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Abstract: Turbo-expanders are very useful equipment for energy recovery in gas pressure reduction stations. Using
these equipment for generating electrical energy has gained more attention recently. On the other hand, turbo
expander driven generators affect the electrical networks considerably as a new type of distribution power
generation. To investigate the effects, first the turbo-expander is analyzed in conjunction with the electrical networks
and then some power quality problems are studied in this paper. To overcome the observed problems the FACTS
devices are advised. Because of the system nonlinearity, a nonlinear fuzzy —PI controller is used for the STATCOM
control system. Finally behavior of the system is compared in the cases with conventional and fuzzy PI controllers.
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1. Introduction

The increasing need of energy sources in
developing countries on one hand and new
explorations of oil and gas in the oil producing
countries on the other hand and also cost-effectiveness
of the fossil energies has led to an increasing use of
this type of energy. In this field, natural gas has
become one of the most utilizable fossil energies in
the world. The gas network all around the world
involves hundreds of kilometers gas pipe and
thousands stations for increasing or reducing gas
pressure.

For long distances gas transmission its
pressure should be increased in order to the size of gas
pipes be reduced and also the volume of transmitted
gas be increased. This is done by compressors which
use a considerable amount of energy in the gas
stations. On the other hand, the gas pressure should be
decreased in some steps at the end of transmission
lines before being delivered to the final consumers.
Gas pressure reduction is normally done by some
types of valves known as pressure regulating valves.
What happens here is an isenthalpic process and does
not produce any work. In other words when the
pressure regulator valve is used, the energy contained
in high pressure gas is dissipated through the
expansion process and appears as turbulence and noise
[1].

Gas pressure reduction can also be done by
turbo-expanders. Turbo-expander is a type of
turbomachineries that can be good replacement for the
conventional pressure regulating valve. Replacing the
regulator valves with these turbines not only causes
the gas pressure to decrease when passing through the
turbine, but also a large amount of the high pressure
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gas energy can be recovered in the form of mechanical
energy and delivered on the shaft of turbo-expander.
This process in the expander turbine is almost an
isentropic process [2].

Using turbo-expanders has a long history in
industries  which contain cooling processes,
liquefaction processes, compressor driving and etc.
But as electrical energy has much more benefits
compared to other types of energies, a relatively new
application is driving the electrical generators. In fact,
easier transmission of electrical energy, high
capability of being converted to the other types of
energy and the ability to be used everywhere in any
form, have made the -electrical energy a very
fascinating one. Hence, in recent years more efforts
are done to use the electrical energy produced by the
generators coupled with turbo-expanders. Depending
on gas flow rate and pressure ratio, these systems can
produce up to several mega watts power in gas
pressure reduction stations [3].

2. Study System and Problem Statement

A simplified diagram of the system is shown
in Figure 1. Based on this figure, high pressure gas
enters the system through two paths. One is the lower
path which is through the pressure regulating valve
and the other is the upper path including expander
turbine and some optional equipment including
preheater, reheater, control valves and so on. In
normal mode, the turbo-expander path is open to
transmit the gas. The regulator valve can be opened
every time it is required. In some systems the gas
temperature is greatly reduced when it passes through
the expander turbine. The low outlet gas temperature
can harm the turbine, so in order to prevent vane



Journal of American Science 2013;9(6)

http://www.jofamericanscience.org

corrosion it is necessary to heat the gas by a preheater
before entering the expander. Also, the gas
temperature delivered to the consumer should be at a
desired level. If it is below this level, a reheater must
be used after the turbine to satisfy the condition. In
order to control the opening and closure of the turbine
path, a ball valve is used along with a safety trip valve
to intercept the turbine path compulsively.

Some of the former studies about turbo-
expanders are based on applying operational models
of these systems in very small scales [4]. In these
studies, usually the expander turbine is not modeled
and even the turbine is studied only in the working
condition by building an operational setup in small
scale. Using turbo-expanders for producing electrical
energy via a permanent magnet generator is
investigated in [5]. In a third study, variation of the
turbine parameters such as efficiency, torque and

produced power is investigated

Hot
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Pressure
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Figure 1. Simple diagram of Turbo-Expander system

An expander turbine is used beside the
pressure regulator valve and an empirical analysis of
the system is done in [6] and [7]. Analysis of turbo-
expanders on the basis of thermodynamic
fundamentals and continuity and momentum
equations is presented in [8]. This study is a semi-
empirical type which is about energy recovery from
small heat sources in the form of mechanical energy in
a cycle called Organic Rankine Cycle. A model of
turbo-expander replacing the pressure regulator valve
is presented in [9]. In this study, some arrangements
of using this equipment coupled with the electrical
generators are investigated. Then, a simple model of
the expander turbine is presented regarding ideal gas
and constant pressure ratio assumption across the
turbine. Applying expander turbines for producing
electrical energy is investigated in more details in
[10]-[13] and power quality problems in various
operational conditions are studied using synchronous
generators. This turbo-expander is the same as the
model one in [9], except that a section related to shaft
and gearbox is added to the system. By adding shaft
and gearbox models, the effects on transient stability
of the system are investigated.
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Turbo-expanders systems which drive the
electrical generators in distribution voltage levels can
affect the electrical energy power quality. In this paper
it is focused on the turbo-expander used for driving a
9 MW induction generator in gas station of a thermal
power plant and the system behavior is investigated
during a momentary voltage reduction occurring on
PCC (Point of Common Coupling). Since the turbo-
expander is considered close to a power plant, its
behavior is also investigated during starting process of
the system large motors. It is shown that using FACTS
device may be required to overcome the system power
quality problems.

3. Turbo-Expander System Component Model

To model the system, the following
assumptions are considered:
- The regulator path is closed so the gas only passes
through the expander turbine.
- All the valves in the turbine path are fully opened.
- Gas temperature at the turbine inlet and outlet are at
a desired level, so no preheater or reheater is needed
in the system.

3.1. Expander turbine components model
3.1.1. Turbine

In the proposed system, natural gas enters the
turbine whereas methane is its main component.
During passing through the turbine, the gas
temperature decreases and some work will be
delivered on the turbine shaft. In this study, a quasi-
steady turbine model is used and it is assumed that the
volumes between system components are negligible.
Hence the gas flow into the system is equal to the gas
flow out at every instant of time, i.e., as far as the gas
flow is concerned the system is in a steady state [14],
[15].

Qin onut (1)

In some previous studies on expander
turbines, the turbine pressure ratio would be assumed
constant and independent from its mass flow rate [9]-
[11] whereas in operational turbines, this ratio changes
by the mass flow rate variations [16]-{19]. A sample
variation of passing gas mass flow rate versus its
pressure ratio across the turbine can be seen in Figure
2. These curves are produced from the operation test
done on the turbines. Because of the turbine small
volume and since the turbine dynamic time constant is
very small and negligible, it is supposed that pressure
ratio changes immediately after a change in mass flow
rate. In other words, by using these curves, the turbine
pressure ratio can be determined from its mass flow
rate instantaneously.

These curves depend on the turbine rotating
speed and for a given pressure ratio, the mass flow
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rate decreases when the turbine speed increases. In
this study, where the turbine is coupled with a three
phase induction generator, the deviation of generator
speed in operation modes is below 5% and according
to the measurements, the turbine mass flow rate
changes below 1.45% in this range of speed variation
[20] which can be neglected. Hence the operating
curves at the speed related to generator nominal speed
would be valid for the analysis.

Some analytical equations are presented too
for turbine mass flow rate versus its pressure drop
[22]-[24]. One of these formulae is the Stodola
equation which states the amount of mass flow rate
passing through a nozzle in an isentropic expansion
process for a compressible ideal gas. According to this
equation, the passing flow through the turbine is
related to turbine input temperature and pressure of
both sides. Its proportion factor can be calculated by
adjusting the parameters with the operation condition.

0= [Py’ ~ Py’ @)

VT

To calculate the amount of generated power
and outgoing gas temperature, first the turbine
efficiency should be calculated. The turbine efficiency
varies by any change in the flow rate, input gas
pressure or turbine speed. In 5% of normal speed
variation, the amount of change in efficiency is below
0.75% [21]. Therefore the effect of speed variation on
efficiency is neglected and the effects of the other two
parameters will be investigated. Deviation of mass
flow rate or gas pressure from its optimum point
reduces the efficiency. So by defining the operation
condition as equation (3), and considering the
efficiency is varying between two minimum and
maximum values, the total efficiency can be
calculated from equation (4) [9]-[11].

o

0.C.= (1 - | Prratea = Prin ] X (1 - | Qrated - Qin
| | Qrated
“)

Pr, rated
Motar = O-C. X (N =1y, ) H 17y
The ideal work which is generated by the
turbine is calculated by the equation w=0 xAh .

Considering the equations of ideal gas and writing Ah
versus temperature difference, the produced work can
be calculated as equation (5) [2], [5], [12].

k-1

Pry )k c 5
W =0 xnxC,xT, x 1—[1{] ,k:F’V’ )
3.1.2. Variable Nozzle System
The main component which implies a

dynamic on the expander turbine model is the variable
nozzle system. Variable nozzle system comprises of
some movable blades which can affect the turbine or
fluid properties by continuous opening and closing.
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Opening vane of the nozzles is automatically adjusted
by a control system, based on the proposed system
variable which is necessary to be regulated. The
desired control system variable may be any of the
following variables: output gas pressure, output gas
temperature or produced work.

Turbo-expanders nozzles wusually have
pneumatic actuators. This system has two separate
chambers which are isolated by a diaphragm. Moving
this diaphragm up or down causes the nozzles
enveloping ring to rotate via the lever connected to
this diaphragm, and thus open or close the nozzles
[25]. The lower chamber pressure is equal to
atmosphere pressure and the upper chamber pressure
which is controlled by a servo valve, is directly
proportional to the desired nozzle angle.

Complete equations of nozzle actuator
system are presented in [25]. The final transfer
function which defines the change of diaphragm level
versus the upper chamber pressure is according to
equations (6) to (8). The diaphragm level, x, , is
related to the nozzle angle by a linear equation.

Pract :kO Herror (6)
2
K B A
d_zxd =——"Xy —_dixd +—LPr,, (7
dt M M, dt M,
Hm)zzle :kl X0 +k2 (8)

Since the turbine analysis is based on
operational curves, the test results of different nozzle
angles can also be used as the basic curves for
simulation of turbine operation at different nozzle
angles. Figure 2 shows variations of mass flow rate
versus the turbine pressure ratio at different nozzle

angles.
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Figure 1. Mass flow rate variation versus pressure
ratio for different nozzle angles [21]

When
coefficient Cp

the nozzle angle increases, the
in equation (2) will decrease. To
apply the effect of nozzle angle variation in the
turbine basic equation, the coefficient C; is explained

as a function of the nozzle angle in the form of K, /6.
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Output pressure reduction due to nozzle angle
increment can be modeled by this equation.

3.1.3. Nozzle Control Logic

The nozzle control system is supposed to act
on expander nozzle angle in order to stabilize the
output pressure. This mechanism also affects output
temperature and the power generated by the coupled
electrical generator.

In this study, the control system is proposed
to stabilize turbine output pressure by a proportional-
integral (PI) controller on a predetermined value. So,

Orrroy =K , (Prroy —Pry )+ K j (P —Pry)dt (9

Using 6, from equation (6), Pr, from

equation (2) and @ from equation (8), the third state
equation can be found as (10).

%Prm =K, K, Pr,,; —

2
_ o7
(K /(kl xq+ky )
A simple diagram of expander turbine with
nozzle control system and actuator is shown in Figure

K, (K1+KP%)\/P”12 (10)

APr 0 Pr Nozzle

2 [ PI Controller | eer act X4

P

Tref i Actuator | —p] (Eq.8)
' (Eq.7)

Turbine System

(Eq.2)

Figure 2. Turbo-expander control system diagram

3.2. Shaft and Gearbox

Usually turbo-expanders rotation speed is
very high. For example, the turbo-expander of Neka
power plant rotates at 23500 rpm. At this rotation
speed, frequency of generated voltage would be very
high and in order to avoid necessity of using power
electronic converters, the rotation speed is required to
be lessened by a gearbox.

The proposed gearbox is considered with
transfer losses and low speed and high speed shafts
are modeled by two inertias. It should be mentioned
that all dampings are neglected and this is the worst-
case scenario in transient stability and torsional

oscillations  studies.  Considering the above
assumptions, we have [14]:
J k
n="l,J =0 =t (11)
ny n n
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3.3. Generator Model

The studied generator is a three phase
induction generator with squirrel cage rotor. The
electrical model of this generator is a fourth order
state space model and the mechanical part is modeled
by a constant inertia and a damping factor [26]. The
motor used in the simulation is modeled in the same
way.

4. Expander Turbine Model Validation

The experimental tests in [6] are used for
verifying the presented model. In this empirical
analysis, an expander turbine is applied in addition to
the existing pressure regulator valve in an air
conditioner system. The turbine is coupled with a
permanent magnet generator to recover the power in
the form of electrical energy. The experimental setup
consists of some apparatus, among which the nozzle,
turbine and generator are simulated. The nozzle angle
in the experimental system is fixed at 65°. The
flowing gas is HFC134a and in normal operation it
passes through the pressure regulating valve. After
994 seconds, the regulator valve closes completely
and the gas is transmitted into the turbine path
immediately. For model validation, the mass flow rate
of the turbine is reconstructed from the experimental
data as shown in Figure 4. The model experiences a
0.25 kg/s step change in the mass flow rate.

0.75

T
Experimental Mass Flow Rate
— Simulated Mass Flow Rate

o
o

o
N
o

Mass Flow Rate (kg/s)

0
750 1000 1250

Time (s)

Figure 3. Experimental and simulated mass flow rate

1500 1750 2000

The input pressure and temperature of the gas
entering the turbine are 14.7 bar and 320°K,
respectively. Variation of input and output pressures
are shown in Figure 5 for both the experimental and
simulated systems. The simulation results show a
good compatibility between the measured and
simulated pressures of the output flow.
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Another important parameter investigated in
the experimental system is the coupled generator
voltage variation when the output power changes.
Figure 6 demonstrates variation of the generated
voltage during variation in the output power. The
generator power is changed by an electrical load
variation.  Simulation results have a good
compatibility with the experimental results, where the
maximum deviation from the measured speed and
voltage values is approximately 2.8%.
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Figure 4. Measured and simulated input and output
pressures
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Figure 5. The generator measured and simulated
voltage
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5. Study System

The studied system is shown in Figure 4.
This system includes an expander turbine, gearbox
and an induction generator that is connected to a 20 kv
network. The system load involves some static loads
and a 4 MW motor load. In this section the system
behavior is studied under various disturbances.

5.1. System Behavior during Momentary Input Gas
Pressure Reduction

Input gas pressure may have some random
variations which are implied by the consumer or by
the system control or protection equipment. Although
all the variations cannot have great effects on the
system, in some cases it may lead to a situation in
which the system forced to work in an improper
condition. To show this condition, a momentary
turbine input pressure drop is simulated. The
momentary input pressure reduction at constant
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passing flow can cause the output pressure decrement
to very low values according to equation (2). At the
same time, the output gas temperature decreases to the
lower levels in comparison with the normal condition.
It results in an increased output power and affects the
coupled induction generator rotating speed. To show
this, a short time input gas pressure reduction is
simulated at t=0.4s, from 19 bar to 8.54 bar for
duration of 0.7s. When the input pressure decreases,
the output pressure reaches a low level of about zero
and simultaneously, the output power increases to
high levels of about 2.15 pu.
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1 Y Gear
R, : e OMW
“ -1 Pressu L-auspuun 10KV
----- ! Low
20/10 KV
Distributio Transform
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n 7
Network 20/6.6KV  4MW
Transform Induction
PCC

Statcom

Figure 6. Studied system

When the turbine output power increases, the
coupled induction generator speeds up fast and it
draws very high values of reactive power from the
network which causes the voltage at PCC to decrease.
Due to the PCC voltage reduction, speed of the motor
connected at this point decreases and draws more
current from the network. If there is no FACTS device
in the system, requested reactive power increment and
voltage reduction are so high that both the induction
generator and motor pass from their critical speed in
the torque-speed diagram and hence the whole system
will be unstable. Figure 8 shows the generator speed,
the motor speed and the PCC voltage in this condition.
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Figure 7. System quantities when a momentary input
pressure reduction occurs
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5.2. Using FACTS Device

The most frequently used FACTS device is
the static compensator (STATCOM), being most
simple, economical, and with a very fast dynamic
response. To overcome the power quality problem and
increasing the system stability, a 15 MVA STACOM
is used at the electrical network 20 KV bus. The
STATCOM basic equations are [27]:

di
L%:_Rid TNaVie =Va (16)
di, )
L?:—R1q+7yq Vie = Vg a7
dv 3 v
Copo—2 =—=(nyiy +1,i, )——% 18
dc dt 2(77dld 77q lq) RL ( )

Where i, , i,, v, and v, are currents and voltages at
the ac side in the d-q reference frame, 7, and 7, are

control signals, and v, is the dc voltage. The

parameters R and L stand for resistance and
inductance in the coupling transformer, C,, is the

capacitor in the dc-bus, and R; represents the

equivalent converter losses. The equations describing
the STATCOM are nonlinear because of the products
between control and state variables. The STATCOM
control system has two AC and DC voltage regulators
and two current regulators for d-q axis currents.
Current control loop is shown in Figure 9 and
complete equations of the system are presented in
[27]. Conventional PI controllers are considered for
the regulators and because of the system nonlinearity,
a fuzzy-PI controller is also designed for current
regulators and the results are compared.

Iq
Vzd + Iqref
' Current |
¢ Regulator | Idref
V.q T -+
V,dq Id
Figure 8. Current control loop of proposed
STATCOM

5.3. FUZZY Proportional Integral Controller
(FPIC)

The PI type of fuzzy logic controller is
known to be relatively simple to implement and
performs very well in first order systems [28]-[30].
The continuous-time non-fuzzy or conventional PI
controller is described as:
u(t)=Kpe(k)+ K, [ e(k)dt (19)
where u(¢) is the plant control signal at time ¢, e(f)
is the difference (error) between the desired plant
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output (the set point) and the actual value, K is the
proportional gain, and K, is the integral gain. In
order to implement the conventional PI controller
digitally, (19) must be expressed in its discrete-time
form, which is
Au(k)=KpAe(k)+ K e(k) (20)
where Au(k) is the plant control input increment for
the next time interval, i.e.,
u(k+1)=u(k)+Au(k) (21
and u(k) and u(k+1) are respectively, values of the
plant control input at the current and subsequent
sampled times. Also, e(k) in (20) is the error between
the desired and actual plant outputs at the current time
sample. As it can be seen in Figure 10 for currents in d
(and q) axis:
e(k) =iy rer(k)=iq(k) (22)
Ae(k) in (20) is the difference between the current and
previous errors, i.e.
Ae(k)=e(k)—e(k—1) (23)
The fuzzy (rather than conventional) PI
controller is a velocity type controller in which the
incremental control output given by (20) is replaced
with
Au(k)=F(KpAe(k) K Ae(k))=Aup(k) (24)
for the conventional case, where F(.,.)is a nonlinear
fuzzy function. Thus, (21) can be rewritten as
u(k+1)=u(k)=F(Kphe(k),K,Ae(k))=Aup(k+1) (25)
The current regulator FPIC uses (24) and (25)
to generate incremental control of phase voltage from
the error and the change of error between i, and

igq-rer - Figure 10 illustrates the basic FPIC with its

four constituent components, i.e., the fuzzifier, rule
base, inference engine, and defuzzifier.

Fuzzy
Rule
Base

T

Fuzzy
Interface
Engine

Input
Error —

e(k)

Control
Signal

Defuizzi-

fier + >
5
Fuzzy PI Controller

Figure 9. Fuzzy PI controller (FPIC)

Each the fuzzy controller input is normalized
for the possible operating range between -1 and 1
based on the nominal values. Then the inputs and the
output are classified into five levels as “Big
Negative”, “Small Negative”, “Zero”, “Small
Positive” and “Big Positive”. Membership functions
for the current controller are shown in Figure 11. In
the present study a Mamdani type is selected as the
fuzzy controller. Designed rules for this controller are
listed in Table 1.
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Degee of membership

Degee o membership

Figure 10. Membership functions of fuzzifier input
and output variables e and Ae

Table 1. Fuzzy rule table

e LN SN Z Sp LP
Ae
LN LN SN Y4 Z SP
SN SN Z SP SP LP
Y4 SN Z SpP LP LP
Sp SN Z SP LP LP
LP SN SP LP LP LP

5.4. System Behavior with STATCOM During
Momentary Input Gas Pressure Reduction

In this section, a disturbance similar to the
one described in section A is applied to the expander.
Because of the STATCOM in this system, the system
remains in a stable mode when the input pressure
comes back to its nominal value. Figure 12 shows the
expander speed for three cases. The first curve
belongs to the system without STATCOM, as shown
in Figure 8. The other curves belong to the expander
speed in the case of conventional and fuzzy PI
controllers of the STATCOM. Figures 13 and 14 show
the PCC voltage and the motor speed in these three
cases.
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Figure 11. Expander (generator) speed
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Figure 12. Voltage of PCC during and after input
pressure disturbance
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Figure 13. Motor speed during and after input pressure
disturbance

In the cases that the STATCOM added to the
system, some reactive power is supplied to the system
even in normal condition and the voltage at PCC is
stabilized at a higher level, although this is not the aim
of using this device. Adding the STATCOM to the
system causes the generator and motor to be stable
during turbo-expander output power change. Using
both PI or fuzzy controller for STATCOM causes the
system to remain stable, but as can be seen in the
figures, by the fuzzy controller, the voltage at PCC is
at a higher level than the case with PI controller and
the maximum speed of the induction generator during
these variations is lower compared to the PI controller
case. These results show the STATCOM with the
fuzzy controller has a better behavior than the case
with PI controller.

5.5. System Transient During Starting Second
Turbo-expander

The system induction generator has relatively
high power. Starting this generator from zero speed
takes a long time and draws a high value of reactive
power. In operational turbo-expander systems, the
peak of drawn reactive power is recorded about tens
of MVAR. This value of reactive power during the
startup can cause the voltage to drop at PCC and the
system motors or generators to stall under this voltage
drop.

To avoid this condition in the operational
systems, the generator is derived by the turbo
expander until it reaches to the speeds of about 0.95
pu and then at this instant the generator circuit breaker
will close. Starting by this method restricts the
transient oscillations of the generator, but it still draws
a high level of reactive power when connects to the
network and causes the big voltage sags to occur at
PCC. By adding the STATCOM to the system, the
drawn reactive power from the network decreases and
so, the voltage sag at the PCC will be restricted.
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Figure 14. PCC voltage with and without STATCOM

PCC Voltage during the second generator
startup is shown in Figure 15. It can be seen that using
the STATCOM has improved the voltage profile
during and after startup process. About 1.15 second
after the startup without STATCOM, the system
reaches the steady state. This time decreases to about
0.6 second when the STATCOM is used.

6. Conclusion

The expander turbine driven generators are
introduced as a new type of distributed generation in
this paper. After describing the turbo-expander system
components, the system behavior is studied in some
conditions involving two disturbances in the system
mechanical and electrical parts. In the mechanical
section a momentary pressure drop is considered for
expander turbine input and in the electrical field a
second turbo-expander driven generator startup is
considered as the disturbance. Both of the
disturbances cause such a condition that a
considerable amount of reactive power will be drawn
from the network and will be led to a voltage drop that
can force the generators or motor loads to stall under
these conditions. To overcome the problem, using
STATCOM is advised because of its being the
simplest, most economical, and with a very fast
dynamic response. To have a better control in this
nonlinear system, it is shown that a fuzzy-PI controller
can improve the system status better than a
conventional PI controller.
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Appendix A. Nomecular
A

area
B damping constant
Cp specific heat capacity at constant pressure (kJ/kg K)
Cy specific heat capacity at constant volume (kJ/kg K)
F turbine constant
H inertia constant
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enthalpy

current

inertia

spring constant
mass

mass flow rate
gearbox ratio
operating condition
power

pressure

resistance
generator slip
temperature

torque

voltage

Work

reactance
diaphragm displacement
turbine efficiency

0

o> | |%|g|<|? (3] =|z|e|oF ol |7 =~ |F

Delta
angle
sm spring (+membrane)
ub lower band
Indices:
1 Input
2 output
act actuator
d diaphragm
h high speed
1 low speed
b lower band
sm spring (+membrane)
ub lower band

Appendix B. Simulation Parameters

Induction Generator Data:

P, =9 MW; Zgs = 0.005+j0.1014 pu;

Zr = 0.0178+j0.1521 pu; X, =3.894 pu; H=3.5s;
F =0.2 pu; Pole Pairs = 2;

Turbine data:

P, =10 MW, Nominal Speed = 23400 rpm;

Input Pressure = 19 bar; Output Pressure = 5.2 bar;
M =0.7; Nw = 0.85; Input Temperature = 341 °K;
m = 59.1 kg/s

Shaft & gearbox data:

Ju=4kg m®; Gear Ratio= 1/15.6; Ky = 30 N/rad;
By = 800 Ns/rad; Efficiency = 0.95;

Nozzle system data:

Aq=0.003 m*; my = 0.63 kg; by = 206 Ns/rad;

kgm = 12850 N/rad; ko= 2146.8 rad/m;

k; = 0 rad; k, = 2000 bar/rad;



