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1 | INTRODUCTION

| Afef Fekih? | Concepcion Alicia Monje®* | Ramin Fakhri Asfestani®

Abstract

This paper designs, implements, and compares the performance of a H,, H,, H,/H,,
and p-synthesis approach for a V94.2 gas turbine mounted in Damavand combined
cycle power plant. The controllers are designed to maintain the speed and exhaust
temperature within their desired intervals and to ensure the robust performance of
the gas turbine power plant (GTPP) in the presence of uncertainties and load demand
variations. A linear model of the GTPP is first estimated using V94.2 gas turbine
real-time data and an autoregressive with exogenous input (ARX) identification ap-
proach, and then verified by residual analysis tests and steady-state performance.
The H,, H.,, H,/H,, and u-synthesis controllers are then designed and implemented
to the ARX model of the GTPP. The performance of the approaches is assessed
and compared in terms of tracking capability, robustness, and transient performance.
Additionally, the controllers' performance is compared to that of a conventional PID
approach. Despite the slight variations in the performance, all the controllers exhib-
ited robust stability and good overall performance in the presence of model uncer-
tainties and load variations.
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gas turbine power plant, H,, H,/H,, H,, robust control, y-synthesis

variations, unmodeled dynamics, modeling errors, modeling
simplifications, or neglected nonlinearity, and may even result

Combined cycle power plants (CCPPs) are widely used in the
electric power generation. They owe their popularity to their
high efficiency, great flexibility, short installation time, and
low installation cost."”? In a CCPP, modeling, control, stability
analysis, and reliability of a gas turbine unit are a challenging
problem. This is due to the fact that the traditional PID-based
controllers do not have proper performance due to parameter

in system instability. Hence, robustness should be a major design
feature when controlling a gas turbine power plant (GTPP).!

Various models have been proposed in the literature to ac-
curately represent the dynamics of CCPP. A dynamic model
for a single-shaft combined cycle plant including a supervisory
control was proposed in.® The proposed model was assessed in
terms of its stability and response to frequency transients during
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full-load operations. A comparative study between different
gas turbines and combined cycle models can be found in.>
The authors of paper5 compared the performance of a detailed
model, GAST2A model, and GGOV1 model in terms of their
responses regarding electric load and frequency transients. A
verified combined cycle gas turbine model was considered in
the study reported in.? The impact of combined cycle gas tur-
bine dynamics on the frequency control of an island electricity
system was also considered in that study. In,* Kakimoto et al
investigated several combined cycle plants models to build a
new one and then studied the dynamic behavior of the plant
including temperature and speed control, fuel flow command,
inlet guide vanes (IGV), and output power in the presence of
frequency drops. The work reported in’ focused on the fre-
quency regulation issue and aimed at improving the combined
cycle dynamic response and frequency regulation performance
and maintaining the machine variables within a safe opera-
tional level. A combined cycle simple model for the investiga-
tion of abnormal frequency conditions can be found in3

Likewise, various control approaches were proposed in the
literature for the gas and steam turbines in a CCPP. Saikia et al’
proposed a PID controller for the combined cycle gas turbine
plant and used a firefly algorithm to optimize the controller
gains. The performance and robustness of the proposed con-
troller were investigated using the sensitivity analysis. A frac-
tional-order fuzzy PID controller based on the particle swarm
optimization algorithm was proposed for CCPP in the study
by Haji-Haji and Monje.1 The proposed controller was im-
plemented in the speed control loop to improve the frequency
response during any change in power demand or frequency de-
viation. Jadhav et al'® took advantage of Bode's ideal loop trans-
fer function to design a robust fractional-order controller for the
speed loop to improve the frequency response of a gas turbine
plant. In the study reported in,'' a neuro-fuzzy--based control-
ler was proposed and evaluated for set-point variations in a
grid-connected heavy-duty gas turbine plant. Most of the above
control approaches, however, lacked robustness to parameter
variations and dynamic system mismatches. Gorbani et al'?
presented a model predictive controller (MPC) for a MS9001E
gas turbine mounted in Montazer Ghaem Power Plant.

The performance of the GTPP is highly dependent upon
the control strategy considered. Failure to provide proper
control to any unwanted frequency drop or unit over tempera-
ture can negatively affect the power plant and finally lead
to serious damage to the gas turbine components, and might
even lead to system shutdown. Any frequency load fluctua-
tion or set-point variation in power plants can cause instabil-
ity in power grids and potentially lead to blackouts.

Furthermore, there are lots of discrepancies between the
mathematical models (boiler, combustor, compressor, fuel
system, air system, etc) used for design and the actual gas
turbines' dynamics in practice. Therefore, designing robust
controllers for such systems can have a great impact on their

performance and life span. The proposed algorithms should
not only be able to make the closed-loop power plant stable
but also provide acceptable performance levels (tracking ca-
pability, transient and steady-state performance, etc) in the
presence of frequency disturbance, unmodeled power plant
dynamics, and measurement noise.

Due to the fact that robust control theory explicitly deals
with uncertainty in its approach to control design, it has long
been considered in controlling various systems.13'15 In,'%a H,
controller was designed for the speed and temperature control
of a power plant gas turbine. It was shown that H, resulted in
improvements in the performance compared to MPC and PID
controllers for the same conditions. u-synthesis was considered
in'” to guarantee the robust stability (RS) and performance of
an industrial hydraulic excavator. A multi-objective robust
H,/H, fuzzy tracking approach was proposed in'® to control
the nonlinear superheat temperature system in a power plant.

In this study, we design, implement, and compare the
performance of four robust control approaches for both tem-
perature and speed control of a V94.2 gas turbine mounted
in Damavand combined cycle plant. The proposed H,, H,
H,/H_, and u-synthesis controllers aim at (a) guaranteeing
the RS and performance of the closed-loop system in the pres-
ence of model uncertainties, (b) maintaining the temperature
output within a desired level, and (c) improving the speed
loop response for any frequency drop caused by a change in
the power demand or output disturbances.

2 | NONLINEAR GAS TURBINE
POWER PLANT MODEL

A simplified block diagram of a gas turbine plant including
gas turbine, rotor inertia dynamics, fuel and air system, and
temperature transducer is illustrated in Figure 1,' where air
flow W, and fuel flow W; are the main manipulated signals,
and rotor speed (frequency) N, power P, and exhaust tem-
perature 7, are the main output signals. In Figure 1, the value of
T, =0.01 (pu) refers to temperature offset; Ky, = 2.1281 is the
inverse of air control time constant; for the overheat control,
3.3 and 0.4699 are the time constant of overheat control and the
overheat control integration rate, whereas 2.49 and 0.12 refer
to the time constant of the speed control and the speed control
integration rate, respectively. The description of other input/
output signals used in Figure 1 is summarized in Table 1.

The speed and temperature control loops of the GTPP
are shown in Figure 1. As Figure 1 shows (red line), the
speed (frequency) control loop includes the speed control-
ler, fuel limiter, fuel system, gas turbine dynamics, and
rotor inertia. The main objective of the speed control loop
is to act through minimum value selection and fuel system
to compensate any difference between generation and load
in the frequency deviation.
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FIGURE 1 Simplified gas turbine plant model

The temperature control loop, on the other hand, includes
the normal and overheat temperature control branches (Figure
1, green line). The main purpose of the overheat control
branch is to reduce the fuel flow in order to prevent turbine
overloading in extreme overheat cases. This loop includes
fuel limits, fuel system, gas turbine dynamics, temperature
transducer, and overheat controller. Note that, for a CCPP, a
common practice in the industry consists on using the bottom
steam cyclelg when the exhaust temperature exceeds its limit.
The normal temperature branch acts through the air system
or IGV, and includes air control, gas turbine equations, and
temperature transducer. This branch prevents the exhaust
gas temperature from exceeding the reference value 7,. Note
that the frequency (speed) and normal temperature loops are
the main purpose of this paper; therefore, it is assumed that
the overheat control temperature is not active all the time.
Besides, there is an anti-windup mechanism included in tem-
perature control loop to prevent the controller from saturation
and to make sure that the controller can react properly to con-
trol GTPP. For a gas turbine process, the relationship between
the inputs W; and W, and output T} is':

W,
Ti=Ty+ (T —Ty) Wf’ (D
x=(0W,) 7 . )
Td:Ta<1+x_1>, 3)

where T, is the rated value for the gas turbine inlet tem-
perature, Ty, is the rated value for the compressor discharge
temperature, x is the compressor temperature ratio, P, is the
nominal compressor pressure ratio, y is the ratio of specific
heats, and 7, represents the compressor efficiency. The gas
turbine inlet temperature 7 can be expressed as follows:

1
T.=T;[1-(1-7)n]. @
X
where 7, is the turbine efficiency. The energy supplied to
gas turbine is given by:

Eg=K0 {(Tf_Te)_(Td_Ta)} Wa’ (5)

where K|, is the gas turbine coefficient. Further details
about the parameters and specifications of the GTPP model
can be found in.'*

3 | GAS TURBINE POWER PLANT
SYSTEM IDENTIFICATION AND
VALIDATION

According to the ARX structure, the relationship between the
estimated output y(f), measured data input u(¢), and white-
noise disturbance value e(¢) can be described as?’;

yO)+ayt—1)+--+a,y(t—na)=

6
byu(t—nk)+ -+ b, u(t—nb—nk+1)+e(z), ©
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TABLE 1 Main input/output signals of the GTPP model

Signals Definition

P, Gas turbine generated power (pu)

E, Thermal power converted by the gas turbine

T, Exhaust temperature (pu)

T, Reference temperature (pu)

T, Ambient temperature (°C)

T; Gas turbine inlet temperature (pu)

Fy Fuel demand signal (pu)

N Rotor speed (frequency)

W, Air flow

Wi Fuel flow (pu)

IGV Inlet guide vanes

Ty Rated value for gas turbine inlet temperature (°C)

Ty Rated value for the compressor discharge tem-
perature (°C)

X Compressor temperature ratio

7 Turbine efficiency

where u(t — nk) and y(¢# — na) refer to the past inputs and out-
puts, respectively, na is the number of poles, nb is the number
of zeroes plus 1, and nk is the dead time. Then, a and b are
constant factors that could be estimated using the least square
error method (LSM).

As Figure 1 shows, the airflow W, is obtained by multi-
plying N by IGV. This means that any change in IGV can not
only affect the exhaust temperature but also impact the power
and frequency outputs. Thus, the IGV signal needs to be con-
sidered as an input in the estimation process. According to
Figure 1, in order to estimate a linear ARX model for the
speed loop, the fuel flow Fuel, output frequency N, ambient
temperature 7,, and IGV should be considered as input vari-
ables, whereas the power demand P, should be considered
as output signal. The equation relating the frequency (speed)
output N with the inputs Fuel, 7,, and IGV can be determined
using the rotor dynamics and P,,,. Note also that the input sig-
nal Fuel is equal to fuel demand signal (Fd) for a power plant
under normal operating conditions.

Similarly, based on Figure 1 for the temperature loop, the
variables Fuel, N, T,, and IGV are considered as inputs, and
the exhaust temperature 7, as output. In this paper, the con-
sidered base load for the V94.2 GTPP is 115MW and the
atmospheric pressure is around 896.5 (mbar). The modeling
and identification has been done around V94.2 gas turbine
operating point. 7, is 30°C or 303 K, IGV is [0.52, 1], N is
[0.95, 1], and Fuel is [0, 1.0]. Figure 2 shows the real data
for V94.2 gas turbine in Damavand CCPP. The data are col-
lected from no-load to full-load conditions with sampling
time equals to 1 seconds. Note that, in the case of control

loops, the main focus is on frequency and normal temperature
loops; hence, the overheat control loop is not active during
the simulation process and the Fuel signal is equal to F};.

The identified block diagram of the gas turbine plant
CP(s) is shown in Figure 3, where P, represents the de-
mand power (per unit (pu)). Based on Equation 6 and the
ARX structure, the transfer functions presented in Figure 3
are as follows:

Gi(s)= Po(s)  0.655% +0.465+0.5695+0.0412 D
! Fuel(s)  s*+0.988s% +2.20852 +0.6455+0.033
G (s)_Pm(s)_ —2.12153=2.89652 — 1.945—0.017 ®
2 N(s)  s*+0.98853 +2.20852+0.6455+0.033
P.(s)  —0.0085> +0.0015% —0.0035+2.756 x 10~%5
G, (s)= = , 9
T,(s) 54 +0.98853 +2.20852+0.6455+0.033
Ga(s)= Pr(s) — 0.061s%+0.071s>+0.1155+0.00071
STIGV(s) 574098853 +2.2085% +0.6455+0.033° (10

T.(s)  13.22540.050

Y6)=Ne) = R+6315+0.09 an
S~ L
G~ = i esnsome Y
Gyt = ) —1.34s-0028 04

IGV(s)  52+6.315+0.096

In Figure 3, G3 (s) represents the rotor dynamics, which
can be estimated as:
1

Gs()= 173,

= (15)

In a time series format, the transfer functions are as
follows:

G =(0.198F0.005)¢" O30 4.0,0157¢ 70001 40.239¢70%,

(16)

G, =(—0.737£0.552i)¢' 0341360 1.0 27270001 0,920,
a7

G3=0.069, (18)

G, =(—0.003F0.002i)¢ 0334136 10,0007 0! —0.003¢ ">,
(19)
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Figure 4 provides the steady-state diagram for the iden-
tified ARX model, where the power plant variables T,
IGV, and Fuel are plotted versus changes in the power de-
mand (pu). Two operating regions can be distinguished in
Figure 4. In the first (I) operating region, the temperature
T, is lower than the set point; therefore, IGV is set to its
minimum value (0.52 (pu)). When increasing the fuel flow,
the exhaust temperature rises to the reference (Tr = 1) and
the power demand to 0.7917, and then, the power plant en-
ters the operating region II. In this region, the temperature
control loop acts via the IGV control to maintain 7, at its
reference value.

The estimated linear model specifications and measured
and simulated model outputs for the speed and temperature
loops are illustrated in Table 2 and Figure 5, where MSE
refers to the mean square normalized error performance

0.9995
1
0.999 b
0.9985
0

0.5 1 1.5 2
Time (s) x10%

function, FPE is Akaike's final prediction error, and Fit is
fitness percentage. As Figure 5 shows, the simulated outputs
closely follow GTPP power and temperature outputs. Based
on the residual analysis tests, and measured and simulated
model outputs, it was found that the estimated linear ARX
model is accurate enough to describe the behavior of the gas
turbine plant. This can also be verified by the fitness results
illustrated in Table 2, which are 94.7% for the temperature
loop and 92.72% for speed loop. Additional assessment of the
identified model including the speed CPg)..q and temperature
CPremp loops will be performed in Simulation section.

4 | ROBUST CONTROL
FORMULATION

The standard block diagram of the robust control method
including external inputs w, control inputs «, output signals
z, and measured outputs y is presented in Figure 6. In this
figure, M(s) and K(s) refer to the plant model and control-
ler, respectively. The main control objective is to find a
controller K(s) that would stabilize plant M(s) and mini-
mize a norm of the transfer function from input w to output
z. In this paper, the objective function that would maintain
the turbine speed and the exhaust temperature within their
desired interval is S/KS, with S the sensitivity function and
K the controller function.

Note that, according to Figure 1, the overheat control
branch only acts in the extreme overheat cases to prevent
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FIGURE 3 Block diagram of the power plant linear model

turbine overloading. Thus, this control branch is not active
during the normal operation and there is no direct feedback
from the output temperature error et to the speed controller.
Note also that, based on Equation 5, the output power can be
affected by the air flow or IGV control, and this impact can
be considered as an input disturbance in the robust control de-
sign procedure. Similarly, according to Figure 1 (green line)
for temperature control loop, there is no direct feedback from
the output speed error ey to the temperature controller. Thus,
the speed and temperature loops could either be controlled
using a multi-inputs, multi-outputs (MIMO) controller or two
single-input, single-output (SISO) controllers.

Figures 7 and 8 represent the linear estimated model of
the speed and temperature loops of the GTPP, where Fuel
and IGV are the manipulated variables, whereas N and 7, are
the measured outputs. N, Py, Ter, and T, are the reference
inputs, and Zy, Zremps Zpyer» and Zjgy are the weighted output
signals. Two variables ey and ey are used to show the error
of the speed and temperature loops, respectively. Here, the
speed error is defined as the difference between speed refer-
ence N, and the actual speed N. Similarly, the temperature
error is computed using the difference between temperature
reference T, and the actual temperature 7,. Besides, Wy,
Wremps Wruel, and Wigy refer to the speed, temperature, fuel,
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FIGURE 4 Steady-state diagram for

GTPP and estimated model

Power plant variables

0.2 0.3

and IGV weighting functions, respectively. Mgye.q and Mgy,
refer to the weighted transfer functions for the speed and
temperature loops, respectively. In this paper, for the sake of
simplicity, we will design two SISO robust controllers for the
combined cycle plant.

According to Figures 6 and 7, the relationship between
the inputs w(s) and u(s) and the outputs z(s) and y(s) can be
defined by:

z(s) | _ w(s)
l y(s) ] _MSpeed (S) l M(S) ] s (25)

where w, u, z, y, and Mg,..q can be defined as follows:

Nref
P V4
w= d , u=Fuel, z= N »  Y=e€n (26)
T, Zryel
IGV
M _ M11(5) M12(S) 27)
Specd My (s)  My(s)
where
G -G,G -GG
MZI(S)Z[ 1 1—GZG3 1—042633 1—052033 ]
—G1G3 WNM21
M, (s)= [—] s My(9)= > (28)
1-G,G, ‘ 014
WyM.
Myy(s)= l NMp) ]
Fuel

|
0.4 0.5 0.6 0.7 0.7917 0.9
Power demand (pu)

TABLE 2 ARX model specifications and characteristics

MSE FPE Fit %
T, 1.161 x 107 1.179 x 107 94.7
P,, 1.917 x 107 1.927 x 107 92.72

The transfer function (7,,,) from w to z can be written as
follows:

F\(Mgpeeq-Kspeea) =M, +M12KSpeed(1_M22KSpeed)_lM21' (29)
Similarly, for temperature control loop and from Figures

6 and 8, the relationship between inputs w(s)" and u(s)" and
outputs z(s)" and y(s)’ can be described by:

2(s)’ _ w(s)
l y(S)’ ] _MTemp(s) l u(s), ] s (30)

A .
where w’, v, 7', ', and MTemp are:

Tref
N
w = , u'=IGV, 7= Zremp . Y =er, (31)
Ta 1GV
Fuel

M; 1 (S) M{Z(s) ] (32)

MTemp(s)= l Mél(s) Méz(s)
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u y inputs.
4.1 | H,control strategy
K(s) ——
The main purpose of considering an H, design for the speed
and temperature control of GTPP is to find a controller K(s)
FIGURE 6 Robust control block diagram that would (a) internally stabilize M(s) and (b) minimize the
second norm of the following transfer function, where W,
where and W, are the weighting functions®'**:
Mél(s) = [ 1 -G, -G, -Gy ] , min W, (I +MK)™! 35)
eye . -1
M; ,(5)=—G, K stabilizing W,K(I+MK) 5

(33)

!
WTempM 22
IGV

WigvM,
M (s)= IGV™™21 , M (s)=
o) lom ho=|

In Equation 31, Nis equal to N, and the transfer function

(TZ’W) from w’ to 7’ for the temperature control loop is defined
by:

/(M

emp K Temp) =M, + M}, Ko (I = My Ko™ My
(34)
For the frequency (speed) control loop (Figure 7 and
Equation 26), the manipulated variable is fuel flow (Fuel)

and the controlled variable is output frequency (N), whereas

For the speed loop in the combined cycle plant model,
Equation 35 can be rewritten as follows:
min VVN(I+]‘/ISpeedlI(Speed)_l

VVFL}&:II((I+IWSpeeciI(Spe:e:d)_l . (36)

2

Kpeeq  stabilizing

And for the temperature control loop, we have the
following:
min WTemp (I +M Temp K Temp )_ !

VVIGVKV(I+]MTempI(Temp)_1 . (37)

2
For this H, optimization problem, the weighting functions
are as follows:

Kremp  stabilizing
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s+9.054
Wy=——t2D% oy =002,
30.18s+0.00097 (38)
s+2
Weiemp = ———, Wy =0.01.
Temp ™ 205 4+0.006" 'Y
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Similarly, the main goal of using H_ for the speed and
temperature loops of the power plant is to find a control-
ler K(s) to internally stabilize M(s) and, at the same time,
to minimize the infinite norm of Equations 36 and 37.3
By choosing appropriate weighting functions, H, can pro-
vide RS and nominal performance of the final closed-loop

H , control strategy

system. In this H_ problem, the weighting functions are

as follows:

549.054
Wy=——t2" W =0.02,
N™30.185+0.00097 Fuel

s+2

Wy =—" W, =0.01.
Temp ™ 205 +0.006 16V

43 |
Mixed H,/H

00

H,/H ., control strategy

(39)

control combines the disturbance rejection
properties of H,, design with the ability of H, to improve
the transient behavior of the system against random distur-

bances.”** In this paper, the weighting functions for the
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H,/H, controller and power plant optimization problem are
as follows:

Whe = SH905% e 601 w0015,
N 30.185+0.00097 Fuel Fuel
he s+8 he hy (40)
WTemp —_— m, WIGV —0.01, WIGV —0.01.

In Equation 40, the superscripts hy, and h, refer to the
weighting functions for H_ and H, problems, respectively.

44 |

Compared to H,, the u-synthesis method based on the singu-
lar value p and D-K iteration procedure can be proposed to
ensure the RS and performance of the closed-loop system.26
In the p-synthesis strategy, the aim is to find the controller K

p-synthesis control strategy

that would minimize the following optimization problem26’27:
min inf ”DF(M K)D_ln Al
K DDp'eH, TN o @D

For the GTPP speed loop, the above equation can be re-
written as follows:

min inf

DF,(M K D‘lﬂ s
KSpeed D,D_IEHoo ” 1" Speed Speed) . (42)

Similarly, for the temperature loop we have the following:

min inf

DF (Mg Kreny)D™' | 43
K’[‘emp D, D_l c Hoo ” 1M Temp > Temp © ( )

In Equations 41-43, K(s) and D(k) can be achieved by the D—
K iteration procedure. The weighting functions are as follows:

s+0.73

= ST e =001,
N"24.18540.00007 Fuel 44)
s+0.6
Weo =—0""2 W .. =000l.
Temp ™ 505 +0.0007 1Gv

All weighting functions are selected based on the IGV,
temperature, frequency, and power limitations in order to pro-
vide the best transient and steady-state behavior in terms of
tracking capability and disturbance rejection. For the speed
control loop, the main purpose is to maintain the output fre-
quency near to 50 Hz and to avoid from oscillations as much
as possible. In the case of temperature loop, the aim is to
maintain the output temperature 7, lower than Tr = 539°C.

S | SIMULATION RESULTS AND
COMPARISON ANALYSIS

In this section, after analyzing the accuracy of the ARX linear
model, we assess the performance of the robust controllers

and compare their performance in terms of tracking capabil-
ity, robustness, and transient behavior.

In order to design the H,, H,,, H,/H, and u-synthesis
robust controllers for the GTPP, model uncertainties (up to
5%) are first included into the estimated transfer functions
in Equations 7-15. These latter are then combined with
Equations 38-40 and 44 for weighting functions and used
to calculate Equations 25-28 for the speed control loop and
Equations 30-33 for the temperature control loop. Finally,
the H,, H,, H,/H, and u-synthesis methods described in
Robust control formulation section are considered to com-
pute the best controller K(s) that would stabilize Mgpeeq(s)
in Equation 27 and Mr,,(s) in Equation 32, and that would
also minimize the mixed sensitivity cost function presented
in Equations 36 and 37 for the temperature and speed control
loops, respectively.

Figure 9 shows the RS and robust performance (RP) of
all four approaches. The lower bounds of the singular val-
ues p for speed and temperature loops are shown in Table 3.
According to Figure 9 and Table 3, all four controllers H,,
H, H,/H, and u-synthesis can provide the RS and perfor-
mance of the closed-loop gas turbine plant. From Figure 9
and Table 3, for the speed control loop, the H_, and u con-
trollers provide the best RS and RP, respectively, while this
latter is achieved by H, controller for the temperature loop.

The frequency responses of the speed and temperature
closed loops are shown in Figures 10 and 11, respectively.
Note that H , and u-synthesis display larger bandwidths com-
pared to the rest of the controllers. Although this property of-
fers a better transient response for the speed and temperature
loops, it can result in further noise amplification. As shown
in Figure 11, all the controllers are characterized by low gains
in high-frequency ranges to deal with unmodeled dynamics,
whereas in low-frequency ranges, high gains are required to
reduce steady-state tracking errors and properly attenuate
disturbances.

The GTPP model uncertainty is increased from 0 to
1 (0% to 100%), and the simulation results are provided
in Figures 12 and 13 and Table 4. In these figures and
table, the maximum gain (Max-Gain), stability margin
(Stab-Margin), and performance margin (Perf-Margin)
are plotted versus changes in the model uncertainty, and
Stab-Uncer and Perf-Uncer refer to the uncertainty points
where the stability and performance curves go below 1.
From the figures, it is clear that these two last uncertainty
numbers are equal to the points where the gain curve goes
above 1 and to infinity, respectively. To understand the data
provided in the figures and table, the explanation of three
aspects is necessary: (a) The maximum gain is the possi-
ble largest value for the closed-loop Bode diagram over an
uncertainty range, and it is in a close connection with sta-
bility and performance margins, where a bigger gain leads
to a lower margin. Two numbers are indicated in Table 4

00°
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FIGURE 9 Closed-loop robust stability and robust performance

for maximum gain: The first one is for 5% uncertainty for

speed and temperature loops, and the second one is for
maximum uncertainty just before the gain goes to infinity;
(b) in Table 4, the stability margin refers to the point of the
stability curve in Figures 12 and 13 where the uncertainty

is 5% for speed and temperature loops; (c) similarly, the
performance margin is the point where performance curves
in Figures 12 and 13 cross the uncertainty 5% for speed and
temperature loops.

As Figure 12 and Table 4 show, in the case of speed loop,
the p-synthesis robust controller provides the best maximum
gain (0.18 for 5% uncertainty) and performance margin (4.9)
compared to the other robust controllers. Similarly, the H_
controller presents the best stability margin (16.52). These
results are in close connection with the uncertainties of 0.79
and 0.65 (Table 4) for H, and u-synthesis, respectively,

where a bigger GTPP model uncertainty (Stab-Uncer and
Perf-Uncer) yields better performance and stability margins.

A big frequency gain (1.0) for H, controller leads to worse
stability and performance margins. As for temperature control
loop, based on Figure 13 and Table 4, the H, robust controller
presents the best gain and stability margins, while the best per-
formance margin result is for H, controller. The u-synthesis
robust controller provides the worst performance margin. This
can also be corroborated by the results in Figure 13.

In order to assess and compare the performance of the dif-
ferent controllers in terms of tracking capability, robustness,
and transient performance, two simulation scenarios illustrat-
ing (a) tracking and (b) disturbance rejection are considered:

o In the tracking scenario, the speed reference N, is initially
set to 1; T, = 1 pu; after 1450s, demand load P, changes

from 0.65 to 0.78 pu, and after 650s, it decreases to 0.68 pu.
Here, the goal is to evaluate the transient and steady-state
responses of the gas turbine plant for changes in the power
demand. The transient response of the GTPP is illustrated
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in Figure 14 for all four controllers. The results are also
compared to those from the PID-based controller, where
PID refers to the PI (speed control block) and 7 (air control
block) controllers for the speed and temperature loops in
Figure 1. The proportional and integral coefficients of the
PI and 7 controllers are based on the procedure provided
in* and.”® The optimum time indices (maximum overshoot
My, rise time 7, and settling time 7) and output errors of
integral time absolute error (ITAE), integral absolute error
(IAE), integral time squared error (ITSE), and integral
squared error (ISE)* for all the control strategies are sum-
marized in Tables 5 and 6, respectively.

In the disturbance rejection scenario, the transient response
of the GTPP is evaluated for a 1% instantaneous frequency
drop, where the power and temperature references are
fixed to 0.76 and 1 pu, respectively. Figure 15 and Table
7 show the output responses of the GTPP for ISE, IAE,
ITSE, ITAE, mean, standard deviation, and maximum de-
viation of output errors for this frequency disturbance.

The results from Figures 14 and 15 and Tables 3, 4, 5,
6 and 7 clearly show that the behavior of the closed-loop

TABLE 3 Robust stability (RS) and robust performance (RP)
lower bounds for speed (S) and temperature (7) loops

Controller RS(S) RP(S) RS(T) RP(T)
H, 14.34 1.16 20.01 522
H,, 16.30 1.73 20.00 6.95
H,/H, 15.61 1.51 20.00 3.76
B 14.49 4.18 19.68 2.65

The bold values are the best simulation results.

system is in close connection with the selected weighting
functions in Equations 38-40 and 44 and the design spec-
ifications. In the gas turbine plant model, the fuel system
has a direct effect on the speed and temperature control
loops. As Figures 14 and 15 show, any change in fuel
command results in changes in the temperature, power,
and speed outputs. Furthermore, any unwanted drop or
change in the frequency output due to the presence of
an inappropriate speed control can negatively affect the
power plant and potentially damage the gas turbine com-
ponents, and even lead to a system shutdown. Note that

Closed-loop singular values (speed loop)
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FIGURE 10 Speed and temperature closed-loop frequency responses
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FIGURE 11 Speed and temperature controllers frequency responses

the performance analysis of the speed loop is relatively
easier than that of the temperature loop. Analyzing the
performance of this latter requires to take into account
the effects of IGV control, fuel system, power, and speed
outputs at the same time. In the case of IGV control and
T., as Figures 14 and 15 show, IGV controller has an in-
verse effect on the temperature output and a control signal
with a high overshoot and little rise time can lead to a
better performance of the temperature response. In fact,
at a fixed fuel flow, increasing the IGV signal increases
the airflow to the power plant and decreases the gas tem-
perature in the combustor. As can be seen in Figure 15, in
the case of the H,/H_, controller, any delay in opening the
airflow can lead to an increase in the exhaust temperature
beyond the reference 7,

In terms of tracking performance of the speed loop, as
Figure 14 and Table 6 show, among all the robust controllers,
H_, has the lowest deviations and output errors, while u-syn-
thesis has the highest deviations and output errors. The advan-
tages of H, are in direct connection with the RP (speed loop)
presented in Figure 9 and Table 3. In the case of H, and H,/H

controllers, the fuel system acts to increase the fuel flow and
compensate the sudden reduction in frequency output pro-
vided in Figure 14. As Figure 14 and Table 5 show, this can
lead to an overshoot in power demand and output temperature.
Increasing temperature over 7, moves the power plant from
operating region / to I (Figure 4), where the IGV increases the
airflow (Figure 14) to control the burning temperature.

For disturbance rejection capability, as Figure 15 and
Table 7 show, among all the robust controllers, H_ shows
more change and maximum deviation in terms of fuel flow
(Figure 15) and power demand compared to the other con-
trollers. The overshoot and deviation noted in Figure 15 can
be explained by considering the high bandwidth of H in
Figures 10 and 11, where, for H_,, minimizing the frequency
deviation has more priority than saving fuel flow. Besides,
this overshoot in fuel flow can increase both temperature
(Figure 15) and power output error (Table 7). As Figure
15 for IGV shows, H, and H_, provide the maximum de-
viation to maintain the output temperature below 7, This
overshoot and deviation in Figures 14 and 15 are in close
connection with the value of Wgy = 0.01 and the best RP



HAJI HAJI ET AL.

2218 Energy Science & Engineering
LOpen Acces:]

H2 diagram (speed loop)
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in Figure 9 (temperature loop). Note that a lower weighing
function (W;gy) means more control energy for a better out-

put performance.

FIGURE 12 Maximum gain,
performance margin, and stability margin
for the speed loop

FIGURE 13 Maximum gain,
performance margin, and stability margin
for the temperature loop

Based on the simulation results and performance analysis
provided in this section, we can conclude that among all the

robust control approaches, H, can offer the best stability and
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TABLE 4

Controller Max-gain

Speed loop
H, 1.0-105.6
H,, 0.67-59.68
H,/H, 0.75-14.31
u 0.18-3.1

Temperature loop
H, 0.099-333.4
H, 0.48-333.5
H,/H 0.14-2824
I 0.22-3500

The bold values are the best simulation results.

FIGURE 14 Output and control
responses for H,, H,,, Hy/H,, pi-synthesis,
and GTPP controllers

TABLE 5 Optimum time indices for
H,, H, H,/H, u-synthesis controllers and
the main GTPP controller

Energy Science & Engineering
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Stab-margin Stab-uncer Perf-margin Perf-uncer
14.59 0.70 1.0 0.41
16.52 0.79 1.45 0.33
15.75 0.72 1.31 0.26
15.72 0.69 4.9 0.65
21.0 1.0 7.0 0.91
21 1.0 8.6 0.93
21.0 1 542 0.87
20.6 0.982 3.83 0.78
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H2 Hoo
Power 32.46 1.94 62.53 Power 24.25 1.40 62.69
T, 1.06 76.88 154.25 T, 0.96 79.24 155.59
H,/H M
Power 24.53 1.44 62.88 Power 21.18 2.31 93.58
T, 12.65 78.12 504.37 T, 10.24 80.21 600
PID
Power 40.06 1.09 82.81
T, 0.35 79.18 157.23

[

The bold values are the best simulation results.
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TABLE 6 Error indices for H,, H,, H,/H, p-synthesis controllers and the main GTPP controller
Error ISE IAE ITSE ITAE Error ISE IAE ITSE ITAE
H, H,,
Power 8.76 x 107! 6.99 1248.48 9981 Power 8.62 x 107" 6.81 1229.27 9721
T, 5.25x 107" 7.39 752.91 10719 T, 5.09 x 107! 7.26 729.42 10 527
N 1.57 x 107 0.33 2.30 507 N 7.39 x 107 0.23 1.08 356
H,/H u
Power 8.68 x 107! 6.89 1238.08 9834 Power 8.71 x 107! 7.14 1241.49 10214
T, 530 x 107! 9.53 764.67 14 449 T, 5.92x 107! 9.46 852.77 14139
N 8.64 x 107 0.21 1.26 323 N 4.94 x 107 0.80 731 1226
PID
Power 8.72 x 107" 7.14 1243.07 10203
T, 4.85x 107" 6.90 694.59 9975
N 2.84 x 107 0.07 0.41 100
The bold values are the best simulation results.
1.005 FIGURE 15 Output and control
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performance margins for the temperature loop, whereas for
the speed loop, although H_ provides the best stability mar-
gin, it fails in the performance margin aspect compared to the
u-synthesis controller.

On the other hand, H, controller resulted in the worst
stability and performance margins for the speed loop,
whereas p-synthesis yielded the worst stability and per-
formance margins for the temperature loop. The tracking
performance results showed that H_ and H, provided the
best transient and steady-state behavior. Indeed, based
on the results shown in Table 6, H, can minimize the
temperature and power outputs, which can save energy

and cost and improve GTPP efficiency. The disturbance
rejection analysis showed that both u-synthesis and H
can offer the minimum tracking error; however, when it
comes to load frequency control, H_ should be the pre-
ferred solution.

6 |

In this paper, H,, H,, H,/H,
were designed and implemented for the speed and tempera-
ture control of a V94.2 gas turbine mounted in Damavand
CCPP. The controllers were compared in terms of tracking

CONCLUSIONS

and u-synthesis controllers
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TABLE 7
Method ISE IAE ITSE
H,
Power 9.88 x 107" 0.256 29.668
T, 2.06 x 107 0.056 0.618
N 1.88 x 107 0.038 0.564
IGV 236 x 107" 0.084 7.100
Fuel 2.12x 107 0.400 63.693
Hg
Power 1.34 x 107 0.246 40.101
T, 1.55 x 107 0.057 0.466
N 1.05 x 107 0.023 0.316
IGV 8.40 x 107" 0.112 25213
Fuel 3.84 x 107 0.355 115.115
H,/H,,
Power 1.27 x 107 0.245 37.979
T, 7.21 % 107% 0.094 2.166
N 1.43 x 107 0.029 0.428
IGV 1.86 x 107 0.011 0.560
Fuel 3.49 x 107 0.427 104.671
7
Power 7.34 x 107" 0.242 22.037
T, 3.14x 107" 0.088 0.946
N 152 %107 0.041 0.455
IGV 2.86 x 107% 0.002 0.009
Fuel 1.46 x 107" 0.335 43.787
PID
Power 2.54 x 107 0.508 76.187
T, 251 %107 0.186 7.528
N 1.78 x 107% 0.052 0.535
IGV 226 x 107" 0.138 6.792
Fuel 1.05 x 107! 1.193 316.595

The bold values are the best simulation results.

capability, robustness, and transient performance. They
were shown to enhance the GTPP output responses for
any frequency drop caused by changes in power demand.
Additionally, the controllers were able to maintain the RS
and performance of the closed-loop system in the presence
of model uncertainties, quickly varying parameters, and un-
modeled dynamics.

Our comparison study showed that, even if the H ap-
proach should be the preferred solution, the design goals
for speed, power demand, and temperature outputs and the
constraints on fuel flow and IGV control inputs cannot be
satisfied at the same time using a single control approach.
A compromise between the different objectives and control
requirements is unavoidable and necessary.

ISE, IAE, ITSE, ITAE, mean, standard deviation (SD) and maximum deviation (MD) of output errors for 1% frequency drop

ITAE Mean SD MD
770 0.749 222 x 107 6.95 x 107
170 0.996 2.94 % 107 7.51 x 107%
113 1.002 3.80x 107 335%x 107"
252 0.518 6.93x 1073 3.66 x 107
1203 0.794 371 x 107 9.35 x 107
739 0.756 1.53 x 107 9.97 x 107
171 0.995 1.80 x 107" 1.06 x 107"
69 1.000 2.64 %107 238x%x 107
337 0.517 1.43 x 107 1.12x 107"
1066 0.801 470 x 107 2.23 x 107"
736 0.754 1.88 x 107 9.25 x 107
284 0.994 3.77x107% 2.00 x 107
88 1.001 335x107% 247 %107
32 0.520 1.78 x 107 2.10%x 107
1282 0.798 432 %107 1.46 x 107!
726 0.756 1.38 x 107 6.10 x 10~
264 0.995 224 %107 8.51x 107"
124 1.000 2.00 x 107 216 x 107
7 0.520 2.61x 107" 1.82x 107"
1007 0.807 1.94 x 10 9.33 x 1072
1528 0.756 2.18 x 107 121 x 107
559 0.995 7.07 x 107 3.26x 107
157 1.001 347 x 1073 4.05% 107
417 0.517 6.11x 107 2.49 x 107
3590 0.784 7.59 x 107 2.25x 107"
ORCID
Vahab Haji Haji https://orcid.org/0000-0001-5186-1175
REFERENCES

1. Haji Haji V, Monje CA. Fractional order fuzzy-PID control of a
combined cycle power plant using particle swarm optimization al-
gorithm with an improved dynamic parameters selection. Appl Soft
Comput. 2017;58:256-264.

2. Lalor G, Ritchie J, Flynn D, O'Malley MJ. The impact of com-
binedcycle gas turbine short-term dynamics on frequency control.
IEEE Trans Power Syst 2005;20(3):1456-1464.

3. Mantzaris J, Vournas C. Modelling and stability of a single-shaft
combined cycle power plant. Int J Thermo. 2007;10(2):71-78.


https://orcid.org/0000-0001-5186-1175
https://orcid.org/0000-0001-5186-1175

2222 Energy Science & Engineering
LOpen Acces:]

4.

10.
11.
12.

13.

14.
15.

16.

17.

18.

HAJI HAJI ET AL.

Kakimoto N, Baba K. Performance of gas turbine-based
plants during frequency drops. [EEE Trans
2003;18(3):1110-1115.

Mantzaris J, Karystianos M,VournasC. Comparison of Gas
Turbine and Combined Cycle Models for System Stability Studies.
MedPower Conference. Thessaloniki, Greece; 2008.

Shalan H, Moustafa Hassan MA, Bahgat A. Comparative study
on modeling of gas turbines in combined cycle power plants. In:
Proceedings of the 14th International Middle East Power Systems
Conference (MEPCONI10). Egypt: Cairo University; 2010:19-21.
Carmona S, Rios S, Pefia H, Raineri R, Nakic G. Combined cycle

Power  Syst.

unit controllers modification for improved primary frequency reg-
ulation. /IEEE Trans Power Syst. 2010;25(3):1648-1654.

Kunitomi K, Kurita A, Tada Y, et al. Modeling combined-cycle
power plant for simulation of frequency excursions. /[EEE Trans
Power Syst. 2003;18:724-729.

Saikia LC, Sahu KS. Automatic generation control of a combined
cycle gas turbine plant with classical controllers using Firey algo-
rithm. Int J Elec Power. 2013;53:27-33.

Jadhav SP, Chile RH, Hamde ST. Robust fractional-order control-
ler using Bodes ideal transfer function for power plant gas turbine.
Int J Comput Appl. 2014;88(16):1-7.

Igbal M, Xavier RJ, Kanakaraj J. A neuro-fuzzy controller for grid-
connected heavy-duty gas turbine power plants. Turk J Elec Eng
Comp Sci. 2017;25:2375-2387.

Ghorbani H, Ghaffari A, Rahnama M. Constrained model predic-
tive control implementation for a heavy-duty gas turbine power
plant. WSEAS Trans Syst Control. 2008;3:507-516.

Mirrashid N, Rakhtala SM, Ghanbari M. Robust control design
for air breathing proton exchange membrane fuel cell system
via variable gain secondorder sliding mode. Energy Sci Eng.
2018;6(3):126-143.

Mseddi A, Ballois SL, Aloui H, Vido L. Robust control of a
HESG for a wind energy application. Electr Power Syst Res.
2019;168:250-260.

Kafi MR, Chaoui H, Miah S, Debilou A. Local model networks
based mixed-sensitivity H-infinity control of CE-150 helicopters.
Control Theory Technol. 2017;15(1):34-44.

Najimi E, Ramezani MH. Robust control of speed and temperature
in a power plant gas turbine. ISA Trans. 2012;51:304-308.

Kim S, Park J, Kang S, Young Kim P, Jin Kim H. A robust control
approach for hydraulic excavators using y-synthesis. Int J Control
Autom Syst. 2018;16:1615-1628.

Liu M, Dong Z. Multiobjective robust H,/H,, fuzzy tracking
control for thermal system of power plant. J. Process Contr.
2018;70:47-64.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

Kehlhofer R, Hannemann F, Rukes B, Stirnimann F. Combined-
Cycle Gas and Steam Turbine Power Plants. Tulsa, OK: PennWell
Corp.; 2009.

Ljung L. System Identification: Theory for the User. Upper Saddle
River: Prentice Hall; 1999.

Ye F, Zhang W, Ou L H, consensus control of time-delayed
multiagent systems: A frequency-domain method. ISA Trans.
2017;66:437-447.

Skogestad S, Postlethwaite 1. Multivariable Feedback Control
Analysis and Design. New York: John Wiley & Sons; 2001.

Haji HajiV, FekihA, MonjeCA. Hoo robust control design for
a combined cycle power plant. In: 20/9 IEEE PES GTD Grand
International Conference and Exposition Asia (GTD Asia),
2019:384-389.

Khargonekar PP, Rotea MA. Mixed H,/H, control: A convex opti-
mization approach. /EEE Trans Autom Control. 1991;36:824-831.
Krokavec D, Filasova A. On enhanced mixed H,/H, de-
sign conditions for control of linear time-invariant system. In:
17th International Carpathian Control Conference (ICCC);
2016:384-389.

Gu DW, Petkov PH, Konstantinov MM. Robust Control Design
with Matlab. London Heidelberg New York Dordrecht: Springer;
2013.

Lari A, Khosravi A, Rajabi F. Controller design based on y analysis
and PSO algorithm. ISA Trans. 2014;53:517-523.

RowenWI. Simplified mathematical representation of single
shaft gas turbines in mechanical drive service. In: International
Gas Turbine and Aeroengine Congress and Exposition Cologne,
Germany; 1992.

Haji Haji V, Monje CA. Fractional-order PID control of a chopper-
fed DC motor drive using a novel Firey algorithm with dynamic
control mechanism. Soft Comput. 2018;22:6135-6146.

How to cite this article: Haji Haji V, Fekih A, Monje
CA, Fakhri Asfestani R. H,, H, H,/H,, and
u-synthesis controllers for the speed and temperature
control of a real gas turbine unit in a combined cycle
power plant. Energy Sci Eng. 2019;7:2205-2222.
https://doi.org/10.1002/ese3.425



https://doi.org/10.1002/ese3.425

	Página en blanco



