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Reduced Order Model for an Electro-
Hydraulic Valve of A Gas Turbine
Engine’s Controller

Gas turbine engines (GTE) are widely used in military and industrial
applications. Accurate modeling is mandatory to advance GTE control. The
present article investigates, experimentally and theoretically, a detailed
dynamic model of an electro-hydraulic system that controls a variable
geometry inlet guide vanes (VIGV) of turboshaft GTE. A parametric study for
the computationally expensive and time-consuming model has been
conducted considering the forces affecting the valve’s spool and its relatively
short settling time. A reduced mathematical model has been developed. The
prediction results of the reduced and full-detailed models have been
compared with the experimental results. The reduced model has decreased
calculation time by 45% to 50 % while keeping the RMSE of the model within
1-2 % away from the actual system’s experimental results for the complete
operating range. An improvement allows future studies to integrate the whole

subsystems of the GTE in a single computationally affordable model.
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1. INTRODUCTION

The performance of an industrial turboshaft gas turbine
engine relies on controlling three main parameters: main
fuel flow (MFF), power turbine stator angle (PTS), and
VIGV angle. The engine under study consequently has
three subsystems to facilitate and ensure precise engine
control. The main fuel flow circuit controls the fuel
metering valve to regulate the inlet fuel flow rate to the
combustion chamber. The PTS and the VIGV have two
separate electro-hydraulic control circuits; however,
they are identical in construction and operation except
for the final actuator and vanes tilting mechanism. Both
use the fuel as a power fluid and have identical electro-
hydraulic servo valves driven by a proportional
solenoid. The three subsystems are integrated into a
single hydraulic management unit (HMU), as Figure 1
(left) illustrates.

This study is part of a research program to develop a
complete engine model. The gas turbine engine under
investigation is used for ground vehicles. The electro-
hydraulic system has been investigated as a main part of
the engine controller. The hydraulic system has sop—
histicated flow behavior due to tiny clearance and
orifices. The physics-based model for such a system
requires many differential equations. One of the most
challenging problems in electro-hydraulic control sys—
tems is modeling the non-linearity of fluid behavior due
to specially shaped orifices and unmeasurable para—
meters such as discharge coefficient and in-valve fluid
damping coefficient.

Presenting a dependable and accurate model for the
electro-hydraulic position control system incorporated
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in GTEs is fundamental to understanding dynamics
before studying or developing the Engine controller.
Although these electro-hydraulic position control sys—
tems are widely used in aviation and non-aviation
GTEs, most published studies still need to treat mode—
ling such systems thoroughly. A few studies have
provided detailed physics-based models. Still, they have
tended to focus on the electro-hydraulic subsystem be—
havior rather than its role in the complete model of
GTE.

Many researchers have investigated and modeled
electro-hydraulic systems for performance enhancement
by applying different control approaches. For example,
Yang et al. [1] developed a model reference adaptive
control (MRAC) based on neural networks to control a
hydraulic cylinder, while Sadeghieh et al. [2] went for
neurobiology to control a rotary actuator. To design
networked control systems using the modified gene—
ralized predictive control (M-GPC) method, Yu et al.
[3] applied this method to a hydraulic positioning sys—
tem. Another method Bravo et al. [4] uses is Embedded
Model Control. Lai et al. [5] applied a fuzzy pulse width
modulation (PWM) technique to achieve higher position
control accuracy. In the same context, Ye et al. [6]
adopted an improved particle swarm optimization (PSO)
to optimize a PID Position controller of a non-linear
hydraulic system. These studies relied on a dynamic
mathematical model; therefore, any enhancement or
simplification in the mathematical model would lead to
less computational effort and faster real-time response.

On the other hand, various approaches have been
adopted to model the electro-hydraulic position systems;
These studies went from the physical model equations to
the system identification or using both to overcome the
non-linearity or simplify the model. For example, Puller
et al. [7] physically derived a non-linear model for an
electro-hydraulic servo system of GTE's variable stator
vanes.
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Figure 1. lllustration of the hydraulic management unit (left), experimental setup (right)

Then they simplified it into a linear one disregarding
the main hydraulic behavior of the system to suit the
purpose of controller optimization. Yan et al. [8] built a
state space non-linear model, simplified it into a linear-
in-parameters structure, compared its tracking perfor—
mance to independent Hammerstein, Wiener, and ARX
models, and showed significant improvement but yet
not sufficient for controller development. At the same
time, Liu et al. [9] presented a proportional electro—
hydraulic valve's multi-domain state space non-linear
model considering the electromagnetic, mechanical, and
hydraulic subsystems. They justified the 15% deviation
of their model simulation from the actual measured
response because of unknown parameters and parameter
measurement errors. Another model-based control tech—
nique via sliding mode control was proposed by Zou et
al. [10] by simplified dynamic modeling for an electro-
hydraulic servo system, not considering the non-
linearity of fluid behavior. In the same vein, Shen et al.
[11] designed a position control scheme combined with
an extended state observer (ESO) based on an electro-
hydraulic position servo-mechanism simplified model.
The challenge in modeling fluid power systems is not
limited to pure hydraulic systems. Still, it extends to
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hybrid electro-hydraulic and pneumatic systems by
Hoang et al. [12], presenting a dynamic model for high-
performance tracking control of rapidly changing
acceleration. Many other researchers [13-19] modeled
the electrohydraulic control system of gas turbine engi—
nes. Additionally, in some recent literature, other studies
[20-22] have considered modeling the same electro-
hydraulic systems yet utilized in other applications.

Samy et al. [24] developed a fully detailed model for
the electro-hydraulic system: a position control circuit.
The system controls the engine’s air inlet guide vanes
(VIGV) position utilizing a linear hydraulic double-
acting cylinder controlled via an electrohydraulic
directional control valve. A test rig was built by Samy et
al. [24] to facilitate measuring the actual system
response and controlling it. A dynamic mathematical
model was derived and solved by SIMULINK. The
Predicted results of the mathematical model were
compared with the experimentally measured results.
The comparison showed that the most extreme
difference between the measured and predicted results
was less than 5%. Therefore, the presented model could
be used for further development.
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Figure 2. Hydraulic Circuit Scheme (left), the spool of the servo-valve (right)
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However, all of the studies mentioned above suf-
fered from some serious shortcomings stemming from at
least one of the following: None of them took into
consideration the sophisticated fluid’s behavior incor—
porated in the system and its influence on the overall
response, nor the effect of simplifying the model to the
prediction accuracy and solving time. Therefore, the
present study fills this gap in the literature by providing
important insights into model order reduction while
keeping an eye on the model's accuracy.

In this study, a complete dynamic model approach
will be considered to model the system. To validate the
model, it will be compared to the real system behavior,
measured from the experimental setup shown in Figure
1 (right). The main practical application of this system
is the hydraulic management unit (HMU) utilized in a
1500 HP double-spool turboshaft GTE. The specific
objective of this study is to build a dependable
mathematical model for the electrohydraulic control of
the VIGV to predict the system’s behavior.

2. MATHEMATICAL MODEL

A detailed mathematical model has been developed by
[24] to simulate and predict the electrohydraulic system
behavior. The details and complete mathematical equa—
tions were essential as a first step in investigating the
system. However, the detailed model requires a huge
computational effort. This effort would be increased
dramatically if the three subsystems and the whole GTE
were modeled. Therefore, reducing the VIGV electro-
hydraulic system model will significantly reduce the
computational cost of the controller model and open the
way for further simplification and reduction. Figure 2
shows the construction of the control valve side by side
with a photo of the real valve’s spool. The model
describes the electromagnetic and dynamic behavior of
the proportional solenoid, the hydraulic amplifier flow
and continuity equations, and the valve's spool equation
of motion. The proportional solenoid's model consists of
6 equations, while the electro-hydraulic valve's model
consists of 20.

The experimental results have validated the predic—
ted results. To investigate the mathematical model,
Figure 3 and Figure 4, adopted from [24], show the pre—
ted and experimental results (actuator displacement) of
the real electro-hydraulic system and the system’s model
when excited with 4 VDC (as a retrac—tion signal) and 7
VDC (as an extension signal) correspondingly.
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Figure 3. The predicted and experimental actuator
retraction displacement at input 4V
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Figure 4. The predicted and experimental actuator exten—
ded displacement at input 7V

Even though the comparison results showed a
significant correlation, we still need to study the forces'
effect on the spool to simplify the mathematical model
or improve it further. This complicated mathematical
model should be integrated with additional subsystems
to model the full electro-hydraulic control system mat—
hematically.

2.1 Forces acting on the spool analysis

In this section, the forces acting on the s'servo valve
spool are investigated to evaluate the impact of the
computational cost of the complicated model on its
accuracy. According to Equation (1), the equation of
motion of the valve's spool, the net force affecting it
results from the pressure, friction, spool's weight, jet
reaction, and seat damping forces. This last force is the
reaction of the valve's sleeve on the spool body when it
reaches the end of its stroke on either side and has no
effect over its normal operating range. It can be calcu—
lated assuming a stiffness and a damping coefficient for
the sleeve's body [25]. On the other hand, the pressure
force results from the effect of the supply pressure on
the spool's bottom side’s area and the hydraulic-servo
amplifier pressure on the spool’s upper side’s area,
which makes the pressure force the most significant one
among the others. Also, the friction force results from
the mechanical friction between the spool and the
sleeve's wall and the hydraulic friction due to the fluid's
viscosity. The friction force is calculated by multiplying
the damping coefficient and the spool's velocity.

Consequently, it is proportional to the spool move—
ment speed, greatly affecting its displacement. The we—
ight, in this case, is also considered because of the
vertical orientation of the valve and, correspondingly,
its spool. Finally, the jet reaction force is the momentum
rate of change of the fluid due to fluid flow. It can be
obtained by getting the ratio of the fluid’s squared flow
rate through the valve’s port times its density (p*Q?) to
the flow effective area (C.*4) [25]. The relatively low
flow rates across the valve’s ports reduce the jet
reaction force.

msx'x;":Fp_Ff_fseat_ij_W; (1)

The valve’s dynamics have been modeled using
MATLAB-Simulink. The valve response at various in—
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put signals has been simulated. Simulink® solver ODE3
(Bogacki-Shampine) continuous explicit solver with a
step size of (107 s) and preset solving accuracy of
(0.001) was used to solve the model’s differential equa—
tions. The forces acting on the valve’s spool have been
graphically represented to illustrate the effect of each
force on the valve, along with the overall effect of spool
forces on the system output. Figure 5 and Figure 7
shows the simulation results for the spool forces in
retraction stroke responding to a step input of 4 V and 0
V correspondingly. While Figure 6 and Figure 8 shows
the simulation results for the spool forces in extension
stroke responding to a step input of 7 V and 11 V
correspondingly. For each figure, the x-axis is the
response time in seconds, the left y-axis for the acting
forces in newtons, and the right y-axis for the spool and
the solenoid displacement in millimeters.

Forces affecting the valve spool for open loop input Vi=4
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Figure 5. Forces acting on the valve’s spool at 4V
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Figure 6. Forces acting on the valve’s spool at 0 V

Both retraction figures show that the transient time
the valve's spool and solenoid take to reach its steady
state position is less than 15 ms. At the same time, it
takes less than 20 ms for the valve's spool and solenoid
to reach their steady-state position in both extension
figures. To introduce an explanation: The reason the
spool was faster settled in retraction was obvious: the
effect of the spool’s weight acting downward, therefore
accelerating the spool in retraction.

The whole four figures of both extension and
retraction also showed the following:

- The most significant forces on the spool are the
pressure, friction, and weight forces.

172 = VOL. 51, No 2, 2023

- There is an insignificant effect of the spool displa—
cement from the jet or seat force.
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Figure 7. Forces acting on the valve’s spool at 7V
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Figure 8. Forces acting on the valve’s spool at 11 V

2.2 Reduced model simplification

A comparison has been made between the spool's res—
ponse, shown in Figure 5 & Figure 6, and the actuator's
displacement, shown in Figure 3 & Figure 4, corres—
pondingly. It is worth noting here that the comparison
revealed, as clarified in Table 1, that the percentage of
the spool's settling time to the actuator's settling time
ranged from 0.43% to 1.47%. Therefore, the transient
response of the spool can be considered insignificant to
the actuator’s dynamic response.

The most prominent finding from the previous ana—
lysis is that the model under study can be simplified by
neglecting the effect of the jet and seat forces on the
spool in case of studying the valve's internal behavior.
The spool displacement that leads to a certain volume
flow rate could be calculated in a simple equation assu—
ming quasi-steady flow. This could simplify the spool's
equation of motion here to only:

mxx,=F —F,—W, @)

In addition, the model can be simplified even more to
predict the electrohydraulic actuator's displacement. It is
possible, therefore, that spool displacement can be
directly predicted at every input voltage value as a linear
function of the input voltage, as presented in Fig. 9.
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Table 1. Comparison between the rise time for the displa—
cement of Solenoid, Spool, and Actuator

Inlet | Solenoid | Spool | Actuator Spool rise time
Volt | disp.rise | disp. | disp. rise AC’"'””: rise fime
time (s) rise time (s) (%)
time (s)
0 0.015 0.005 1.7 0.3
4 0.02 0.015 3.85 0.4
7 0.02 0.015 4.7 0.3
11 0.02 0.015 1.8 0.8

Spool Displacement (mm)

0 1 2 3 4 5 6 7 8 9 10 1 12
Input voltage (V)

Figure 9. shows the spool displacement as a linear function
of the input voltage

The figure shows that the spool displacement - input
voltage relation is almost linear. This finding and the
insignificant transient response of the spool could
encourage the following simplification: replacing the
second-order valve’s spool equations with a linear
equation between the solenoid's input voltage and the
spool's displacement, assuming quasi-steady flow. Thus,
Equation (3) is suggested t X -0.10333*), —0.7348

o replace the solenoid equations, the hydraulic
amplifier equation, and the spool's equation of motion in
the full detail model.

X, -0.10333*),-0.7348 (3)
2.3 Reduced model simulation

They are moving on now to modeling and simulating
the reduced model with MATLAB-Simulink. The valve
response was obtained using the previously mentioned
solver settings for retraction and extension strokes at
different input signals covering the whole operating
range from 0 VDC to 11 VDC. It is noteworthy to
mention that input signals less than 5.5 DCV cause
actuator retraction, while actuator extension results from
greater input signals. The predicted results for the
reduced model have been compared with the full model
simulation and the experimental results when excited
with 4 VDC (as a retraction signal) and 11 VDC (as an
extension signal) to evaluate the reduced model. Figure
10 and Figure 11 shows experimental results (red dotted
curve) of the real electro-hydraulic system along with
the predicted result of both the reduced (green dashed
curve) and the full models (black curve) for retraction
and extension strokes correspondingly.

For each figure, the x-axis is the response time in
seconds, the left y-axis is for the actuator displacement
in millimeters, and the right y-axis is for the voltage
input signal. Both figures demonstrate how close is the
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reduced model's response to the full model. In addition,
a comparison between the RMSE corresponding to the
reduced model prediction and, thus, of the full model
prediction took place to evaluate the model accuracy.
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Figure 10. Reduced Model vs. Full Model & Experimental at
4V input
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Figure71. Reduced Model vs. Full Model & Experimental at
11V input

3. RESULTS

In this section, the results of the reduced model's simu—
lation explained in the previous section will consider
two aspects:
- Model accuracy by evaluating RMSE of the re—
duced and full models.
- Model solving time or, in other words, the
computational cost of solving the model.

Table 2 compares the RMSE of the reduced and
the full models at different input signals covering the
whole operating range. The comparison proves that the
reduced model has the same accuracy as the full model
at most of the input signals, and at some particular in—
puts, the error increases by 1%. Therefore, from the
accuracy point of view, the full model is more accurate
at some input signals. This tiny advantage can only be
meaningful by evaluating its computational cost.

To determine how much reducing the model affects
its computational cost, the full and the reduced models
have been processed on two different machines using
the same release of Simulink. The first processor is
OMEN 17 with 32G RAM; the second is ThinkPad 17
with 8G RAM. The two processors solved both models
for the whole operating range input signals.
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Table 2 Root Mean Square Error of Piston Displacement
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Figure 12. Models Processing Time

The reduced model's solving time is less than the full
model for all signals at both processors. The processing
time of the full and the reduced model at the first
processor is shown in Figure 12. The results show that
the reduced model could reduce the processing time by
40% to 60%.

4. CONCLUSIONS

The full mathematical model of the VIGV hydraulic
system position control has been investigated theore—
tically and experimentally. The experimental and the
simulation results led to the following findings:

- In the case of studying the valve's internal behavior,
the model can be reduced by neglecting the jet and se—
at forces on the spool due to their insignificant effect.

- In the case of utilizing the model to predict the
electrohydraulic actuator's displacement, the trans—
ient response of the spool founded to be insigni—
ficant, and the model was reduced by replacing
multiple second-order equations that describe the
solenoid’s electromagnetic behavior, the hydraulic
amplifier flow equation, continuity equations, and
equation of motion into only one linear equation.

- The Reduced model has reduced calculation time
by a percent ranging from 45% to 50 % while kee—
ping the RMSE of the model within just 1-2 %
away of the actual system’s experimental results for
the complete operating range. The such impro—
vement allows future studies to integrate the whole
subsystems of the GTE in a single computationally
affordable model.
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NOMENCLATURE

A Valve’s port area [m?]

FME Transactions

C. Contraction coefficient

-]

[
F¢ Friction force [N]
F; Jet reaction force [N]
F, Pressure force [N]
fat  Seat reaction force [N]
m Spool mass [Kg]
Q Fluid volumetric flow rate [m’/s]
Vi Solenoid input voltage [V]
W, Spool weight [N]
X Spool displacement [m]
Xs Spool speed [m/s]
Xs Spool acceleration [m/s’]
p Fluid density [Kg/m’]
ACRONYMS
ARX Autoregressive with exogenous variables

ESO Extended State Observer
GTE Gas Turbine Engine

HMU Hydraulic Management Unit
HP Horse Power

MFF Main Fuel Flow

M-GPC  Modified Generalized Predictive Control
MRAC  Model Reference Adaptive Control

PID Proportional Integral Derivative

PSO Particle Swarm Optimization

PTS Power Turbine Stator

PWM Pulse Width Modulation
RMSE  Root Mean Square Error
VvDC Volts of Direct Current
VIGV Variable Inlet Guide Vanes

MOJEJI CMAILEHE IIOPYIIBUHE 3A
EJEKTPO-XUIPAYJINYHU BEHTHUJI KOHT-
POJIEPA TACHOTYPBUHCKOI' MOTOPA

B.M. Eimmajax, M.M. Camn

lacHotypouncku moropu (I'TE) ce mmpoko xopucre y
BOJHUM M HWHIYCTPH]CKMM aruMkanujama. [IpernusHo
Mozenupame je ob0aBesHo 3a yHamnpehewe ['TE
KoHTposie. OBaj WiaHak HCTPaxyje, eKCIEpUMEHTAIHO
W TEOPUjCKHM,  JieTajbaH  JUHAMHYKH  MOJEIN
CJICKTPOXUPAYJIMYKOI CHCTEMa KOjHU KOHTDOJIHIIE
yIlazHe JomaTtuie mpomMersbnBe reometpuje (BUIB)
typboBpatmia I'TE. Cnposenmena je mapameTrapcka
CTyIMja 3a padyHApCKH CKyIl W IyroTpajaH MOJeN
y3uMajyhu y 003up cuiie Koje yTudy Ha KalleM BeHTHJIA
U EroBO pENaTUBHO KpPaTKo BpEME TallOKEHa.
Pa3Bujen je peaykoBaHH MaTeMaTHYKd Mojen. Pe3yn—
Tatu npenBuhama peayKOBaHMX U IMOTIYHO JETaJbHUX
Mozena ynopeheHu cy ca eKCIEepUMEHTAHUM Ppe3yl—
taruma. CMameHn MOJIENl jé CMamuO BpeMe H3pady—
HaBama 32 45% 1o 50% mok je PMCE wmogena 3aapxao
Ha yJa/beHOCTH o1 1-2% of excrieprMeHTaTHUX Pe3yi—
Tara CTBAPHOI CHCTEMa 3a KOMIUIETAH paJHH OIICeT.
[Hobospmame omoryhasa OyayhumM cTyamjama ma wHTe—
rpumry untaBe noacucteme I'TE y jeman pauyHapcku
MIPUCTYyTIa4aH MOJIEII.
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