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ABSTRACT
The gas temperature of the supersonic heat airflow simulated test system is mainly determined
by the fuel and air flow rates which enter the system combustor. In order to realise a high-
quality control of gas temperature, in addition to maintaining the optimum ratio of fuel and
air flow rates, the dynamic characteristics of them in the combustion process are also required
to be synchronised. Aiming at the coordinated control problem of fuel and air flow rates, the
mathematical models of fuel and air supply subsystems are established, and the characteristics
of the systems are analysed. According to the characteristics of the systems and the require-
ments of coordinated control, a fuzzy-PI cross-coupling coordinated control strategy based
on neural sliding mode predictive control is proposed. On this basis, the proposed control
algorithm is simulated and experimentally studied. The results show that the proposed control
algorithm has good control performance. It cannot only realise the accurate control of fuel
flow rate and air flow rate, but also realise the coordinated control of the two.

Keywords: Supersonic; fuel flow rate; air flow rate; neural sliding mode predictive control;
coordinated control

NOMENCLATURE
qf the theoretical fuel flow rate

Kf the gain between the frequency and the control voltage

mp number of the motor pole pairs

JT the rotational inertia of the motor shaft

Dp displacement of the pump
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Cp the whole leakage coefficient

RL liquid resistance of the pipeline

l the length of the pipeline

ρf the fuel density

Cd flow coefficient of the nozzle

p∗
2 the operating spout pressure

τ time delay of fuel supply subsystem

Ks1 the amplification gain of the servo valve

xv the displacement of the servo valve

Tv the time constant of the servo valve

Kc the flow pressure coefficient

QL the load flow rate

Ct the total leakage coefficient

Vt the volume of the cylinder block

Bp the viscous damping coefficient

FL the external load force

ωh the hydraulic natural frequency

Kce the total pressure and flow coefficient including leakage

w the gradient of the opening area of the valve

p the pressure of the combustor

k the isentropic index

qa the air mass flow rate

us the input voltage of the electro-hydraulic servo valve amplifier

u the control voltage

Kint the voltage-frequency ratio

Rre equivalent resistance of the rotor

BT damping coefficient of the motor shaft

ηm the mechanical efficiency of the pump

L liquid inductance

RN liquid resistance of the nozzle

d the diameter of the pipeline

μ the dynamic viscosity of the fuel

A0 the cross-sectional area of the nozzle

qsf the actual fuel flow rate

I the driving current of the servo valve

us the input voltage of the servo amplifier

Ks2 the displacement driving coefficient of the servo valve

Ksq the flow coefficient

pL the load pressure

Ap the cross-section area of the hydraulic cylinder

xp the displacement of the piston of the hydraulic cylinder

βe the bulk elastic modulus
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Mt the mass of the cylinder block

k1 the spring stiffness

ζh the damping ratio

Cd1 the flow coefficient of the valve

ps the pressure of the air source

R the gas constant

T absolute temperature of the throttle gas

Ks3 the flow rate gain of the flow rate control valve

τ1 time delay of air supply subsystem

1.0 INTRODUCTION
Supersonic heat-airflow simulated test system (SHSTS) is the basic technical equipment for
thermal components test of thermal power machinery, high-speed aircraft and aero engine,
and for static and dynamic thermal calibration of high-temperature sensors. It involves basic
theories and key technologies such as fluid fuel delivery and control, combustion and tem-
perature control. Its performance level not only directly restricts the development level of
national key aero engine but also affects the reliability of static and dynamic calibration of
high-temperature sensors and the safety of high-speed aircraft(1,2). Therefore, the SHSTS is
the key supporting equipment to independently develop aero engine and ensure the safety of
high-speed aircraft. It is imperative to improve its performance level as one of the basic guar-
antees for independently developing aero engine. Thermal component test of aero engine and
high-speed aircraft, and dynamic thermal calibration of temperature sensor need to produce a
uniform and stable temperature field. The uniform and stable temperature field is a direct per-
formance indicator of the SHSTS. The performance of temperature control directly reflects
the performance level of the SHSTS(3).

The temperature field of the SHSTS is generated by the combustion of aviation kerosene
in high-speed airflow, so the gas temperature of the system is mainly determined by the fuel
flow rate and air flow rate which enter the combustor. In theory, as long as the fuel flow rate
and air flow rate are accurately controlled, the gas temperature can be accurately controlled.
In fact, firstly, in order to achieve high-quality control of gas temperature, fuel flow rate and
air flow rate need to maintain a certain proportion; that is, there is a certain requirement for
air-fuel ratio. Secondly, the fluctuation of fuel flow rate and air flow rate will change the
air-fuel ratio, thus affecting the control quality of gas temperature. This requires not only to
maintain a fixed air-fuel ratio in the test process, but also to keep the dynamic characteristics
of fuel flow rate in synchronisation with the dynamic characteristics of air flow rate. For
example, in a test, when the fuel supply subsystem is disturbed, the fuel flow rate will deviate
from the original set value and then return to the original state, meanwhile, the air flow rate
is required to have a process from deviation to recovery with the same characteristics in a
given proportion, and vice versa. Therefore, fuel flow rate and air flow rate are required to be
coordinated control, that is to say, fuel flow rate and air flow rate are changed according to a
certain proportion. However, in the current control system, fuel flow rate and air flow rate are
controlled separately, and they are independent. Therefore, in order to achieve the coordinated
control of fuel flow rate and air flow rate, a new control method is needed.
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The fuel supply subsystem and air supply subsystem of the SHSTS are characterised by
pure time delay due to flow rate sensor and long pipeline, and there are also some character-
istics such as time-varying parameters and disturbance in the actual operation process. These
characteristics have a negative impact on the high-quality control of fuel flow rate and air flow
rate. In order to solve the problem of pure time delay in the system, many scholars had done
a lot of theoretical and practical research work and put forward many control methods that
can solve this problem. These methods mainly include Smith predictor method(4–6), Dahlin
algorithm(7,8), and model prediction algorithm(9–11). However, the above control methods are
only effective for the pure time delay problem but cannot solve the time-varying parame-
ters and disturbance problems in the system. In order to solve the problem of time-varying
parameters and disturbance in the system, many effective methods such as sliding mode
control(12,13), robust control(14,15) and intelligent control(16–18) were proposed. Subsequently,
in order to solve the problems of pure time delay, time-varying parameters and disturbance
in the system, many effective methods, such as sliding-mode Smith predictor method(19,20),
sliding-mode predictive control algorithm(21,22), robust Smith predictive method(23,24), robust
predictive control algorithm(25,26), Smith-fuzzy predictive control algorithm(27,28) and neural
Smith predictive method(29,30) had been formed by combining sliding-mode control, robust
control and intelligent control with Smith predictor method, and predictive algorithm.

Coordination is a common problem in motion control, such as multi-axis coordinated
synchronous control of CNC machine tools, multi-motor synchronous control and large engi-
neering vehicles coordinated control(31,32). The basic method to solve the above-coordinated
control problem is the cross-coupling algorithm. Its basic idea is to calculate the asynchroni-
sation error in real time according to the feedback information of each independent control
loop, and to configure the output to each loop according to certain relationship, so as to
achieve coordinated synchronisation. In the previous work (see Ref. 2), in order to solve the
coordinated control problem of the fuel supply system, the cross-coupling control strategy
was used to realise the coordinated control of the fuel flow rate. In this paper, in order to
solve the problem of coordinated control of fuel flow rate and air flow rate, a cross-coupling
control strategy with fuzzy-PI algorithm was introduced. The basic idea of the algorithm is to
introduce the tracking error of fuel flow rate and air flow rate into the forward link through
the fuzzy-PI algorithm, and act on the controlled object, so as to realise the dynamic track-
ing of the two systems, i.e. coordinated control. Therefore, the whole coordination controller
consists of a flow rate error tracking controller and a cross-coupling controller.

2.0 SYSTEM MODELING

2.1 Fuel supply subsystem model
Fuel supply subsystem consists of frequency converter, frequency conversion motor, quan-
titative pump, electro-hydraulic proportional throttle valve, pipeline-valve group and gear
flowmeter, which provides aviation kerosene for combustor. Its basic working principle is:
when the fuel flow rate required by the system is small, the speed of the frequency conversion
pump is fixed, and the fuel flow rate is controlled by adjusting the opening of the proportional
throttle valve; when the fuel flow rate required by the system is large, the proportional throt-
tle valve is closed, and the fuel flow rate is controlled by controlling the output frequency
of the frequency converter. In order to simplify the problem, this paper only considered the
case of large flow rate; that is, frequency conversion pump control mode. Under this working
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mode, the fuel supply subsystem is mainly composed of frequency converter, motor, quan-
titative pump and pipeline, and the bypass proportional valve does not work. The transfer
function between the fuel flow rate qf and the control voltage of the frequency converter can
be obtained by referring literature(33).

Gf 1(s) = qf (s)

u(s)
= b0

a2s2 + a1s + a0
· · · (1)

where b0 = 1
60 K1KfKintDp; a2 = π

30 JTCpL; a1 = π
30 JT + K3L + π

30 JTCpR + CpL(K2 + π
30 BT);

a0 = (1 + CpR) · (K2 + π
30 BT)+K3R; K1 = 3mp

2πRre
Kf; K2 = m2

p
40πRre

; K3= D2
p

120πηm
; R = RL + RN; Kf

is the gain between the frequency f and control voltage u; Kint is the voltage-frequency ratio;
mp is number of the motor pole pairs; Rre is equivalent resistance of the rotor; JT is the
rotational inertia of the motor shaft; BT is damping coefficient of the motor shaft; Dp is dis-
placement of the pump; ηm is the mechanical efficiency of the pump; Cp is the whole leakage

coefficient of the fuel circuit; L = 4ρf l

πd2 is liquid inductance; RL = 128μl
πd4 is liquid resistance of

the pipeline; RN =
√

2ρf p∗
2

6CdA0
is liquid resistance of the nozzle; l is the length of the pipeline; d is

the diameter of the pipeline; ρf is the fuel density; μ is the dynamic viscosity of the fuel; Cd is
flow coefficient of the nozzle; A0 is the cross-sectional area of the nozzle; p∗

2 is the operating
spout pressure.

Because the gear flowmeter used in the actual system has the time delay of τ seconds, the
actual fuel flow rate qsf obtained during the control will lag τ seconds behind the theoretical
fuel flow rate. It can be written as follows.

qsf (s) = qf (s)e−τ s · · · (2)

2.2 Air supply subsystem model
According to the working principle of the air flow rate supply subsystem, the air flow rate
entering the combustor is mainly determined by the opening of the air flow rate control valve,
and the valve core displacement of the air flow rate control valve is driven by a set of hydraulic
servo system. Therefore, the mathematical models of the hydraulic servo system and the air
flow rate control valve are mainly considered when establishing the system model.

(1) Mathematical model of electro-hydraulic servo valve

The electro-hydraulic servo valve consists of servo amplifier and servo valve. The dynam-
ics of servo amplifier can be neglected compared with hydraulic system. Therefore, servo
amplifier can be regarded as a proportional link. Therefore, the relationship between its output
current and input voltage can be obtained as follows

I = Ks1us · · · (3)

where I is the driving current of the servo valve; Ks1 is the amplification gain of the servo
valve; us is the input voltage of the servo amplifier.

When the frequency bandwidth of the servo valve is 3 to 5 times larger than the natu-
ral frequency of the system, the servo valve can be considered as a first-order inertial link
approximately. Considering that the working frequency of the system is generally not greater
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than 30Hz, and the frequency width of the servo valve is generally greater than 100Hz, it can
be viewed as a first-order inertia link. The transfer function of the displacement of the servo
valve to the input current can be obtained as follows

Ga1(s) = xv(s)

I(s)
= Ks2

Tvs + 1 · · · (4)

where xv is the displacement of the servo valve; Ks2 is the displacement driving coefficient of
the servo valve; Tv is the time constant of the servo valve.

(2) Mathematical model of hydraulic cylinder

Servo-valve-controlled hydraulic cylinder is a typical valve-controlled cylinder system. Its
mathematical model can be described by the following three basic equations

QL = Ksqxv − KcpL · · · (5)

QL = Apsxp +
(

Vt

4βe
s + Ct

)
pL · · · (6)

AppL = (
Mts

2 + Bps + k1
)

xp + FL · · · (7)

where Ksq is the flow coefficient, Kc is the flow pressure coefficient, pL is the load pressure, QL

is the load flow, Ap is the cross-section area of the hydraulic cylinder, Ct is the total leakage
coefficient, xp is the displacement of the piston of the hydraulic cylinder, Vt is the volume of
the cylinder block, βe is the bulk elastic modulus, Bp is the viscous damping coefficient, Mt

is the mass of the cylinder block, FL is the external load force, k1 is the spring stiffness.
When the elastic load and damping is not considered, the transfer function from pis-

ton displacement of hydraulic cylinder to displacement of servo valve can be obtained by
Equation (5)–(7):

Ga2(s) = xp(s)

xv(s)
=

Ksq
Ap

s

(
s2

ω2
h

+ 2ζh
ωh

s + 1

) · · · (8)

where ωh =
√

4βeA2
p

MtVt
is the hydraulic natural frequency; ζh = Kce

Ap

√
βeMt

Vt
is the damping ratio;

Kce=Kc+Ct is the total pressure and flow coefficient including leakage.

(3) Model of air flow rate control valve

The main function of the air flow rate regulating valve is to regulate the air flow rate into
the combustor. The opening of the valve is directly driven by the hydraulic cylinder, so the
displacement of the valve is the same as that of the piston of the hydraulic cylinder. In the
actual servo control system, the flow process of air is very complex, and the isentropic flow
of ideal air through the nozzle is usually used to approximate the flow process. In general,
Sanville flow formula is used to calculate the flow rate at the valve port. Therefore, the air
mass flow rate into the combustor of the system can be obtained:
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qa = Cd1wxp

√
2

RT
ps f

(
p

ps

)
· · · (9)

where

f

(
p

ps

)
=

⎧⎪⎪⎨
⎪⎪⎩

√
k

k−1

[(
p
ps

) 2
k −

(
p
ps

) k+1
k
]

0.528 ≤ p
ps

≤ 1

(
2

k+1

) 1
k−1
√

k
k+1 0 ≤ p

ps
≤ 0.528

· · · (9)

Cd1 is the flow coefficient of the valve, w is the gradient of the opening area of the valve, ps

is the pressure of the air source, p is the pressure of the combustor, R is the gas constant (287
for air), k is the isentropic index (1.4 for air), and T is the absolute temperature of the throttle
gas (set at room temperature).

Because the air from the regulating valve enters into the combustor directly for combustion,
there is no obvious load in the system, that is to say the pressure of the gas in the combustor
is much less than the pressure of the air source. Therefore, the air mass flow rate entering the
combustor through the regulating valve can be approximated as follows:

q2 = Ks3 xp · · · (10)

where Ks3 =
√

2
RT

k
k+1

(
2

k+1

) 1
k−1 Cd1wps is defined as the flow rate gain of the flow rate control

valve.

(4) Mathematical model of the whole system

The transfer function between the air flow rate and the input voltage of the electro-hydraulic
servo-valve amplifier can be obtained by combining Equations (3), (4), (8) and (10).

Ga(s) = qa(s)

us(s)
= Ks1Ks2Ks3

Tvs + 1

Ksq
Ap

s

(
s2

ω2
h

+ 2ζh
ωh

s + 1

) · · · (11)

In the actual test process, it will take a certain period of time from the time when the servo
amplifier is powered on to the time when the air flow rate signal is detected to the computer,
so that the system has a pure time delay. Assuming that the pure time delay is τ1s, the transfer
function of the system can be expressed as follows:

Ga(s) = Ks1Ks2Ks3

Tvs + 1

Ksq
Ap

s

(
s2

ω2
h

+ 2ζh
ωh

s + 1

)e−τ1s · · · (12)

3.0 CONTROL STRATEGY

3.1 Flow rate control strategy
In order to solve the problems of pure time delay, time-varying parameters and disturbance
that are not conducive to accurate control in fuel supply subsystem and air supply subsystem,
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Figure 1. Controller structure.

a neural sliding mode predictive control algorithm based on RBF neural network was pro-
posed in this paper, which combines intelligent control, sliding mode control and predictive
control. The controller structure is shown in Fig. 1. The core idea of the algorithm is to use
Levinson predictor to solve the problem of pure time delay in the system, use sliding mode
control algorithm to solve the problem of time-varying parameters and disturbance in the
system, and use RBF neural network to improve the bucket vibration phenomenon in sliding
mode control.

(1) Design of sliding mode controller-based RBF neural network

Suppose that the state equation of the controlled object is

ẋ = Ax + Bu · · · (13)

Assuming that the control instruction is r(t), and the sliding mode switching function is
designed as follows:

s(t) = c1e(t) + c2de(t) + · · · + cn−1d (n−2)e(k) + d (n−1)e(t) · · · (14)

where

e(t) = r(t) − x1 · · · (15)

de(t) = dr(t) − x2 · · · (16)

...

d (n−1)e(t) = d (n−1)r(t) − xn · · · (17)

Assuming that X = [x1, x1 · · · xn]T is the input of RBF neural network, H = [h1, h2

· · · hj · · · hm]T is the output of hidden layer and hj is the Gauss function, then

hj = exp

(
−
∥∥X − Cj

∥∥2

2b2
j

)
j = 1, 2, · · ·, m · · · (18)
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where Cj = [cj1 · · · cjn]T , bj = [bj1 · · · bjn]T , m is the number of hidden layer.
Assuming that the weight vector of the network is W = [w1, w2 · · · wj · · · wm]T , then the

output of the network is

u = w1h1 + w2h2 + · · · + wmhm · · · (19)

Using sliding mode switching function s(t) as the input of RBF neural network and output
of RBF neural network as the output of sliding mode controller, the following result can be
obtained.

u =
m∑

j=1

wj exp

(
−
∥∥s − cj

∥∥2

2b2
j

)
· · · (20)

Since the control objective is to make s(t)ṡ(t) → 0, the weight adjustment objective function
of RBF network can be set as follows:

E = s(t)ṡ(t) · · · (21)

Therefore, according to the gradient descent method, the weight learning algorithm of the
neural network can be obtained:

dwj = − ∂E

∂wj(t)
= −∂s(t)ṡ(t)

∂wj(t)
= −∂s(t)ṡ(t)

∂u(t)

∂u(t)

∂wj(t)
· · · (22)

Because

∂s(t)ṡ(t)

∂u(t)
= s(t)

∂ ṡ(t)

∂u(t)
= −s(t) · · · (23)

∂u(t)

∂wj(t)
= exp

(
−
∥∥s − cj

∥∥2

2b2
j

)
· · · (24)

so

dwj = s(t) exp

(
−
∥∥s − cj

∥∥2

2b2
j

)
= s(t)hj · · · (25)

wj(t) = wj(t − 1) + ηdwj + α[wj(t − 1) − wj(t − 2)] · · · (26)

where η is the learning rate, α is the inertia coefficient.

(2) Levinson predictor

Levinson predictor is a method of predicting future d-step output variables by using histor-
ical data from simple moving average process. Suppose the output of predictor at k-time is

ym(k) = −
n∑

i=1

aiy(k − i) · · · (27)
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Figure 2. Principle of cross-coupling control strategy based on fuzzy-PI algorithm.

then the predicted value of d-step ahead can be obtained

ym(k + d|k) = −a1ym(k + d − 1|k) − · · · − ap−1ym(k + 1|k) − apy(k) − · · · − any(k + d − n)

· · · (28)

The parameters {ai} in Equations (27) and (28) are the best predictive parameters. Usually,
after the historical data of system output {y(k − 1), y(k − 2), · · · y(k − n)} are obtained offline,
the parameters can be estimated and determined by Levinson-Durbin algorithm.

3.2 Coordinated control strategy
In order to achieve the coordinated control of fuel flow rate and air flow rate, cross-coupling
control strategy based on fuzzy-PI algorithm was introduced. The tracking error of fuel flow
rate and air flow rate was introduced into the forward link through the fuzzy PI algorithm,
which acted on the controlled object, thus realizing the dynamic tracking of the two-channel
flow rate, i.e. coordinated control. The principle of cross-coupled based on fuzzy-PI algorithm
is shown in Fig. 2. It can be seen from the figure that the principle of the algorithm is to change
the output of controller by adjusting the PI parameters of cross-coupled links, so as to improve
the tracking effect of fuel flow rate and air flow rate. Here the input of the fuzzy controller is
the error between the actual feedback value of fuel flow rate and air flow rate and its rate of
change.

Because we have some prior knowledge, the input of the two fuzzy controllers are error
and the rate of error change, and the output are the variation of PI parameters �Kp and �KI .
At the beginning of operation, the system has PI parameters �Kp0 and �KI0 which have been
preset. The output variation of the fuzzy controller will be directly added to the original PI
parameters.
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Table 1
Fuzzy control rules

�E
E NB NM NS ZO PS PM PB

NB NB NB NM NM NS ZO ZO
NM NB NB NM NS NS ZO ZO
NS NB NM NS NS ZO PS PS
ZO NM NM NS ZO PS PM PM
PS NM NS ZO PS PS PM PB
PM ZO ZO PS PS PM PB PB
PB ZO ZO PS PM PM PB PB

Table 2
Model parameters of fuel supply subsystem

Parameter Value Parameter Value

R
′
2/� 7.56 A/m2 8.478 × 10−6

JT/(kg · m2) 0.054 l/m 12
BT/(N · m · s · rad−1) 0.045 d/m 0.01
Cp/(m3 · Pa · s−1) 9.25 × 10−11 τ/s 3
μ/(N · s · m−2) 2.34 × 10−3 Cd 0.6
Dp/(m3 · r−1) 20 × 10−6 ηm 0.87
ρoil/(Kg · m−3) 7.8 × 102 mp 3

In this paper, the domains of �Kp and �KI in fuzzy-PI cross coupling controller of fuel
flow rate are (−0.02, 0.02) and (−0.05, 0.05), respectively. The domains of �Kp and �KI

in fuzzy-PI cross coupling controller of air flow rate are (−0.05, 0.05) and (−0.01, 0.01)
respectively. The domains of two-channel flow rate error are (−1.0, 1.0) and the domains of
error variation are (−1.0, 1.0).

Both fuzzy controllers adopted the same fuzzy control rules; it can be seen in Table 1.

4.0 SIMULATION

4.1 Simulation parameters
According to the mathematic model established in previous section, the simulation model was
built in Matlab. The simulation parameters were obtained by looking up tables and calculating,
and they are shown in Tables 2 and 3.

4.2 Single channel flow rate control simulation
Accurate control of single-channel flow rate is the premise of realising coordinated control
of double-channel flow rate. Therefore, this paper first used the proposed neural sliding mode
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Table 3
Model parameters of air supply subsystem

Parameter Value Parameter Value

Ks1/(A · V−1) 0.3 Ap/m2 0.002
Ks2/(m · A−1) 0.00033 Mt/kg 5.5
Ksq/(kg · m−1s−1) 0.048 Vt/m3 0.003
R/(J · kg−1K−1) 287 βe/Pa 680 × 106

T/K 300 Kce/(m3 · Pa · s−1) 6.25 × 10−10

k 1.4 τ1/s 1
Tv/s 0.5 Ps/Pa 1 × 106

Cd1 0.6 W/m 0.0785

Figure 3. Control results of fuel flow rate with and without predictor.

predictive control algorithm to simulate the control of single-channel flow rate. In order to
illustrate the control effect of the proposed control algorithm directly and clearly, the effec-
tiveness of the control algorithm was only illustrated by the simulation results of fuel flow
rate. In the simulation, the control period is 1s, and the target fuel flow rate is 1L/min. The
parameters of the neural sliding mode controller are m = 5, C = [−3, −1.5, 0, 1.53], b = 2,
and the advanced prediction step of Levinson predictor is five steps, the order of the predic-
tor is six. The optimal parameters are {−1.1159, 0.0826, 0.0237, 0.0068, 0.0019, 0.00086}.
In order to show the effect of the proposed neural sliding mode predictive control algorithm
on the suppression of pure time delay, the fuel flow rate control simulation was carried out
with and without predictor under the same simulation parameters. The simulation results are
shown in Fig. 3. It can be seen from the figure that in the case of with predictor, fuel flow rate
can be controlled quickly and accurately without overshoot, while in the case of without pre-
dictor, fuel flow rate appears overshoot, which shows that the setting of predictor is effective
to compensate for the pure time delay of the system.

From the modeling process of system mentioned above, it can be seen that the parameters
of the system have time-varying characteristic. In order to verify the ability of the controller

https://doi.org/10.1017/aer.2020.22 Published online by Cambridge University Press

https://doi.org/10.1017/aer.2020.22


1182 THE AERONAUTICAL JOURNAL AUGUST 2020

Figure 4. Control results of fuel flow rate under model parameters changing.

designed in this paper to overcome the time-varying parameters, the control simulation of the
fuel flow rate was carried out by using the proposed control algorithm under the condition
that the model parameters have changed and the control parameters remain unchanged. In
the simulation, the target fuel flow rate is still 1L/min, the simulation results were carried
out when the parameter a1 of the fuel supply subsystem increased by 20% (a1 = 816) and
decreased by 20% (a1 = 544), and the simulation results are shown in Fig. 4. The simulation
results show that although the control effect will be slightly worse when the system parameters
have changed, the overall control effect can still be maintained. This shows that the control
algorithm designed in this paper has the ability to overcome the time-varying parameters of
the system.

In order to verify the anti-jamming capability of the proposed control algorithm, a simula-
tion study was carried out under the condition that a voltage disturbance is added to the system
at the 50th second of the system response, and the other parameters of the controller remain
unchanged. Figure 5 is the simulation results by using the proposed control algorithm when
0.1V and −0.1V disturbances were added to the control system, respectively. It can be seen
from the figure that when disturbance is added to the system, the response of the system will
be obviously affected; that is, the control curve deviates from the original state and overshoots
occur, but under the action of the controller, the response curve of the system quickly restores
to the original state, which shows that the neural sliding mode predictive control algorithm
designed in this paper can be very good. It can overcome the disturbance in the system and
achieve the predetermined goal of the control system.

4.3 Coordination control simulation
According to the analysis of the previous section, in order to ensure the high quality control
of gas temperature of the SHSTS, besides maintaining the optimum proportion of fuel flow
rate and air flow rate, the dynamic characteristics of fuel flow rate and air flow rate should be
synchronized; that is, the fuel flow rate and air flow rate should be controlled coordinately.
In order to achieve the coordinated control of fuel flow rate and air flow rate, the closed-loop
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Figure 5. Control results of fuel flow rate under disturbance.

Figure 6. The response curves of fuel flow rate and air flow rate tend to be consistent.

response curves of fuel flow rate and air flow rate should be basically the same. Therefore,
the response curves of fuel flow rate and air flow rate were basically consistent by adjusting
the control parameters; it can be seen in Fig. 6. In order to ensure the optimum combustion
ratio of fuel (aviation kerosene) to air (1:14.7), the fuel flow rate was set to 0.068kg/s and
the air flow rate was set to 1kg/s in simulation. In order to make the response of the two flow
rates consistent and easy to compare, the simulation data of fuel flow rate was multiplied by
14.7, and the simulation results can be found in Fig. 6. It can be seen from the figure that
the closed-loop response curves of fuel flow rate and air flow rate are basically the same by
adjusting the control parameters, which lay a solid foundation for the coordinated control of
fuel flow rate and air flow rate.
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Figure 7. Coordinated control result when air supply subsystem with disturbance.

Figure 8. Coordinated control result when fuel supply subsystem with disturbance.

In order to verify that the proposed control algorithm can achieve the coordinated control
of fuel flow rate and air flow rate, the coordinated control of fuel flow rate and air flow rate
was simulated in two cases. In the first case, when the air supply subsystem was disturbed
at the 50th second of the simulation control and the change of fuel flow rate with air flow
rate was observed; in the second case, when the fuel supply subsystem was disturbed at the
50th second of the simulation control and the change of air flow rate with fuel flow rate was
observed. The simulation results are shown in Figs 7 and 8. It can be seen from the figures that
when the air flow rate response curve fluctuates due to the system interference, the fuel flow
rate will fluctuate accordingly, that is to say, the fuel flow rate can change with the change of
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Figure 9. Experimental equipment.

Figure 10. Control result of fuel flow rate.

the air flow rate; conversely, when the fuel flow rate response curve fluctuates due to the sys-
tem interference, the air flow rate can also follow. Therefore, the cross-coupling coordinated
controller designed in this paper is effective and can realize the coordinated control of fuel
flow rate and air flow rate.

5.0 EXPERIMENT

5.1 Experimental equipment
In order to realise the control of fuel flow rate and air flow rate of the SHSTS and their
coordinated control, based on the existing hardware of fuel supply subsystem and air supply
subsystem, the measurement and control system based on the field PLC controller and remote
industrial computer was developed. The experimental equipment is shown in Fig. 9.
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Figure 11. Control result of air flow rate.

5.2 Single channel flow rate control experiment
Because the precise control of fuel flow rate and air flow rate is the basis of realising the coor-
dinated control of them, it is necessary to study the separate control of fuel flow rate and air
flow rate firstly. In the experiment, the fuel flow rate and air flow rate were adjusted to a fixed
value firstly, and then step response experiments were carried out. The experimental results
are shown in Figs 10 and 11. It can be seen from the figures that the system runs smoothly
with no overshoot and the absolute control precision is ±0.01L/min in the process of the fuel
flow rate stepping from 1L/min to 1.5L/min, which meets the predetermined control require-
ments. In the process of air flow rate stepping from 0.8kg/s to 1.0kg/s, the system achieves a
good control effect, that is, the air flow rate is smoothly controlled without overshoot, and the
control accuracy is ±2.5g/s.

5.3 Coordinated control experiment
In order to verify the effectiveness of the proposed coordinated control algorithm of fuel flow
rate and air flow rate, the coordinated control experiment of fuel flow rate and air flow rate
was completed. The control method used in the actual experiment is the same as the control
algorithm used in the simulation, that is, the neural sliding mode predictive control algorithm
and cross-coupling control were used to complete the coordinated control experiment. The
experimental results are shown in Fig. 12. The setting value of fuel flow rate and air flow rate
in the experiment are the same as those in the simulation, i.e. the air flow rate is 1.0kg/s and
the fuel flow rate is 0.068kg/s. In the experiment, the two-channel flow rates were adjusted to
the target flow rate, and then a disturbance was added to the air supply subsystem during the
experiment, that is to say, the air flow rate will fluctuate upward and recover. The experimental
results show that the change of air flow rate will lead to the change of fuel flow rate when the
coordinated control is added, that is to say, the coordinated control of two-channel flow rates
is realized. In addition, because the absolute error of fuel flow rate is about ±0.5g/s in the
experiment, if multiplied by 14.7, the error will be magnified by 14.7 times, so the fuel flow
rate is not multiplied by 14.7 times.
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Figure 12. Coordinated control result of fuel flow rate and air flow rate.

6.0 CONCLUSIONS
Aiming at the problem of coordinated control of fuel flow rate and air flow rate of the SHSTS,
the mathematical models of fuel supply subsystem and air supply subsystem are established,
and the characteristics of the system are analysed on this basis. According to the characteris-
tics of the system and the requirements of coordinated control, a cross-coupling coordinated
control strategy based on neural sliding mode predictive control is proposed, which uses
neural sliding mode predictive control to achieve accurate control of fuel flow rate and air
flow rate, and uses cross-coupling to achieve coordinated control of the two. On this basis,
the proposed control algorithm is simulated and experimentally studied, and the following
conclusions are drawn:

(1) The proposed neural sliding mode predictive control algorithm has the capability to over-
come the pure time delay, time-varying parameters and interference of the system. It can
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achieve a fast without overshoot control of fuel flow rate and air flow rate, and the control
accuracy meets the requirements of the system.

(2) The proposed cross-coupled coordinated control algorithm can achieve the coordinated
control between fuel flow rate and air flow rate, and a satisfactory control effect is
obtained.
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