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Abstract: Installing a flywheel energy storage device in a beam pumping unit can effectively suppress fluctuations in the
motor speed and output power of the pumping unit, reduce its peak power, improve efficiency, and lower the installed power
capacity. However, while influencing the motor speed, the flywheel energy storage device indirectly affects the motion law and
loading conditions of the pumping unit, and its impact varies with different equipment models. This renders the original pumping
unit stroke frequency controller inadequate for the new system. By analyzing the motion and load characteristics of the pumping
unit, this paper proposes an adaptive frequency conversion and voltage regulation control technology based on fuzzy PID and
frequency converters. This technology alters the operating state of the pumping unit by adjusting the motor frequency. Its main
features include: 1) Deriving an optimized frequency curve under constant stroke frequency conditions using a pumping unit
frequency conversion optimization algorithm. 2) Indirectly modifying the acceleration at the polished rod to reduce dynamic
loads through frequency conversion. 3) Utilizing the adaptive adjustment capability of fuzzy PID to eliminate the delay effect of
the flywheel energy storage device on motor speed changes. A theoretical and simulation analysis was conducted using a CYJ10
model pumping unit and a flywheel energy storage system with a moment of inertia of 5 kg-m? as a case study. The energy-
saving control effect was compared through simulation and measurement. The results indicate that the established simulation
model has high accuracy and is referential. Adaptive frequency optimization control can significantly improve the dynamic
performance of the new pumping unit system, notably reducing the polished rod load, increasing the motor load factor, decreasing
the average power consumption, resulting in an overall system energy saving rate of 12%.

Keywords: Flywheel energy storage; Constant voltage-frequency ratio; Fuzzy PID; Beam pumping unit; Three-phase
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regulation techniques have been explored, enabling real-time

1. Introduction adjustments based on load profiles to minimize power

Beam pumping units, widely utilized in the oil extraction consumption while maintaining operational performance [7].
industry, represent a critical component for mechanical oil Sectional control strategies that combine variable frequency
recovery, accounting for a significant portion of energy (VF) and voltage regulation (VR) have shown superior results
consumption in oilfields due to their intermittent load in beam pumping motor systems (BPMS), adapting to the
characteristics and torque fluctuations [1]. Traditional cyclical nature of strokes for optimized energy use [8].
systems often suffer from inefficiencies, such as negative Intelligent optimization methods, such as those based on deep
torque in gearboxes and high energy losses during upstroke reinforcement learning, have also been proposed to fine-tune
and downstroke cycles, prompting the need for advanced frequency modulation, achieving adaptive responses to
energy-saving technologies [2]. Flywheel energy storage dynamic field conditions [9].This study focuses on the
systems (FESS) have emerged as a promising solution to dynamlc s1mglat10n of'a hybrid ﬂywheel energy storage beam
mitigate these issues by storing kinetic energy during low- pumping umt system cgupled with adaptwe freguepcy
load phases and releasing it during high-demand periods, conversion Yoltage regulation for.energy—savmg optimization.
thereby balancing the motor load and enhancing overall B_Y Integrating these technologws, the proposed applToach
system efficiency [3]. Dynamic simulation plays a pivotal aims to simulate system dynamlf:s, evaluate energy efficiency
role in analyzing and optimizing such integrated systems, gains, and develop an adapt.lve control framewo?k that
allowing for the evaluation of mechanical and electrical responds to real-time operational parameters, ultimately
behaviors under varying operational conditions [4]. Previous contributing to sustainable oil production practices [10].

studies have demonstrated the effectiveness of flywheel 2. Analvsis of G tric Moti
integration in beam pumping units through simulation models . natysis o eometric iviotion

that capture energy absorption and release mechanisms, Characteristics of Pumping Unit
showing potential reductions in peak power demands and Four-Bar Linkage

improved stability [5]. However, standalone flywheel
approaches may not fully address voltage and frequency
variations that contribute to energy wastage in asynchronous
motors commonly used in these units [6].To further enhance
energy savings, adaptive frequency conversion and voltage

The schematic diagram of the four-bar linkage structure of
a beam pumping unit is shown in Figure 2.1. Here, A is the
length of the front arm of the walking beam (m), P is the
length of the connecting rod (m), R is the crank radius (m), C
is the length of the rear arm of the walking beam (m), [ is the
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angle between the connecting rod and the walking beam (°),
02, 0s, 04 are the angular displacements (°) of the crank,
connecting rod, and walking beam relative to the line
connecting the crank rotation center and the walking beam
rotation center, respectively; 02, 05, 0s are the first
derivatives of the corresponding angular displacements, i.e.,
angular velocities (rad/s).

Derived from the systems geometric relationships, 65,
0 are:

4 > p sin(6,-0,)

O,=——"7——~

L ¢ sin(6;—6,)

Differentiating 05, 04 yields the corresponding angular
accelerations 03, 04:

M

6 —d, [z— £ (8, — 6, cot(B, — 0,) — (6, — 6.) cot(6s — 54)]
o (2)«
) ﬁ—+ (6 — 6,) cot(6 — 65) (6, — 6,) cot(6; — 94)]

Since within a single cycle, for any crank angular
displacement 02, both 85 and 6. are uniquely determined, and
are independent of #: and 6. , then 65, 6., 65, 6. can all be
expressed as functions of : and 6: . Introducing parameters
Di—Da4, the equation system is as follows:
- P Sln(63 - 04)

R Sll’l(93 - 92)
Dz = A AN
{ Csin(6; — 6,)

_ Rcos(8; — 65)
7 Csin(6; — 6,)
D4 = COt(93 - 94)

Substituting equation system (3) into systems (1) and (2)
yields:

3)

93 = 92 . Dl
94 = 92 . Dz
. . .2 )
0, =D, [62 — (D1 — D;) D40, ] —D3(1 - D)6,
The polished rod velocity v and acceleration a are
respectively:

4

A6 AR sin(6; — 6,) p c
VA TN, — 6,) 2 ®)
a=A-0,=4-{D; [6; — (0.~ D;)D,6;"] - ;1= D)6’} (6)
According to equation (6), the magnitude of the polished
rod acceleration a is mainly related to the magnitude of 6> and
6 . Since the time for a single cycle of the pumping unit is
greater than 6 seconds, the crank basically rotates at a stable
speed, and the absolute value of the crank angular
acceleration is small, the influence of angular acceleration on
the polished rod acceleration can be ignored to simplify the
mathematical model. Introducing parameter Ds = -D2 D4 (D1
- Dz) -Ds (1 - Dl) yields:
a=A-6,=A Dg-6, )
Since the variation law of Ds is only related to the
geometric structure and position of the pumping unit, for any
determined 6., Ds has a uniquely corresponding value,
independent of the crank angular velocity 6. Therefore, the
polished rod acceleration a at any moment within a single
cycle is proportional to the square of the crank angular
velocity, 622
The relationship between the crank angular velocity 6: and
the motor angular velocity o is:
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where k is the gear ratio of the reduction gearbox. Also,
since:

=&

2nn
=20 )
where n is the motor speed (rpm). The relationship between
crank angular velocity and motor speed is:
6, = 2 10)
27 60k (

The relationship between motor speed n, frequency f, and
pole pair number p is: n = 60f/ p. Thus, controlling the motor
frequency can control the motor speed. The relationship
between frequency f, speed n, rated frequency fo, and rated

w

speed no is:
60
foh_e0 an
n ng, p
Combining equations (10) and (11) yields:
6, = 2nf (12)
2 = k . p

From equation (12), there is a positive correlation between
motor frequency and crank angular velocity. From equations
(12) and (7), the relationship between frequency f and
polished rod acceleration a is:

_ a 60k f,
f= A-Ds 2m n,

In equation 13, except for f, a, and Ds, all other quantities
are constants, and Ds is only related to the crank displacement
02, independent of f and a. Clearly, the frequency f is
proportional to the square root of the polished rod
acceleration, va . Thus, it can be concluded that the
magnitude of the polished rod acceleration a can be altered by
controlling the motor frequency f.

(13)

3. Analysis of Pumping Unit Crank
Torque Characteristics

From the mechanical dynamics theory of the pumping unit,
the crank motion equation is obtained:

[ Med—Mef=;eéL+léz e
27372 de,
Myr = (P, — By) " Tr — M, - sin(8 — 1)
where, Mcq is the net crank torque; Mer is the load torque;
Je is the equivalent moment of inertia of all moving parts of
the pumping unit converted to the crank; Py is the polished
rod load; Bw is the structural counterbalance weight; Tt is the
torque factor; M. is the maximum counterbalance torque of
the counterweight; t is the counterweight offset angle.

Since the speed ratios of the moving parts of the four-bar
linkage can be expressed as functions of the crank angular
displacement 0., the equivalent moment of inertia of the
walking beam varies with the crank position. According to
mechanical dynamics theory, the equivalent moment of
inertia generates inertial torque due to angular acceleration
and its own variation. Therefore, based on the solution
equation for the load torque M, when the pumping unit
parameters are fixed, the load torque Mt is only related to the
polished rod load PL. The relationship is shown in Figure ().
It can be observed that optimizing the polished rod load P,
optimizes the net crank torque at the dead points of the
upstroke and downstroke, thereby reducing the motors output
power and achieving energy savings.

(14)-



4. Analysis of Pumping Unit Load and
Polished Rod Load

The polished rod load of a beam pumping unit includes
static loads and dynamic loads. Static loads consist of the
weight of the sucker rods Prod, the weight of the oil column
on the plunger inside the tubing Poil, and the pressure on the
lower end of the plunger from the oil column outside the
tubing Ppressure. Static loads are inherent to the pumping unit
and depend only on the unit itself and downhole conditions.
For deep well operations or pumping units with high stroke
frequencies, the influence of dynamic loads must be
considered. The dynamic loads of the pumping unit mainly
consist of inertial loads and vibrational loads. Since downhole
conditions significantly affect vibrational loads, making
quantitative analysis difficult, this paper only analyzes inertial
loads for simplicity. The inertial load Pg includes two parts:
the sucker rod string inertial load P,j; jnereiq and the oil
column inertial load P,j inertiq - If elastic effects are
neglected, the motion law of each point on the sucker rod
string and oil column can be considered identical to that of the
polished rod. Therefore, the magnitudes of Py;; inertia and
Pyi1 inertia are proportional to the magnitude of the polished
rod acceleration a, acting in the opposite direction to the
acceleration.

The relationship between the load torque Mef and the
polished rod load PL is illustrated in Fig. 1, which shows the
variation of net crank torque at the upstroke and downstroke
dead points under different control strategies.

Furthermore, Fig. 2 compares the crank torque
characteristics with and without adaptive control. These
results confirm that polished rod load optimization, combined
with flywheel inertia and frequency adjustment, plays a
critical role in enhancing system efficiency.
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Fig. 1 Variation of net crank torque at upstroke and downstroke
dead points with polished rod load optimization.
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Fig. 2 Crank torque characteristics. (a) Without optimization. (b)
With adaptive control.

5. Summary

This paper investigates the integration of a flywheel energy
storage system (FESS) with a beam pumping unit to address
inefficiencies in oil extraction, such as motor speed
fluctuations, high peak power, and energy losses. By
analyzing the geometric motion characteristics of the four-bar
linkage mechanism, crank torque, and polished rod loads, the
study demonstrates that polished rod acceleration is
proportional to the square of the crank angular velocity, which
can be controlled via motor frequency adjustments. An
adaptive frequency conversion and voltage regulation control
strategy, based on fuzzy PID and constant voltage-frequency
ratio, is proposed to optimize system performance. This
approach derives an optimized frequency curve, reduces
dynamic loads by modifying polished rod acceleration, and
mitigates delays from the flywheel on motor speed changes.

Using a CYJ10 beam pumping unit model with a flywheel
moment of inertia of 5 kg:m? as a case study, dynamic
simulations and theoretical analyses were conducted. Results
show that the proposed method significantly improves
dynamic performance, reduces polished rod loads, increases
motor load factor, and lowers average power consumption,
achieving an overall energy-saving rate of 12%. The
simulation model exhibits high accuracy, providing a
reference for enhancing sustainability in oil production
through hybrid energy storage and intelligent control
technologies. Future work could extend this to incorporate
vibrational loads and real-world field validations.
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