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Abstract: The aviation intelligent pump system is an effective solution to aircraft hydraulic systems’
inefficient power consumption and temperature increase. A self-supplied aviation intelligent pump
(SAIP) has a high power-to-weight ratio and compact structure, making it the optimal choice for an
intelligent pump. To analyze the output characteristics of a novel aviation intelligent pump, it is
crucial to establish an accurate mathematical model that describes its dynamic characteristics. This
can be achieved by analyzing the working principle and exploring the influence of critical parameters.
The paper introduces the composition and working principle of a self-supplied electro-hydraulic
servo variable displacement pump. It then establishes a mathematical model of the whole pump, with
a detailed analysis and modeling of the critical variable mechanism and the swash plate assembly’s
load moment. A simulation model was created to examine the impact of crucial structural parameters,
such as the offset spring’s stiffness and control piston’s diameter, on the output characteristics of
the intelligent pump. An experimental platform was also constructed, and the experimental results
confirm the accuracy of the SAIP model presented in this paper. The investigation of the output
characteristics fully reveals the dynamic performance of the SAIP. This provides the basis for the
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temperature, and other sensors on the pump. The controller applies intelligent algorithms
to adjust the displacement or rotation speed of the pump according to the pressure and
flow rate instructions generated by the flight control processor, and finally realizes the best
matching of the pump’s output performance with the load to achieve the goal of saving
energy [3]. When the actuators of the flight control system are subjected to a constant
load, a constant output force needs to be generated, and the intelligent pump can work
in a constant-pressure mode. When the actuators need to output constant speed to drive
the rudder surface, a stable flow rate is required, and the intelligent pump can work in
a constant-flow mode. When the working conditions of the actuators are complex and
changeable, the output force and speed need to change continuously with the needs of the
load and rudder surface movement, and the intelligent pump can work in the mode of pres-
sure and flow change. The type selection and structural design of aviation hydraulic pumps
need to match the needs of aviation hydraulic systems. Because the working pressure of
a rotodynamic pump is low, the flow rate and pressure affect each other, and its working
performance is greatly affected by the viscosity of the liquid; it is not suitable for aviation
hydraulic systems, so almost all the research on aviation hydraulic pumps use positive dis-
placement pumps. In the category of positive displacement pumps, compared with a gear
pump and vane pump, a swash plate pump is widely used in aviation hydraulic systems
because of its compact structure, high working pressure, high power-to-weight ratio, and
ease of achieving continuously variable displacements. Scholars have designed a variety of
working principles and structural forms to meet the needs of intelligent pumps [4-8]. In
these schemes, the electro-hydraulic intelligent pump uses the auxiliary pump as the oil
source of the servo valve, which can achieve a stable oil source pressure. Still, the additional
pump source will increase the volume and weight while making the structure complex and
reducing the reliability of the aviation pump.

The self-supplied electric hydraulic intelligent aviation pump scheme avoids these
problems well. Based on the current widely used aviation constant-pressure variable
displacement pump, the scheme only needs to replace the spool of the compensation valve
and integrate the servo valve into the pump shell, which is connected to the control piston
chamber and then directly drives the swash plate to adjust the displacement. The main
difference with the existing aviation smart pump is that this scheme’s oil source for the
servo valve comes from the pump outlet, rather than a separate auxiliary pump for oil
supply. In contrast, this solution avoids the additional volume and weight of the auxiliary
oil source. It is compact in structure and easy to implement based on a constant-pressure
variable displacement pump. It still maintains a high power-to-weight ratio and reliability.

To investigate the output performance of variable displacement piston pumps, it is
necessary to establish a mathematical model based on the analysis of the principles of
its key components to investigate the influence of parameters on the performance. Wu
et al. established a theoretical model of the piston cavity that includes fluid compression
properties and leakages to reduce the outlet flow pulsation of the high-pressure piston
pumps. They proposed a parametric design that optimizes the valve plate’s transition
region structure to minimize the outlet flow ripple [9]. Fang et al. proposed an improved
variable displacement piston pump model to investigate the influence of the variable
displacement mechanism on swash plate oscillation. They suggested some feasible methods
to reduce swash plate vibration by investigating the role of structural parameters, such as
the volume of the outlet chamber and the offset distance of the actuating piston on swash
plate vibration [10]. Pan et al. established a theoretical model for the outlet flow pulsation
of a constant-power variable displacement piston pump, which considers the vibration of
the swash plate, flow leakage, and valve dynamic characteristics. The theoretical model
of flow pulsation was used to study the effect of swash plate vibration on the flow and
pressure pulsation at the pump outlet. Valve plate optimization based on the theoretical
model was also studied by taking the amplitude of the instantaneous outlet flow ripple as
the optimization objective function [11]. Chen et al. investigated the causes of the pressure
drop of the aeronautical hydraulic systems in the cruise state by setting up a simulation
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model of a double-tier constant-pressure controlled variable displacement piston pump.
They also studied the effects of the variable pump’s piston number, spring stiffness, and
pressure drop. The effects of parameters such as the number of pistons, spring stiffness, and
the spool’s mass on the pressure drop were also investigated [12]. Kumar et al. explored the
effects of hydraulic mineral oil on the output power, piston chamber pressure, and leakage
flow in the piston cylinder at different temperatures through the established nonlinear
mathematical model of axial piston pumps [13]. Ishita et al. analyzed the components
of swash plate swiveling torque using a fixed displacement pump’s mathematical model,
determined the torque values at maximum and minimum flow conditions, and designed
the compensator cylinders. The effect of eccentricity on the performances of the fixed and
variable displacement pumps was also investigated by simulation [14].

The above research mainly focuses on the performance and critical structural parame-
ters of constant-pressure variable displacement piston pumps. However, in contrast, the
self-supplied smart pump can not only actively regulate the pump outlet pressure by the
servo valve, but also, importantly, the servo valve’s oil source comes from the pump outlet
and does not need to add an auxiliary pump source. This makes the output characteristics
of the self-supplied smart pump very different from those of constant-pressure variable
displacement pumps and other servo pumps. Kemmetmuller et al. designed a pressure
control strategy for the self-supplied variable displacement axial piston pumps used in
injection molding machines. They developed a load estimator combined with feed-forward
and feedback strategies, achieving high-dynamic-pressure tracking under an unknown
load [15]. Mu et al., for the pressure control task of self-supplied variable axial piston
pumps, using the smooth hinge function provided a control strategy consisting of feedfor-
ward and feedback control, compared to switching feedforward control, which can avoid
the issues that occur when switching [16]. Guo et al. designed a control scheme combining
the output redefined switching control scheme, and the experimental results illustrate the
effectiveness of the control strategy [17]. Huang et al. developed a mathematical model
of a self-supplied variable displacement pump, including a control system. They used a
filter-X least mean squares algorithm with time-delay compensation to compute active
control signals and reduce pressure pulsation [18].

In summary, the current research on self-supplied variable displacement pumps pri-
marily focuses on high-precision pressure control and reducing pressure pulsation through
active control. However, few studies have investigated the impact of critical structural
parameters on performance or the output characteristics of these pumps. Conducting
these studies will not only provide a better understanding of the output characteristics
of self-supplied variable displacement pumps; it will also guide the design of their key
components. Based on the above considerations, this paper describes the principal scheme
of a novel self-supplied aviation intelligent pump, establishes its nonlinear mathematical
model, and analyzes in detail the effects of crucial structural parameters, such as the offset
spring’s stiffness and control piston’s diameter on the output characteristics of the self-
supplied pump, and experimentally explores the output performance of the pump under
different conditions.

The paper is structured as follows: firstly, a detailed description of the SAIP’s working
principle is provided, along with the nonlinear modeling process based on it; secondly,
a simulation study is conducted on the output characteristics, based on a mathematical
model, considering the offset spring’s stiffness, control piston’s diameter, and other critical
structural parameters; subsequently, the accuracy of the established system model is
verified through experiments, and the SAIP’s output performance is investigated under
different operating conditions; and lastly, the paper concludes.

2. SAIP System Description
2.1. System Principle

Figure 1 shows the SAIP’s working principle. Its primary function is to regulate
pressure and flow by adjusting the displacement, achieved by changing the swash plate
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inclination. To regulate pressure, for example, the servo valve spool assumes the role of
the torque motor to the left when the pump outlet pressure is lower than the set value.
Then, the control piston chamber is connected to the return oil circuit, and the swash plate
inclination increases continuously under the action of the offset spring’s torque and other
swash plate moments to make the displacement larger until the system pressure rises to the
set value. When the pump outlet pressure exceeds the set pressure, the servo valve spool
moves to the right, connecting the control piston chamber to the high-pressure oil circuit.
This causes the control piston to continuously decrease the swash plate inclination under
hydraulic pressure, reducing the pump displacement until the system pressure reaches
the set value. Due to the servo valve’s high-frequency response, the control piston’s short
moving distance, and the swash plate assembly’s small inertia force, the response speed of
displacement changes is faster.

Valve Cylinder
plate

Figure 1. Schematic diagram of the SAIP.

The SAIP comprises three main parts: the piston pump, the variable displacement
mechanism, and the electro-hydraulic servo valve. The piston pump is responsible for
the output of high-pressure hydraulic oil. The variable displacement mechanism adjusts
the swash plate inclination to change the displacement, while the servo valve controls the
variable displacement mechanism’s motion to achieve precise flow and pressure control.
The SAIP is a complex and nonlinear time-varying dynamics system. It has the nonlinearity
of flow and pressure inherent in the pump outlet and servo valve and nonlinearity in the
valve’s dead zone and moving parts friction. Additionally, it is affected by the time-varying
nature of the elastic modulus of the oil, the damping coefficient of the moving parts, and
the valve flow coefficient. Furthermore, the system’s load and environmental conditions
can be easily altered, leading to significant interference and a broad range of changes in
system parameters.

2.2. Electro-Hydraulic Servo Valve Model

The electro-hydraulic servo valve is the critical component of the SAIP, controlling
the flow into and out of the control piston chamber, thereby controlling the extension and
retraction of the control piston rod. When the spool travel is positive, high-pressure oil
flows through the servo valve into the control piston chamber; when the spool travel is
negative, the control piston chamber returns oil through the servo valve to the tank. The
flow—pressure equation of the servo valve is:

Q= Gy = (B~ ) (0 2 0) &)

Qe = Cywx, ;(pL — By)(xy < 0) %)



Actuators 2024, 13, 186

50f24

where Q. is the flow in and out of the control piston chamber through the servo valve,
called the servo valve control flow, m3/s; C, is the valve’s flow coefficient (according to the
theory of fluid mechanics, because the flow here is not completely contracted according to
the structural parameters of the valve, so the flow coefficient C; = 0.7~0.8 is directly selected
in this paper, and it has almost nothing to do with the Reynolds number); w is the valve’s
opening area gradient, m; x; is the spool displacement, m; p is the density of hydraulic
oil, kg/m3; P, is the pump outlet oil pressure, Pa; Py is the control piston chamber’s oil
pressure, Pa; and Py is the oil tank’s pressure, Pa.

The dynamic characteristics of an electro-hydraulic servo valve (with a servo amplifier)
can be represented by a second-order differential equation:

1 . 2
g4 B
Wy Wsp

jCz; + Xy = kuu (3)

where wy, is the undamped natural frequency of the servo valve, 1/s; (s is the damping
ratio of the servo valve; k;, is the servo valve gain, m/V; and u is the input voltage, V.
Because usually the frequency response of the servo valve is much faster than the
system frequency response, the servo valve dynamics can be regarded as a proportional
element:
Xy = kyu 4)

According to Equations (1), (2) and (4), then

Qe :kcu[S(u),/Pp—PL+S(—u)\/PL—PO} )

where k. = kgky, is the total flow gain of the servo valve, k; = C4w/2/p; and S(u) is an
. . . . lu>0
approximate sign function defined as S(u) = { 0u<0

2.3. Model of the Variable Displacement Mechanism-Swash Plate Assembly

The flow continuity equation is satisfied in the control piston chamber when the
control flow, Q., enters and exits the control piston chamber:

Qc = Apity + — b+ CLP; ©)
B.

where A, is the effective area of the control piston, m2, Ap = nd% /4, dy is the diameter of
the control piston, m; Xp is the displacement of the control piston, m (this paper stipulates
that the direction of the swash plate inclination decreases for the positive direction of
displacement); V is the effective volume of the control piston chamber, mV=V+A pXp,
Vy is the initial volume; B, is the volume elasticity modulus of the hydraulic oil, Pa; and Cp.
is the leakage coefficient of the control piston chamber, m?/(Pa-s).

When the control flow, Q., enters and exits the control piston chamber, the control
piston rod will extend or retract, and its kinetic analysis is shown in Figure 2, which mainly
takes into account the reaction force, F, from the swash plate; the hydraulic pressure, Fy,
formed by the oil in the piston chamber; and the viscous resistance, Fp, in the process
of movement.

Fp Fy

A

Figure 2. Force analysis of control piston rod.
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The force balance equation is:

where m,, is the mass of the control piston, kg; B, is the viscous damping coefficient of the
control piston, N-s/m; and F is the reaction force of the swash plate on the piston rod, N.

The control piston rod pushes the swash plate to rotate, so that its inclination changes
to adjust the pump displacement. The swash plate’s kinetic analysis is shown in Figure 3.
This paper focuses on the dynamic change in swash plate inclination, so only the moment
around the swash plate rotary axis, Ox, is analyzed. This paper stipulates that the moment
that the swash plate inclination increases is positive. The torque that rotates the swash
plate around the axis Ox includes the control torque, M, formed by the driving force F
of the control piston, the offset torque My formed by the offset spring force Fy, the swash
plate’s own inertial torque M;, and the combined torque of the other forces on the swash
plate, M. The control torque, M,, of the control piston and the offset torque, My, of the offset
spring are called the load torque of the variable displacement mechanism.

y4
y 4
4—\£4~
l ARG

—B'IB'B'B"BJBBBB

< Y

Figure 3. Force analysis of the swash plate.
The moment balance equation for the swash plate around the Ox axis is as follows:

M. = My + Ms + M

M, = FL ©
Mk = FkL = K(xp +XO)L

M; = 17

where L is the vertical distance from the control piston and offset spring force to the swash
plate rotary axis, m; I, is the rotational inertia of the swash plate assembly around the swash
plate rotary axis, kg-m?; «y is the swash plate inclination, rad; K is the stiffness of the offset
spring, N/m; and xj is the pre-compression of the offset spring, m.

Equations (7) and (8) can be linked to obtain the control piston-swash plate integrated
dynamic equations:

I . M . .
PLA, + f'y — K(xp +x0) — T~ Byxp = mpx, 9)
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As the swash plate and control piston are mechanically connected, a natural geo-
metrical relationship exists between the swash plate inclination, 7y, and the control piston
displacement, x,, as shown in Figure 4.

Initial position of
/ the swashplate

Y _a X __

Real-time position
of the swashplate

Figure 4. The geometric relationship between the swash plate inclination and control piston’s
displacement.

The geometric relationship can be derived from Figure 4:

X —X
tany ==
1
__ Xpmax ( 0)
tan ’)/max - L

Since the swash plate always moves within a slight angle, it can be approximated that
tan y = 7, then there is:
Xp : L max ’)/)
xp = —Ly (11)

By substituting Equation (11) into Equations (6) and (9) and collating them, we obtain:

B, AplB.. Cip,
PL—vQc'i‘ % Y= v Py (12)
F= P (T o) = 7o — 13

where m = my + I,/ L? is the combined mass of the control piston and swash plate assem-
bly, kg.

In addition, the modulus of elasticity of the pump’s solid material is much larger than
that of fluid. Therefore, the model in this paper considers the solids in contact with the oil
to be rigid, so the vibrations and associated effects are not considered.

2.4. Detailed Analysis of Swash Plate Torque

When the rotational speed is constant, the flow and pressure control of the servo pump
are achieved by changing the swash plate inclination to adjust the displacement. Therefore,
it is necessary to conduct a detailed study of several key moments on the swash plate,
as the various moments on the swash plate directly affect its dynamic response, which
in turn affects the flow and pressure regulation. As stated previously, the swash plate is
rotated around the Ox axis by the load moment of the regulating mechanism, the moment
of the swash plate inertia, and the combined moment of other forces on the swash plate, M.
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The load moment of the regulating mechanism and the moment of the swash plate inertia
have already been calculated in the previous section. This section will provide a detailed
analysis of the combined moment of other forces on the swash plate, M. The combined
moment comprises the hydraulic moment My, which is formed on the swash plate by the
oil pressure in each plunger chamber, the moment of inertia M;, which is formed on the
swash plate during the movement of each plunger, the friction moment M;, which the
swash plate experiences when it rotates, the friction moment M3 between the plunger ball
and the ball groove of the sliding shoe, and the self-weight moment M, generated by the
swash plate’s own weight.

2.4.1. Hydraulic Torque of the Plunger Chamber on the Swash Plate

As the cylinder block rotates, the plunger chamber switches between the pump’s
low-pressure inlet and high-pressure outlet connection, causing the oil pressure to alternate
between high and low. An alternating hydraulic moment is created on the swash plate
at a frequency equal to the piston pump’s pressure pulsation frequency. Due to the high
rotational speed and the high discharge pressure of the pump, hydraulic torque has a
significant value and high-frequency change, which has an essential influence on the
dynamic characteristics of the swash plate.

Figure 5 analyzes the hydraulic moment of a single plunger on the swash plate, while
the combined hydraulic moment of all plungers in one cycle is Mp This paper specifies
that a positive hydraulic moment causes an increase in the swash plate inclination, while a
negative hydraulic moment causes a decrease.

S

=
AL
N

//élﬁj \ 0. | Wt -

A
AN
S

Figure 5. Hydraulic torque analysis of a single plunger on a swash plate.

Based on the dynamic analysis presented in Figure 5, it can be inferred that:

Fi— B, _ PA
Cos Y cosy
L Rsinf;+asiny+e (14)
]- =

cosy

where F; is the hydraulic pressure of the j-th plunger on the swash plate, N, j € [1, Z]; Fp is
the hydraulic pressure on the plunger, N; P; is the hydraulic pressure in the j-th plunger
chamber, Pa; A is the area of the plunger, mZ; L]- is the length of the arm from Fj to the
swash plate rotating shaft, m; R is the radius of the plunger distribution circle, m; f; is the
circumference distribution position of the j-th plunger, p; = g+ B, +2(j — 1)71/Z, rad; p
is the cylinder block angle, rad; B = wt, w = 27tn/60, w is the rotation angular speed of
the cylinder block, rad/s; a is the offset distance between the force point of the plunger
ball head and the rotating shaft of the swash plate, m; and e is the eccentricity of the swash
plate, m.
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This paper stipulates that a is positive when the swash plate rotor axis is located to the
right of the force point of the plunger ball head, and negative when the opposite is true; e
is positive when the rotor axis is moving in the direction of the upper dead center of the
plunger movement (the plunger is fully extended), and negative when the opposite is true.
The combined hydraulic torque of each plunger on the swash plate is:

P;A(Rsinf; 4 asiny+e
My =Y, FLi=-Y A Reiny )

) . 15
j=1 j=1 o 7 (15)

During one cylinder block rotation cycle, the valve plate’s structure affects the variation
in the oil pressure, P;, of each plunger chamber. This paper focuses on the asymmetric valve
plate with a triangular vibration damping groove, whose structure and the corresponding
plunger chamber pressure are shown in Figure 6.

Figure 6. Structure of valve plate and pressure change in plunger chamber.

When the pump cylinder rotates one revolution, each plunger will pass through a
high-pressure zone, a low-pressure zone, and two transition zones formed by the triangular
damping groove.

In the transition zone, the pressure in the plunger chamber undergoes a nonlinear
change, and its specific derivation process is more complicated. Usually, the effective
method is to linearly approximate the plunger chamber pressure in the transition zone.
This allows for obtaining a formula for the change in the plunger chamber pressure during
the rotation period.

P, 0<p <%)
Bt (B-%) (5<p<5+06)
P = Py 7HAB<B; < 37”) (16)
Po+ g (B =) (% <py< % +0p)
Pp 377T+A:8<:Bj§27[)

where AS is the central angle corresponding to the pump triangular vibration damping
groove, rad.

2.4.2. Inertia Torque of the Plunger on the Swash Plate

When the cylinder block rotates, the plunger moves in a reciprocating straight line
relative to the block and rotates around the main shaft. The movement trajectory of the
plunger ball head on the swash plate is an ellipse, as shown in Figure 7. When the plunger
rotates at an angle of B around the central shaft from the top dead center position A to
position B, the plunger ball head moves along an elliptical arc, AB. The projection of this
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arc on the surface, Oxy, is an arc, AB’. Based on the geometric relationship, the axial
displacement of the plunger can be determined as follows:

S = Rtany(1 —cosB) (17)

I AAT

Figure 7. Movement path of the plunger ball head.

During the process of changing the swash plate inclination and cylinder block rotation,
the speed and acceleration of the j-th plunger’s axial motion are:

v = 5= R{’%SBC2’Y(1 —Cosﬁ]) —}-wtan'ysinﬁ]}

wj = S=R {'} sec? 'y(l — cos ﬁ]) + 247 tany sec (1 — cos [Sj) + 2w sec? 7y sin B+ w?tan vy cos B; (18)

where v; represents the axial motion speed of the j-th plunger, m/s; a; represents the axial
motion acceleration of the j-th plunger, m/s?.
Then, the combined inertia moment of each plunger on the swash plate is:

Z mpa; VARITH (Rsin/%j+asin'y+e)

M; = Z Li=Y. (19)

cos? y

Equation (19) shows that the combined inertia moment of each plunger to the swash
plate changes periodically. However, since the mass of the plunger is usually small, the
combined moment amplitude is also tiny.

2.4.3. Frictional Torque of Swash Plate Rotation

The swash plate is fixed to the piston pump housing by two bearings, and when the
swash plate rotates, it is subjected to frictional resistance torque from the bearings. This
torque is affected by the pressure of the pump inlet and discharge chambers. The average
value of this resistance can be expressed as:

7'Ed2Z1’1f1

M, = 8 cosy

(Py + Py) (20)
where rq is the radius of the swash plate support axis, m; f1 is the bearing friction coefficient
at the swash plate support. Since r1 and f are usually small, the frictional torque M, value
is small.
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2.4.4. Frictional Torque between the Plunger Ball Head and the Boot Ball Groove

When the swash plate rotates, the plunger ball head and the shoe ball groove slide rel-
ative to each other, resulting in frictional torque. This torque is also affected by the pressure
of the pump inlet and discharge chamber, and can be expressed as an average value:

ndZZr2f2

M pr—
3 8 cosy

(Pp + Py) (21)
where r; is the radius of the plunger ball head, m; f; is the friction coefficient between the
plunger ball head and the boot ball groove. Similar to M,, because r; and f; are usually
small, the value of frictional torque M3 is small.

2.4.5. Self-Weight Torque

When the swash plate’s gravity center does not fall on the rotating axis of the swash
plate, the gravity of the swash plate will produce a self-weight torque, the magnitude of
which is:

My = Gbcosy (22)

where G is the weight of the swash plate, N; b is the distance between the swash plate’s
gravity center and the rotating axis, m. Because b is usually tiny, the self-weight torque, My,
of the swash plate is small.

2.5. Piston Pump Output Characteristic Model

The pump outlet flow continuity equation is as follows:

V., .
Qp =kgy— CpPy — ﬂlpp (23)

e

where Q) is the load flow rate of the pump, m3/s; kg is the flow coefficient, kg = nﬂdszZ /4,
m3/s; n is the spindle speed, r/min; d is the diameter of the plunger, m; D, is the diameter
of the plunger distribution circle, m; Z is the number of plungers; C, is the leakage
coefficient in the pump, m?/(Pa-s); P, is pump outlet pressure, Pa; and V), is the pump
outlet volume, m3.

Rewrite Equation (23) as:

ﬁe ﬁecp ﬁ
_Pepoy BCrp _Peg 24
Vp QY Vp p Vp p (24)

By taking state variables [xq, X2, X3, x4] T_ (7,7, P, Py Tand combining Equations (5),
(12), (13) and (24), the state space equation of the SAIP system can be obtained as follows:

X1 =X
X2 = Cyrx1 + Coxp 4 Cax3 + ¢(x) (25)
x3 = g(x, u)u+ Csxp + Cqx3
x4 = Cex1 + Cyxy + Cng
B A c A,LB, koB,
where Cl = _%/CZ = _WP/C?) = _WE/C4 = - %/ﬁe/CS = pT‘BL/C6 = \Q/fL/C7 =
—CpB,/Vy, Cg = =B,/ Vp, p(x) = 1\:1(;;) Ko+ ’ymax) ( ) is the other torque M, sub-
jected to the swash plate mentioned above, g(x, 1) )\/Pp — PL + S(—u)/PL — Py).

To facilitate writing in the derivation process, ¢(x ) and M( ) are abbrev1ated as ¢ and M,
respectively, in the rest of the paper.

Since the modulus of elasticity of the oil, pump leakage coefficient, etc., are affected by
factors such as air content and temperature in the fluid, which are time-varying parameters,
and then combined with Equation (25), it can be seen that the SAIP system is a fourth-order
nonlinear time-varying system.
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3. Simulation Study of SAIP’s Output Characteristics

In this section, the SAIP simulation model is developed in Simulink, and the output
characteristics and the influencing factors are explored in the simulation. The output
characteristics of the SAIP refer to the dynamic characteristics of the pump outlet pressure
and output flow rate.

In the simulation model, the load is simulated with a throttled hole, and the magni-
tude of the load is changed by changing the diameter of the hole, and its flow—pressure
equation is:

4 P

where C; is the throttling coefficient; df is the hole’s diameter, m.

The SAIP model established in Simulink consists of four parts: the electro-hydraulic
servo valve input voltage part, the load part, the servo pump body part, and the servo
pump status display part. When the control voltage is positive, the high-pressure fluid
enters the control piston cavity through the servo valve, so that the control piston rod
pushes the swash plate inclination to reduce; when it is negative, the high-pressure fluid
in the control piston cavity returns to the oil tank through the servo valve, and the swash
plate inclination increases under the action of other swash plate moments (mainly for the
combination of hydraulic torque and offset spring torque), and pushes the control piston
rod to retract at the same time. The parameters used in the simulation are shown in Table 1.
The solver set in Simulink is the Bogacki-Shampine solver, which computes the state of
the model as an explicit function of the current value of the state and the state derivatives,
which belongs to the fixed-step solver. The step size is set to 0.0001 s.

(26)

Table 1. Simulation parameters of the SAIP.

Parameter Value Unit Parameter Value Unit
n 2000 r/min Vp 6.28 x 1077 m?
D 4.66 x 1072 m Is 5.76 x 107* kg-m?
e -12x 1073 m Be 1.5 x 10° Pa
d 1.21 x 1072 m P 840 kg/m3
L 453 x 1072 m Py 0 Pa
X 1.16 x 1072 m ko 1.6 x 1072 m3/s
my 99 x 1073 kg Ymax 237/360 rad
B, 0.6521 N-s/m ke 727 x 10710 m3/(s-V-Pal/?)
CL 1.60 x 10~13 m3/(Pa-s) C, 0.7 1
Vo 2.83 x 1077 m3 AB 0.074 rad
K 1.78 x 10~* N/m dp 12 x 1072 m
Cp 1.60 x 10~13 m3/(Pa-s) df 2 %1073 m

3.1. Effect of Offset Spring’s Stiffness on Output Characteristics

The function of the offset spring is to control the swash plate at maximum inclina-
tion in the initial state of the pump, allowing for maximum flow output. Additionally, it
provides part of the return torque during the swash plate rotation process. If the offset
spring’s stiffness is too tiny, the swash plate may return weakly or even jam, resulting in no
flow output from the pump and potentially causing severe accidents. Conversely, if the
stiffness is too great, the swash plate may not be easily driven by the variable displacement
mechanism, resulting in a slow displacement adjustment and reduced performance. There-
fore, it is necessary to investigate the impact of the offset spring’s stiffness on the SAIP’s
output characteristics.

The offset spring’s stiffness of the SAIP mentioned above was 17.8 kN/m. For the
sake of obvious comparison, the offset spring’s stiffness values of the control group were
taken to be 1.78 kN/m and 178 kIN/m. The swash plate initial inclination was set to 0°,
and the electro-hydraulic servo valve input voltage was —4 V (because the larger reverse
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voltage makes the control piston chamber return oil smoothly: this excludes the effect of
the servo valve on the swash plate dynamics and highlights the role of the offset spring).
The dynamic characteristics of the swash plate and the output characteristics of the SAIP
during the rotation of the swash plate to the maximum inclination angle were explored
through a simulation, and the results are shown in Figures 8 and 9.

12

1
o |
|

—— 1.78kN/m = = 17.8kN/m =—-=178kN/m

y/°
[*))

O 1 1 1 1 1 1 1 1 1
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Figure 8. Swash plate inclination with different offset spring’s stiffness.
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Figure 9. Output characteristics with different offset spring’s stiffness. (a) Pump outlet pressure;

(b) pump output flow.

Figure 8 indicates that increasing the offset spring’s stiffness from 1.78 kN/m to
17.8 kN/m reduces the swash plate’s return time from minimum to maximum inclination
by half. However, there is no significant reduction in the return time when the stiffness
is increased from 17.8 kN /m to 178 kN/m. Increasing the stiffness in the small stiffness
stage improves the return speed. However, the effect is no longer significant after a certain
point. Additionally, excessively high stiffness increases the volume, weight, and the load
of the variable displacement mechanism, leading to a slow displacement adjustment. The
conclusion drawn from the analysis can be used to determine the offset spring’s stiffness
for the piston pump design.

It can be seen from Figure 9 that the change rule of pressure and flow rates is basically
the same as the change rule of swash plate inclination with different spring stiffness.
The only notable difference is that the swash plate inclination increases in the first 0.05 s
while the pressure and flow rates remain at 0. The reason is that the oil output from the
pump needs to fill the pipe and flow out of the throttle orifice before the pressure can be
established. This process takes a certain amount of time, resulting in zero pressure and

flow rate for the first 0.05 s.
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3.2. Effect of Control Piston’s Diameter on Output Characteristics

The control piston’s role is to push the swash plate to reduce its inclination. When the
oil pressure in the control piston chamber is constant, the force of the control piston rod
acting on the swash plate is determined by the control piston’s cross-sectional area, so the
control piston’s diameter will affect the dynamics of the swash plate inclination, and then
affect the output characteristics of the SAIP.

The study simulated the output characteristics of a SAIP with a control piston diameter
of 12 mm and compared it to control groups with control piston diameters of 6 mm, 8§ mm,
and 16 mm. The initial inclination was set to 11.5°, and the servo valve input voltage was
1 V. The output characteristics in reducing the swash plate inclination driven by the control
piston rod were explored. The results are presented in Figures 10 and 11.

14

-+ 6mm- - 8§ mm— 12 mm 16 mm

----6mm- - 8 mm—12 mm 16 mm 20} ----6mm- - 8§ mm— 12 mm 16 mm

0.0 0.5 1.0 L.5 2.0 2.5 3.0

0.0 0.5 1.0 1.5 2.0 2.5 3.0
t/s

(a) (b)

Figure 11. Output characteristics with different control piston diameters. (a) Pump outlet pressure;

t/s

(b) pump output flow.

Figure 10 demonstrates that when the control piston’s diameter is 6 mm, the control
piston rod cannot push the swash plate. As the diameter increases to 8 mm and 12 mm,
the speed of swash plate inclination reduction also increases. However, when the control
piston’s diameter is 16 mm, the speed of the swash plate inclination reduction is lower
than that of 8 mm and 12 mm. This is because, when the piston diameter is increased,
the chamber volume also increases, requiring more oil to enter. The opening of the servo
valve restricts the speed of oil entering, resulting in a lower rate of swash plate inclination
when the control piston’s diameter is 16 mm. It is evident that the variable displacement
mechanism cannot push the swash plate when the diameter is too small. Increasing the
diameter can improve the variable displacement mechanism’s action speed, but it can
reduce the speed if it is too large. This conclusion can guide the determination of the
control piston’s diameter in the SAIP design.

It should be pointed out that the SAIP studied in this paper is a self-supplied pump.
That is, the oil source of the servo valve is the pump outlet oil. When the load is constant, the
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swash plate inclination decreases, causing the pump displacement and outlet oil pressure to
decrease. Eventually, the variable displacement mechanism will not push the swash plate,
and it will stabilize at a certain angle. This is a significant characteristic of the self-supplied
servo pump. Therefore, in Figure 10, the swash plate is stabilized at a certain angle. The
larger the control piston’s diameter, the greater the force of the control piston rod on the
swash plate. As a result, the swash plate is stabilized at a smaller angle.

The analysis of Figure 11 shows that the change rule of pressure and flow rates is
basically the same as the change rule of inclination with different control piston diameters.
However, since the SAIP is self-supplied, there is no high-pressure oil in the control piston
chamber before starting, and the displacement adjustment begins almost until the pump
has wholly established the pressure. Figure 11 shows that the process of increasing pressure
takes about 0.02 s.

3.3. Effect of Rotation Speed on Output Characteristics

To study the effect of rotation speed on the output characteristics of the SAIP, the servo
valve voltage is taken to be 0 V, and the rotational speeds are taken to be 800 r/min, 1200
r/min, 1600 r/min, and 2000 r/min for the simulation. The other parameters are shown in
Table 1, and the simulation results are shown in Figure 12.

12 20
" 18( ---+800 /min — -~ 1200 t/min
( =---800 r/min =--1200 r/min 16
8 1600 r/min —— 2000 r/min M 1600 r/min —— 2000 r/min
£ g 12}
g o mmmmmmmm
E 6 S 10f
a S B mmmmm s s mm m s
L U U St
2 e | T
2 -
0 L 0
0 1 2 3 4 5 6 0 1 2 3 4 5 6
tls tls
(a) (b)

Figure 12. Output characteristics with different rotation speeds. (a) Pump outlet pressure; (b) pump
output flow.

Figure 12 shows that the higher the rotation speed, the higher the output flow and the
higher the pressure formed. However, the flow rate and speed are not strictly proportional.
As can be seen from the figure, the steady-state flow rate is 7.8 L /min at 800 r/min and
19 L/min at 2000 r/min. The magnitude of the flow rate increase did not change to 2.5 times
the initial magnitude as well as the rotational speed. The main reason is that the system
pressure increases, and the leakage in the pump increases, resulting in a lower output flow.
The results show that the pump’s flow rate is not strictly proportional to the displacement,
and the higher the load, the smaller the pump’s output flow at the same speed.

In order to visually show the influence of rotational speed on the flow rate and
pressure, the steady-state average values of the flow rate and pressure at different speeds
were calculated, and the fitting curves of the flow rate and pressure with speed were drawn
according to the results, as shown in Figure 13.
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Figure 13. (a) Fitting curve of flow rate variation with speed; (b) fitting curve of pressure variation
with speed.

As can be seen in Figure 13a, the flow rate is almost proportional to the speed, and
it can be seen in Figure 13b that under the condition of a certain load, the pressure at the
outlet of the servo pump has an obvious nonlinear relationship with the speed, and the
relationship curve is convex. With the increase in the rotational speed, the rate of change
in pressure also increases gradually, that is, under the same rotational speed increase, the
higher the rotational speed, the greater the increase in pressure. This law is also consistent
with the pressure—flow equation of the throttling holes.

3.4. Effect of Servo Valve’s Input Voltage on Output Characteristics

To investigate the effect of the servo valve’s input voltage on the output characteristics
of the SAID, this section simulates the two processes of decreasing and increasing the swash
plate inclination.

3.4.1. The Process of Decreasing the Swash Plate Inclination

The servo valve’s input voltages were taken as 0.15 V, 0.3 V, and 0.5 V, the initial swash
plate inclination was set to 11.5°, other parameters are shown in Table 1, and the simulation
results are shown in Figure 14.

(o /{ L/min)

tls t/s
(a) (b)

Figure 14. Output characteristics with different servo valve input voltages. (a) Pump outlet pressure;

(b) pump output flow.

Figure 14 shows that as the voltage increases, the change in displacement accelerates
significantly. However, because of the self-supplied characteristics, as seen in the previous
section, the swash plate inclination will be stabilized at a specific value, so the pump outlet
pressure and output flow rate will also be stabilized to a particular value. At a steady
state, although oil is still flowing into the control piston chamber, while the control piston
chamber has leakages, the inflow of oil just compensates for the oil leakage, so the control
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piston no longer moves. The voltage increases, the servo valve opening increases, the
throttling effect on the oil decreases, and the final oil pressure of the control piston chamber
can be higher, which can make the swash plate stable at a smaller angle, so the pump outlet
pressure and output flow can also be stable at a smaller value.

3.4.2. The Process of Increasing the Swash Plate Inclination

The servo valve voltage was set to 0 V for the first 0.6 5,4 V for 0.6~1's, and —0.15V,
—0.3'V,and —0.5 V after 1 s. The purpose of this setting is to wait for the SAIP to establish
the outlet pressure fully, then adjust the swash plate to the smallest angle that can be
achieved, and then let the swash plate return to the position to explore the pressure and
flow dynamics of the SAIP with different reverse voltages. The results are shown in
Figure 15.

Qp /( L/min)

I I I I I I I I I 8 L L L L L L L L L
%.0 02 04 06 08 10 12 14 16 18 20 00 02 04 06 08 1.0 12 14 16 18 20
t/s t/s

(a) (b)

Figure 15. Output characteristics with different servo valve input voltages (negative voltages).
(a) Pump outlet pressure; (b) pump output flow.

Figure 15 shows that as the voltage increases in the reverse direction, the outlet
pressure and output flow rate to return to the maximum time value continue to shorten.
The reason is that the voltage increases, the servo valve opening increases, the throttling
effect of the oil in the control piston chamber is weakened, the oil is more accessible to
return to the tank, and the swash plate is more straightforward to return to the position.
A comparison with the simulation results of controlling the swash plate inclination to
decrease shows that for the same voltage, the time required for the swash plate to return to
the maximum value is shorter, about half the time needed for the former.

4. Experimental Validation
4.1. Experimental Bench

The experimental platform built for the SAIP, as shown in Figure 16, mainly consists
of two major systems: one is the mechanical-hydraulic system, mainly including an oil
tank, drive motors, cooling fans, throttle valves, relief valves, a variety of switching valves,
as well as flow and pressure sensors; and the other is the measurement and control system,
which mainly consists of the power cabinets, signal cabinets (including Siemens S7-1200
PLC), a junction box, and human—computer interaction equipment. Table 2 shows the
information on the main sensors.

Table 2. Main sensors of the experimental platform.

Sensors Signals Range Precision
Pressure sensor 0-10V 0-30 MPa +0.2% FS
Flow rate sensor 4-20 mA 1-40 L/min +0.2% FS

Rotational speed sensor 5-15 kHz 0-8000 rpm +0.2% FS
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Figure 16. Experimental platform.

The working principle of the experimental system is that the industrial computer
communicates with the PLC through the Ethernet line as the host computer, and the PLC
collects the signals from each sensor as the lower computer. After receiving instructions
from the host computer, the PLC outputs the control signal to the electro-hydraulic servo
valve according to the written control program. Then, the electro-hydraulic servo valve
adjusts the swash plate inclination by controlling the high-pressure oil in and out of the
control piston chamber and realizes the accurate control of the output flow rate and outlet
pressure of the SAIP through variable displacement.

The intelligent pump prototype is transformed from an aviation constant-pressure
variable displacement pump, which can be realized by replacing the valve core of the
pressure regulator and connecting the servo valve pipeline outside the pump. Table 3
shows the parameters of the intelligent pump prototype.

Table 3. Parameters of the SAIP prototype.

Parameters Values
Rated pressure ;4.4 (MPa) 21
Rated displacement V), (mL/r) 9.5
Maximum rotation speed # (rpm) 4200
The rated flow rate of the servo valve Qs (L/min) 2
Rated current of the servo valve Iy, (mA) +10

It is worth noting that the signals collected by the sensors will be affected by their
measurement accuracy, leading to certain errors. At the same time, electromagnetic noise
will also affect the signal when transmitting to the controller, resulting in a certain oscillation.
The combination of these factors can lead to uncertainty in signal measurements. This
uncertainty can be reduced to an acceptable range by selecting a high-precision sensor and
employing a suitable filtering algorithm.

4.2. Experiments on the Output Characteristics of the SAIP

The experiment used two working conditions to explore the effects of different rotation
speeds and servo valve input voltages on the output characteristics. The opening of the
throttle valve was kept constant to maintain a constant load.
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4.2.1. Experimental Results
(1) Effect of Rotation Speed on Output Characteristics
The servo valve voltage was set to 0 V. The experiments were carried out by using

the rotational speeds of 800 r/min, 1200 r/min, 1600 r/min, and 2000 r/min, and the
experimental results are shown in Figure 17.
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Figure 17. Output characteristics with different rotation speeds (experimental results). (a) Pump
outlet pressure; (b) pump output flow.

Figure 17 demonstrates that as the rotational speed increases, the servo pump’s flow
rate and outlet pressure also increase. And it can be found that when the speed increases by
the same amount, the increase in flow rate is almost the same, but the increase in pressure is
becomes larger and larger, that is, with the increase in speed, the law of change in pressure
becomes larger and larger. It can be seen that the relationship between the flow rate and
rotational speed is almost linear, and the relationship between the pressure and rotational
speed should be nonlinear. This law can be further understood by the pressure—flow
equation of the throttling holes. The flow rate is proportional to the square root of the
pressure, so the pressure increases exponentially as the flow rate increases almost linearly
with the rotational speed.

In addition, compared to the simulation results, it can be observed that the flow
and pressure curves at a steady state show more obvious oscillations. In addition to the
measurement noise to which the sensor signal is subjected, axial piston pumps’ inherent
flow and pressure pulsation characteristics are the main cause of this oscillation. The
instantaneous flow rate of a single plunger can be deduced from the principle of axial
piston pump as

,  md?>D
742

It can be seen that the instantaneous flow rate of a single plunger varies according
to a sinusoidal law. The instantaneous flow rate of the whole pump is the sum of the
instantaneous flow rates of several plungers in the oil compression zone, so it is also
pulsating. The self-supplied aviation intelligent pump model established in this paper
focuses on the output characteristics of this novel scheme, thus simplifying the modeling
of the flow pulsation characteristics common to axial piston pumps.

The average flow rate and pressure values were calculated at different rotational
speeds to visualize the relationship between the flow rate, pressure, and rotational speed.
Then, the fitted curves of the flow rate and pressure with rotational speed were plotted
based on the data in Table 4, as shown in Figure 18.

w tanvy sinwt (27)



Actuators 2024, 13, 186 20 of 24
Table 4. Average flow rate and pressure of the SAIP at different speeds.
Rotate Speed (r/min) Flow Rate (L/min) Pressure (MPa)
800 7.15 0.75
1200 11.23 3.09
1600 15.29 6.26
2000 19.37 10.32
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Figure 18. (a) Fitting curve of flow rate variation with speed; (b) fitting curve of pressure variation
with speed (experimental results).

Figure 18a shows that the flow rate is nearly proportional to the rotation speed. How-
ever, upon closer examination, the theoretical flow rate at 800 r/min should be 7.75 L/min
compared to 2000 r/min, while the actual flow rate is 0.6 L/min less. This is due to the
low speed at 800 r/min, which results in insufficient oil suction, causing the actual output
flow rate to be less than the theoretical flow rate. It is evident that the rotation speed of the
SAIP must not be too low during operation, as this may result in inadequate oil suction.
This also indicates that the use of adjustable rotation speed to control the output flow rate
will be limited by the minimum flow rate due to the minimum speed. When the rotational
speed is lower than the limit, it will cause the piston pump to have insufficient oil suction,
causing suction cavitation and reducing the life of the piston pump. It can be seen that the
electro-hydraulic servo variable displacement method adopted by the SAIP does not have
this problem and has more advantages.

Figure 18b indicates that the outlet pressure has a clear nonlinear relationship with
the speed at a specific load, and the relationship curve is convex, which is also in line with
the pressure—flow equation of the throttle orifice.

(2) Effect of Servo Valve’s Input Voltage on Output Characteristics

Set the rotation speed to 2000 r/min, and at the 2nd s, set the servo valve’s input
voltage t0 0.15V, 0.3 V, and 0.5 V, for the experiment, and the results are shown in Figure 19
and Table 5.

Table 5. Steady-state flow rate, average pressure, and setting time of servo pump under different
voltage tests.

Voltage (V) Flow Rate (L/min) Pressure (MPa) Setting Time (s)
0.15 14.45 6.03 1
0.3 12.20 4.04 0.5

0.5 11.59 3.56 0.3




Actuators 2024, 13, 186

21 of 24

Qp/( Limin)

— e DN
(= I S e =]

o, /( L/min)

tls tls
(a) (b)

Figure 19. Output characteristics with different servo valve input voltages (experimental results).

(a) Pump outlet pressure; (b) pump output flow.

It can be seen that as the voltage increases, the adjustment time of the SAIP is signif-
icantly reduced. The outlet pressure and output flow have a lower limit, and the lower
limit decreases with an increasing voltage. The reason is that the oil source of the servo
valve is the pump outlet oil. The servo valve oil supply pressure is also reduced when the
pump outlet pressure drops. When reduced to a specific value, the control piston rod can
no longer push the swash plate. Therefore, there is a lower limit to the SAIP’s flow rate
and pressure. After entering the steady state, although the oil continues to flow into the
control piston cavity, there is an internal leakage in the control piston cavity, resulting in
the inflow of oil just to compensate for the leaked oil, so the control piston no longer moves.
The analysis shows that the larger the servo valve voltage, the smaller the throttling effect
on the oil, so the oil pressure in the control piston cavity is higher, and the control piston
rod can push the swash plate to stabilize at a smaller angle. Hence, the lower limit of the
SAIP’s outlet pressure and output flow rate is lower.

4.2.2. Comparison of Simulation and Experimental Results

To verify the accuracy of the SAIP model established in this paper, the experimental
results are compared with the simulation results, as shown in Figures 20-23.

Figures 20 and 21 show that the experimental results at different rotation speeds and
simulation results in the trend are basically the same, only in the numerical value of the
slight difference. The subtle differences are mainly due to the fact that the simulation
parameters are not precisely the same as the actual physical system’s parameters, and there
are flow pulsations, pressure pulsations, external disturbances, and sensor noise in the
actual system, which are not easy to be considered in simulation conditions.
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Figure 20. Simulation and experimental results comparison of output flow at different speeds.

(a) Simulation results; (b) experimental results.
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Figure 21. Simulation and experimental results comparison of outlet pressure at different speeds.
(a) Simulation results; (b) experimental results.
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Figure 22. Simulation and experimental results comparison of output flow at different voltages.

(a) Simulation results; (b) experimental results.
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Figure 23. Simulation and experimental results comparison of outlet pressure at different voltages.

(a) Simulation results; (b) experimental results.

As can be seen in Figures 22 and 23, both the simulation and experimental results
show that as the servo valve’s input voltage increases, the displacement change accelerates.
There are lower limits for the flow and pressure; the larger the voltage, the lower the limit.
Under different servo valve input voltages, the simulation results are consistent with the
experimental results regarding the change trend.

From the above comparison results, it can be seen that the model established in this
paper can genuinely reflect the physical laws of the SAIP, which is correct and credible.
Based on the model, the study of the vital structural parameters’ effect on the output
characteristics is also credible and can guide the design of critical structural parameters.
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5. Conclusions

In this paper, a novel self-supplied aviation intelligent pump scheme is introduced.
Based on the established nonlinear model, the influences of various structural parameters,
such as the offset spring’s stiffness and control piston’s diameter, on the output charac-
teristics of the SAIP are analyzed in detail, and the performance under different working
conditions is investigated through experiments. The main conclusions are summarized
as follows:

(1) The scheme of a new SAIP is presented, which creatively draws oil from the pump
outlet as the oil source of the servo valve that regulates the swash plate inclination.
It has the advantages of a high power-to-weight ratio and a compact structure. It
can be easily modified based on a widely used aviation constant-pressure variable
displacement pump.

(2) Based on the principal analysis of the system, especially the load torque of the swash
plate, which is the key component to realize the variable displacement, it is analyzed
in detail, and the output characteristic model of the system, including a variety of
nonlinear characteristics, is established.

(3) Based on the system dynamic model, several vital structural parameters, such as the
offset spring’s stiffness and the control piston’s diameter, are simulated to study their
influence on the output characteristics and to guide the design of the key structural
parameters of the intelligent pump to meet the rapidity and effectiveness of the
displacement adjustment.

(4) The principal prototype and test bench of the SAIP are established, and the influence
of rotational speed and servo valve’s input voltage on the output characteristics
are experimentally investigated. By comparing the results with the simulation, the
established system model’s accuracy is verified, laying the foundation for the design
of the servo control strategy for the outlet pressure and flow of the SAIP.

(5) The SAIP model established in this paper focuses on the output characteristics of this
novel scheme, thus simplifying the modeling of the flow pulsation characteristics
common to axial piston pumps. The follow-up research can take into account the
characteristics of flow pulsation and pressure pulsation, and further improve the
accuracy of the model of SAIP, so as to help the development of aviation intelligent
hydraulic system.
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