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Abstract

Plunger pumps are widely used in high-pressure and high-flow applications and exhibit
strong adaptability to different fluid media. In addition to the interaction between the
valve and the fluid, a potential coupling effect may exist between the flow characteris-
tics of the pump and the electromagnetic characteristics of the motor. To investigate the
electromagnetic–mechanical–hydraulic coupling effect in a motor–pump system, a transient
coupled dynamics model integrating electromagnetic fields (EMF), multi-body dynamics
(MBD), and computational fluid dynamics (CFD) is developed. The motion of the valve
is incorporated into the model through dynamic mesh and user-defined function (UDF)
techniques. The different physical models are coupled through torque, speed, force, and
displacement. Based on the proposed model, the coupling characteristics of the system are
analyzed. The results show that pulsating components associated with the reciprocating fre-
quency appear in both the rotational speed and torque of the motor, resulting in fluctuations
of approximately 2.11% in speed and 29.57% in torque. These pulsations are also reflected
in the stator current spectrum. In addition, the valve motion at different crank angles and
the flow patterns in the pump chamber are analyzed. The electromagnetic characteristics
of the motor have a limited influence on the internal flow behavior of the pump.

Keywords: electromagnetic–mechanical–hydraulic coupling; multi-physics modeling;
electrical machine; plunger pump

1. Introduction
The plunger pump is a type of reciprocating pump that is widely used in the petroleum

and chemical industries to satisfy the requirements for high pressure and high flow rates [1].
The rotational motion of the crankshaft is converted into the reciprocating motion of the
plungers, which causes the working medium to be alternately sucked into and discharged
from the chambers. Valves are installed in each chamber and are designed to close auto-
matically under the action of spring force or gravity and to open when the hydraulic force
exceeds the spring or gravitational force. This self-actuating mechanism ensures that the
fluid flows only from the inlet to the outlet.

The fluid–structure interaction (FSI) has attracted considerable attention. The interac-
tion between the fluid and structural parts has varying effects depending on the part type.
On the one hand, the interaction with movable parts, such as valves and plungers, changes
their state of motion [2]. On the other hand, the interaction with fixed components, such as
cylinders, induces elastic deformation, which in turn generates vibration and noise [3].
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Recent research on FSI of plunger pumps has mainly focused on valve dynamics and
flow characteristics. Aakre et al. demonstrated the correlation between valve dynamics
and pump volumetric efficiency [4]. Owing to the spring preload and valve lift, the valve
opening and closing typically exhibit a phase lag [5]. Ma et al. investigated the effects
of valve parameters, including spring stiffness, preload, and lift, on this phase lag [6]. A
smaller spring force decreases the opening lag but increases the closing lag. In contrast,
a larger spring force reduces the closing lag of the valve but increases the opening lag,
consequently leading to more severe impacts between the valve plate and the valve seat. To
balance the impact and the lag, Zhu et al. proposed a variable-stiffness valve structure [7].
Moreover, the rotational speed and outlet pressure also affect the valve dynamics [8]. Zhao
et al. developed an FSI model for a high-pressure plunger pump to simulate the flow
characteristics in the clearance between the plunger and the plunger sleeve [9]. Dong
et al. established a CFD model for a high-pressure reciprocating pump to investigate the
relationship between the suction coefficient and valve motion, the mechanism of turbulence
generation, and the two-stage throttling phenomenon occurring during the lifting process
of the suction valve disk [10].

The models considering FSI can mainly be classified into three types: (i) lumped-
parameter models, (ii) spatially discretized models, and (iii) hybrid models. Qiu et al.
developed a lumped-parameter model for reciprocating liquid hydrogen pumps by inte-
grating the plunger and valve motion equations with the fluid continuity, energy balance,
and efficiency equations [11]. This type of model is well known for its simplicity and
low computational cost. Based on the finite volume method, Munsch et al. established a
numerical discretization model to study the effect of reflected pressure waves or expansion
waves from the inlet boundary on partial cavitation [12]. The main advantage of spatially
discretized models lies in their ability to describe complex flow phenomena, such as cavita-
tion and water-hammer effects, but their high computational cost limits their widespread
application. Hybrid models combine the advantages of the two approaches and achieve
a balance between computational efficiency and accuracy. In such models, spatially dis-
cretized models are employed in the domain of interest, while lumped-parameter models
are used in other regions. For example, Munsch et al. developed a 3D/1D seamlessly
coupled model in which the pump domain where cavitation occurs was simulated using
three-dimensional (3D) computational fluid dynamics (CFD), whereas the pipelines were
modeled using the one-dimensional method of characteristics [13].

The studies mentioned above provide a thorough understanding of FSI in reciprocating
pumps. However, the coupling interactions between the driving motor and the pump
have rarely been considered. Owing to advantages in system efficiency, vibration and
noise performance, and controllability, electrical machines are commonly used to drive
plunger pumps [14]. The pump and the motor are connected through a reduction drive to
convert electrical energy into hydraulic energy. Numerous studies have demonstrated that
coupling effects are common between electrical machines and their loads.

Szolc et al. investigated the coupling effects between a rotating machinery and its drive
motor system, calculated the electromagnetic stiffness and damping introduced by the
motor, and studied the influence of electrical parameters on mechanical transmission [15].
Chen et al. studied the electrical–mechanical and rigid–flexible coupling effects among the
gear transmission system, generator system, and control system in wind power generation
and found that the vibration and dynamic meshing force of the gear system were affected
by electromagnetic excitation, while the vibration and output current of the generator were
also influenced by internal excitation from the gear system [16]. Mauri et al. analyzed
the torsional vibration of the shaft system in a dual-inertia system including an electric
motor. They also investigated potential vibration behavior caused by the overlap between
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pulsating torque harmonics introduced by the motor and its control system and the natural
frequencies of the shaft system [17]. Liu et al. calculated the dynamic response of an electric
vehicle powertrain and demonstrated that electromagnetic effects and the PI controller
parameters of the control system can introduce new rotational modes and change the
low-order natural frequencies of the system [18]. Shu et al. investigated the dynamic
characteristics of a multi-motor drive system for a coal-cutting drum under three typical
working conditions and showed that the stator current is affected by the mechanical
characteristics of the transmission system [19].

Most studies on the coupling effects between pumps and motors focus on centrifugal
pump systems. Zhao et al. proposed a multi-physics finite element simulation approach
for a centrifugal pump system driven by a motor. By constructing the fluid load torque
equation of the pump, the transient electromagnetic vibration of the motor was simulated
and analyzed [20]. Nan et al. investigated the vibration of a centrifugal pump under fluid
and motor excitations. In their study, the fluid and motor excitations were obtained from
CFD simulations and experiments, respectively [21]. For centrifugal pump systems, Dong
et al. developed a multi-field coupling simulation model that includes the motor, shaft, and
pump, based on the finite element, modal superposition, and finite volume methods. The
results indicate that the operating conditions of the pump are influenced by the rotating
shaft and the driving motor [22]. In contrast to centrifugal pumps, plunger pumps have a
distinct working mechanism and exhibit a more complex operating process. Therefore, it is
necessary to investigate the interaction between plunger pumps and motors.

To account for the complex interactions within the plunger pump system, a system-
level simulation model is required to describe its dynamic behavior. Therefore, a novel
transient coupled dynamic model considering the electromagnetic–mechanical–hydraulic
coupling effects is proposed. In this model, the finite element method is used to compute
the electromagnetic characteristics of the induction motor, multi-body dynamics (MBD)
is employed to describe the motion of the crankshaft mechanism, and CFD is applied to
capture the internal flow characteristics of the pump. The different physical models are
coupled by exchanging coupling variables. The electrical characteristics of the induction
motor, the valve dynamics, and the internal flow characteristics of the pump are calculated,
and the interaction between the pump and the motor is discussed.

The contributions of this study are summarized as follows: (a) A comprehensive
coupled modeling framework is developed to account for the interactions among the motor,
fluid, and valve–plunger dynamics. This modeling framework is applicable to problems
involving three or more physical domains. (b) The coupling mechanism between the motor
and the plunger pump is clarified. Due to the modulation effect, the periodic load of
the pump induces sideband harmonics in the motor speed, torque, and current spectra.
The speed ripple generated by the motor has a limited influence on pump performance,
providing new insights into the motor–pump coupling mechanism. (c) The influence of
compressibility in valve dynamics and flow rate pulsation is revealed. The delay in valve
opening is the main cause of pump flow pulsation, and the compressibility of the fluid
significantly increases the valve opening delay.

2. Geometry Structure and Fundamental Parameters
A high-pressure five-cylinder plunger pump used for water transport in the petroleum

industry is investigated in this study. The geometric structure of the pump is shown
in Figure 1. To reduce flow and pressure pulsations, the pump adopts a five-cylinder
parallel configuration. Figure 2 further illustrates the internal structure of the pump head.
Specifically, a suction valve and a discharge valve, both equipped with spring mechanisms,
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are installed in each cylinder. The pump head is designed with two inlets and one outlet.
The main parameters of the pump are listed in Table 1.

Figure 1. Geometric structure of the plunger pump.

Figure 2. Internal structure of the pump head.

Table 1. Main parameters of the plunger pump.

Parameter Value Unit

Rated pressure 37 MPa
Theoretical flow rate 15.9 m3/h
Reciprocating stroke 127 mm

Plunger diameter 38 mm
Reciprocating frequency 370 min−1

A 160 kW three-phase induction motor is selected to drive the pump. Induction motors
are widely used in industrial applications due to their reliable operation and excellent
starting and overload capabilities. The structure of the motor is shown in Figure 3, and
its main parameters are listed in Table 2. The motor consists of a stator with three-phase
windings and a cast-aluminum squirrel-cage rotor. The pump and the motor are connected
through a gear reducer.

Figure 3. Main structure of the induction motor.
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Table 2. Main parameters of the induction motor.

Parameter Value Unit Parameter Value Unit

Rated power 160 kW Iron core length 395 mm
Rated voltage 380 V Air-gap length 1.3 mm
Rated current 285 A Stator outer diameter 520 mm
Rated speed 1490 rpm Stator inner diameter 350 mm
Frequency 50 Hz Rotor inner diameter 110 mm

Poles number 4 Connection type ∆

3. Transient Coupled Dynamics Model
To investigate the interaction mechanisms in a motor–pump system, an electrical–

mechanical–hydraulic coupled transient dynamics model is developed. The induction
motor is modeled using a two-dimensional (2D) time-stepping finite element method to
evaluate its electromagnetic characteristics. 3D CFD is employed to compute the valve
motion and fluid flow, while MBD is used to solve the motion of the crankshaft and
plungers. The different modules are dynamically coupled through the exchange of forces,
torques, velocities, and displacements.

3.1. Electromagnetic Field Model

Neglecting end effects, the induction motor can be modeled using a 2D tran-
sient electromagnetic field approach. The electromagnetic field satisfies the following
governing equation: {

∂
∂x

(
1

µp
∂Az
∂x

)
+ ∂

∂y

(
1

µp
∂Az
∂y

)
= −

(
Jz − σ dAz

dt

)
Az|Γ1

= Az|Γ2
= 0

(1)

where Az is the z-direction component of the magnetic vector potential, µp is the perme-
ability, Jz is the z-direction component of the current density, σ is the electrical conductivity,
t is the time.

The finite element model and mesh are shown in Figure 4. The stator windings are
excited via an external circuit. Dirichlet boundary conditions are applied to the outer
boundary of the stator and the inner boundary of the rotor. Exploiting the structural
symmetry, a 1/2-sector model is adopted to reduce computational cost, with periodic
boundary conditions applied to the cut surfaces. The resistance and leakage inductance of
the end windings and end rings are incorporated into the simulation as circuit parameters.
A multi-slice method is employed to account for the skewed rotor slots. The effectiveness
of the 2D multi-slice FEM model for induction machines with skewed rotors has been
demonstrated in a previous study [23].

Figure 4. 2D electromagnetic field model and mesh of the induction motor.
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3.2. Multi-Body Dynamics Model

To analyze the motion of the power end of the plunger pump under various external
excitations, an MBD model is established, as shown in Figure 5. Assuming that elastic
deformation is negligible, all power-end components are modeled as rigid bodies. In this
model, components connected by screws are simplified as a single part or treated with fixed
constraints. Bearings and bearing shells are neglected, and the hydraulic end is considered
a fixed component, serving only to restrict the motion of the plungers. The materials and
masses of the movable parts of the pump are listed in Table 3.

Figure 5. Multi-body dynamics model.

Table 3. Materials and masses of the movable components of the pump.

Component Material Density (g/cm3) Mass (kg)

Crankshaft 40Cr

7.85

320.4
Connecting rod ZG340~640 14.98

Link rod 45# 4.080
Plunger 45# 2.644

Crosshead HT250 7.15 14.91

The components are connected through kinematic pairs, with all surface contacts
assumed to be frictionless. The motion of the system is governed by the constrained
Lagrange equations: {

M
..
q + ΦT

q λ + F(q) = Q(q)
Φ(q, t) = 0

(2)

where M is the mass matrix, q is the degrees of freedom of the system, λ is the Lagrange
multiplier, F(q) is the internal forces of the system, Q(q) is the generalized external forces,
Φ(q, t) is the constraint function. The load acting on the power end consists of the torque
transmitted from the motor via the reducer and the hydraulic pressure acting on the plunger
surface. The joints between different components are listed in Table 4.

Table 4. Types of joints between different pump components.

Component Joint

Crankshaft and ground Revolute
Crankshaft and connecting rod Revolute
Connecting rod and crosshead General

Plunger and hydraulic end Translational
Crosshead and link rod Fixed

link rod and plunger Fixed
Hydraulic end and ground Fixed
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3.3. Computational Fluid Dynamics Model

After simplifying certain geometric features, such as chamfers, filets, studs, and
springs, the fluid domain was extracted to establish a 3D CFD model, as shown in Figure 6.
Figure 7 shows the cross section of the fluid domain for a single cylinder.

 
Figure 6. Computational fluid domain and mesh.

 
Figure 7. Mesh of a single cylinder.

The fluid in the computational domain satisfies mass conservation and momentum
conservation. The Navier–Stokes equations governing the fluid flow can be written as [24]

∂ρ

∂t
+∇ · (ρv) = 0 (3)

∂

∂t
(ρv) +∇ · (ρvv) +∇p −∇ · τ = 0 (4)

where ρ is the density of the fluid, v is the velocity vector, p is the pressure, τ is the stress
tensor. The τ can be further expressed as

τ = ∇ ·
[
µ
(
∇v + (∇v)T

)]
+∇(λ∇ · v)I (5)

where µ is the molecular viscosity, λ is the bulk viscosity coefficient, and I is the unit tensor.
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To apply the finite volume method, the fluid domain was discretized into a large
number of hexahedral and polyhedral elements, as shown in Figures 6 and 7. Structured
hexahedral meshes were generated for regular geometries, whereas polyhedral meshes
were adopted for irregular regions. The interface between the moving and stationary
meshes was defined as a non-conformal mesh interface to facilitate data transfer across
non-matching grids.

The SST k-ω model is used for turbulence modeling to capture the turbulent flow
characteristics. It offers improved accuracy across a wide range of flow regimes, especially
in cases involving strong adverse pressure gradients and flow separation. The transport
formulation of the SST k-ω model is expressed as [25]

∂
∂t (ρk) +∇ · (ρkv) = ∇ ·

[(
µ + µt

σk

)
∇k

]
+ Gk − Yk + Sk + Gb

∂
∂t (ρω) +∇ · (ρωv) = ∇ ·

[(
µ + µt

σω

)
∇ω

]
+ Gω − Yω + Dω + Sω + Gωb

(6)

In the equations, k is the turbulent kinetic energy; ω is the specific dissipation rate;
µt is the turbulent viscosity; σk and σω are the turbulent Prandtl numbers for k and ω; Gk

and Gω represent the generation of turbulence kinetic energy and specific dissipation; Yk

and Yω represent the dissipation of k and ω; Dω represents the cross-diffusion term; Sk

and Sω are user-defined source terms; Gb and Gωb represent the buoyancy terms. The
unique feature of the SST k-ω model is the introduction of a limiter to the formulation of
the turbulent viscosity.

The detailed solver settings are listed in Table 5.

Table 5. Solver settings.

Setting Parameters Type Valve

Solver Pressure-based model

Materials Fluid Liquid water (compressible)

Solution Methods Pressure velocity couple PISO

Spatial discretization Pressure PRESTO!
Density Second-order upwind

Momentum Second-order upwind

Turbulence model SST k-omega

Boundary condition inlet Pressure 0.1 MPa
outlet Pressure 37 MPa

Dynamic meshing is used to depict the movement at the boundaries of the fluid
domain caused by the motion of the plungers and valves. The velocity of the plungers is
determined by an MBD model, whereas the velocity of the valves is obtained by solving
their motion equations. The suction and discharge valves periodically open and close
under the action of spring, hydraulic, and damping forces. Therefore, the valve motion
equation can be written as

m
d2x
dt2 + c

dx
dt

= ks(x + x0) + Aval∆p (7)

where m is the mass of the valve, x is the displacement, c is the damping coefficient, ks is
the spring stiffness, Aval is the surface area of the valve, ∆p is the pressure difference.
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The valve dynamics are solved using User-Defined Functions (UDFs), which store
all required variables and parameters. At each time step, the hydraulic force acting on
the valve is obtained by integrating the pressure over the valve surfaces. The spring and
damping forces are then evaluated from the current valve displacement and velocity. These
forces are substituted into (7), and a fourth-order Runge–Kutta method is employed as the
numerical differentiation scheme. The time step of the Runge–Kutta scheme is fixed at
0.05 times the global time step. If the valve reaches its mechanical limits, corresponding
constraints are imposed on its displacement and velocity. The updated valve motion
is subsequently used to regenerate the mesh, after which the flow field is solved. This
procedure is repeated for successive time steps until the end of the simulation.

To eliminate the influence of mesh size and time step on the numerical results, mesh
independence and time-step sensitivity analyses were conducted. Figure 8a presents the
outlet mass flow rate obtained using four different mesh sizes. Meshes 1–4 consist of
4,054,560, 6,871,237, 8,652,342, and 10,284,002 cells, respectively. It can be observed that, as
the number of cells increases, the flow rate curves exhibit a clear convergence trend. Taking
Mesh 4 as the reference, the relative root mean square errors of Meshes 1–3 are 5.325%,
1.293%, and 0.774%, respectively. Considering the balance between computational accuracy
and cost, Mesh 2 is selected for the final mesh scheme.

  
(a) (b) 

Figure 8. Mesh independence and time-step sensitivity analyses. (a) Mesh independence; (b) Time-
step sensitivity.

Figure 8b shows the outlet mass flow rate obtained using three different time steps of
0.1 ms, 0.05 ms, and 0.02 ms. Taking the time step of 0.02 ms as the reference, the relative
root mean square errors of the other two cases are 5.233% and 1.437%, respectively. The
deviation between the results obtained with 0.05 ms and 0.02 ms is less than 2%; therefore,
a time step of 0.05 ms is selected for subsequent simulations.

3.4. Coupled Solution

A transient coupled simulation model is established using commercial software pack-
ages, including Ansys Twin Builder 2024 R1 (system coupling), Ansys Electronics Desktop
2024 R1 (FEM), Ansys Fluent 2024 R1 (CFD), and Ansys Motion 2024 R1 (MBD), as shown in
Figure 9. The different physical fields are coupled through the exchange of forces, torques,
displacements, and velocities. Under the assumption of an ideal three-phase power supply,
the electromagnetic field is solved to obtain the torque based on the instantaneous rotor
speed, which is provided by the rigid-body dynamics model. The induction machine and
the pump are mechanically linked through the gear reducer, resulting in constant torque
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and speed transmission ratios. These ratios are accounted for by introducing a linear
proportionality coefficient. Based on the torque on the crankshaft and the forces on the
plungers, the crankshaft rotational speed and plunger velocities are determined using an
MBD model. The plunger displacement is employed to determine the movement of the
fluid boundary. The valve motion is implemented using UDFs in the model. The solution
of the flow field provides the hydraulic forces acting on the surfaces of the plungers and
valves, which are then transferred to the MBD model as input.

Figure 9. Transient coupled dynamics model for the motor–pump system.

4. Results and Discussion
4.1. Electromagnetic Characteristics

The proposed model is used to evaluate the dynamic characteristics of the motor–pump
coupled system. The simulation is performed for a total time of 0.5 s with a time step of 0.1
ms. Figure 10 presents the curve of the motor rotational speed and its spectrum. During
the start-up phase, the motor speed increases continuously and stabilizes after transient
oscillations. Due to the periodic load torque, noticeable fluctuations in the motor rotational
speed are present. The fluctuation coefficient is defined as:

δn =
nmax − nmin

nmean
× 100% (8)

where nmax, nmin, nmean are maximum value, minimum value, and mean value of the
rotational speed, respectively, and the δn is 2.11%.

  
(a) (b) 

Figure 10. Rotational speed of the induction motor. (a) time-domain waveform; (b) frequency spectrum.

The speed data from 0.3 s to 0.5 s are analyzed using FFT. Because the amplitude
of the speed spectrum varies significantly, it is converted to a decibel scale. In the speed
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spectrum, the 0 dB corresponds to a constant-speed component at 0 Hz, whose amplitude
is 1489.93 rpm. Moreover, three oscillatory components are observed at frequencies of
30 Hz, 60 Hz, and 95 Hz. Their actual amplitudes are 12.93 rpm, 2.30 rpm, and 1.05 rpm,
corresponding to 0.87%, 0.15%, and 0.07% of the constant component, respectively. The
pulsation frequencies are associated with the reciprocating frequency of the pump and its
harmonics. The reciprocating frequency of the pump can be expressed as follows:

fr =
nN
60i

(9)

where n is the rotational speed of the motor, N is the number of plungers, i is the reduction
ratio. Consequently, the curves of n and fr have the same shape. The mean value of fr

is 31.01 Hz. Since FFT cannot accurately capture continuously varying frequencies, the
obtained result is only an approximation.

Figure 11 shows the instantaneous torque of the motor and its spectrum. Due to direct
starting, the motor torque rises rapidly to 4.5 kN·m at the start. Subsequently, the torque
decreases and undergoes fluctuations lasting approximately 0.2 s before stabilizing. Ac-
cording to (8), the torque fluctuation coefficient is 29.57%. In the torque spectrum, the actual
amplitude of the constant torque components corresponding to 0 dB is 1.015 kN·m. Similar
to the rotational speed spectrum, the torque spectrum mainly consists of components at
30 Hz and 60 Hz. The amplitudes of these components are 0.107 kN·m and 0.010 kN·m,
corresponding to 10.54% and 0.99% of the constant torque amplitude, respectively. Addi-
tionally, the components at 1790 Hz and 1790 ± 30 Hz are observed in the torque spectrum.
The component at 1790 Hz is derived from the harmonic magnetic field in the air gap of
the motor, whereas the components at 1790 ± 30 Hz are correlated with the reciprocating
frequency of the pump.

  
(a) (b) 

Figure 11. Torque of the induction motor: (a) time-domain waveform; (b) frequency spectrum.

The fluctuations caused by the periodic load are also reflected in the stator current.
Figure 12 shows the instantaneous stator current of the motor and its spectrum. The
motor exhibits a significant start-up current. The actual amplitude of the fundamental
current at 50 Hz is 221.14 A. In addition to the fundamental component at 50 Hz, sideband
components at 20 Hz and 80 Hz are observed, which are exactly equal to 50 ± fr. Similarly,
the components at 1740 ± 30 Hz can be observed near the component at 1740 Hz. Therefore,
pump load can modulate the original fundamental and harmonic components and induce
extra sideband harmonic components in the speed, torque and current spectrum.
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https://doi.org/10.3390/machines14050540


Machines 2026, 14, 540 12 of 17

  
(a) (b) 

Figure 12. Stator current of the induction motor: (a) time-domain waveform; (b) frequency spectrum.

4.2. Valve Motion and Fluid Flow Characteristics

Figure 13 shows the lift curves of the suction and discharge valves under constant-
speed and variable-speed conditions. Under the constant-speed condition, the crankshaft
speed is set to 370 rpm. Under the variable-speed condition, the rotational speed is
determined by the coupled motor–pump system. The time axis is converted to the crank
angle based on the rotational speed of the crankshaft. Taking the third cylinder block as
the reference, 0–180◦ corresponds to the suction stroke, while 180–360◦ corresponds to the
discharge stroke. When the lift is 0, it indicates that the valve is in the closed position. By
comparing the results for the two cases, it can be observed that the valve motion patterns
in the two cases are almost identical. Due to the relatively small fluctuations in rotational
speed, the electromagnetic characteristics exert only a limited influence on the valve motion.
After the start of the suction stroke, the suction valve begins to open rapidly at 22.55◦. The
lift then slightly decreases before reaching a maximum value of approximately 2.670 mm.
Subsequently, the valve gradually closes and becomes fully closed at 188.16◦. Due to
the compressibility of the fluid, the discharge valve does not open immediately after the
suction valve closes. As the plunger moves, the pressure in the plunger chamber increases
continuously. The valve opens only when the fluid pressure exceeds the spring force.
When the crank angle reaches 211.37◦, the discharge valve opens rapidly and reaches its
maximum lift. After a period of time, it begins to close and becomes fully closed at 6.130◦

in the next stroke.

  
(a) (b) 

Figure 13. Valve lift curves: (a) suction valve; (b) discharge valve.

https://doi.org/10.3390/machines14050540

https://doi.org/10.3390/machines14050540


Machines 2026, 14, 540 13 of 17

Figure 14 shows the inlet and outlet mass flow rate curves. Under both constant-speed
and variable-speed conditions, the overall trends of the flow rate curves are nearly identical,
with only minor differences. In the variable-speed case, the average suction and discharge
mass flow rates are 4.046 and 4.047 kg/s, respectively, whereas in the constant-speed case,
they are both 4.019 kg/s. In addition, five distinct main peaks can be identified in the flow
curves, and the phase difference between adjacent peaks is approximately 72◦. When the
suction valve opens, the pressure in the plunger chamber is lower than that in the suction
chamber. Due to the presence of inertia, the fluid will not be sucked into the plunger
chamber until a brief delay, resulting in a small pressure fluctuation in the pressure within
the plunger chamber. As the suction valve opens further, a large amount of fluid will be
drawn in. As the pressure fluctuations gradually diminish, the flow pulsations will also
gradually decrease until the suction valve of the next cylinder opens. Similar phenomena
can also be observed in the discharge flow curve.

  
(a) (b) 

Figure 14. Mass flow rate under constant-speed and variable-speed cases: (a) inlet; (b) outlet.

Figure 15 illustrates the hydraulic force acting on the end face of the plunger in
Cylinder 3. Since the effective area of the plunger end face is constant, the force variation
is proportional to the pressure variation in the plunger chamber. During the suction
stage, the hydraulic force on the plunger remains close to zero. During the discharge
stage, the chamber pressure rises rapidly, producing a hydraulic force of approximately
42 kN. Small transient force peaks occur during each transition between the suction and
discharge strokes. In addition, a slight force fluctuation is observed at a shaft angle of
approximately 285.55◦, which coincides with the discharge valve reaching its maximum
lift. The subsequent rapid valve closure may induce a weak water-hammer effect in the
plunger chamber.

Figure 15. Hydraulic force acting on the plunger end face.
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To further reveal the pump flow characteristics, Figure 16 presents the velocity vector
field and pressure distribution in Cylinder 3 at crank angles of 0◦, 90◦, 180◦, and 270◦.
When the crank angle is 0◦, the discharge stroke has just ended, and only a small amount
of flow passes through the discharge valve clearance. As the discharge valve is closing
rapidly, the near-wall fluid is entrained and moves with the valve. The pressure contours
indicate that the pressure in the plunger chamber is approximately 37 MPa at this crank
angle, and the peak pressure slightly exceeds 37 MPa. A significant pressure gradient is
observed near the suction valve seat.

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

  
(g) (h) 

Figure 16. Velocity vector fields and pressure contours at different crank angles: (a) velocity vector
field at θ = 0◦; (b) pressure contour at θ = 0◦; (c) velocity vector field at θ = 90◦; (d) pressure contour
at θ = 90◦; (e) velocity vector field at θ = 180◦; (f) pressure contour at θ = 180◦; (g) velocity vector field
at θ = 270◦; (h) pressure contour at θ = 270◦.
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When the crank angle is 90◦, the pump is halfway through the suction stroke, and a
large inflow rate is drawn into the plunger chamber. It can be seen that the pronounced
velocity difference between the high-speed core flow at the chamber center and the slower
near-wall fluid induces strong shear; as a result, the fluid in the clearance volume interacts
with the main flow, and recirculation vortices form. At this crank angle, the pressure in
the plunger chamber is approximately 0.1 MPa, and the minimum pressure drops slightly
below 0.1 MPa.

When the crank angle is 180◦, the pressure in the plunger chamber is approximately
0.1 MPa. The suction stroke has just ended, but the suction valve has not yet fully closed.
Due to fluid inertia, the flow still tends to enter the chamber.

When the crank angle is 270◦, the pressure in the plunger chamber is approximately
37 MPa, and a large flow rate is discharged at this stage. Owing to the rapid reduction in
the diameter of the plunger chamber, a distinct recirculating flow can be observed in the
central region of the chamber.

5. Conclusions
This study develops a transient coupled dynamic model of a motor–pump system and

investigates its electrical–mechanical–hydraulic coupling characteristics under transient
conditions. The results show that the alternating suction and discharge processes induce
periodic rotational-speed fluctuations at the pump reciprocating frequency. Under these
speed pulsations, the motor generates torque ripple components at the reciprocating
frequency and its harmonics. Meanwhile, sidebands spaced by the reciprocating frequency
appear in the stator current spectrum. Valve-motion analysis reveals significant delays in
both valve opening and closing. The closing delay is mainly governed by valve parameters,
whereas the opening delay is influenced by the closing delay as well as fluid compressibility.
Flow-field analysis shows that, during the suction stroke, the velocity difference between
the high-speed core flow and the near-wall fluid generates pronounced vortices in the
residual clearance of the plunger chamber. During the discharge stroke, vortices also form
in the midsection of the plunger chamber due to a locally enlarged diameter. By comparing
valve motion and flow characteristics under constant-speed and variable-speed conditions,
it is found that speed fluctuations induced by the electromagnetic characteristics of the
motor only have a limited effect on the hydraulic performance of the pump.

The proposed modeling framework has broad application potential. Its complexity can
be adjusted according to different research objectives. A limitation of this study is the lack of
experimental validation. Improving the model accuracy will be a key focus of future work.
Experimental comparisons will be conducted to further validate the proposed model.
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