s]

Figure 13. Step responses and FMV spool position for the medium-speed region.
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Table 5 summarizes the performance indices for the proposed controller and the
controllers used for comparison.

Table 5. Performance comparisons for the medium-speed operating region.

Tuning Tracking Performance Disturbance Performance MS
Methods Ts Myeqi ITAE; Trey Myeak ITAE,; a
Proposed 2.817 7.502 716.8 7.011 1249 919.3 1.748

SIMC 3.887 27.000 717.9 17.650 163.6 4256.1 1.612
Lee-IMC 7471 21.883 1463.1 18.069 121.0 3418.8 1.749

In the set-point tracking response, among the three methods, the proposed controller
exhibits the smallest T, ITAEs, and Mpeak, making it the most superior in terms of all
performance indices. The SIMC method has a similar level of ITAE; to the proposed
approach but has a significantly larger M;. The Lee-IMC method has the largest Ts and
ITAE;. In particular, for Lee-IMC, it can be observed that, in the set-point tracking response,
the initial control input is too large, causing the displacement of the FMV spool to reach
the limit of 22 mm. In the disturbance rejection response, the proposed controller shows
excellent performance with very small ITAE; and Tyy. The Lee-IMC method has a small
My but a very large Tyey, while the SIMC method has a very large ITAE,;.

As shown in the Nyquist plots in Figure 14, the proposed PID controller has a similar
MS, value to the Lee-IMC controller, while the SIMC controller has the smallest MS, value.
However, all of them are within the range of MS, values from 1.4 to 2.0 [34].

Myquist plots

Imaginary axis
i

Proposed

Lee-IMC

SIMC 7

—-—-—Circle of MSa=1.748

————— Unit circle

-1.5 -1 0.5 0 0.5 1 1.5
Real axis

Figure 14. Nyquist plots and MS circle for the medium-speed region.

Considering all the performance indices, it can be concluded that the proposed method
is superior to the other two methods.

4.2. Low-Speed Operating Region

To investigate the robustness of the controller to changes in the GT engine parameters,
the controller designed in the medium-speed region is still used to simulate the TOPTD GT
system in the low-speed region. In this case, the GT exhibits an increase of approximately
4% in steady-state gain compared to the nominal state condition. Additionally, the time
delay increases by about 40.8%, and the time constant increases by approximately 42.3%.
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Figure 15 shows the response when a step input of 1600 rpm is applied att =0s,
starting from an initial condition with the LPT rotating at 1000 rpm. Additionally, att=20s,
a disturbance input is introduced. In this scenario, the disturbance assumes that wind
corresponding to 30% of the current load is applied as a step input in a vertical manner to
the bow of the naval vessel. When operating at 1000 rpm, the position of the FMV spool is
approximately 7.98 mm. Therefore, using Figure 9 to convert the current load to fuel flow
rate, it corresponds to approximately 1380 kg/h, and external disturbances due to wind
result in an additional fuel oil quantity of about 414 kg/h.
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Figure 15. Step responses and FMV spool position for the low-speed region.

Table 6 summarizes the performance indices for the proposed controller and the
controllers used for comparison.

Table 6. Performance comparisons for the low-speed operating region.

. Tracking Performance Disturbance Performance
Tuning Methods
8 T, Mpeak ITAE, Tyey Mpeak ITAE, MSa
Proposed 6.983 37.406 2069.6 8.777 88.64 714.6 1.846
SIMC 9.583 75.095 2955.1 16.151 112.8 2972.9 1.620
Lee-IMC 10.700 57.050 2974.5 16.752 87.43 2393.1 1.615

In the set-point tracking response, the proposed controller exhibits the smallest Ts,
Mpea, and ITAEs values, making it superior in terms of all the performance indices. The
Lee-IMC method has relatively larger ITAEs and Ts values. The SIMC method shows
the largest My, value. In the disturbance rejection response, the proposed controller
demonstrates significantly lower ITAE4 and Ty, values, showcasing excellent performance.

As seen in the Nyquist plots and MS circle in Figure 16, the Lee-IMC controller and
the SIMC controller exhibit similar MS, values, with both having smaller MS, values than
the proposed controller. However, all MS, values are within the recommended range of
1.4 to 2.0 [34], ensuring good robustness.
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Myquist plots
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Figure 16. Nyquist plots and MS circle for the low-speed region.

Considering the overall performance in both set-point tracking and disturbance rejec-
tion, it can be concluded that the proposed method is superior to the other two methods.

4.3. High-Speed Operating Region

This time, the proposed controller is used to simulate the GT system in the high-speed
region. In this case, the GT exhibits a decrease of approximately 8.3% in steady-state gain
compared to the nominal state condition. Additionally, the time delay decreases by about
42.9%, and the time constant decreases by approximately 42.1%.

Figure 17 illustrates the response when a step input of 2800 rpm is applied att =0,
starting from an initial condition with the LPT rotating at 2200 rpm. Additionally, att=20s,
a disturbance input is introduced.

= 2.8 e —
e
S 26 2800 7
X, 27501 |
g 24r 2700 Proposed | ]|
L 0 Lee-IMC
»w22¢ = sSIMC .
1 1 1
0] 10 20 30 40
Time [s]
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1S
E
= 20 4
Qo /%
8 !
Q15 F ~ Proposed | -
§ .......... Lee-IMC
i e R T sIMC
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Time [s]

Figure 17. Step responses and FMV spool position for the high-speed range.

In this case, the disturbance assumes that, due to the current high load condition, wind
equivalent to 20% of the current load is applied as a step input vertically to the bow of the
naval vessel.

When operating at 2800 rpm, the position of the FMV spool is approximately 15.85 mm.
Therefore, using Figure 9 to convert the current load to fuel flow rate, it corresponds to
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approximately 3955 kg/h, and external disturbances due to wind result in an additional
fuel oil quantity of about 791 kg/h.

Table 7 summarizes the performance indices for the proposed controller and the
comparative controllers.

Table 7. Performance comparisons for the high-speed operating region.

Tunine Methods Tracking Performance Disturbance Performance MS
8 T, Mpear ITAE, Trey Mpear ITAE, a
Proposed 2.378 0.881 371.7 8.577 114.2 753.9 1.949
SIMC 9.259 0.015 2061.5 17.160 156.7 4065.2 1.640
Lee-IMC 3.238 0.002 700.5 19.461 108.6 3250.8 2.278

As seen in Figure 17 and Table 7, in the set-point tracking response, the proposed
controller exhibits the smallest ITAEs and T values. The Lee-IMC method has the smallest
Mpeqr value but relatively larger ITAEs and Ts values. The SIMC method shows the largest
ITAE; and T values. In all three methods, it can be observed that, in the set-point tracking
response, the initial input is too large, causing the displacement of the FMV spool to reach
the limit of 22 mm. In the disturbance rejection response, the proposed controller demon-
strates significantly smaller ITAE4 and Tyey values, showcasing excellent performance.

As shown in the Nyquist plots and MS circle in Figure 18, the SIMC controller has the
smallest MS,, while the proposed controller has a moderate level of MS,, but both methods
fall within the recommended range [34]. However, the Lee-IMC controller has the largest
MS, with a value of 2.278, which falls outside the recommended range.

Nyquist plots
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Figure 18. Nyquist plots and MS circle for the high-speed region.

Considering the overall performance in both set-point tracking and disturbance rejec-
tion, it can be concluded that the proposed method is superior to the other two methods.

4.4. Parameter Change

In general, the control problem becomes challenging when the process gain and time
delay increase while the time constant decreases. Therefore, to assess the robustness of
the controller, simulations are conducted assuming a 5% increase in both the gain Kr and
time delay Lg and a 5% decrease in the time constant Tz compared to the model in the
medium-speed region.
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Figure 19 represents the response when a step input of 2200 rpm is applied att=0s
while the LPT is initially rotating at 1600 rpm, and then, a disturbance input is introduced
at t = 20 s. In this case, the disturbance is assumed to be a step input perpendicular to the
bow of the naval vessel, equivalent to 30% of the current load. In the current operating
state, the position of the FMV spool is approximately 10.9 mm. Converting the current
load to a fuel flow rate using Figure 9 results in approximately 2133 kg/h. The disturbance
represents an additional fuel oil quantity of approximately 640 kg/h due to the influence of
the wind.
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Figure 19. Step responses and FMV position for 5% parameter uncertainty.

Table 8 summarizes the performance indices for the proposed controller and the
comparison controllers. As shown in Figure 19 and Table 8, in the set-point tracking
response, the proposed controller exhibits superior performance in all performance indices,
with the lowest values for ITAEs, Ts, and Mpea- The Lee-IMC method has very large ITAEs
and Ts values, while the SIMC method has a very high M, value. In particular, for
Lee-IMC, it can be observed that, in the set-point tracking response, the initial input is
too large, causing the displacement of the FMV spool to reach the limit of 22 mm. In
disturbance rejection response, the proposed controller shows excellent performance with
significantly low ITAE4 and Trcy values.

Table 8. Performance comparisons for 5% parameter change.

Tracking Performance Disturbance Performance

Tuning Methods
8 T, Mpeak ITAE, Tyey Mpeak ITAE, MSa
Proposed 2153 1277 556.2 7.206 135.6 785.2 1.941
SIMC 3.679 52311 873.7 17.434 175.3 4205.1 1.741
Lee-IMC 7.585 27.251 14953 17.797 131.1 3386.7 1.929

As shown in the Nyquist plots and MS circle in Figure 20, the MS, of the SIMC
controller is the smallest. The proposed controller and the Lee-IMC controller have similar
levels of MS,, but all three methods fall within the recommended range [34].
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Figure 20. Nyquist plots and MS circle for 5% parameter uncertainty.

In conclusion, considering all aspects, it can be determined that the proposed method
is superior to the other two methods.

5. Conclusions

This paper proposed a novel CEM-based 2-DOF PID controller for LPT speed control in
the LM2500 gas turbine. The 2-DOF controller consists of a linear PID controller focused on
disturbance rejection and a set-point filter to mitigate overshoot in the tracking performance.
When tuning the PID controller, the maximum sensitivity, commonly used as a stability
metric, is considered to maintain an appropriate balance between system stability and
response performance. The key contributions of this paper are as follows:

e  The LM2500 gas turbine exhibits significant parameter variations with respect to its
rotational speed, so the entire rotational speed range is divided into three regions,
and operational data from gas turbines installed on naval vessels are used to model
each region.

e A novel approach called the characteristic equation matching method is proposed for
controller design.

e By selecting a desired characteristic equation with multiple poles, there is only one
adjustable variable for tuning the gains of the PID controller, making it easier for users
to tune the controller.

The use of a set-point filter is introduced to improve the tracking performance.
Considering maximum sensitivity, the proposed controller ensures an appropriate
level of system stability.

To validate the feasibility of the proposed controller, simulations were conducted over
a wide range of operating speeds for the LPT of the LM2500 gas turbine. The simulation
results showed that the proposed method achieved approximately 49% and 21.6-26.9%
lower ITAE compared to the other two methods in the nominal state set-point tracking
and disturbance rejection simulations, respectively. In the low-speed region simulations,
the proposed method showed approximately 70% and 24-29.9% lower ITAE, and in the
high-speed region simulations, it showed approximately 18-53% and 18.5-23.2% lower
ITAE compared to the other two methods, respectively. Additionally, in the set-point
tracking and disturbance rejection simulations with parameter variations, the proposed
method showed approximately 45.8-63.6% and 18.7-23.2% lower ITAE compared to the
other two methods, respectively. Therefore, considering all aspects comprehensively, the
proposed method was significantly superior to the two other benchmark methods. Future
research plans include designing controllers for each of the three operating regions and
integrating them into a single controller.
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Nomenclature
CEM Characteristic equation matching Kp Derivative gain
EEDI Energy efficiency design index Kg Combustor-LPT system gain
FMU Fuel oil metering unit K; Integral gain
MV Fuel oil metering valve Ky, LVDT gain
FOPTD First-order plus time delay Kp Proportional gain
GA Genetic algorithm Ky Transducer gain
GT Gas turbine Ky FMV gain
HPT High-pressure turbine L FOPTD model time delay
mMC Internal model control Lg Combustor-LPT system time delay
IMO International maritime organization max Maximum operator
ITAE, ITAE,, ITAE;  Integral of time-weighted absolute error M Maximum peak error
LNG Liquefied natural gas M(s) FOPTD model transfer function
LPG Liquefied petroleum gas Pr(s) Combustor-LPT transfer function
LPT Low-pressure turbine Prpu(s) FMU transfer function
MPC Model predictive control Pi(s),i=1,2,3 Entire GT system transfer function
MS, MS,, MSy4 Maximum sensitivity PRC Process reaction curve
NOx Nitrogen oxides 7(s) Reference input
SOx Sulfur oxides 74(s) Set-point filter output
PID Proportional-integral-derivative s Laplacian variable
SMC Sliding mode control T FOPTD model time constant
SOPTD Second-order plus time delay Tg Combustor-LPT system time constant
TOPTD Third-order plus time delay Trey Recovery time
VSVA Variable stator vane actuator Ts Settling time
2-DOF Two degrees of freedom Ty FMYV time constant
C(s) Controller transfer function u(s) Control input
d(s) Disturbance input w Weighting factor
e(s) Error y(s) LPT rotational speed, model output
Fi(s) Set-point filter transfer function z(s) Spool displacement
i(s) Amplifier output A Adjustment variable
K FOPTD model gain w Angular frequency
Ka Amplifier gain
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