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Abstract

Water pumps consume roughly 20% of global electricity, yet 60-70% of pumps operate
below optimal efficiency, leading to substantial energy waste. Improving pump efficiency
is therefore critical. A major contributor to these losses is the low efficiency of the driving
motor at reduced speeds and the lack of variable-speed capability—especially in single-
phase pumps. This paper presents a fuzzy-logic—FOC (field oriented control) permanent
magnet synchronous motor (PMSM) pump system that can run on either three-phase or
single-phase power. The system maintains high efficiency across a wide speed range and
saves energy not only through variable-speed operation but also via an intelligent control
strategy termed “constant flow, variable pressure.” To assess performance, we conducted
experiments comparing the proposed fuzzy-logic FOC controlled PMSM pump and a
conventional AC asynchronous induction motor pump. The results show that the new
system overcomes the inherent lack of speed regulation in traditional single-phase pumps
and significantly improves efficiency across diverse operating conditions. Moreover, by
implementing the “constant flow, variable pressure” strategy, the system achieves average
energy savings estimated at 30-50% compared with a conventional AC asynchronous
motor-driven pump.

Keywords: fuzzy algorithm; constant water flow volume; variable water pressure

1. Introduction

According to global energy consumption statistics, pumps account for approximately
20% of the world’s total electricity usage [1]. Pumps are widely used across various sectors,
including water supply, HVAC (heating, ventilation, and air conditioning), petrochemicals,
water distribution, drainage, and civil infrastructure. Despite their widespread application,
the energy efficiency of pumps remains generally low, leading to significant energy waste.
Research indicates that approximately 60% to 70% of pumps worldwide do not operate at
optimal efficiency, with inefficiencies exceeding 80% in some sectors. To enhance pump
efficiency, the use of variable frequency drive (VFD) technology has emerged as the most
popular method. VFDs adjust pump speed to match actual water demand, improving
energy use.

Numerous studies have explored the potential of VFDs to enhance pump efficiency. For
instance, Ahmed et al. [2] investigated the improvement of energy efficiency and economic
performance in motor-pump systems using electric variable-speed drives. Luo et al. [3]
proposed an energy-saving operational control model for centrifugal pump systems using
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a single inverter to control multi-type configurations. Yimchoy and Supatti [4] designed
and implemented a motor control system using programmable logic controllers (PLCs)
with variable-speed drivers to reduce energy and water loss in water supply pumps.
Rakibuzzaman et al. [5] examined the implementation of a variable-speed drive system
with inverter control in variable flow and pressure systems to save energy and enhance
pumping performance.

Additionally, Zhu [6], Ding [7], and Gao [8] developed constant pressure water supply
systems using inverter control to save energy, while Wang [9] studied efficiency degradation
detection in pump systems with VFDs. Su et al. [10] designed a variable frequency constant
pressure control system for closed system pumps used in marine vessels. Further research
by Zhu [11], Mo [12], Li [13], Yu [14], Wang et al. [15], and Shankar et al. [16] focused on
controlling water flow and pressure through motor speed regulation to achieve energy-
saving operations in pumps.

These studies primarily aim to enhance pump performance for energy savings. How-
ever, with advancements in control technologies, there has been increasing interest in using
smart pump control systems to improve energy efficiency. Shankar et al. [17] explored fuzzy
speed control of induction motors for centrifugal pumps, while Shen et al. [18] investigated
fuzzy control in constant pressure water supply systems. Ramadhan and Fang [19] exam-
ined the enhancement of energy-efficient water pumping using advanced fuzzy logic and
PID controllers. Yang et al. [20] employed adaptive fuzzy PID control for high-speed on-off
valve position control systems used in water hydraulic manipulators. Pruna et al. [21]
focused on model predictive control (MPC), proposing a robust optimization method
similar to fuzzy logic to handle uncertainty, emphasizing coordinated scheduling and
start—stop optimization of multiple pumps for energy savings. Wang et al. [22] combined a
radial basis function (RBF) neural network with a conventional PID controller to form an
intelligent composite controller. This approach utilizes the online identification capability
of the RBF network for real-time PID parameter self-tuning, achieving precise control and
energy conservation under complex operating conditions. Bouchakour et al. [23] proposed
a serial hybrid PSO-GA (particle swarm optimization-genetic algorithm)-PID controller,
which uses GA for global exploration and then applies PSO for fine-tuning, optimizing PID
parameters for precise control and energy savings in water pump systems.

These advancements represent a shift from conventional VFD control towards integrating
fuzzy algorithms, RBF networks, and PSO-GA. However, all these methods, whether VED or
VFD combined with control algorithms, are limited by the inherent efficiency characteristics of
AC asynchronous motors, particularly at low speeds. While variable-speed drive systems are a
primary means of improving pump efficiency, pumps powered by three-phase asynchronous
induction motors benefit from readily available variable-speed control via VFDs. However,
for pumps powered by single-phase asynchronous motors, VFD control is less effective
due to the design characteristics of these motors. Single-phase motors rely on a main and
auxiliary winding, along with a capacitor to create a “pseudo two-phase” supply, which
becomes imbalanced when the frequency is altered, leading to reduced starting torque,
increased heating, and higher vibration. Moreover, many single-phase motor types, such as
capacitor-start induction-run (CSIR) and capacitor-start capacitor-run (CSCR) motors, employ
centrifugal switches that can malfunction under low-frequency soft-starting, leading to current
spikes and stressing both the motor and the drive.

This paper proposes a new pump system using a fuzzy-logic and field oriented control
(FOC) controlled permanent magnet synchronous motor (PMSM) to replace both single-
phase and three-phase motor-driven pumps. The PMSM requires an electronic drive and
integrates a driver with a front-end power stage to supply a consistent 300 V DC to the
inverter that energizes the PMSM windings. This front-end stage can accept either single-



Machines 2025, 13, 1070

30f33

phase or three-phase AC input while ensuring steady operation of the PMSM. The PMSM
offers a solution to the low efficiency problem of speed-regulated AC asynchronous motors.
The FOC enables precise control and feedback adjustment for optimal pump performance.

The proposed pump system operates under a new model of constant water flow,
variable pressures, replacing the traditional constant pressure approach. This model
reduces energy waste by adjusting pump operation based on actual water flow demand,
rather than maintaining unnecessary pressure. Two practical prototypes were developed:
one with PMSM under fuzzy-logic FOC control, and another with a conventional AC
asynchronous motor. Experimental testing of both prototypes showed that the fuzzy-logic
FOC controlled PMSM pump delivered significantly higher energy efficiency.

Research indicates that 60-70% of pumps worldwide operate below optimal efficiency,
with some sectors exceeding 80%. Pumps account for more than 20% of global electricity
consumption, highlighting the importance of improving pump efficiency [1].

2. The Pump System

A pump system normally consists of a mechanical pump and a power driving source.
The pump’s mechanical body cannot work by itself; it is driven by a motor that we call the
power driving source.

2.1. Pumps

A pump is a device that converts mechanical energy into the kinetic or pressure energy
of a liquid through mechanical action. Pumps are primarily used for transporting liquids
(such as water, 0il, and chemicals). As the core equipment for fluid transmission, pumps
play a crucial role in industrial, agricultural, municipal, and civilian sectors.

Pumps are classified according to their different physical structures, which have
variable efficiency. A pump’s efficiency is determined by its physical structure, the driving
motor’s efficiency, and the working model.

2.1.1. Pumps’ Mechanical Characteristics

The relationship between the resisting torque T and the rotational speed # of a pump
impeller is expressed as:
T= K,n? (1)

where K, is the motor torque constant, normally united by kg-cm or N-cm.
The relationship between the loading power P and pump impeller speed 7 is expressed as:

K13
= 9550 = Ko’ @

where K}, is the loading power constant. P’s unit is KW. T’s unit is kg-cm or N-cm. N’s unit
is RPM (rotation per minute). K;’s unit is kg-cm or N-cm

In fact, friction torque exists in the motor at all times, so for the motor’s output shaft,
there will be a loss of torque and power dissipation under no-load conditions, but it can
be ignored as it is quite small. Equation (3) shows the relationship between water flow
volume, water head, and shaft power within the speed range of the pump impeller:

Q/Qn=n/ny 3)
H/H, = (n/ny)? (4)

P/P, = (n/ny)* ©)
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where ny is the rated speed; n is the working speed. Qj is the water flow volume when
speed is ny; Q is the water flow volume when speed is nn. H, is the water head when speed
is n. Py is the water head when speed is ny; P is the power when speed is n.

Equation (3) shows the pump’s water flow is proportional to the pump’s driven
motor speed.

Equation (4) shows the head of the water pump is proportional to the square of the
pump motor speed.

Equation (5) shows the power of the pump is directly proportional to the cube of the
pump motor speed.

So, when the pump motor speed decreases, the energy consumed by the pump de-
creases rapidly at a cubic rate. For example, when the pump’s output flow rate drops to
70% of its full capacity, the motor speed also drops to 70% of its original speed, the pressure
decreases to 49%, and the pump power consumption decreases to 34.3% of its original
value. This suggests that if the pump could adjust its power according to the water flow
rate changing, the pump could significantly reduce power consumption.

2.1.2. The Energy Saving Principle of Pumps

In water pump supply systems, both motor speed control and water flow valve
adjustment are employed to regulate the volume of water supplied. The motor speed
control method adjusts the motor’s speed to control the kinetic energy of the water, thereby
modifying its flow rate, while the pipe resistance characteristics remain constant. In contrast,
the variable frequency drive (VFD) control method regulates the pump’s speed based on
water demand, thereby controlling the water pressure and flow within the pipes. As
water demand increases, the motor speed increases, and as demand decreases, the motor
speed slows down. The valve control method, on the other hand, continuously adjusts
the valve’s opening to control the water flow rate, relying on changes in pipe resistance to
regulate the flow. However, due to the fluctuating nature of water demand, if the valve
opening remains fixed for an extended period, this can result in under- or over-pressure
situations [24]. Figure 1 illustrates a typical pump loading curve, where Curves 1 and 2
represent the head characteristics at operating speeds n1 and n2, respectively, and Curves 3
and 4 represent the pipe resistance characteristics at different valve openings.

H(m) @

B
H1 ol @

H2 A

H3

®%

0 >
@ Ql Q(m*/s)

Figure 1. Pump loading curves change when valve controlled.

If the water pump operates at the optimal working point A, the system’s efficiency is
highest, and the flow output is maximized. The output power of the water pump can be
expressed as P4 = Sa 120,01, Where S4 112 0,01 is the enclosed area of four points of A, H2, O,
Q1. The yellow area in Figure 1 represents the output power of the water pump at this time.

Valve control essentially adjusts the water supply flow volume by changing the pipe
resistance characteristics of the network, while the motor speed remains constant and the
head characteristics do not change. When the valve opening is reduced, the flow volume
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decreases from Q1 to Q2, and the pipe resistance characteristics shift from Curve 3 to Curve
4. At this point, the head characteristics of the pump remain unchanged, following Curve
1, and the optimal working point transitions from Point A to Point B, achieving pressure
regulation through constant speed and variable pressure adjustment. At this moment,
the pump’s output power can be expressed as P = Sp H1,0,02, Where Sg 110,02 is the
enclosed area of four points of B, H1, O, Q2, as shown in Figure 1. The shaft power of the
motor at Point A and B is roughly similar: when the water head increases, the water flow
volume decreases, but the power consumption of the pump does not show a significant
change. This highlights a key challenge in energy-saving for single-phase asynchronous
motor-driven pumps: simply controlling the water flow volume through the valve does
not make the pump more energy efficient.

In the speed control process, the valve opening remains constant, and the pipe re-
sistance characteristics do not change. Adjusting the pump speed controls the output
water flow volume, while the head characteristics dynamically change when the water flow
volume changes. When using speed control to reduce the water flow volume from Point
Q1 to Point 2, the pump speed decreases from Point nl to Point n2, causing the system'’s
head characteristics to change from Curve 1 to Curve 2. The pipe resistance characteristics
remain unchanged, still following Curve 3. At this point, the working condition of the
supply system transitions from Point B to Point C, achieving variable pressure and speed
flow volume transition adjustment. At this point, the working condition of the supply
system transitions from Point B to Point C, achieving variable pressure and speed flow
volume transition adjustment. The pump’s output shaft power at this time can be expressed
as Pc = Sc,13,0,02, where Sc 13,0,02 is the enclosed area of four points of C, H3, O, Q2, as
shown in Figure 2.
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Figure 2. Pump loading curves change when variable-speed controlled.

Comparing the two methods, the output power Pg = Sp 110,02 of the pump with
valve control is greater than the output power Pc = Sc 30,02 with speed control. The
difference in power between the two methods is AP = Sp 11,0,02 — Sc,H3,0,02-

In Figure 1, under the same water flow volume variation, changing the pipe resistance
characteristics of the water supply system by adjusting the valve opening does not improve
the energy-saving efficiency of the system. However, controlling the motor speed through
speed control, which further changes the head characteristics of the water supply system,
can significantly enhance supply efficiency. Transitions between different operating condi-
tions can also be smooth and continuous, reducing energy loss. Therefore, variable-speed
control technology is an ideal way to regulate the pump’s performance. However, if the
principle of constant pressure water supply is followed during the pump’s performance
regulation, the pump will work along the blue Curve 5 shown in Figure 3. It will achieve
some energy-saving but will not reach the optimal working point. The most energy-efficient
solution would be if the pump could judge and maintain the output water flow volume
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of Q2 and reduce the water head to H3, which is working Point C. This will produce the
most efficient way of changing the pump’s variable pressure while water flow volume is
kept constant.

.

H(m) @
B

H1 nl @

H2 ® A

n2 D
H3 c
@
0 @ a1

Q(m*/s)

Figure 3. Constant pressure water supply and the working curve.

If the pump is a 3-phased motor driving pump, it would be easy to adjust the pump
speed to Point C in Figure 3 by a VFD. However, the asynchronous induction motor
efficiency would be much lower when its speed is regulated if the pump was driven by a
single-phase asynchronous motor. It would be difficult to produce a lower speed at Point
C in Figure 3 because a single-phase AC asynchronous motor’s speed is limited by the
number of poles, as the formula below shows:

60 * f
p

n= (6)
where 7 is motor speed, f is the power frequency, p is the number of pole pairs.

So if the motor is 4-pole motor, and the power is AC 230 V 50 Hz, then the motor
speed would be n =60 * 50/4 <+ 2 = 1500 RPM.

To achieve variable speeds in a single-phase AC asynchronous motor, researchers
have developed a multi-winding approach, where windings for 2, 4, 6, 8, and 10 poles
are combined in a single motor winding. By connecting different lead wires for each pole
configuration, the motor’s operating speed can be switched between 2, 4, 6, 8, or 10 poles.
This setup allows for variable motor speeds while maintaining high efficiency at each speed.
However, the speed changes are discrete rather than continuous, limiting the motor to
fixed speeds (2, 4, 6, 8, or 10 poles). Additionally, this method increases manufacturing
complexity and cost, making it less suitable for developing variable-speed pumps for
single-phase motors or for creating specialized inverters.

In this paper, we introduce a permanent magnet synchronous motor (PMSM) as the
driving unit for the pump. A fuzzy control and FOC algorithm are employed to intelligently
control the pump operation, enabling communication between water demand and water
supply, and appropriate adjustment of the pump’s output. The PMSM is a three-phase DC
motor, powered by a 300 V DC input. Consequently, each PMSM requires an integrated
AC/DC inverter in the power supply unit, enabling the motor to be powered by either
a single-phase or three-phase supply. This innovative pump system not only adjusts the
water flow and pressure according to actual demand but also optimizes the input power
to achieve the most suitable output flow and pressure. This approach maximizes energy
savings across the entire pump system. The proposed system addresses the lack of speed
regulation in AC asynchronous motor-powered pumps and enhances efficiency at all
operating speeds by providing the most appropriate power input in a linear manner.
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2.2. Permanent Magnet Synchronous Motor

Due to the limitations of AC asynchronous induction motors, where the operating
speed is constrained by the number of poles, it is not feasible to develop a variable-speed
pump that operates efficiently across all speed ranges with a conventional AC asynchronous
motor. Existing research has demonstrated that the variability in pump speed is crucial for
energy saving. Therefore, it is essential to identify a motor that maintains high efficiency
when its speed is regulated. In this context, the permanent magnet synchronous motor
(PMSM) is proposed as the driving motor unit for a variable-speed pump.

A PMSM utilizes permanent magnetic materials in the rotor or stator to generate
the magnetic field. The interaction between the constant magnetic field produced by the
permanent magnets and the induced current magnetic field enables the motor’s operation.
Unlike traditional induction motors, PMSMs do not require external excitation for the
magnetic field, resulting in superior efficiency and dynamic performance across 80% of
their speed range. As a result, PMSMs are an ideal choice for developing variable-speed
pumps. Although other motors, such as servo motors, could also be applied based on their
efficiency and broad speed range, the PMSM is the optimal choice from both a cost and
performance perspective.

2.2.1. The Structure of PMSM
A typical PMSM vertical section is shown in Figure 4.

stator

stator
winding

permanent
magnets

Figure 4. Section of PMSM.

Main parts functions instructed as Table 1.

Table 1. Main structure of a PMSM.

Part

Function

Permanent magnets
Stator core

Rotor core

Stator winding
Others

The primary magnetic field source, generating a static magnetic field.

A stationary coil that generates a rotating magnetic field.

The rotating part with conductors, which rotates under the interaction of the static
and rotating magnetic fields.

Coils on the stator that produce the electromagnetic field.

Shaft and bearings which support the rotation of the rotor

2.2.2. Field Oriented Control (FOC) Building on PMSM

When a pump is driven by a PMSM, in order to intelligently control the pump’s output
water flow so it is constant, there is a need to build a field oriented control (FOC) into the PMSM.
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By building a dq rotating rectangular coordinate system, which is on a rotor magnet,
the PMSM'’s voltage vector can be obtained via Equation (7):

Vy = Ruig + pLyiq + @, (Laia + ¥y ) -

Vi = Ruig + P(Ldid + ll’f) — wrlyly

where V, V; are the PMSM dq axis voltage component; iy, i, is the dq axis current com-

ponent; Ly, L, are the PMSM dq axis inductance; R; is the phase resistance of the stator

winding; ¢ is the permanent magnet flux linkage; and w; is the angle speed of the rotor.
Magnet torque produced by the PMSM:

Te = pp (Tfiq +(La - Lq)idiq> (8)

where py, is the motor poles pair. As we are going to use a surface-mounted magnet motor,
there is no salient effect, so we can control the exciting current in the above equation = 0,
and the magnet torque can be simplified to be:

T, = Pp‘Pfiq ©9)

FOC is a control technique that decouples the motor’s torque and flux control. By
transforming the three-phase motor currents into the d- and g-axes components we obtain:

ig: The direct-axis current, responsible for the flux-producing component (excita-
tion current).

ig: The quadrature-axis current, responsible for the torque-producing component
(torque current).

By controlling these currents independently, the motor can be operated efficiently,
with the torque directly controlled via i;, and the magnetic flux controlled via i,.

In the context of the system, the key benefit of using FOC is the ability to independently
control the magnet torque (Tm) through the torque current i;, while keeping the excitation
current i; at a constant value to maintain flux stability. This results in a faster and more
responsive control system for applications like constant water flow regulation in pumps. In
summary, the PMSM voltage equations describe the relationship between the stator voltage,
currents, inductances, and other parameters in a dg-coordinate system. The components in
the equations—such as resistance, inductance, and permanent magnet flux linkage—are
key to understanding the motor’s behavior and how FOC allows for independent control
of the motor’s torque and flux. Through FOC, the motor’s torque can be controlled by
adjusting i;, while the flux can be controlled by adjusting i;, making it an ideal control
strategy for pump applications where constant water flow needs to be maintained.

The FOC control schematics for PMSM are explained in Figure 5 below. First, obtain
the motor rotor position through a speed and position observer, then obtain the phase
angle of the motor. Then, after the CPU samples the actual three-phase currents from the
current sensor, calculate the torque current i; and the excitation current id through Clark
and Park transformation of coordinates. Compare the set data and calculated data of the
torque current i; and the excitation current id separately, and obtain the voltages’ vector
sum through input differences of the current comparisons with the current regulator. The
voltage—duty ratio, in which outputs of the current regulator through inverse-Park and
inverse-Clark coordinates transform the inputs of the PWM waver generator, allows the
generator to produce six channels of PWM waves to control the insulated gate bipolar
translator (IGBT) on/off and timing, and control the motor effectively.
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Figure 5. PMSM FOC control system schematics.

In Equation (9), it can be observed that the output electromagnetic torque of the PMSM

can be controlled by setting the torque currents. When the torque current is constant, the

output electromagnetic torque of the PMSM motor remains constant, a process referred

to as constant torque control. However, it is evident that the pump’s output water flow

is not constant when the output pressure fluctuates, even under constant torque control.

Therefore, it is necessary to explore a torque current control strategy based on a fuzzy

algorithm to ensure a constant water flow output, even as the pressure varies.

2.2.3. The Characteristics of Permanent Magnet Motors

)

@)

®)

4)

The working principle of permanent magnet motors consists of the following steps:

Permanent magnet generates a static magnetic field: The permanent magnet creates a
constant static magnetic field in the motor.

Current flows through the winding to generate a rotating magnetic field: When current
passes through the stator winding, it produces a rotating electromagnetic field.
Interaction between the static and rotating magnetic fields: The interaction between
the static and rotating magnetic fields generates torque, driving the rotor to rotate.
The rotor follows the rotating magnetic field: The conductors on the rotor are subjected
to magnetic forces, causing the rotor to rotate in sync with the rotating magnetic field.

Permanent magnet motors exhibit several notable operational characteristic advan-

tages, including, but not limited to:

@
@)
®)
4)

©)

High efficiency: Since no external excitation is needed, permanent magnet motors
achieve higher energy efficiency.

High power density: These motors are smaller and lighter, offering a higher power
density for the same power output.

Quick response: They feature rapid start-stop, acceleration, and deceleration, making
them suitable for applications that require frequent speed changes.

Low noise: The stable magnetic field generated by the permanent magnet results in
low noise during motor operation.

High starting torque: Due to its requirement for rotor-frequency synchronization and
the inherent strength of its permanent magnets, the PMSM exhibits a significantly
higher starting torque than induction (asynchronous) motors.
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(6) Longer life: Due to the high working efficiency at variable speeds, the PMSM could
work at different speeds depending on the application request, which lengthens the
motor’s life as the motor does not work always at its max speed.

(7) Less maintenance: The longer operational life of the PMSM contributes to reduced
bearing maintenance and eliminates the need for capacitor maintenance entirely. This
contrasts with most single-phase AC motors, which require capacitors for either
starting or running operation.

Due to the above advantages of a PMSM, there is already much research on applying
PMSM to pumps. Jin et al. [25] researched applying a PMSM to low-voltage water pump
systems, while Bahrami-Fard et al. [26] researched transition of submersible pump driving
motors from an AC motor to a PMSM.

3. Developing Self-Adaptive Fuzzy PID Control for Pumps
3.1. Normal PID Control

The normal proportional integral derivative (PID) controller is widely recognized
for its simplicity, effective control performance, and high reliability, making it a staple in
industrial control systems. Currently, approximately 90% of PID controllers are employed
in practical control applications. One of the key advantages of PID controllers is their ease
of tuning, with the proportional, integral, and derivative components being flexibly and
conveniently adjustable. Over time, extensive practical experience has led to the maturation
of PID control design technology, solidifying its crucial role in real-world control systems.

A traditional PID controller operates as a linear system that calculates the error be-
tween the set point and the actual output. This error is processed through proportional,
integral, and derivative operations, with the final output sent to the actuator. The underly-
ing principle is depicted in Figure 6.

Value Fuzzy Control
Set AD Control DA Actuator Object
Detection
System

Figure 6. The schematic diagram of a PID controller.

The PID controller forms the control error e(t) based on the given value r(t) and the
actual feedback value c(t) as:

e(t) =r(t) - c(t) (10)

The control is based on the combination of proportional, integral, and derivative
actions, allowing the control quantity to adjust the controlled object. The fuzzy PID control
law is expressed as:

1 gt de(t)
= —_— )+ T 11
) = Ky el0) + - [ e(t)+ TS an
The transfer function of the PID is:
G(s) =K, + T1><s+des (12)

where e(t) is a deviation signal, u(t) is an output, K, is a proportional coefficient, T; is an
integral time, and T} is a derivative time.
The main functions of each control component in a PID controller are as follows:



Machines 2025, 13, 1070

11 of 33

(1) Proportional component

The mathematical expression for the proportional component is as follows:
P(t) = Kp xe(t) (13)

When an error occurs, the controller immediately adjusts the control object, aiming
to reduce the error. The intensity of this adjustment is closely related to the proportional
coefficient K. Increasing K, reduces the settling time and also decreases the steady-state
error, but it can lead to a larger overshoot and, in severe cases, cause the system to oscillate
or even become unstable. Therefore, when determining the proportional coefficient K,
it must be selected appropriately based on the characteristics of the control system. This
ensures that the settling time is reduced, the steady-state error is minimized, and the system
remains stable.

(2) Integral component
The mathematical expression for the integral is as follows:
K
I(t) = %e(t)dt (14)
1

As shown in Equation (14), the integral component is the process of accumulating the
system’s error. By accumulating the error, the controller’s output is adjusted to eliminate
the inherent offset. If the integral component is too strong, it can lead to system overshoot
or even instability, which is determined by the integral time T; and is inversely proportional
to the strength of the integral action.

(38) Derivative component
The mathematical expression for the derivative is as follows:

de(t)
dt

D(t) = K, Ty (15)

As shown in Equation (15), the derivative component allows for predicting changes
in the error. Adjusting the strength of derivative action can improve system performance.
However, the derivative component can also introduce negative effects to the system, so it
must be used appropriately. The effectiveness of the derivative action is determined by the
derivative time constant Tj.

In the use of PID control, only three basic parameters need to be set: K,, K;, and Kj;.
However, in most cases, setting just the proportional or proportional-integral parameters is
sufficient to meet the system’s requirements.

The transfer function of PID control is expressed as:

K,1
Ge(s) = Kp = =L = 4+ K,ts 16

( ) P Ti P + % ( )
where K, is the proportional coefficient, T; is the integral time constant, and Tj is the
derivative time constant. These three constants can be tuned.

The output signal of the PID controller is expressed as:

u(t) = Kpe(t) + I;f;e(t)dt + Kptd;(tt)

(17)
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The PID transfer function can be converted to:

U(s)  KpTrs® + Tis+1
E(s) T s

(18)

Compared to the PI controller, the PID controller has many advantages, which is why
it is more widely used in practical applications. However, the PID controller’s structure is
relatively more complex, as it has one more parameter than the PI controller, making the
tuning process more challenging. The PID controller is a combination of the PI and PD
controllers, leveraging the advantages of both while mitigating their weaknesses.

In actual systems, a discrete PID control algorithm is used, and there are mainly two
types: the position algorithm and the incremental algorithm.

The position algorithm is expressed as:

k
u(k) = Kpe(k) + K; ) _ e(j) + Kgle(k) — e(k — 1)] (19)
j=0

The incremental algorithm is expressed as:
Au(k) = u(k) —u(k —1) = Kp[[e(k) — e(k — 1)] + Kje(k) + Ky[e(k) — 2e(k — 1)] +e(k — 2)] (20)

where K, is the proportional coefficient, K; is the integral coefficient, K; is the derivative
coefficient, T is the sampling period, e(k) is the error value at the k sampling, e(k — 1) is the
error value at the k — 1 sampling.

Equation (20) represents the digital incremental PID control algorithm, which can be
implemented using the stored values e(k), e(k — 1), and e(k — 2), and provides excellent
control performance.

The core of PID control lies in the tuning process of the proportional coefficient,
integral coefficient, and derivative time constant. The selection of parameters directly
affects the control performance of the system. Through years of development and practical
application, engineers have developed various tuning methods, accumulating rich theories
and practical steps for parameter tuning. These methods have met the system needs
to a certain extent. However, as systems become increasingly complex, with growing
instability in control objects, tuning parameters has become significantly more challenging,
and traditional tuning methods can no longer meet the requirements of modern systems.

The water supply system mentioned in this paper is a nonlinear time-delay system,
which is difficult to control with traditional fixed-parameter PID controllers due to the
uncertainty in the system model. Therefore, PID parameters need to adapt, requiring a
more advanced PID controller, specifically one with self-tuning capabilities [27,28].

The rapid development of computer technology has made self-tuning PID controllers
possible. Consequently, some CAD tuning methods have emerged, such as parameter set-
ting using relevant MATLAB(R2021b) toolboxes. MATLAB's tuning tools allow modeling
and simulation to quickly obtain system tuning performance, after which PID parameters
are adjusted accordingly. However, this method requires a highly accurate system model,
and if the model changes, the original parameters become obsolete. In self-tuning control
systems, an accurate model of the control object is not needed, and the parameters can be
adjusted through self-learning [29].

In recent years, methods based on control object parameter tuning have been widely
applied. These methods tune the three PID parameters online based on various require-
ments or objective functions. Computer optimization techniques for finding optimal PID
parameters have been applied to specific applications. These methods leverage the strong
computational power of computers but also have limitations, such as the need to establish
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an accurate mathematical model. However, this requirement assumes that the controlled
object is linear, time-invariant, and has weak time-delay characteristics; otherwise, the
system parameters and performance derived may not be accurate.

3.2. Self-Adaptive Fuzzy PID Control

This paper combines fuzzy controllers with classical PID controllers, utilizing fuzzy
sets, fuzzy logic, and fuzzy inference to automatically modify the PID parameters K, K;,
and K; online based on different error and error change rate values. Compared to classical
PID controllers, this controller has the following advantages:

e  Fast response;
e Low overshoot;
e  Strong robustness.

It solves the issues of pure time-delay, time-varying, and nonlinear systems.

In a variable frequency speed control water supply system, the feedback signal is the
outlet pressure, which is compared with the reference pressure value to determine the
control instructions for the frequency converter. The variable frequency speed control water
supply system has the following characteristics:

(1) There is a nonlinear relationship and uncertainty between the outlet pressure and the
pump speed;

(2) There is a certain delay between the water pressure and the pump speed;

(38) The system has high inertia and a long pure delay time.

Due to these characteristics, designing the control system becomes very challenging. The
dynamic characteristics of classical control theory are significantly inferior in water pressure
control. Therefore, this design combines fuzzy control theory with adaptive fuzzy PID control
to regulate and adjust the water pressure and flow volume in the water supply system.

3.2.1. Principles of Self-Adaptive Fuzzy PID Control

Fuzzy control has the characteristic of not relying on the model of the industrial object,
and its system features are described using linguistic variables. Control commands are
obtained through appropriate logical calculations based on the expert knowledge base of
the system and the dynamic information collected. Since it does not depend on a system
model, the system has good robustness, but the control precision is relatively low. If
combined with adaptive PID, it can better adjust the system parameters automatically
based on the changes in the adaptive control system’s parameters, meeting the system’s
control requirements. This control method, which combines a fuzzy controller with a
traditional controller, is known as a composite fuzzy controller. Typically, a simple fuzzy
controller is connected in series with a classical PI or PID controller. This combination
leverages the strong non-linearity of the fuzzy controller and the maturity of the classical
PI/PID controller to jointly control system oscillations and steady-state errors. Therefore,
the combination of fuzzy control and PID control is an effective means of improving control
performance [30-32].

This system employs a method based on fuzzy logic, using an online self-tuning PID
controller to improve system control precision and robustness.

In a fuzzy control system, it is necessary to establish a correspondence between the
controller’s input quantities and fuzzy variables. When using self-tuning fuzzy control,
standardized values of the input and output measurements are used. Through careful
analysis, comparison, and summation, and based on the characteristics of the water supply
system, this paper adopts a two-dimensional fuzzy controller for logical analysis and
inference. Specifically, error and error change rate are input into the fuzzy controller, while
the pump speed signal is used as the output.
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Step one is to establish the model for the fuzzy self-tuning PID controller. Based on a
control process, the principles for setting PID parameters corresponding to different values
of error e and error change rate ec are derived as follows:

(1) When |e| is large (|e| > ep,), the absolute value of the error is significant. To quickly
eliminate the error, K, should be increased to improve the system’s dynamic response
speed. To prevent the instantaneous value of ec from being too large, K; should be
set to a smaller value to avoid large overshoots. Additionally, to prevent integral
saturation, the integrator should be limited, and typically K; = 0;

(2) When the error |e| is moderate (le] = ep), to ensure a good response speed and
moderate overshoot, K, should be reduced, K; should be increased, and K; should be
set to an appropriate value;

(3) When |e| is small |e;| > |e| > |eq|, to achieve better stability, both K, and K; should be
set to larger values. At the same time, to avoid oscillations, the value of K; should
take ec into account: if ec is small, K; can be larger; otherwise, K; should be smaller.

A classic PID controller does not have the capability to tune parameters K, K;, and
K, online. When error e and error change rate ec change, its parameters cannot adjust
accordingly, making it difficult to further improve the system’s control performance. By
using fuzzy expert rules, PID parameters can be modified in real time, which is the concept
behind the self-tuning PID controller, also known as the adaptive fuzzy PID controller.
Based on the roles and adjustment methods of K, K;, and K; described above, fuzzy control
rules for these parameters are derived. The fuzzy controller monitors the values of e and ec
in real time and adjusts the PID parameters accordingly. This achieves automatic correction
of PID parameters. Its structure is shown in Figure 7.

Fuzzy
» Inference
T 1
K, K, K,
P+ Ll
+ L = PID Control »  Object —
_ @ | ap

Status Detection

Figure 7. The structure diagram of self-adjusting fuzzy-PID control system.

The design principle of this system is based on the fuzzy relationship between the
three PID parameters and the error e and the error change rate ec. During operation, the
system inputs the e and ec signals into the fuzzy controller in real time. The fuzzy controller
adjusts the three PID parameters in real time according to expert knowledge to match the
changes in ¢ and ec. This approach overcomes the system’s non-linearity without relying
on the control system model.

3.2.2. Design of Self-Adaptive Fuzzy PID Controller

First, select the appropriate type of fuzzy controller and specific derivation method
based on the actual controlled system; i.e., determine the system architecture, structure,
system input, output variables, fuzzy inference rules, fuzzification algorithm, and defuzzi-
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fication calculation method. The design steps for an adaptive fuzzy PID controller are as
follows [33]:

)

@)

®)
4)

©)

(6)

@)

Determine the structure and type of the fuzzy controller and the corresponding input
and output variables. In this paper, error e and rate of change of error ec are selected
as the inputs to the controller, and the incremental PID parameters AK,, AK;, and AKy
are selected as the output variables.

Choose scaling factors, quantization factors, and other mapping parameters in the
universe of discourse.

Define the fuzzy subsets of the variables and select appropriate membership functions.
Establish fuzzy control rules. Input fuzzy conditional statements to obtain the fuzzy
control rules.

Obtain the fuzzy control table. Based on these output values, determine the ad-
justment values for the PID parameters. By integrating all the logical computation
relationships, the control rule table is derived. Since the PID has three parameters, the
controller needs to output three output variables as well.

Input the system’s error and error change rate into the fuzzy logic matrix after Steps
(2) and (3) to obtain the modification values of the PID parameters. Finally, the final
controller output value, i.e., the system’s control quantity, is calculated through the
PID algorithm.

Verify the system parameters. By modeling and simulating, the control effect of the
system is determined, and then the various system parameters are appropriately
adjusted to achieve optimal performance.

3.2.3. Building up Fuzzy Rules Tablet

In the water pump supply control system, the system is required to have a certain

level of disturbance resistance and to adjust the PID parameters as quickly as possible.

Therefore, based on the actual conditions on site, the actual operational experience of the

operators and engineers, and the principles of PID parameter tuning, a control rule table

for the control process has been summarized and determined. When the system is running

online, the computer can tune the PID parameters by directly looking up the table, thereby

reducing the amount of computation and achieving a quick response. The fuzzy control

rule tables for tuning the parameters AKj,, AK;, and AK; are shown below (Tables 2-4).

Table 2. AK), fuzzy rule table.

ec

. NB NM NS Z0 PS PM PB
NB PB PB PM PM PS ZO ZO

NM PB PB PM PS PS ZO NS

NS PM PM PM PS Z0 NS NS
Z0 PM PM PS ZO NS NM NM
PS PS PS ZO NS NS NM NM

PM PS ZO NS NM NM NM NB

PB Z0O ZO NM NM NM NB NB

Table 3. AK; fuzzy rule table.
ec

e NB NM NS Z0 PS PM PB
NB NB NB NM NM NS ZO ZO

NM NB NB NM NS NS ZO ZO
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Table 3. Cont.
ec
. NB NM NS 70 PS PM PB
NS NB NM NS NS Z0 PS PS
Z0 NM NM NS y4Q) PS PM PM
PS NM NS Z0 PS PS PB PB
PM Z0 Z0 PS PS PM PB PB
PB Z0 Z0 PS PM PM PB PB
Table 4. AK,; fuzzy rule table.
ec
. NB NM NS 70 PS PM PB
NB PS NS NB NB NB NM PS
NM PS NS NB NM NM NS Z0
NS Z0 NS NM NM NS NS Z0
Z0 y4Q] NS NS NS NS NS Z0
PS Z0 Z0 Z0 y4Q) Z0 Z0 Z0
PM PB NS PS PS PS PS PB
PB PB PM PM PM PS PS PB

According to the system accuracy requirements, the input variable error E and the

error rate of change EC can be divided into different levels, with more levels representing

higher accuracy. In this paper, based on the actual system requirements, the input variable

error E and the error rate of change EC are divided into 7 levels of linguistic variables, with

each level corresponding to a fuzzy subset.

E = {NB, NM, NS, ZO, PS, PM, PB}

EC = {NB, NM, NS, ZO, PS, PM, PB}

Based on above fuzzy rule table, there are 49 control rules, and every rule has its

responding E and EC, and control language value. The control rule can be expressed in the

above table, or written as ‘If e and ec, then AK), AK;, and AK,’, for example:

If (e is NB) and (ec is NB), then (AK,, is PB) (AK; is NB) (AK; is PS);
If (e is NB) and (ec is NM), then (AK}, is PB) (AK; is NB) (AKj is NS);
If (e is NB) and (ec is NS), then (AK}, is PM) (AK; is NM) (AK, is NB);
If (e is NB) and (ec is ZO), then (AK}, is PM) (AK; is NM) (AKj, is NB);
If (e is NB) and (ec is PS), then (AK,, is PS) (AK; is NS) (AK, is NB);

E, EC, AKy, AK;, AK; membership functions are triangular functions, as the Figure 8

below shows:

NH NS

20

PM

Figure 8. E, EC, AK,, AK; AK; membership functions.



Machines 2025, 13, 1070

17 of 33

The AK,, AK;, AK; fuzzy inference input and output surface 3D are as Figure 9
below shows:

Figure 9. AK;, AK;, AK; fuzzy inference input and output surface.

3.2.4. Fuzzy Control Rule Lookup Tablet

The fuzzy linguistic variables of E and EC, from largest to smallest, are positive big
(PB), positive medium (PM), positive small (PS), zero (ZO), negative small (NS), negative
medium (NM), and negative big (NB). These are symbolized as PB, PM, PS, ZO, NS, NM,
NB. Then, we precisely discretize the domain of E and EC, dividing it into 13 levels; i.e,, ...

E={-6,-5 —-4,-3,-2,-1,0,1,2,3,4,5, 6}
EC={-6,-5,-4,-3,-2,-1,0,1,2,3,4,5, 6}
Through the quantitative factor conversion formula, we obtain:

2n

k= b—a

(21)

In Formula (21), a represents the lower bound of the domain, b represents the upper
bound of the domain, and n = 6. The quantifying factor is used to transfer the error e in the
domain [—0.05,0.05] and the error variation rate ec in the domain [—12,12] are transformed
to the domain [—6,6] in the below experiment.

We first need to apply the fuzzy inference composition algorithm to calculate the fuzzy
control lookup table. Then, based on the values of e and ec, the corresponding fuzzy control
quantity is found from the lookup table through fuzzy control and then processed through
defuzzification for output. Each control rule in the fuzzy control rule table determines
a fuzzy relation. By performing the “union” operation on the 49 control rules R; (where

i=1,2,...,49), we obtain the total fuzzy relation matrix R for the water supply system’s
fuzzy controller, as follows:

ﬁzﬁl\/ﬁz\/“-\/ﬁ%\/ﬁ@ (22)

Based on the above fuzzy relation matrix R, when the error ¢ = e; and the error

change rate ec = ecy are known, the corresponding control quantity R can be obtained by
looking up the control rules:

EKP = (61 X éVC)INQ (23)
INQKI = (61 X ENC)ﬁ (24)
Rip = (e1 x ‘;C)IN{ (25)

Since the elements of the universes of ¢ and ec are known, precise control values K for
various conditions can be calculated offline using the formula above, thereby creating the
fuzzy control lookup table.
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The aggregation operation in the given context refers to the union operation applied to
the 49 control rules in the fuzzy control system. This operation combines the fuzzy relations
corresponding to each control rule in the fuzzy control rule table.

In fuzzy logic, the union operation typically involves combining two fuzzy sets (or
relations) in such a way that the resulting set captures all the possible elements of both sets.
When dealing with fuzzy relations, the union operation can be thought of as taking the
maximum or supremum of the corresponding membership values for each element across
the fuzzy relations.

Here, the union operation is used to combine the 49 control rules’ fuzzy relations
into a total fuzzy relation matrix for the water supply system’s fuzzy controller. This
matrix is then used to obtain the corresponding fuzzy control quantity by looking up the
control rules, as explained in the subsequent steps involving defuzzification and lookup
table construction.

The lookup tables for the fuzzy control rules AKj,, AK;, and AK; are as Tables 5-7.

Table 5. AK,, fuzzy control lookup table.

* 6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6
ec
—6 6 6 5 5 5 5 5 3 3 2 1 0 0
-5 6 6 5 5 5 4 3 2 2 1 0 0 0
—4 5 5 5 5 4 3 3 1 0 0 0 0 -1
-3 5 5 5 4 3 3 2 1 0 0 0 0 -1
-2 4 4 4 4 3 3 2 1 0 0 0 -1 -2
-1 4 4 4 3 3 1 0 0 0 0 -1 -1 -3
0 3 3 3 2 2 1 0 0 0 0 -1 -2 -3
1 3 2 1 0 0 0 0 -1 -2 -2 -3 -3 -3
2 2 1 0 0 0 0 -1 -2 -3 -3 —4 -5 -5
3 1 0 0 0 0 -1 -2 -3 —4 -5 -5 -5 -5
4 0 0 0 0 -1 -2 -3 —4 -5 -5 -5 -5 -5
5 0 0 0 -1 -2 -2 -3 —4 -5 -5 -5 —6 —6
6 0 0 -1 -2 -3 -3 -5 -5 -5 -5 —6 —6 —6
Table 6. AK; fuzzy control lookup table.
* 6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6
ec

—6 —6 —6 -5 -5 -5 -5 -5 -3 -3 -2 -1 0 0
-5 —6 —6 -5 -5 -5 —4 -3 -2 -2 -1 0 0 0
—4 -5 -5 -5 -5 —4 -3 -3 -1 0 0 0 0 1
-3 -5 -5 -5 —4 -3 -3 -2 -1 0 0 0 0 1
-2 —4 —4 —4 —4 -3 -3 -2 -1 0 0 0 1 2
-1 —4 —4 —4 -3 -3 -1 0 0 0 0 1 1 3
0 -3 -3 -3 -2 -2 -1 0 0 0 0 1 2 3
1 -3 -2 -1 0 0 0 0 1 2 2 3 3 3
2 -2 -1 0 0 0 0 1 2 3 3 4 5 5
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Table 6. Cont.
—6 -5 —4 -3 -2 -1 0 1 2 3 4 5 6
ec

3 -1 0 0 0 0 1 2 3 4 5 5 5 5

4 0 0 0 0 1 2 3 4 5 5 5 5 5

5 0 0 0 1 2 2 3 4 5 5 5 6 6

6 0 0 1 2 3 3 5 5 5 5 6 6 6

Table 7. AK,; fuzzy control rule lookup table.
—6 -5 —4 -3 -2 -1 0 1 2 3 4 5 6
ec

—6 1 1 -1 -2 -5 —6 —6 —6 -5 —4 -3 1 1

-5 1 -1 -2 -3 —4 -5 —6 -5 —4 -3 -2 -1 1

—4 1 -2 -2 -3 —4 -5 -5 —4 —4 -3 -2 -1 0

-3 1 -2 -3 —4 -5 —6 -5 —4 -3 -2 -2 -1 0

-2 0 -1 -2 -2 -3 —4 —4 —4 -3 -2 -1 0 0

-1 0 0 -1 -2 -3 -3 —4 -3 -3 -2 -1 -1 0

0 0 0 0 -1 -1 -2 -2 -2 -1 -1 -1 0 0

1 0 0 0 0 0 0 0 0 0 0 0 0 0

2 1 1 0 0 0 0 1 1 1 1 1 1 1

3 5 4 -1 -2 1 1 2 2 2 3 4 5 5

4 5 3 2 1 1 2 3 3 4 5 5 5 5

5 6 5 4 4 4 3 3 3 2 2 2 5 6

6 6 6 5 5 4 4 3 3 3 2 2 6 6

The three tables are calculated through the weighted average method:
K= sz;:l" (26)

k; is the i weight, u; is the i original value, or suggested value, or detected value, in
the control rules; it is a suggested control value that is output by control rules. The weight
in Equation (26) is “1”.

The tables above are uploaded and stored in the computer. In the control program, a
subroutine is written to search and query the table. The water supply system calculates
the error e(k) and the error change Ae(k) = e(k) — e(k — 1) based on the given water flow
volume and water pressure value and the actual water flow volume and water pressure
value feedback by the flow volume and pressure sensor. Then, the error e(k) and the error
change Ae(k) are multiplied by the quantization factors K, and K., respectively, to obtain
the corresponding elements in the domain. Finally, by querying the corresponding row
and column of the fuzzy control rule table, we obtain the required output control quantity
Ak. However, this control quantity is a value processed through the fuzzy logic system
and needs to be multiplied by the scaling factor K, to convert it into the actual control
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value before being input to the actuator of the water supply system, as shown by the
following equation.

Ky =K, + AKp = K, + {e,ec}, (27)
K; = K} + AK; = K/ + {e, ec}; (28)
Ky =K+ AK; = K}, + {e,ec}, (29)

The system ultimately achieves real-time correction of the PID parameters, ensuring
optimal control performance. In conclusion, the intelligent self-adaptive PID water supply
system presented in this paper leverages the efficiency and speed of fuzzy control principles.
By utilizing the system’s collected error and error change rate, the proportional constant K,
integral constant K;, and derivative constant K; of the PID controller are quickly adjusted
through fuzzy computation and fuzzy control rule table lookup, making corresponding
compensations AK, AK;, and K;. This approach addresses the limitations of traditional
PID control systems, where fixed parameters are unable to adapt to complex nonlinear
systems. The values of gains are: AK, =0.2, AK; =0.1, K; = 1.

3.2.5. Self-Adaptive PID Fuzzy Control Chart Design

In order to make pump automatically adjust its output water flow and self-adjust its
input power, we need to design a self-adaptive PID fuzzy control chart as shown below
Figure 10.

Entering into the 10 msec clock » Obtsr?en;eug;(t:lf”t:tz:?lt:;t\fglEgow
¥
Calculate the differ e of the water flow « Fuzzy the differ e and differ
set value to the observed value changing ec
-

Get fuzzy gains K, K;, and K, » Get AK,, AK;, AK, through fuzzy
after defuzzification rules

¥
Calculate torque current set value i, *, « Input the set current i, ", i; to FOC
and set exciting current value i; ‘=0 module
-~
Exit from the 10 msec clock pause

Figure 10. Self-adaptive PID fuzzy control chart.

A self-adaptive PID fuzzy control loop (manipulated variable is typically VFD fre-
quency/motor speed; measured variable is the water flow) operates as follows:

P (proportional): Responds in proportion to the current error. Larger error — larger
correction, giving fast reaction to disturbances and a “stiffer” loop. With pipeline inertia
and delays, too much P causes oscillation/hunting; too little makes the response sluggish
and produces a steady-state error.

I (integral): Accumulates past error to remove long-term small errors, achieving zero
steady-state error. It compensates for pump curve effects, piping losses, valve position
changes, supply pressure, fluid viscosity changes, etc. Excessive I can cause slow oscilla-
tions, overshoot, and long settling times, and may lead to integral windup. Use integral
limits, conditional integration, or anti-windup strategies.

D (derivative): Acts on the rate of change of error to anticipate its trend, adding
damping to reduce overshoot and speed up stabilization; helpful for sudden disturbances
(e.g., quick valve moves). However, D amplifies measurement noise, and flow signals often
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have ripple/noise, so D is usually small or unused in flow control. If used, apply moderate
measurement filtering or a filtered derivative.

In the context of constant flow for pumps:

With P only, a steady-state error typically remains (especially with centrifugal pumps
influenced by the system resistance curve). The I term “wipes out” that error by nudging
speed to exactly meet the target flow.

When disturbances occur (downstream valve changes, upstream pressure or temper-
ature shifts), P reacts quickly; I then trim to zero error; D helps suppress overshoot and
oscillations caused by water-column inertia and signal delays.

Flow measurements often contain noise/pulsation (from the flow meter, turbulence,
positive-displacement pulsation, etc.), which limits usable P and D gains. Apply reasonable
low-pass filtering /averaging, but avoid excessive filtering that adds delay.

4. Experiment and Results
4.1. Testing Sample Building

This experiment involves the construction of a PMSM motor (Nanjing Watt Electric
Motors Corporation, Nanjing, China), as shown in Figure 11. The motor is an 8-pole
permanent magnet motor with a rated output power of 750 W and a maximum output
power of 850 W. Figure 12 shows the schematic diagram of the PMSM motor, and it can be
found that the PMSM power supply is from an DC-AC inverter, so either 3-phase power or
a single-phase power supply could be applied through an inverter. As shown in Figure 13, it
also used an AC asynchronous motor( Nanjing Watt Electric Motors Corporation, Nanjing,
China) with the following specifications of rated input power supply: 220 V 50 HZ, rated
current of 4.2 A, a 2-pole motor, rated speed of 2800 RPM, rated output power of 750 W,
and a starting capacitor of 25 uF. The specific specifications are as shown in Table 8.

Pump PMSM
Mator

Serial Communication

MicroControlUnit

Figure 12. PMSM pump motor control schematic diagram.
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Figure 13. AC asynchronous motor.

Table 8. The specifications of the PMSM and AC asynchronous motor.

Input Input Rated Rated Poles of The
Motor Voltage Frequency Speed Output Power IP Grade Motor
PMSM motor 230V 50/60 Hz 2850 RPM 750 W IP55 8 Poles
AC asynchronous motor 230V 50 Hz 2850 RPM 750 W P54 2 Poles

4.2. Testing Platform Building

Figure 14 shows the testing platform, including power supply, water flow volume
meter, control valve, water pressure meter, water tank, and water pipes.

Water Tank
Flow Meter
R ST | J
— T T SN—_—
N
Control Valve ‘
== Pressure Meter

Figure 14. Testing platform schematic diagram.

In the pipes used to connect the pump, valve, flow meter, and pressure meter, the
diameter of the I.D = 3.0 inches, the O.D = 3.5 inches, and the material was PVC (each
part of the pipe length is shown in Figure 15). At the pump suction and discharge ports,
the pipe size was reduced to 2 inches. The flow meter testing capability was 0-50 M3/h
with a tolerance of +0.005 M3 /h. The pressure meter testing capacity was 0-3.5 bar with
a tolerance of £0.005 bar. The meters were monitored every time the valve close rate
was changed.
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—\r‘\;;_ Meter

Figure 15. Testing platform setup.

4.3. Experiment Method and Results

The pumps were tested by setting a fixed input power first, then changing the valve
on the pipe to see how the water flow and pressure changed, using the water flow and
water pressure sensors to detect the data changing; then, the pump performance curve of
water flow vs. water pressure was drawn.

The fuzzy controlled PMSM pump used was a variable-speed pump that can work at
different speeds, and at each speed, it has a corresponding input power. However, this is
not a certain relation: as soon as the water pressure changes, the input power corresponding
to each speed will change too if the same water flow is kept, or the input power is kept
constant. The water flow will have to change when water pressure changes. The symbols
used in the testing are shown below in Table 9.

Table 9. Symbols used in pump testing.

Symbol Explanation
Hy Water pressure on the discharged side
Hg Water pressure on the suction side
2 2 Formula used if suction and discharge pipe side are different,
Va—Vs/28 canbe i d if the si
gnored if the sizes are same.
H =Hy — H; Water pressure difference from discharge to suction.
Hges Conversation from bar to meter.
Q Water flow volume.
n Motor output speed.
I Motor input current.
U Motor input voltage.
Py Motor input power.
Px Motor output power.

Tables 10 and 11 correspond to the testing results when motor input power is 230 W
and 1100 W. Figure 16 shows the tested pump performance curve when the motor input
power is 230 W. Figure 17 shows the pump performance curve when motor input power is
1100 W.

Table 10. Electric data and pump performance data when pump driving motor input power is 230 W.

Hy H; Vi—Vili2g H=H4-H, Hges 0 n I U P;
[bar] [bar] [m] [bar] [m] [m3/h]  [1/min] [A] [Vl [kW]
—0.04 0.05 0.00 —0.09 0.15 17.18 1586 1.02 232 0.23
0.36 0.05 0.00 0.31 4.23 8.60 1632 1.03 231 0.23
0.54 0.05 0.00 0.49 6.07 4.23 1757 1.05 232 0.24

0.66 0.05 0.00 0.61 7.30 0.00 1766 1.06 231 0.24
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Table 11. Electric data and pump performance data when pump driving motor input power is 1100 W.

Hy H, Vi-Vi2g H=Hy4-H; Hages Q n I U P;
[bar] [bar] [m] [bar] [m] [m3/h] [1/min] [A] [Vl [kW]
—0.04 0.05 0.00 -0.09 0.15 28.78 2798 4.87 231 1.11
0.35 0.05 0.00 0.30 413 2591 2777 4.90 230 1.12
0.74 0.05 0.00 0.69 8.12 21.44 2800 4.87 231 1.11
1.13 0.05 0.00 1.08 12.10 16.20 2853 4.85 231 1.11
1.52 0.05 0.00 1.47 16.08 10.90 2978 4.81 231 1.10
1.93 0.05 0.00 1.88 20.27 3.34 3177 4.56 231 1.05
2.04 0.05 0.00 1.99 21.40 0.00 3277 443 231 1.02
8
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Figure 16. Pump performance curve when input is 230 W.
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Figure 17. Pump performance curve when input power is 1100 W.

Based on the testing data in Table 10, pump performance curve is expressed by water
flow volume and water pressure in Figure 14 when motor input is 230 W. Table 10 and
Figure 14 show the direct relationship of water flow and water pressure with motor input
power and current.

It is noted in the test results that when a constant power of 230 W is input into the
pump system (driving motor), the pump output a water flow volume and water head
curve, which is actually a curve of speed and shaft torque. From Table 10, we can see the
water flow is not a linear relationship to the pump impeller speed. It is not a relationship of

“more speed, more water”, it is actually a relationship of “more speed (water pressure), less
water” if the input power is fixed (in Table 10, when pump impeller speed is 1586 RPM, the
water flow is 17.18 M3 /h, and 1632 RPM with 8.6 M3 /h water flow volume).
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Based on the testing data in Table 11, the pump performance curve is expressed by
water flow volume and water pressure in Figure 17 when motor input is 1100 W. Table 11
and Figure 17 build up the direct relationship of water flow, water pressure with motor
input power, and current.

It is noted that when a constant input power of 1100 W is input into the same pump sys-
tem (driving motor), when pump impeller speed is 2798 RPM, the water flow is 28.78 M3/h,
and when speed is 2978 RPM, the water flow volume is 10.9 M3 /h.

If we compare the two Tables 10 and 11, it is noted that in Table 11, an input 230 W
pump could output a water flow volume at 8.6 M3/h when its speed is 1632 RPM, and
a volume of 17.18 M3 /h with a speed 1586 RPM, so we could assume it could output
10.9 M3/h at a speed around 1622 RPM. In Table 11, an input 1100 W pump system could
output 10.9 M3 /h when its speed is 2978 RPM. So the same pump could output the same
water flow volume at different speeds when the input power is different, if the online water
demand at this time is 10.9 M2 /h. Obviously, 230 W input power to the pump system is
much more energy saving than 1100 W input power to the pump system.

In the same way, the researched new pump system’s water flow vs. water pressure
performance curve at different input power values of 60 W (dark blue), 230 W (orange),
450 W (light blue), 680 W (purple), 880 W (green), and 1100 W (black) could be drawn as
below in Figure 18. The curve colors change from dark blue to black as the input power
changes from 60 W to 1100 W. So, the direct relationship between pump output performance
to motor input power, and current, has been established through the testing. This could
work as the observation tablet in the fuzzy algorithm.
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Figure 18. Pump performance curves at different loadings.

If we add constant water demand volume lines to Figure 18 above, we obtain Figure 19
as below:

\ |

" \\ ' A
16 - - - +
%

10 12 14 18 1® 20 2 24 2% 28 30
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| demand volume at 20CBM/Hour ‘

demand volume at 14CBM/Hour ‘

Water Flow Volume (CBM/h)

demand volume at 6CBM/Hour ‘

2
Water Head (m)

Figure 19. Different input power values when water demand is 20 (yellow), 14 (green), and
6 (red) CBM/h.
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Figure 19 shows the most energy saving input power value for each target water flow
volume is the first cross point to the pump’s performance curves from the left. The built-in
fuzzy algorithm would self-adapt the pump’s input power to the most energy saving input
power through its tunability and convergence.

However, if the pump is driven by an AC asynchronous induction motor, as Table 12
and Figure 20 show, the water pressure and water flow volume could be adjusted by a
valve’s opening rate, and the pump water supply volume is changed, but the pump’s input
power does not change accordingly. It is always a 1000 W input.

Table 12. Electric data and pump performance when pump driving motor input power is 1000 W.

Hy H; Vi—-Vii2g  H=Hg4-Hs Hges Q n I U Py Px 1
[bar] [bar] [m] [bar] [m] [m3/h]  [1/min] [A] [V] (kW] kW] [%]
0.15 0.05 0.00 0.10 1.02 28.70 2710 4.67 2304  1.065 0.67 0.12
0.40 0.05 0.00 0.35 3.57 25.61 2704 4.70 2304  1.074 0.68 0.37
0.80 0.05 0.00 0.75 7.65 19.67 2709 4.67 2304  1.063 0.67 0.61
1.00 0.06 0.00 0.94 9.59 16.36 2717 4.59 2302 1.046 0.66 0.65
1.20 0.06 0.00 1.14 11.63  12.63 2733 445 2303 1.012 0.64 0.60
1.40 0.06 0.00 1.34 13.67 7.31 2778 4.05 2306 0914 0.58 0.47
1.48 0.06 0.00 1.42 14.48 0.00 2822 3.66 231.3  0.808 0.53 0.00
16 -
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Figure 20. Pump performance curve when input power is 1000 W.

The water flow volume is the pump system’s final demand. The water pressure is the
factor that helps to transport the demanded water flow volume in time, but the water flow
changes when the water pressure changes, so keeping a certain required water flow volume
constant on the application side is most important in a pump system. The researched fuzzy
algorithm-FOC controlled pump aims to build up a self-adaptive function which could
adjust the pump’s water flow to be constant while the water pressure changes.

The researched pump was tested at each different input power value (100 W, 215 W,
810 W) with different valve opening rates (from 0 to 1, increasing by 1/8 every step)
which changed the water pressure in the pump system. The testing results are shown in
Tables 13-15, and Figures 21-23.
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Table 13. Pump performance when input power is set as 100 W.

Input Input Input Power

Inpu[t“I]’]ower Valx;{e Slose Wat?r flow Voltage Fre[c%_tlle]ncy Current Actual MoEcI(;;J if}eed
ate Q vl 2 (Al (Wi
0 7.37 230 50 0.75 90.2 1388
1/8 7.37 230 50 0.77 94.8 1388
1/4 7.37 230 50 0.77 94.1 1390
3/8 7.32 230 50 0.78 96 1398
100 1/2 6.56 230 50 0.78 95.3 1400
5/8 6.54 230 50 0.79 96.6 1415
3/4 6.54 230 50 0.8 98.8 1424
7/8 6.33 230 50 0.8 100.9 1436
1 0 230 50 2.08 281 2430
Table 14. Pump performance when input power is set as 215 W.
Input Power  Valve Close Water Flow ‘;nput Frequency Input Input Power Motor Speed
(W] Rate [Q] oltage [Hz] Current Actual [RPM]
[Vl [A] W]
0 10.18 230 50 1.65 215 1948
1/8 10.16 230 50 1.64 216 1947
1/4 10.16 230 50 1.64 217 1946
3/8 10.08 230 50 1.64 215 1947
215 1/2 10.03 230 50 1.64 215 1947
5/8 9.94 230 50 1.63 214 1947
3/4 9.81 230 50 1.62 215 1947
7/8 9.3 230 50 1.62 213 1947
1 0 230 50 4.77 704 3446
Table 15. Pump performance when input power is set as 810 W.
Input Power  Valve Close Water Flow ‘}np ut Frequency Input Input Power Motor Speed
(W] Rate [0] oltage [Hz] Current Actual [RPM]
[V] [A] W]
0 17.24 230 50 5.46 812 3170
1/8 17.24 230 50 5.45 810 3170
1/4 17.22 230 50 5.46 813 3172
3/8 17.05 230 50 5.45 811 3172
810 1/2 16.8 230 50 5.48 814 3172
5/8 16.73 230 50 5.46 811 3172
3/4 16.54 230 50 5.44 810 3172
7/8 15.87 230 50 5.42 806 3173
1 5.2 230 50 6.02 908 3720
8
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Figure 21. Water flow curve when input power is set as 100 W.
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Figure 22. Water flow curve when input power is set as 215 W.
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Figure 23. Water flow curve when input power is set as 810 W.

From the testing results shown in Tables 1315 and water flow curves shown in
Figures 21-23, it was found that when the valve opening rate changes from 1/8,1/4to 8/8
(fully opened), the water flow volume of the pump output is almost the same when the
water pressure changes. This result proves the fuzzy algorithm-FOC controlled pump could
self-adjust its performance and constantly output same water flow volumes when water
pressures change. This is a big difference from the AC asynchronous motor-driven pump’s
performance: when water pressure is increased /decreased, the water flow volume will be
decreased /increased (see Table 12 and Figure 20). This testing result also proves that when
the water flow volume increased/decreased, the pump input power increased/decreased
automatically to match the pump’s performance at the motor’s high working efficiency
points at each power input value.

The experiment verified two things:

(1) When the pump system’s input power is a fixed power supply, the pump outputs a
constant water flow in a range when the pressure changes. This was verified in the
testing: when the motor’s input power was fixed at 100 W, 215 W, 810 W as shown in
Figures 21-23, the pressure was ignored intentionally in the testing, because in real
application, the pressure change would be irregular, so we used a valve to change the
water supply pressure, in the same way as a normal water supply’s valve control.

(2) When the constant water flow was broken or the pressure was too much changed,
the pump system automatically switched to a higher input power to achieve a more
constant water flow volume or a smaller input power to achieve more energy saving,
as Figure 19 shows.

The working efficiency of the researched pump was tested at input power points of
25%, 50%, 75%, 100%, and 116.7% of the rated input power. The results are shown in
Table 16.
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Table 16. Pump performance at different input power values.
Loading Motor Output  Motor Input Current Torque N . .
Rated Power Power [A] [N-m] Power Factor (tom) Efficiency
wl W] P

25% 187.5 330 2.468 0.520 0.582 195 56.82%
50% 375.0 530 3.760 1.062 0.615 2550 70.75%
75% 562.5 735 5.040 1.600 0.640 2930 76.53%
100% 750.0 932 6.200 2.100 0.657 3250 80.47%

Max * 875.0 1077 6.980 2.454 0.678 3400 81.24%

* The loading rate is the motor’s output power to its related output power.

The Table 16 testing results show when the pump works at different loading ratios
from 25% to 116.7%, the motor’s working efficiency is from 56.82% to 81.24%. The important
efficiency here is not the point of 100% loading but the 25%, 50%, 75% loading points. If
the pump could work most efficiently at these non-related speed points, it would enable
the energy saving to happen when it switched from one working power to another. The
working power switching here is enabled through the set fuzzy algorithm. The FOC control
on the motor helps to make the power switching accurately and helps to keep the right
speed and torque.

The AC asynchronous motor’s non-related output speed points’ efficiency were tested
and compared as shown below in Figure 24.

O N N [ 7N G N T N ‘ UW) | T [ PIMD T(mN.m) n(r/min) PZ(W) [EFF (%) P.F
5 000 230 | 1.283 218.5 | 0.053 2994 16.615) 7.604 0.74

230 | 1.444 288.5 0.346 2976 107.7 37.331 0.868

900 230 | 1.737 3779  0.722 | 2956  223.4 59.116 0.945

230 | 2.061 460.8 1.038 2938  319.3 69.292 0.972

229.9 | 2.472 | 561.2  1.39 | 2916 | 424.3 75.605 0.987

00 229.9  2.944 672.1 1.749 2890 529.2 78.738 0.993

229.9 3.445 788.6 2.098 2864  629.1 79.774 0.995

700 229.9 | 3.986 911.1 | 2.428 2832 720.01 79.026 0.994
229.9 | 4.541 1037 | 2.734 2798 801 |77.242 0.993
600 229.9 | 5.265 1198 | 3.061 2746 880.1 73.464 0.989
229.8  5.918 1345 | 3.29 2692 | 927.4 68.951 0.989

229.8  6.504 1472 | 3.439 2640 950.6 64.578 0.984

20 &o0s Z7s s00 2

s 229.8  7.242 | 1627 3.539 2562  949.3 58.346 0.977
229.7  8.025 1792  3.534 2458  909.5 50.753 0.972
2 04 400 [229.7 ] 8.837 | 1961 | 3.39 | 2320 823.5 41.993 0.966
229.7 9.167 | 2028 3.24 2212 750.458 37.004 0.963
24 03 45 300 229.7  10.36 | 2300  3.014 2156  680.4 29.582 0.966
229.7  10.43 2328 2.773 2036 591.1 25.39 0.971
B e 9 200 229.7  11.16 2385 1.279 1334 178.6 7.488 0.93
229.8  10.11 | 2217 1.255 1248 164 | 7.397 0.954
229.7  10.75 | 2336  1.256 1238  162.8  6.969 0.946
SRR OIS ity 229.6  10.67 | 2313  1.12 1128 132.2 | 5.715 | 0.953
229.7 10. 31 2275 1.175 1040 127.9 | 5.621 0.96
0 0 0 T T T T T T T T T 7 0 0 229.7 10.15 2242 1.172 1032 126.649 5.648 0.961
0 300 600 900 1200 1500 1800 2100 2400 2700 3000 529:8 | 1034 | 2297 10784 N o o T0:966
RREM) 229.7 13.09 2770 0.933 o o 0 0.921

(1% 1A P1 (W) T (oN. m) n(r/min) P2 (W) EFF (%) P.F

230 1.283 218.5 0.053 2994 16.615 7.604 0.74

229.8 7.242 1627 3.539 2562 949.3 58.346 0.977

229.8 6.504 1472 3.439 2640 950. 6 64.578 0.984

229.9 3.445 788.6 2.098 2864 629.1 79.774 0.995

229.9 4.192 957.7 2.541 2819 750. 0 78.37 0.994

229.8 10.34 2297 0.784 0 I 0 0 0.966

Figure 24. AC asynchronous motor performance testing.

Figure 24 shows performance testing of an AC asynchronous motor, in which the
dynamo meter and magnet resistor were used on the shaft to change the motor speed, and
tested its working efficiency at non-related speed.

In Figure 24, the left under the curve shows the tested points, they are in sequence in
vertically: (1) No load point; (2) Max output torque point; (3) Max output power working
point; (4) Max efficiency point; (5) Rated output power point; (6) Lock rotor.

Figure 24 shows that an AC asynchronous 2-pole motor works at an output speed of
1334 RPM with an efficiency 7.488%, and an output speed 1032 RPM with an efficiency
5.648%. Obviously, there would be a lot of energy wasted if the working speed of the AC
asynchronous motor driving pump changed.
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As the two pumps’ physical structures are the same, when the pumps work at the
same speed, the pumps’ input power could be treated as the same. So, the two driving
motors” working efficiency could be treated as the two pump systems’” efficiency. Table 17
shows the two pumps’ driving motors speed range and their efficiency range.

Table 17. Fuzzy controlled PMSM pump’s efficiency and speed range vs. AC motor pump’s.

Pump Driving Motor Efficiency Range Regulating Speed Range
Normal AC Motor-2poles 7.48-79.77% 1334 RPM to 2864 RPM
PMSM 56.82-81.24% 195 RPM-3400 RPM

In addition to maintaining high efficiency during speed regulation, the permanent
magnet synchronous motor (PMSM) offers a key advantage: a wide speed regulation
range that enables greater potential for intelligent operational capabilities. The primary
difference between a conventional AC asynchronous induction motor-driven pump and
the fuzzy-logic FOC controlled PMSM-driven pump discussed here lies in their operational
characteristics. A conventional pump system typically uses a variable-frequency drive
(VFD) to adjust the pump’s speed. Since the motor is asynchronous, its rotor speed is not
synchronized with the electrical frequency and varies with the load (known as slip). The
motor’s maximum base speed is limited by the pole count, and peak efficiency is generally
achieved near the rated operating point, with efficiency dropping significantly outside that
range. In contrast, the proposed pump is driven by a PMSM under fuzzy-logic control. The
PMSM’s mechanical speed is synchronized with the input electrical frequency, enabling
efficient operation over a broader speed range. As a result, the system not only benefits
from higher motor efficiency under speed regulation but also from an intelligent, demand-
responsive control strategy enabled by fuzzy logic. Traditional “constant-pressure” systems
are designed for the maximum pressure required when all fixtures are open simultaneously.
Under low-demand conditions, this often results in excessive line pressure and significant
energy waste. Additionally, operators must constantly monitor the system and adjust
pump settings to prevent over- or undersupply.

Consider a building with 20 apartments: water demand is much higher in the morning
and evening than at midday. Under the “constant-pressure” control model, the system
maintains unnecessarily high pressure during off-peak hours, wasting energy. In contrast,
the proposed pump automatically adapts its performance to real-time water demand. In our
testing, we simulated water demand changes by closing valves to increase line pressure. At
representative input power settings of 100 W, 215 W, and 810 W, the controller maintained
a nearly constant flow within its regulation band despite pressure increases. When the load
change exceeded this band—for example, when water demand increased from 25% to 100%
of full load—the pump automatically adjusted its input power from 330 W to 932 W to
meet the new demand.

A pump’s total energy savings are not only related to the system’s efficiency at each
speed but also to the amount of time the pump operates at each speed. For example, if both
the fuzzy-controlled PMSM pump and the asynchronous induction motor-driven pump
can meet the water demand over three hours, with one working at 750 W for 1 h and 375 W
for 2 h, the following energy consumption calculations apply: the fuzzy-controlled PMSM
pump would work for 1 hat 750 W (932 W input to the motor) and 2 h at 375 W (530 W input
to the motor). The total power consumption would be 0.932 kW x 1 h + 0.53 kW x 2 h
= 1.992 kWh. The conventional AC asynchronous induction motor-driven pump would
operate for 3 h at 750 W (about 950 W input to the motor). The total power consumption
would be 0.95 kW x 3 h = 2.85 kWh. Therefore, the fuzzy-controlled PMSM pump saves
2.85 kWh—1.992 kWh = 0.858 kWh, which represents approximately 30% energy savings
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compared to the AC asynchronous motor-driven pump. If the water demand can be met
by working 1 h at 750 W and 5 h at 187.5 W, the fuzzy-controlled PMSM pump would
operate for 1 h at 750 W (932 W input) and 5 h at 187.5 W (330 W input). The total power
consumption would be 0.932 kW x 1h +0.33 kW x 5h =2.582 kWh. In comparison, the con-
ventional AC asynchronous induction motor-driven pump would operate for 6 h at 750 W
(about 950 W input), resulting in a total power consumption of 0.95 kW x 6 h =5.7 kWh.
Thus, the fuzzy-controlled PMSM pump saves 5.7 kWh—2.582 kWh = 3.118 kWh, which is
approximately 54.7% in energy savings compared to the AC asynchronous motor pump.

Even if the AC asynchronous motor is speed-regulated using a special inverter, based
on testing results shown in Figure 24 and Table 16, the efficiency of the fuzzy-controlled
PMSM pump motor is significantly higher. The PMSM is about 45.36% more efficient at
around 2000 RPM and 50% more efficient at speeds below 1000 RPM.

Therefore, we can confidently expect an average energy saving of 30-50% when
switching from an AC asynchronous motor-driven pump to a fuzzy-logic-FOC controlled
PMSM-driven pump, depending on variations in water demand.

5. Conclusions

The pump system introduced in this paper not only offers high efficiency, variable
speed, higher starting torque, reduced maintenance, and longer service life, but it is also
intelligent. Using a fuzzy-logic FOC control algorithm, the system synchronizes supply
with demand through a real-time feedback loop. When demand changes, the pump
automatically adjusts its operating point to deliver a constant flow within a predefined
range. Within this range, it maintains steady flow despite fluctuations in pressure. If
demand shifts outside the range defined by the fuzzy rules, the pump adapts by changing its
input power and speed to a more suitable level, thereby meeting the new flow requirement.
This approach prevents over- or undersupply—common issues in conventional systems—
and reduces reliance on manual monitoring and intervention. Here, in the working model
with constant flow and variable pressure, the “constant water flow” does not refer to the
pump continuously supplying a fixed flow rate. Rather, it means maintaining the target
water flow equal to the required water flow at the pump’s most efficient power setting. If
the target flow is disrupted, the pump will automatically adjust to another appropriate
flow rate, which remains constant for a defined period until the system requires further
adjustment. During this process, the water pressure fluctuates, as it continuously adapts to
changes in the system.

The new pump can operate with either a single-phase or three-phase AC power supply
as it has a PMSM driver built in, which rectifies the AC current to DC current input to the
motor winding. The PMSM motor in the system overcomes the common limitations that a
single-phase AC asynchronous induction-driven pump could not easily be speed-regulated,
or the low-efficiency characteristic after speed is regulated with a special inverter.

The primary limitation of this system lies in designing the fuzzy rules setting. It is
difficult to create a universal set of rules that works for all applications; instead, rules must
be tailored and refined through testing for each specific use. This need for application-
specific tuning is currently the main barrier to widespread adoption. In the future, machine
learning may help overcome this challenge by enabling more adaptive, self-configuring
control strategies.
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The following abbreviations are used in this manuscript:

PMSM  Permanent Magnet Synchronous Motor
HVAC Heating, Ventilation, and Air Conditioning
VFD Variable Frequency Drivers

PLCs Programmable Logic Controllers

PID Proportional Integral Derivative
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