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Lean pre-mixed pre-vaporized combustion technology possesses the capability to markedly improve combustion
efficiency and reduce pollutant emissions in aeroengines. Nevertheless, it may also lead to combustion oscilla-
tion, which pose a considerable risk to flight safety. The utilization of active control through a high-frequency
fuel valve has been recognized as the most efficient method for suppressing combustion oscillation. However,
it necessitates that the fuel valve possesses the ability to perform high-frequency and large-amplitude flow
regulation, maintaining a compact design, and is capable of enduring high-temperature environments. To verify
that a dual spool fuel valve (DSFV) satisfies the requirements of the active control system and effectively sup-
presses multimodal combustion oscillations, this paper presents a semi-physical experimental system that utilizes
a DSFV prototype and a high-frequency combustion oscillation model. Furthermore, the paper proposes the H-
infinity combined disturbance observer control strategy to improve the robustness of the system. The experi-
mental results indicated that the system achieved an average suppression effect of 61 % in the amplitudes of
multimodal oscillating pressures under non-oil flowing conditions and an average suppression effect of 62.5 %
under oil flowing conditions.

1. Introduction

The development of efficient and environmentally sustainable avia-
tion propulsion technologies has led to the widespread implementation
of lean pre-mixed pre-vaporized combustion technology aimed at
improving combustion efficiency and reducing pollutant emissions [1,
2]. Nonetheless, this methodology is prone to the coupling of unsteady
heat release and acoustic fluctuations within the combustion chamber,
which can ultimately lead to combustion oscillation [3,4]. Such oscil-
lation may adversely affect combustion efficiency, exacerbate engine
vibrations, jeopardize the structural integrity of the engine, and poten-
tially lead to engine shutdowns, thereby presenting considerable risks to
both engine safety and reliability [5,6].

In accordance with the Rayleigh criterion, strategies for suppressing
combustion oscillation can be classified into two primary categories:
passive and active control methods [7,8]. Passive control methods focus
on augmenting acoustic damping within the combustion chamber to
enhance acoustic dissipation. These methods typically involve the use of
Helmbholtz resonators [9,10], acoustic liners [11,12], and baffle blade

[13]. Conversely, active control methods aim to disrupt the coupling
between unsteady heat release and acoustic fluctuations through
introducing external energy into the combustion chamber, thereby
diminishing the acoustic energy produced by unsteady combustion.
Common active control methods include the acoustic modulation uti-
lizing loudspeakers [14,15] and the regulation of fuel flow via fuel
valves [16-18]. Usually, the passive control methods require alterations
to the combustion chamber’s structures and show limited flexibility in
addressing various combustion oscillation modes. Furthermore, the
loudspeaker-based active control method is limited by the challenges
posed by high-temperature and high-pressure conditions present in the
combustion chamber. Conversely, the fuel valve-based active control
method does not require any structural alterations to the combustion
chamber and exhibits significant adaptability to various combustion
oscillation modes, making it the most practical and effective method to
suppress combustion oscillation.

A typical fuel valve-based active control system is fundamentally
composed of three key elements: sensor, controller, and fuel valve.
While there have been notable advancements in high-temperature and
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high-precision sensing technologies [19,20] and sophisticated active
control algorithms [21-25], the development of the fuel valve has pro-
gressed at a comparatively slower pace. The primary reason is that the
dominant frequency of combustion oscillation in aeroengines is
approximately 600 Hz, which necessitates that the fuel valve be capable
of high-frequency and large-amplitude flow regulation. Additionally,
due to the constraints imposed by limited installation space and the
high-temperature environment of aeroengine, the fuel valve must be
compact in design and capable of operating effectively under
high-temperature conditions. Current fuel valves, whether driven by
electromagnetic or smart materials, fail to concurrently satisfy all
necessary specifications. Ref. [26]presented an electromagnetic actu-
ator capable of a stroke of up to 450 pm; however, it is constrained by a
bandwidth of merely 300 Hz. Similarly, ref. [27] enhanced the design of
an electromagnetic actuator, achieving a bandwidth of only 350 Hz.
Ref. [28] introduced a magnetostrictive fuel valve with a bandwidth of
1000 Hz and an operational temperature of 148 °C. Nonetheless, the
inherent strain characteristics of magnetostrictive materials, which
typically do not exceed 0.2 %, result in a valve length that surpasses
45.7 cm. Furthermore, ref. [29] developed a piezoelectric fuel valve
measuring 7.1 cm in length and possessing a bandwidth of 1000 Hz.
However, the piezoelectric actuator cannot function effectively under
high-temperature conditions.

In response to the need for fuel valve in the active control system of
high-frequency combustion oscillation, our prior research led to the
development of a dual spool fuel valve (DSFV) [30]. This innovative
valve is capable of concurrently regulating the average flow for routine
flight operations and the high-frequency flow necessary for active con-
trol. With a compact length of only 13.9 cm, simulation results
demonstrate its ability to generate a high-frequency flow of 4.7 L/min at
a frequency of 1000 Hz. The high-frequency flow is regulated by the
inner spool, which is actuated by a multidimensional discrete magne-
tostrictive actuator (MDMA) [31]. Experimental results indicate that the
MDMA achieves an output displacement of 101 pm with a volume of
163 cm® and a mass of 787 g, a frequency bandwidth exceeding 1000 Hz,
and a displacement attenuation of less than 13 % at an ambient of 120 °C
[32]. The DSFV satisfies the requirements for high-frequency and
large-amplitude flow regulation, compact size, and high operating
temperatures. Nevertheless, it remains imperative to perform active
control experiments in order to validate its efficacy to suppress com-
bustion oscillation.

Generally, research on the active control of combustion oscillation is
conducted utilizing real engines [33,34], combustion rigs [35,36], Rijke
tubes [37,38], and simulation models [39]. While full physical experi-
ments provide reliable and authentic results, they are often associated
with high costs and limited flexibility. Conversely, full model simula-
tions present economic advantages, but the confidence in their results
tends to be comparatively low. Semi-physical experiments effectively
combine the advantages of both full physical experiments and full model
simulations, thereby offering enhanced efficiency and safety, as well as
facilitating rapid validation of principle. Consequently, the
semi-physical experimental system, developed in accordance with the
DSFV prototype and combustion oscillation model, can be employed to a
certain degree to validate the efficacy of the DSFV to suppress com-
bustion oscillation.

In the semi-physical experimental system, the combustion oscillation
model plays a crucial role in determining the confidence level of the
experimental results. This model is typically established through two
principal methodologies. The first methodology relies on the thermal-
acoustic coupling relationship, which decouples the acoustic fluctua-
tions and the unsteady heat release [23,40]. It calculates the amplitudes
of acoustic fluctuations via wave equations and calculates the unsteady
heat release through either a linear flame transfer function or a
nonlinear flame description function. The second methodology estab-
lishes the transfer functions for both the acoustic model and the flame
model, which are subsequently integrated with the saturation
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non-linearity to form the combustion oscillation model [35,41]. Both
methodologies describe the phenomenon of pressure oscillations
induced by thermal-acoustic coupling within the combustion chamber,
ultimately reaching saturation. However, the model established by the
first methodology necessitates considerable computational resources,
rendering it insufficient for the real-time computational requirements of
the semi-physical experiments. In contrast, the combustion oscillation
model that utilizes transfer functions exhibits superior real-time per-
formance and was established using empirical high-frequency oscilla-
tion measurement data of actual aeroengine, thereby augmenting its
reliability. Additionally, by modifying the parameters of the model, it is
possible to alter the oscillation modes, which in turn supports further
investigation into the suppression effects of multimodal oscillating
pressures.

Active control algorithms are essential for suppressing combustion
oscillation. Initially, active control strategies predominantly utilized
phase-shift [42,43] and PID controllers [44], but these approaches
demonstrate limited robustness and adaptability across various com-
bustion oscillation modes. In response, contemporary active control al-
gorithms have emerged, drawing upon optimal control theory and
intelligent control principles. Notable examples include Linear
Quadratic Regulator control algorithms [21], Model Predictive Control
algorithms [22], and neural network-based control algorithms [23].
Despite their advancements, the efficacy of these algorithms is contin-
gent upon the availability of accurate combustion oscillation models,
which presents considerable challenges for practical engineering appli-
cations. H-infinity control represents a linear control strategy that pro-
ficiently mitigates specific modeling inaccuracies and external
disturbances, and it has been utilized in the active control of combustion
oscillation [24,25]. In this study, the errors between the physical and
nominal model of the DSFV system, the disturbances caused by friction
and hydraulic forces on the displacement of the inner spool, and the
discrepancies of multimodal combustion oscillations impose stringent
requirements on the robustness of the control system. The DOB in-
terprets the discrepancy between the anticipated and actual outputs as
equivalent disturbances and implements compensation at the input to
alleviate these disturbances. Ref. [45] developed a DOB aimed at
enhancing the disturbance rejection capability and control precision of
the flexible spacecraft attitude maneuvering control system, effectively
addressing external disturbances and vibrations induced by flexible at-
tachments during maneuvers. Ref. [46] regarded the hysteresis nonlin-
earity of piezoelectric actuators as a disturbance to the linear system and
utilized a DOB to estimate and compensate for this hysteresis
nonlinearity.

Therefore, the innovative contribution of this paper is the develop-
ment of a semi-physical experimental system for active control of high-
frequency combustion oscillation, based on the DSFV prototype and the
combustion oscillation model, and proposal of the H-infinity combined
DOB control strategy to improve the robustness of the system. The re-
sults indicate that the active control system is capable of effectively
suppressing multimodal combustion oscillations under different oper-
ating conditions.

The remainder of this paper is structured as follows: The architec-
tures and working principles of the MDMA and DSFV are shown in
Section 2. In Section 3, the compositions and working principle of the
semi-physical experimental system are explained in detail, along with
the design of each model within the system. Furthermore, the DSFV
prototype and the semi-physical experimental platform are introduced
in this section. Section 4 provides a detailed analysis of the experimental
results. Section 5 gives the conclusion.

2. Architectures and working principles of the MDMA and DSFV
2.1. Architecture and working principle of the MDMA

As depicted in Fig. 1, the MDMA is composed of three primary
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Fig. 1. The architecture of the MDMA.

components: the Multidimensional Discrete Magnetostrictive Stack
(MDMS), the Discrete Electromagnetic Excitation Mechanism (DEEM),
and the Preload Application Mechanism (PAM). The MDMS is con-
structed from three magnetostrictive rods, two sleeves, and four mag-
netizers. The DEEM features four sets of excitation coils and four
permanent magnets, which generate a bias magnetic field to eliminate
the frequency-doubling effect commonly associated with magnetostric-
tive materials. Furthermore, the induction coils integrated within the
excitation coils are designed to obtain the displacement of MDMA
through self-sensing. The PAM, which consists of a disc spring assembly,
an output rod, and a pre-tightening end cover, is employed to adjust the
preload, thereby optimizing the output performance of the MDMA.

The working principle of the MDMA is illustrated in Fig. 2, which
outlines the conversion process of various physical quantities. The
voltage generated by the signal generator is converted into current
within the excitation coils through four power amplifiers. The axially
discrete configuration effectively diminishes the inductive reactance of
the excitation coils, thereby improving the response speed of the
voltage-to-current conversion process. The excitation magnetic field is
superimposed on the bias magnetic field, resulting in a magnetic field
distribution that is confined by the closed magnetic circuit formed by the
magnetic conductive components and the MDMS. This magnetic inter-
action induces magnetization in the magnetostrictive rods, generating
magnetostrictive strain and ultimately producing magnetostrictive
force. The multibody dynamic systems of the MDMS and PAM work in
concert to facilitate displacement output driven by this magnetostrictive
force. Importantly, the axially discrete structure enhances the dynamic
characteristics during the magnetization of the rods, while the radially
discrete configuration facilitates large-amplitude displacement of the
magnetostrictive rods. This multidimensional discrete architecture ul-
timately enables the MDMA to achieve high-frequency and large-
amplitude displacement within spatial constraints.

2.2. Architecture and working principle of the DSFV

The architecture of the DSFV is depicted in Fig. 3. This valve employs
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a two-position, two-way sliding valve configuration characterized by
radially nested spools. Both the inner and outer spools are capable of
axial movement, which collectively regulates the orifice opening.

The outer spool, which is driven by a voice coil motor (VCM), gen-
erates an average flow that adequately satisfies the routine fuel supply
requirements of the aeroengine through low-frequency and large-
amplitude motion. Conversely, the inner spool, driven by an MDMA,
generates a high-frequency oscillating fuel flow that facilitates the active
control of combustion oscillation through high-frequency and small-
amplitude motion. The total fuel flow of the DSFV is the result of the
superposition of both the average and oscillating flows.

3. Semi-physical experimental system
3.1. System compositions and working principle

As illustrated in Fig. 4, the semi-physical experimental system
comprises four power amplifiers, a DSFV prototype, analog signal input/
output modules, a filter model, a displacement-flow transfer model, a
flow-pressure transfer model, a combustion oscillation model, a DOB
model, and an active controller model. The physical components include
the power amplifiers and the DSFV prototype, collectively referred to as
the DSFV system. All models were integrated into a real-time simulator,
which was connected to a monitor for the purpose of recording the
experimental results.

Due to the inability to accurately measure the high-frequency
oscillating flow at 1000 Hz, this paper derived the theoretical high-
frequency oscillating flow of the DSFV through measuring the
displacement of the inner spool and integrating it with the displacement-
flow transfer model.

In the semi-physical experimental system, the combustion oscillation
model is utilized to generate a high-frequency oscillating pressure pj,
which reaches saturation within the combustion chamber. Upon acti-
vation of the switch, the active controller receives the oscillating pres-
sure signal p3 and subsequently produces a control signal u. This control
signal u is then transmitted to the power amplifiers via the analog signal
output module, where it is converted into a current i within the exci-
tation coils, thereby facilitating the movement of the inner spool. The
displacement signal y of the inner spool is transmitted to the filter model
through the analog signal input module, where it undergoes filtering to
reduce sampling noise. The DOB is employed to monitor and compen-
sate for the discrepancies between the actual and the anticipated output
of the inner spool. The displacement-flow transfer model is responsible
for calculating the high-frequency oscillating mass flow Qy, generated by
the motion of the inner spool. Following this, the flow-pressure transfer
model computes the high-frequency oscillating pressure ps, which re-
sults from the high-frequency oscillating mass flow Qy, after undergoing
tube transportation, fuel-air mixing, spray atomization, and combustion
processes. If the pressures p; and p, are in opposing phases, the oscil-
lating pressure ps exhibits a continuous decrease, effectively suppressing
the combustion oscillation. Additionally, the inlet pressure pi,, outlet
pressure poyt, flow rate Q, and excitation coil current i are recorded

Signal
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Generator

‘ Power Amplifier ‘

‘ DEEM ‘ ‘ Mal_gnetostrictive IJiod H MDMS |

| MDMA

Fig. 2. The working principle of the MDMA. In which, u represents the driving voltage; i represents the driving current; H represents the magnetic field intensity; M
represents the magnetization; F represents the magnetostrictive force; y represents the displacement of the MDMA.
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Fig. 3. The architecture of the DSFV. In which, the DSFV mainly consists of the MDMA, the VCM, the inner spool, the outer spool and the valve body.

]
E
Y
>
g
o
aq

MATLAB
SIMULINK [}

4

Signal
Input
Module
]
g - Displacement-flow _Qg Flow-pressure
Transfer Model Transfer Model
. le—'
Oil Tank Disturbance
Observer Model
A
L ax :
Analog & Sw;t.ih
Signal i +1 uo Acoustic Model
Output :
= = i Module Activ ;4 ((Z)Zzltroller Flame Model

DSFV Prototym Power Amplifier

Combustion Oscillation Model

Fig. 4. The diagram of the compositions and working principle of the semi-physical experimental system. In which, all the models are integrated into a real-time
simulator, and the physical components mainly include the power amplifiers and the DSFV prototype.

simultaneously as parameters reflecting the operating conditions of the
DSFV. Furthermore, No. 10 aviation hydraulic oil was chosen as a sub-
stitute for fuel to meet the fuel flow requirements.

In this study, the filter was set as a low-pass filter with a cutoff fre-
quency of 1284.58 Hz, and the flow-pressure transfer model was set a
constant gain of 60. Additional models within the system are discussed
in the following sections.

3.2. Combustion oscillation model

The combustion oscillation model comprises four fundamental
components: the flame model, the acoustic model, the saturation non-
linearity model, and the white noise model. The white noise model is
employed to induce combustion oscillation, with its power set to 2 x
1071° while the flame model, acoustic model, and saturation non-
linearity model are specifically designed to simulate the process by
which the amplitude of oscillating pressure transitions from zero to a
state of saturation. The flame model Gfame(s), acoustic model Gacoustic(s),
and saturation non-linearity model Func(NL) are as follows [35]:

Koy
S+ wr

Gﬂame (5 )

B K,0? (€]
TS24 28,0, + w2
Func(NL) = tanh(p)

Gacoustic (S )

where K and wr denote the gain and natural frequency of the thermal-

acoustic process, respectively. K,, @, and &, represent the gain, natural
frequency, and damping ratio of the acoustic-thermal process, respec-
tively. p represents the pressure of the combustion chamber.

To evaluate the efficacy of the active control system utilizing DSFV
for suppressing multimodal combustion oscillations, four distinct modes
were derived by varying the parameters of the combustion oscillation
model, as outlined in Table 1. Among these, Mode 2 was established
using empirical high-frequency oscillation measurement data of an
actual aeroengine. Fig. 5 illustrates the oscillating pressures process
from the zero to saturation in the time domain, as well as the frequency
spectrums of the oscillating pressures of the four modes.

Fig. 5 illustrates that all four oscillation modes reach saturation
within a duration of 1.5 s, with the amplitudes of normalized pressures
recorded post-saturation at 0.48, 0.32, 0.44, and 0.41, respectively. The
dominant frequencies of the four oscillation modes are 549.99 Hz,
611.99 Hz, 475.99 Hz, and 593.99 Hz, respectively. The corresponding
amplitudes of these dominant frequencies are —9.05 dB, —13.75 dB,
—10.25 dB, and —10.63 dB. Consequently, the differences in dominant
frequencies and amplitudes reflect the significant variations in

Table 1

The parameters of different combustion oscillation modes.
Mode K¢ wf K, [oN &
Mode 1 1.9 1000 -0.3 3400 0.0707
Mode 2 1.19 3770 -0.25 3612.48 0.0707
Mode 3 1.27 1500 -0.3 2900 0.0707
Mode 4 1.2 2000 -0.3 3600 0.0707
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Fig. 5. The variations in the time domain and the frequency spectrums of the
four oscillation modes. (a) the variation of Mode 1 in the time domain, (b) the
variation of Mode 2 in the time domain, (c) the variation of Mode 3 in the time
domain, (d) the variation of Mode 4 in the time domain, (e) the frequency
spectrums of the four oscillation modes.

multimodal oscillations.

3.3. Model of the DSFV system

In this paper, we conducted a sinusoidal frequency sweep experiment
with an input amplitude of 1 V, where the frequency linearly increased
from 10 Hz to 2000 Hz over a duration of 4 s. This experiment aimed to
characterize the response behavior of the DSFV system. Using a
parameter identification approach, a second-order model G(s) was
derived to serve as the nominal model of the DSFV system. The transfer
function of G,(s) is as follows:

Gos) 2178 10°
"7 52 130205 + 81662737

(2)

The frequency response characteristics of the DSFV system and its
corresponding nominal model are illustrated in Fig. 6. The data pre-
sented in the figure indicate a close alignment between the amplitude-
frequency response curves of the DSFV system and the nominal model.
Specifically, the resonant frequency and gain of the DSFV system were
recorded at 1376.25 Hz and 32.61 dB, respectively, with an amplitude
bandwidth extending to 1951.25 Hz. In comparison, the nominal model
exhibited a resonant frequency of 1397.5 Hz and a gain of 30.71 dB.

Actual system
Nominal model

PEE=w BRI
\Vaes
10Hz,21.09dB
@) 10Hz,20.85dB

1376.25Hz,32.61dB
1397.5Hz,30.71dB

o
(=]
T

1951.25Hz,21.35dB
1951.25Hz,17.85dB A

Magnitued (dB)
- N
o o

0 7
%) 200 - 10Hz,2.48deg
g 10HZ0.19deg 571.25Hz,-87.52deg
£ 400 5) 1436.5Hz,-89.81deg
10 100 1000

Frequency (Hz)

Fig. 6. The frequency response curves of the DSFV system and the nominal
model. (a) the amplitude-frequency characteristic curves, (b) the phase-
frequency characteristic curves.
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Notably, the gain of the DSFV system did not experience a —3 dB day at
1951.28 Hz. Conversely, the phase bandwidth of the nominal model
reached 1436.5 Hz, which was considerably greater than the 571.25 Hz
bandwidth observed in the DSFV system. Consequently, the discrep-
ancies between the nominal model and the DSFV system may result in
discrepancies between the actual output and the anticipated output of
the DSFV system, potentially impacting the suppression effects of
oscillating pressures. Therefore, it is essential to improve the robustness
of the active controller.

3.4. Displacement-flow transfer model

The displacement-flow transfer model illustrates the high-frequency
oscillating flow response to the displacement of the inner spool, where
the input is the displacement of the inner spool and the output is the
high-frequency oscillating flow. Fig. 7 presents a simplified schematic of
the fuel flow pipeline within a typical aeroengine.

The fuel, delivered by the fuel supply device, enters the DSFV via the
upstream tube. Through high-frequency regulation of the DSFV, the
anticipated high-frequency oscillating flow is expected to exit the valve,
subsequently flowing through the downstream tube to the nozzle, where
it is atomized before entering the combustion chamber for ignition.
Ref. [47] conducted theoretical modeling and experimental validation
studies on the output high-frequency oscillating flow response to the
displacement of the inner spool, which was cited for the semi-physical
experimental system discussed in this paper.

Assuming that the flow within the tube is characterized as one-
dimensional, inviscid, axisymmetric, and at a low Mach number, and
that the tube length is significantly shorter than the acoustic wave-
length, the unsteady Bernoulli equation is applicable to the flow in both
the upstream and downstream sections of the tube. Furthermore, by
taking into account the finite compressibility of the fuel within the
cavity Vip, the response of the high-frequency flow to the displacement
of the inner spool is derived as follows [47]:

Gt_ransferl (S) = Qm (S) = - (3)
oles? 4 ok (ﬂ + 1)

ApK LiAp

where Qu(s) and Xp(s) represent the high-frequency oscillating mass
flow and the displacement of the inner spool, respectively. xpyo repre-
sents the initial axial length of the cavity Vji,. p and K represent the
density and isentropic modulus of the fuel, respectively. The values of
the relevant parameters for the fuel flow pipeline are presented in
Table 2. Therefore, the displacement-flow transfer model in this study is
as follows:

—S
Guanstet (5) =5 255 7055 + 22.84 @
VCM
Valve Body —_ Nozzle
Outer Spool — L
uter EOO ...... - Combustion
Fuel |= L Ad
= ]
Supply A7 Vi
Inner Spool — Bt jB
MDMA BB

Fig. 7. The simplified schematic of the fuel flow pipeline. In which, x,, rep-
resents the axial length of the cavity Vi,; L1 and L, represent the lengths of the
upstream and downstream tubes, respectively; Ay, A and A, represent the
cross-sectional areas of the upstream tube, downstream tube, and cavity Vi,
respectively.
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Table 2

The values of the parameters for the fuel flow pipeline.
Parameter An(m? Agp(m?) Adm?) L1(m) Lo(m) K(Pa) plkg/m>) Xmo(m)
Value 2.862 x 107° 2.862 x 107° 6.954 x 107° 1 1 1.5 x 10° 850 0.0122

3.5. Design of active controller

3.5.1. Model of the controlled plant

The design of an H-infinity controller necessitates a linear model of
the system being controlled. In this study, the controlled plant consists of
several components, including the DSFV system, the filter model, the
displacement-flow transfer model, the flow-pressure transfer model, and
the combustion oscillation model. Fig. 8 presents the transfer function
block diagram, which illustrates the relationship between the input
voltage u and the oscillating pressure ps.

Given that the controller was activated once the oscillating pressure
reached saturation, the non-linearity in the combustion oscillation
model could be approximated by a fixed gain during the saturation state.
The transfer function of the controlled plant is defined as follows:

_P3 (S) _ Gn (s)'Gﬁlter (S)’Gtransferl (S)'Gtransferz (S)

Gplaﬂt (S) B U(S) B 1- Gﬂame (s)'GacoustiC (S)'Ggain (S) (5)

where Gy (s) is shown as equation (2); Ggjeer(s) is same as equation (11);
Gtransfer1(s) is shown as equation (4); The value of Giransfera(s) is 60;
Gflame(s) and Gacoustic(s) are shown as equation (1). In this paper, oscil-
lation mode 1 was selected as the controller design mode, so that the
value of Ggain(s) is 0.8487.

3.5.2. Design of H-infinity mixed sensitivity controller

The H-infinity mixed sensitivity controller, which is based on the H-
infinity norm, is designed to diminish both external and internal dis-
turbances within specified frequency ranges by adjusting the weighting
functions. Fig. 9 illustrates the control block diagram, where the actual
controlled plant is integrated with the weighting functions to form the
generalized controlled plant.

In Fig. 9, K(s) represents the controller. G,(s) represents the nominal
model of the DSFV system. Gy, (s) represents the combined model of the
filter, fuel valve, flow-pressure transfer, and combustion oscillation
models. d represents the displacement measurement noise. r represents
the reference input, which is set to zero in the active control system. e, u,
and p represent the tracking error, the controller output, and the oscil-
lating pressure, respectively. Wi(s), Wa(s), and Ws(s) represent the
weighting functions for the tracking error, the controller output, and the
oscillating pressure, respectively. Zi(s), Za(s), and Z3(s) represent the
evaluation signals for the tracking error, the controller output, and the
oscillating pressure, respectively.

The transfer functions from the reference input r to the evaluation
signals Z1(s), Zo(s), and Z3(s) are as follows:

,,,,,,,,, d,,,,,,,j
+
Gis) Fyiﬁ

Gplunl(s )

Fig. 9. The control block diagram of the generalized controlled plant.

Z :

R =T R GG

Zy )

R Wa(s) 1 + K(5)Gplanc($) )
. K(5)Gpant(s)

R Ws(s) m

The sensitivity function, denoted as S = 1/(1+K(s)Gplant(s)), reflects
the system’s ability to suppress low-frequency disturbances. A smaller
gain of S indicates a greater capacity to diminish these low-frequency
disturbances. Conversely, the complementary sensitivity function,
denoted as T = K(5)Gplant(s)/(1+K(5)Gplant(s)), reflects the system’s
ability to suppress the high-frequency disturbances. A smaller gain of T
indicates a greater capacity to diminish the high-frequency distur-
bances. It is important to note that S + T = 1, which implies that the
suppression of low-frequency and high-frequency disturbances is
inherently contradictory. Therefore, a compromise must be achieved by
establishing appropriate weighting functions.

To minimize the infinity norm of W1(s)/(1+K(s)Gplant(s)), increasing
the gain of W;(s) in the low-frequency range will inevitably lead to a
decrease in the gain of S within the same frequency range. Consequently,
Wi (s) is typically configured with a high gain in the low-frequency band
and a low gain in the high-frequency band. Similarly, W3(s) is generally
configured with a low gain in the low-frequency band and a high gain in
the high-frequency band. Additionally, Wa(s) is usually established as a
constant to limit the order of the controller. In this study, the transfer
functions of the weighting functions are defined as follows:

0.01s + 20.1
Wils) == 501
Wa(s) = 0.5 @
100s + 1000
Ws(5) =~ 700000

Once the weighting functions were determined, the controller K(s)
could be computed using the "hinfsyn" function in MATLAB. The initial

| Ggain(s) H GacoustiC(S)|

U(s)

Yes) r*6s)
—— G —{Grals) Gasten(5)

On(s)

Glransfer (S )

Fig. 8. The transfer function block diagram of the controlled plant. In which, G,(s) represents the nominal model of the DSFV system; Gger(s) represents the filter
model; Giansfer1(s) represents the displacement-flow transfer model; Giransfer2(s) represents the flow-pressure transfer model; Ggame(s) and Gacoustic(s) represent the
flame model and the acoustic model; Gg,in(s) represents the fixed saturation gain of the combustion oscillation model.
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order of K(s) was 12, which complicated the calculations. To ensure that
the frequency characteristics of the controller matched before and after
the reduction in the primary working frequency domain, the data fitting
method utilizing the "fitrad" function in MATLAB was employed to
reduce the order of K(s). The resulting sixth-order model of K(s) is as
follows:

K(s) ~0.3914s° +1.28 x 10*s° — 2.24 x 10%s* — 3.95 x 10'%s° —
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3.6.2. Parameters setting of DOB

Consequently, the most critical factor in designing the DOB is the
selection of an appropriate model for Q(s) and its corresponding cutoff
frequency. In this study, the model for Q(s) was defined as a second-
order transfer function, expressed as Q(s) = 1/(z%s®>+27s+1). The cut-
off frequency of Q(s) can be adjusted by varying the parameter 7. Fig. 11
illustrates the suppression effects on the oscillating pressure of mode 1,

1.94 x 10'7s? — 5.51 x 10%s — 1.97 x 10%*

(®

3.6. Design of DOB

3.6.1. Structure and working principle of DOB

The structure and working principle of the DOB are illustrated in
Fig. 10. The DOB is developed based on the nominal model of the
controlled plant, and the discrepancies between the actual and antici-
pated outputs are treated as equivalent disturbances. Consequently, the
DOB introduces appropriate compensation at the input side to effec-
tively diminish these disturbances [48].

In Fig. 10, Ga(s) and Gy(s) represent the actual system and the
nominal model of the DSFV system, respectively. ug, u, and y represent
the theoretical input signal, the actual input signal after feedforward
compensation, and the output signal of the DSFV system, respectively.
d and d* represent the actual value and the estimated value of the
equivalent disturbance, respectively. { represents the measurement
noise. Q(s) represents the low-pass filter with a steady-state gain of 1,
and the relative order of Q(s) is not less than that of the nominal model
Gp(s). The transfer function of the output y can be expressed as follows:

¥ =Gy ()t + Gay(s)d + Gy (5)C ©
Where
Gol5) = g 7 (GGi((Ss))Gn(z?)n 9)Q6)
Gay(s) = Ga(s) + (S)((C;;:((ss))( Gﬁgig( 5) o
G = g 7 (gng(sc);n< Q)

In the low-frequency domain of Q(s), Q(s) = 1, Gyy(s) = Gn(s), Ggy(s) =0,
Giy(s) ~ 1. While the equivalent disturbance d is diminished, the mea-
surement noise ¢ is introduced simultaneously.

In the high-frequency domain of Q(s), Q(s) ~ 0, Guy(s) = Ga(s), Gay(s)
~ GA(S), Gey(s) = 0. The system behaves similarly to an open-loop system
without feedback, which results in the failure to diminish the equivalent
disturbance d, although the measurement noise ¢ is effectively avoided.

Fig. 10. The structure and working principle of DOB.

s6 4+1.94 x 104s5 + 5.67 x 108s* + 6.33 x 10!2s3 + 3.16 x 101652 4 7.35 x 10195 + 2.76 x 1023

as exhibited by six groups of Q(s), each characterized by distinct cutoff
frequencies.

Fig. 11(a), (b), and (c) reveal that within the range of cutoff fre-
quencies for Q(s) below 1284.58 Hz, the system exhibited an enhanced
ability to suppress oscillating pressure as the cutoff frequency increased.
However, the improvement was not significant. In Fig. 11(c), (d), (e),
and (f), it became evident that with a further increase in cutoff fre-
quency, the amplitude of the oscillating pressure after active control
began to exhibit variability. Notably, when the cutoff frequency reached
2569.16 Hz, there was an increase in the amplitude of the oscillating
pressure after active control, indicating a failure in suppressing the
oscillating pressure. Therefore, this study established the cutoff fre-
quency of Q(s) at 1284.58 Hz, accompanied by a 7 value of 5e-4. The
model for Q(s) is as follows:

1

Q) =55 17072 10,0015 1 1 an

Combined with the transfer function of Gy(s), the transfer function of
Q(s)Gy 1(s) is as follows:
s* + 3020s + 81662737

1oy — 12
Q$)6a () =339 452 - 9178005 + 9.18 x 10° (12

3.7. Prototype of the DSFV

As illustrated in Fig. 12, the magnetostrictive material Terfenol-D
was selected for the fabrication of the prototype of the MDMA. Each
of the rods, designated as 1, 2, and 3, consists of four short segments,
each with an axial length of 10 mm. To ensure optimal performance of
the MDMA at elevated temperatures, samarium cobalt, with a Curie
temperature of up to 700 °C, was chosen as the material for the per-
manent magnets. Additionally, polyether-ether-ketone (PEEK), capable
of operating at temperatures up to 250 °C, was utilized for the con-
struction of the coil bobbin. The excitation coils were fabricated from
copper wire with a diameter of 0.6 mm, comprising a total of 168 x 4
turns multiplied by four. Similarly, the induction coils were constructed
from copper wire with a diameter of 0.3 mm, totaling 28 x 4 turns
multiplied by four. The magnetic conductors and valve body were made
from DT4C, while the sleeves and spools were composed of SUS304. The
radial dimensions of the magnetostrictive rods and spools are detailed in
Table 3.

3.8. Semi-physical experimental platform

The semi-physical experimental platform designed for the active
control of combustion oscillation is illustrated Fig. 13. This platform
utilized four power amplifiers (AETechron Inc., 7224) to drive the
excitation coils of the MDMA. The current within a excitation coil was
monitored using a current transducer (Shenzhen Zhiyong Co., Ltd.,
Cp800), while the output displacement of the inner spool was measured
with a capacitive displacement transducer (Harbin Core Tomorrow
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Fig. 11. The suppression effects on oscillation mode 1 at various cutoff frequencies of Q(s). (a) 428.19 Hz, (b) 917.56 Hz, (c) 1284.58 Hz, (d) 1605.72 Hz, (e)

2140.97 Hz, (f) 2569.16 Hz.

MDMS  Coils MDMA

Rodl Rod3 DEEM

Outer Spool

Inner Spool Valve Body

Fig. 12. The prototype of the MDMA and DSFV.

Table 3
The radial dimensions of the three magnetostrictive rods, the inner spool and the
outer spool.

Name Rod 1 Rod 2 Rod 3 Inner spool Outer spool
Inner diameter (mm) - 9 15 - 10
Outer diameter (mm) 8 14 20 10 14

Technology Co., Ltd., E09.Cap). The inlet and outlet pressures of the
DSFV were recorded using two pressure transducers (Kunshan Shuang-
qiao Sensor Measurement and Control Technology Co., Ltd., CYG1401F
and CYG1531GF, respectively). The oil flow was quantified using a flow
transducer (Shanghai Nexon Electronics Co., Ltd., FGR200). A real-time
simulator (Speedgoat GmbH, Performance P3) was employed to inte-
grate the models of the semi-physical control system, and an input/
output module (Speedgoat GmbH, 10324) was utilized for the

%al-hme " ‘

lf .
Simulator | Monitor

Power :
Amplifier [§8 K
e

— - \\ e

F low Transduc er

transmission and reception of analog signals.

The semi-physical experimental procedure is outlined as follows:
Initially, the Simulink real-time simulation model of the semi-physical
control system was uploaded to the real-time simulator, with the
calculation step set to 0.00001 s. Subsequently, the combustion oscil-
lation model was allowed to reach a saturation state within a duration of
1.5 s, at which point the active controller was activated to generate
control signals that facilitate the displacement of the inner spool. After
an additional period of 0.5 s, the active controller was deactivated,
marking the conclusion of the simulation. In this study, several
comparative experiments were conducted by varying the combustion
oscillation modes, the controller model, and the inlet oil pressure of the
DSFV.

e |
— Signal Input/Output
Module

Displacement
Transducer

Cunét{t Transducer :

DSFV Prototype |

Fig. 13. The diagram of the semi-physical experimental platform.
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Fig. 14. The suppression result of oscillation mode 1. (a) the oscillating pressure in the time domain, (b) the displacement of the inner spool in the time domain, (c)
the frequency spectrums of the oscillating pressure before and after control and that of the displacement of the inner spool from 1.5 to 2 s.

4. Semi-physical experimental result analysis
4.1. Suppression effects of multimodal oscillations

This section investigates the suppression effects of multimodal
combustion oscillations under conditions of non-flowing oil. The sup-
pression results for oscillation mode 1 are illustrated in Fig. 14. As
shown in Fig. 14(a), following the activation of the active controller, the
amplitude of the oscillating pressure experienced a rapid decline from
0.48 to 0.25, subsequently stabilizing. Fig. 14(b) depicts that the
amplitude of the inner spool’s displacement decreased from 28.86 pm to
6.18 um before stabilizing, which was consistent with the observed
changes in the amplitude of the oscillating pressure. Fig. 14(c) illustrates
the frequency spectrums of the oscillating pressure before and after
active control, as well as the frequency spectrum of the inner spool’s
displacement over a time period of 1.5-2 s. Under the influence of the
active control system, the amplitude of the dominant frequency of the
oscillating pressure decreased from —9.05 dB to —14.41 dB. Notably,

after active control, a high-frequency component of the oscillating
pressure emerged at a frequency of 3028.24 Hz, with an amplitude of
—48.78 dB.

Similarly, the suppression results of oscillation modes 2, 3, and 4 are
illustrated in Figs. 15-17, respectively. In the case of oscillation mode 2,
the application of active control resulted in a reduction of the oscillating
pressure amplitude from 0.32 to 0.15, with the amplitude of the domi-
nant frequency decreasing from —13.75 dB to —24.34 dB. For oscillation
mode 3, active control led to a decrease in the oscillating pressure
amplitude from 0.44 to 0.09, with the amplitude of the dominant fre-
quency decreasing from —10.25 dB to —21.23 dB. Regarding oscillation
mode 4, the oscillating pressure amplitude reduced from 0.41 to 0.15
after active control, and the amplitude of the dominant frequency
decreased from —10.63 dB to —17.27 dB. Additionally, similar to
oscillation mode 1, the post-control oscillating pressure of these three
modes exhibited a high-frequency component of approximately 3000
Hz, with an amplitude of less than —40 dB.

It is typical for the post-control oscillating pressure to induce

‘Without control

H-infinity+ DOB

Displacement of inner spool |

T 05 032 | 03 621 99Hz,2.8dB

S| 611.99Hz-13.75dB

=3 0 0 <
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S& 05 g

- 2991.94Hz,-41.73dB g

g8 20 e 82 502

EE &

LR l

s 3

R%) -20

A (b) © , [ { I I | -100
0 05 1 15 20 300 1000 1500 2000 2500 3000 3500

Time (s) Frequency (Hz)

Fig. 15. The suppression result of oscillation mode 2. (a) the oscillating pressure in the time domain, (b) the displacement of the inner spool in the time domain, (c)
the frequency spectrums of the oscillating pressure before and after control and that of the displacement of the inner spool from 1.5 to 2 s.
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Fig. 16. The suppression result of oscillation mode 3. (a) the oscillating pressure in the time domain, (b) the displacement of the inner spool in the time domain, (c)
the frequency spectrums of the oscillating pressure before and after control and that of the displacement of the inner spool from 1.5 to 2 s.
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Fig. 17. The suppression result of oscillation mode 4. (a) the oscillating pressure in the time domain, (b) the displacement of the inner spool in the time domain, (c)
the frequency spectrums of the oscillating pressure before and after control and that of the displacement of the inner spool from 1.5 to 2 s.
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Fig. 18. The suppression effects of multimodal oscillations in different control strategies. In which, (a), (b), (c) and (d) represent the phase-shift control effects; (e),
(f), () and (h) represent the phase-shift combined DOB control effects; (i), (j), (k) and (1) represent the H-infinity control effects.

additional frequency components, provided that there is a reduction in
amplitude in the time domain. The experimental results suggest that the
semi-physical experimental system is capable of effectively suppressing
multimodal combustion oscillations under conditions of non-flowing oil.
Furthermore, the dominant frequencies of the inner spool’s displace-
ment corresponded with those of the oscillating pressures, thereby
confirming that the DSFV meets the bandwidth requirements of the
active control system for high-frequency combustion oscillations.

4.2. Comparison of different control strategies

In this section, several experiments were conducted to verify the
superior robustness of the H-infinity combined DOB controller
compared to the phase-shift controller, the phase-shift combined DOB
controller, and the H-infinity controller. The emergence of a high-
frequency component around 3000 Hz in the frequency spectrum of

Table 4
The suppression effects of multimodal oscillations in different control strategies.
Oscillation Phase-shift Phase-shift + H-infinity H-infinity +
Mode (%) DOB (%) (%) DOB (%)
Mode 1 83.33 77.08 45.83 47.92
Mode 2 12.5 71.87 40.62 53.12
Mode 3 81.82 79.55 81.82 79.55
Mode 4 80.49 75.61 73.17 63.41
Average 64.54 76.03 60.36 61

10

oscillating pressure after active control complicates the evaluation of the
four controllers in the frequency domain. Therefore, the subsequent
discussion employed the time-domain amplitude of the oscillating
pressure as the primary index for comparison. Similar to the design of
the H-infinity controller, the parameters of the phase-shift controller
were established based on oscillation mode 1, and its transfer function is
as follows:

Gps(s) = — 6-exp(0.0001s) 13)

Additionally, the models of Q(s) and Q(s)G, 1(s) in DOB are repre-
sented by equations (11) and (12), respectively, while the H-infinity
controller model is illustrated in equation (8).

Fig. 18 illustrates the time-domain suppression results for four
oscillation modes under conditions of non-flowing oil, utilizing a phase-
shift controller, a phase-shift combined DOB controller, and an H-in-
finity controller. The suppression effects of the H-infinity combined DOB
controller have already been illustrated in Figs. 14-16, and Fig. 17.
Additionally, Table 4 provides a comparison of the oscillating pressure
amplitudes after control. The percentage represents the ratio of the
oscillating pressure amplitudes after control relative to those without
control.

The results indicate that among the four control strategies, the phase-
shift controller demonstrated the least effective control and was unable
to adequately suppress oscillation mode 2. In contrast, the phase-shift
combined DOB controller achieved the best suppression effects, real-
izing an average suppression rate of 76.03 %. However, the influence of
DOB on the efficacy of the H-infinity controller was minimal. When the
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Fig. 19. The suppression effects in different inlet pressures and different control strategies. In which, (a), (b) and (c) represent the phase-shift control effects in
different inlet pressures; (d), (e) and (f) represent the phase-shift combined DOB control effects in different inlet pressures; (g), (h) and (i) represent the H-infinity
control effects in different inlet pressures; (j), (k) and (1) represent the H-infinity combined DOB control effects in different inlet pressures.

Table 5
The suppression effects in different inlet pressures and different control
strategies.

Inlet Phase-shift Phase-shift + H-infinity H-infinity +
Pressure (%) DOB (%) (%) DOB (%)

1 MPa 9.37 75 43.75 62.5

2 MPa 15.62 46.87 43.75 65.62

3 MPa 25 37.5 40.62 59.37
Average 16.67 53.13 42.71 62.5

H-infinity controller was combined with DOB, it resulted in an average
suppression effect of 61 %. In comparison, the H-infinity controller
applied independently yielded an average suppression effect of 60.36 %.

In the practical application of DSFV, the hydraulic forces generated
by the fuel, in conjunction with the frictional forces that differ from
those present in non-fuel conditions, further disturb the movement of
the inner spool. These disturbances influence the regulation of high-
frequency oscillating flow and, consequently, affect the suppression of
oscillating pressure. In the following part, several experimental com-
parisons were conducted to evaluate the suppression effects of the four
controllers mentioned above on oscillation mode 2 at inlet pressures of
1 MPa, 2 MPa, and 3 MPa. The results are illustrated in Fig. 19, with
detailed data summarized in Table 5.

The experimental results indicate that the phase-shift controller was
ineffective in suppressing oscillating pressure. Similarly, although the
phase-shift combined DOB controller and the H-infinity controller
demonstrated some ability to suppress oscillating pressure, their effec-
tiveness diminished as the inlet pressure increased. A comparative
analysis of the suppression effects of the phase-shift combined DOB
controller for four oscillation modes without flowing oil, as illustrated in
Fig. 18, alongside the results for oscillation mode 2 with flowing oil
depicted in Fig. 19, reveals that the DOB could effectively address dis-
turbances arising from variations in oscillation modes. However, it was
unable to fully compensate for disturbances caused by the increased
hydraulic forces associated with the increasing inlet pressure. In
contrast, the H-infinity combined DOB controller exhibited relatively
stable suppression effects on oscillating pressures, maintaining an
average suppression effect of 62.5 % even as the inlet pressure increased.

11

5. Conclusion

This paper presents a semi-physical experimental system for the
active control of high-frequency combustion oscillation, utilizing a
DSFV prototype and a combustion oscillation model. It proposes a
control strategy that combines the H-infinity algorithm with a DOB,
thereby enhancing the system’s robustness and effectively suppressing
multimodal combustion oscillations under different operating condi-
tions. The specific conclusions are as follows.

(1) Under conditions of non-oil flowing within the DSFV, thereby
excluding the hydraulic forces generated by the oil, a compara-
tive analysis was conducted on the suppression effects of four
controllers: a phase-shift controller, a phase-shift combined DOB
controller, an H-infinity controller, and an H-infinity combined
DOB controller, on multimodal oscillations. The results revealed
that the incorporation of the DOB significantly enhanced the anti-
disturbance capability of the phase-shift controller. Notably, the
phase-shift combined DOB controller achieved an average sup-
pression effect of 76.03 % in the amplitudes of multimodal
oscillating pressures, which was superior to the average sup-
pression effect of 61 % of the H-infinity combined DOB controller.
Under conditions of oil flowing within the DSFV, thus accounting
for the hydraulic forces generated by the oil, the suppression ef-
fects of the aforementioned controllers were evaluated at inlet oil
pressures of 1 MPa, 2 MPa, and 3 MPa for a single oscillation
mode. The results indicated that the DOB was unable to fully
diminish the disturbance induced by hydraulic forces, and the
suppression capabilities of the phase-shift combined DOB
controller were found to be inadequate. In contrast, the H-infinity
combined DOB controller demonstrated effective suppression of
oscillating pressures across various inlet pressures, achieving an
average suppression effect of 62.5 % in the amplitudes of oscil-
lating pressures.

(3) The semi-physical experimental results indicate that the DSFV
shows promise for the active control of high-frequency combus-
tion oscillation in aeroengine. However, it is essential to conduct
extensive research on testing methodologies for high-frequency
oscillating flow and to establish the high-frequency oscillating

(2)
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flow model of the DSFV prototype. Such research is crucial for the
precise regulation of high-frequency oscillating fuel flow and for
meeting the demands of active control of combustion oscillation.
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