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Abstract: As the ‘heart’ of energy vehicles, the lithium-ion battery is in desperate need of precision
improvement, green production, and cost reduction. To achieve this goal, the electro-hydraulic servo
pump control system (EHSPCS) is applied to the lithium-ion battery pole rolling mill (LBPRM).
However, this development can lead to limited dynamic performance and large power loss as a result
of the EHSPCS unique volume direct-drive control mode. At present, how to solve this conflict has not
been studied and how the EHSPCS component parameters influence the dynamic response, power
loss, and economic performance is not clear. In this paper, a multi-objective optimization (MOO)
model for the LBPRM-EHSPCS is proposed by comprehensively considering the dynamic, efficiency,
and economic characteristics. Firstly, the evaluation model of the dynamic response, power loss, and
cost is investigated. Then, the NSGA-II algorithm is introduced to address the Pareto front of the
MOO model. Finally, the power loss and dynamic response of the LBPRM-EHSPCS before and after
optimization are tested to validate the viability of the raised method. Results indicate that power loss
is decreased by as much as 7.2% while steady-state precision is greatly improved after optimization.
The proposed framework enhances the performance in lithium-ion battery manufacturing and can be
applied to other kinds of hydraulic systems.

Keywords: lithium-ion battery pole rolling mill (LBPRM); electro-hydraulic servo pump control
system (EHSPCS); optimum design; NSGA-II; dynamic characteristics; efficiency characteristics;
economic characteristics

1. Introduction

Power lithium-ion batteries have remained the dominant power source for new energy
vehicles due to their no memory influence, high specific energy, long cycle life, and lack
of pollution [1–3]. These batteries are widely applied in various fields including portable
electronics, electric vehicles, and renewable energy storage [4–6]. The safety and cruising
range of the entire vehicle is primarily determined by the performance of the power lithium-
ion battery. The positive and negative electrode piece crucial indicators, which include
consistent thickness, compaction density, and strip strength, directly impact the battery’s
performance [7,8].

Long-term studies on battery electrodes have mostly examined the effects of active
materials [9,10], formulations [11–13], and conductive agent selection [14–16] on battery
electrochemical performance. Precision and efficiency for the pole plate rolling process are
increasingly urgently needed as battery performance and safety requirements improve. The
LBPRM typically presses the battery electrode to a predetermined thickness through the
hydraulic automatic gauge control (HAGC) [17,18]. In the HAGC, electro-hydraulic servo
valve (EHSV) control cylinder technology is frequently employed. By using a servo valve
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to control the roll gap of the LBPRM, the battery pole piece may be formed accurately with
excellent performance [19]. The EHSV automatic gauge control (EHSV-AGC) possesses
the benefit of effective control performance. However, the device’s complex architecture
causes it to be poorly integrated and takes up a lot of room. Meanwhile, the throttling loss
of the valve port is serious, which contributes to great energy dissipation. Moreover, the
EHSV-AGC requires extremely clean oil (NAS 3-5), necessitating the use of an extra-precise
filtration mechanism that raises the cost of installation.

The LBPRM-EHSPCS system was proposed to achieve the high-precision rolling of
lithium battery electrodes to address the aforementioned technical deficiencies. With
significant integration with hydraulic cylinders, servo motors, fixed-displacement pumps,
and functional valve groups [20], the EHSPCS is a volumetric servo control module. It
offers advantages including high efficiency, environmental friendliness, and great power-
to-weight ratio [21]. The EHSPCS is widely applied in high-precision control fields such as
flight control [22], wind variable propeller control [23], and hydraulic excavator arm drive
systems [24]. The electro-mechanical-hydraulic coupling nonlinear mechanism [25,26],
high-performance control strategies [27,28], and thermal power characteristics [29,30] are
the key study areas of the EHSPCS.

The LBPRM-EHSPCS’s installed cost, occupied space, and energy consumption ratio
are all reduced when compared to EHSV control technology by roughly 30%, 80%, and 65%,
respectively. Despite having these benefits, the LBPRM-EHSPCS’s dynamic performance
is constrained due to the high motor-pump inertia. Thermal power loss is also serious
because of high integration [31]. Meanwhile, the economic characteristics of the LBPRM-
EHSPCS are essentially taken into consideration to reduce installed costs. Consequently,
the characteristics of dynamic, efficiency, and economy are crucial factors for evaluating the
manifestation of the LBPRM-EHSPCS. However, as a multi-parameter, tightly coupled, and
non-linear complicated system, these three elements frequently interact with one another
and have a complex non-linear relationship with the design variables, which is a MOO
problem. To maximize the system’s complete performance, it is vital to think about how it
determines it eclectically.

The NSGA-II, a MOO algorithm applicable for processing non-sequential, high-
dimensional, and multi-polar numbers [32,33], is successful in many engineering fields.
Concretely, a MOO model for the multi-scale textured slipper/swash plate interface using
the NSGA-II was raised to improve the tribological properties and the efficiency of EHA
pumps [34]. The characteristics of pressure relief and flame-retardation of an explosion-
proof valve were optimized using the Kriging model and NSGA-II [35]. A novel approach
to improve centrifugal pump performance for the pump head, pump efficiency, and power
was proposed [36]. The K-shaped notches of the multi-way spool valve were optimized by
CFD analysis, DAPM model, and NSGA-II algorithm [37]. Especially, the optimal matching
of the dynamic characteristics and the thermal power loss for the hydraulic servo motor
EHSPCS were studied. The NSGA-II algorithm showed better performance compared to
the multi-objective particle swarm algorithm [38]. Consequently, the NSGA-II is operated
to optimize design parameters for the LBPRM-EHSPCS in this paper. Meanwhile, the
economic characteristics are significant for the broader application of the LBPRM-EHSPCS.
However, the economic characteristics research is absent and only the thermal power loss
of the servo motor is taken into consideration for research [38].

The relevant evaluation models of the valuable components are established in this
study with a focus on the dynamic, efficient, and economic characteristics of the LBPRM-
EHSPCS. The design parameters of the servo motor, fixed-displacement pump, and hy-
draulic cylinder of the LBPRM-EHSPCS are optimized to achieve efficient dynamic re-
sponse, low power loss, and cost. The NSGA-II is adopted to obtain the Pareto front with
good diversity. The optimization process in this paper is valuable for the optimization
design of high-performance LBPRM-EHSPCS.

In the following sections, we first establish the mathematical model of the kinetic
characteristics for the LBPRM-EHSPCS in Section 2. The MOO model is built and the
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kinetic parameters are optimized in Section 3. In addition, the performances including
dynamic and efficiency characteristics of the LBPRM-EHSPCS before and after optimization
are compared in Section 4.

2. Kinetic Characteristics of the LBPRM-EHSPCS

The LBPRM-EHSPCS belongs to a volumetric servo control system made up of a drive
unit (permanent magnet synchronous servo motor), power unit (two-way quantitative
plunger pump), execution unit (hydraulic cylinder), control unit (controller and servo
driver), and other hydraulic accessories (check valve, safety valve, accumulator, and so on).
The working principle of the LBPRM-EHSPCS is shown the Figure 1. The LBPM-EHSPCS
adopts a keyless connection. The oil is supplied by the fixed-displacement pump via the
servo motor by coaxial direct drive. The oil inlet and outlet of the fixed-displacement
pump are connected immediately to two loading ports. The relief valve serves as overload
prevention, and the accumulator fulfills the function of oil storage and supplementation in
place of the conventional oil tank. The controller gathers the location, pressure, and other
feedback from the system using a variety of sensors. As a result, the servo driver receives
input commands from the host computer to control the LBPM-EHSPCS with high-accuracy
closed-loop feedback.

Processes 2023, 11, x FOR PEER REVIEW 3 of 24 
 

 

In the following sections, we first establish the mathematical model of the kinetic 

characteristics for the LBPRM-EHSPCS in Section 2. The MOO model is built and the ki-

netic parameters are optimized in Section 3. In addition, the performances including dy-

namic and efficiency characteristics of the LBPRM-EHSPCS before and after optimization 

are compared in Section 4. 

2. Kinetic Characteristics of the LBPRM-EHSPCS 

The LBPRM-EHSPCS belongs to a volumetric servo control system made up of a 

drive unit (permanent magnet synchronous servo motor), power unit (two-way quantita-

tive plunger pump), execution unit (hydraulic cylinder), control unit (controller and servo 

driver), and other hydraulic accessories (check valve, safety valve, accumulator, and so 

on). The working principle of the LBPRM-EHSPCS is shown the Figure 1. The LBPM-

EHSPCS adopts a keyless connection. The oil is supplied by the fixed-displacement pump 

via the servo motor by coaxial direct drive. The oil inlet and outlet of the fixed-displace-

ment pump are connected immediately to two loading ports. The relief valve serves as 

overload prevention, and the accumulator fulfills the function of oil storage and supple-

mentation in place of the conventional oil tank. The controller gathers the location, pres-

sure, and other feedback from the system using a variety of sensors. As a result, the servo 

driver receives input commands from the host computer to control the LBPM-EHSPCS 

with high-accuracy closed-loop feedback. 

 

Figure 1. Working principle of the LBPRM-EHSPCS. 

The outstanding working efficiency, dynamic characteristics, and economic perfor-

mance of the LBPRM-EHSPCS are essential elements related to the adoption and promo-

tion of this technology in engineering applications. Consequently, it is assumed that the 

optimization goals in this section will be efficiency, dynamics, and economics. These three 

characteristics are examined from the perspectives of power loss, frequency response, and 

actual market, respectively. Additionally, the key kinetic parameters affecting the perfor-

mance are found. 

  

Hydraulic cylinder

M

I n

I
p

I p

Servo driverServo driverControllerController

I s

Position feedback

Speed 

feedback
Servomotor

Pressure feedback

R

H
h

Roll

Roll

Lithium battery polar mill Lithium battery

Hydraulic 

pump

Relief valve

Check valve

Accumulator

a

a

Figure 1. Working principle of the LBPRM-EHSPCS.

The outstanding working efficiency, dynamic characteristics, and economic perfor-
mance of the LBPRM-EHSPCS are essential elements related to the adoption and promotion
of this technology in engineering applications. Consequently, it is assumed that the op-
timization goals in this section will be efficiency, dynamics, and economics. These three
characteristics are examined from the perspectives of power loss, frequency response,
and actual market, respectively. Additionally, the key kinetic parameters affecting the
performance are found.
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2.1. Dynamic Characteristics

The good dynamic characteristics of the LBPRM-EHSPCS are conducive to ensuring
the system is stable, which can deliver a foundation for improving the existing system. The
dynamic characteristics are analyzed from the frequency response of the LBPRM-EHSPCS
in this part. Especially, the sinusoidal signal is used for tracking to analyze the performance
of the dynamic characteristic. It is assumed that the given sinusoidal signal amplitude is B
and the frequency is f. The displacement curve of the hydraulic cylinder is characterized by
Equation (1):

xL = B sin(2π f t), (1)

where t is the hydraulic cylinder displacement time.
Furthermore, the operating speed of the hydraulic cylinder is shown in Equation (2):

vL = 2π f γB cos(2π f t), (2)

where γ is the attenuated percentage of B.
The hydraulic cylinder load force at zero loads can be derived as Equation (3) from

Equations (1) and (2):
FL = MaL = M(2π f )2γB sin(2π f t), (3)

where FL is the hydraulic cylinder load force, M is the load, and aL is the acceleration.
Thus, the required power of the hydraulic cylinder PL is:

PL = FLvL =
1
2
(2π f )3Mγ2B2 sin(4π f t), (4)

where vL is the velocity of the hydraulic cylinder.
The required flow rate QL is expressed in Equation (5):

QL = vL AL = 2π f ALB cos(2π f t), (5)

where AL is the hydraulic cylinder working area. Without considering the fixed-displacement
pump leakage, the pump’s theoretical output flow Q should be described as Equation (6):

Q = Dpw, (6)

where Dp is the fixed-displacement pump displacement, w is the servo motor angular
velocity.

The angular velocity w and speed n of the servo motor pump are achieved as
Equations (7) and (8):

w =
Q
Dp

=
2π f ALγB

Dp
cos(2π f t), (7)

n =
60w
2π

=
60 f ALγB

Dp
cos(2π f t). (8)

In the case of zero loads of the system, the servo motor angular acceleration a and
torque required Te can be expressed as Equations (9) and (10):

α =
(2π f )2 ALγB

Dp
sin(2π f t), (9)

Te = Jmpα =
Jmp(2π f )2 ALγB

Dp
sin(2π f t), (10)

where Jmp is the motor pump group rotor inertia.
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Furthermore, the motor load curve can be calculated as Equation (11):[
TeDp

Jmp(2π f )2 ALγB

]2

+

(
nDp

60 f ALγB

)2
= 1. (11)

The required power P of the motor is shown in Equation (12):

P = Tew =
Jmp(2π f )3(ALB)2γ

2Dp
sin(4π f t). (12)

The hydraulic cylinder output force could be converted to the moment of the motor-
pump output shaft such as in Equation (13):

TLw = FLvL, (13)

The equivalent load torque TL can be calculated as Equation (14):

TL =
Dp

AL
(2π f )2MγB sin(2π f t). (14)

Thus, the motor torque can be described as Equation (15):

Te = Jmpα + TL =

(
mDp

2 + Jmp AL
2

ALDp

)
(2π f )2γB sin(2π f t). (15)

The dynamic characteristics of the system are shown in Equation (16):

f =

√
Tmax ALDp

Bγ(MDp2+Jmp AL
2)

2π
=

√
Tmax

Bγ
(

M
Dp
AL

+Jmp
AL
Dp

)
2π

(
AL 6= 0, Dp 6= 0

)
. (16)

According to Equation (16), it can be inferred that the factors influencing the dynamic
characteristics are the servo motor maximum torque, the moment of inertia of the motor
pump set, the fixed-displacement pump displacement, the hydraulic cylinder area, and the
total mass of the piston rod and load; but this factor is not considered in this paper due to
the time-varying load.

The Matlab/Simulink simulation model is built to investigate the dynamic characteris-
tics of the EHSPCS according to Equation (16). Meanwhile, the four factors of the dynamic
characteristics are simulated and shown in Figure 2. In Figure 2, the abscissa represents the
fixed period while the ordinate represents the response time. The percentage in the figure
means the relative error (the ratio of the difference to the larger value). With the increase
of servo motor torque, fixed-displacement pump displacement, a moment of inertia, and
hydraulic cylinder working area, the system response time is shortened to varying degrees.
Among them, the moment of inertia has the least impact on the response time with a
maximum relative error of 9%, and the fixed-displacement pump displacement possesses
the greatest impact with a minimum relative error of 55.1%. Consequently, the factors
of servo motor torque, fixed-displacement pump displacement, and hydraulic cylinder
working area are taken as the key kinetic parameters of the LBPRM-EHSPCS.
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Figure 2. Kinetic characteristics of various kinetic parameters.

2.2. Efficiency Characteristics

Every component has its inherent energy losses, such as the loss of heat transfer
and mechanical friction caused by the servo motor, the volume loss caused by the fixed-
displacement pump due to its volumetric efficiency and the loss caused by mechanical
friction, and the loss caused by friction and leakage of the hydraulic cylinder. The schematic
diagram of energy flow loss is shown in Figure 3.
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2.2.1. Servo Motor Power Loss

The loss of the servo motor could be attributed to various factors including stator iron
consumption, winding copper consumption, and mechanical wear.

(1) Stator iron loss

The energy loss of the stator core can be expressed as Equation (17):

PFe = Pc + Ph + Pe = kc f1
2Bm1

2 + kh f1
2Bm1

β1 + ke f1
1.5Bm1

1.5, (17)

where PFe is the stator iron loss, Pc is the eddy current loss, Ph is the hysteresis loss, Pe is
the additional loss, kc is the eddy current loss coefficient, f 1 is the alternating magnetic field
frequency, Bm1 is the magnetic density value, kh is the hysteresis loss coefficient, β1 is the
Steinmetz coefficient, ke is the additional loss coefficient.

(2) Winding copper loss

Winding copper loss refers to the power loss as the effect of resistance when immedi-
ately flows through the winding coil. According to Joule’s law, the winding copper loss
could be described as Equation (18):

PCu = mI2R, (18)

where PCu is the loss of the winding copper, m is the motor phase, m = 3, I is the effective
value of motor phase current, and R is the resistance value of each phase.

(3) Mechanical power loss

Mechanical losses mainly include bearing friction losses and rotor friction losses such
as Equation (19):

Pm = krCmρw3r4l, (19)

where Pm is the mechanical power loss, kr is the rotor surface roughness, ρ is gas density, w
is the rotor angular velocity, Cm is the coefficient of friction, r is the rotor radius, and l is the
rotor axial length.

In all, the total power loss of the servo motor can be expressed as Equation (20):

Pmotor
loss = kc f 2Bm1

2 + kh f 2Bm1
β1 + ke f 1.5Bm1

1.5 + mI2R + krCmρw3r4l. (20)

2.2.2. Fixed-Displacement Pump Power Loss

The fixed-displacement radial piston pump energy loss is composed of volume loss
and mechanical friction loss. Concretely, the power loss can be divided into the leakage
of heat and the frictional heat. These two power losses mainly occur in the plunger pair,
sliding shoe pair, and distribution pair of the radial piston pump. The power flow for the
radial piston pump is shown in Figure 4.



Processes 2023, 11, 2623 8 of 23Processes 2023, 11, x FOR PEER REVIEW 8 of 24 
 

 

 

Figure 4. Schematic diagram of radial piston pump power flow. 

(1) Volume loss 

The plunger side leakage is caused by the combination of the shear and differential 

pressure flow. The shear flow is the relative movement of the plunger and the inside of 

the cylinder block. The differential pressure flow is the difference between the pump pres-

sure and the return pressure. The release between the single plunger and the cylinder 

block is shown in Equation (21): 

( )
3

p p 1 2

L1

p

1 1.5
12

d p
Q

L

 





= + , (21) 

where QL1 is the release between the plunger and the cylinder block, dp is the plunger 

diameter, 
p
  is the gap between the plunger and the inner wall of the cylinder bore, 

1
p  

is the pressure drop of the piston pump, m is the oil dynamic viscosity, Lp is the length of 

contact between the plunger and the cylinder bore,   is the eccentricity, 
p

e = , e is 

the eccentric amount. 

The shoe pair may leak as a result of the differential pressure flow, causing oil leakage. 

Therefore, the amount of leakage generated between a single shoe and the stator void can 

be calculated as Equation (22): 

( )3

r 0

L2
2

1

6 ln

h p p
Q

r

r





−
= , 

(22) 

where QL2 is the leakage between the slip shoe and the stator, h is the thickness of the oil 

film between the stator and the shoe, r1 is the inner radius of the shoe sealing belt, and r2 

is the outer radius of the shoe sealing belt. 

The leakage of the distribution pair of the plunger pump is caused by the gap be-

tween the distribution shaft and the rotor. The leakage amount between the distribution 

shaft and the rotor could be described as Equation (23): 

3

v v v
L3

v
12

f r
Q

L




= , (23) 

where QL3 is the leakage of the distribution shaft and rotor, fv is the leaking packet corners, 

rv is the distribution shaft radius, 
v

  is the clearance between the plunger and the rotor, 

and Lv is the contact length. 

(2) Mechanical loss 

radial piston 

pump

Power input

Oil 

compression
Inlet Outlet

Power 

delivery

Frictional 

heat 

Leakage 

of heat

Plunger pair

Sliding shoe pair

Distribution pair

Figure 4. Schematic diagram of radial piston pump power flow.

(1) Volume loss

The plunger side leakage is caused by the combination of the shear and differential
pressure flow. The shear flow is the relative movement of the plunger and the inside of the
cylinder block. The differential pressure flow is the difference between the pump pressure
and the return pressure. The release between the single plunger and the cylinder block is
shown in Equation (21):

QL1 =
πdpδp

3∆p1

12µLp

(
1 + 1.5ε2

)
, (21)

where QL1 is the release between the plunger and the cylinder block, dp is the plunger
diameter, δp is the gap between the plunger and the inner wall of the cylinder bore, ∆p1
is the pressure drop of the piston pump, m is the oil dynamic viscosity, Lp is the length of
contact between the plunger and the cylinder bore, ε is the eccentricity, ε = e/δp, e is the
eccentric amount.

The shoe pair may leak as a result of the differential pressure flow, causing oil leakage.
Therefore, the amount of leakage generated between a single shoe and the stator void can
be calculated as Equation (22):

QL2 =
πh3(pr − p0)

6µ ln r2
r1

, (22)

where QL2 is the leakage between the slip shoe and the stator, h is the thickness of the oil
film between the stator and the shoe, r1 is the inner radius of the shoe sealing belt, and r2 is
the outer radius of the shoe sealing belt.

The leakage of the distribution pair of the plunger pump is caused by the gap between
the distribution shaft and the rotor. The leakage amount between the distribution shaft and
the rotor could be described as Equation (23):

QL3 =
fvrvδv

3

12µLv
, (23)

where QL3 is the leakage of the distribution shaft and rotor, f v is the leaking packet corners,
rv is the distribution shaft radius, δv is the clearance between the plunger and the rotor, and
Lv is the contact length.

(2) Mechanical loss

(a) Plunger pair friction loss
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According to the operating state of the plunger cavity, it can be divided into oil suction
chamber, pressure oil chamber, and closed cavity. The frictional power loss of each plunger
pair can be described as Equation (24):

Pf1 = Ff1vL =

(
µ

vp

δ1
πdpLp +

πdpδ1

2
∆p1

)
vL, (24)

where Pf1 is the plunger pair friction loses power, Ff1 is the plunger pair friction, dp is the
plunger diameter, δ1 is the clearance between the plunger and the cylinder block, and Lp is
the plunger width.

(b) Slip shoe pair friction loss
A thin and balanced annular oil film is created between the sealing tape of the shoe

and the stator and the frictional power loss generated by this oil film can be expressed as
Equation (25):

Pf2 = Tf2w2, (25)

where Pf2 is the sliding shoe pair friction power loss, Tf2 is the torque at the sliding shoe,
and w2 is the stator speed.

(c) Distribution pair friction loss
The oil film formed between the distribution shaft and the rotor is approximately

a parallel annular disc-type gap flow, so the frictional power loss can be described as
Equation (26):

Pf3 = Tf3w3, (26)

where Pf3 is the distribution pair friction loses power, Tf3 is the distribution shaft torque,
and w3 is the rotor speed.

In summary, the total power loss of the fixed-displacement pump could be expressed as
the sum of the volume loss and the mechanical friction loss can be expressed in Equation (27):

Ppump
loss =

[
N

∑
i=1

(QL1 + QL2) + QL3

]
∆p1 +

[
N

∑
i=1

(Pf1 + Pf2) + Pf3

]
, (27)

where N is the number of plunger pump plungers.

2.2.3. Hydraulic Cylinder Power Loss

Hydraulic cylinder power loss is divided into leakage loss and mechanical friction
loss. The hydraulic cylinder leakage amount could be shown as Equation (28):

QLc = πdchc

(
∆p2hc

2

12µlc
± vc

2

)
, (28)

where ∆p2 is the pressure drop of the cylinder’s two cavities, vc is the piston rod speed.
Hydraulic cylinders are affected by the oil film shear during piston movement, which

leads to the formation of friction forces. The frictional force experienced by the piston can
be described as Equation (29):

Ffc = τSc = πdc

(
lcµvc

hc
− ∆p2hc

2

)
. (29)

Based on the above analysis, the overall power loss of the hydraulic cylinder is
expressed in Equation (30):

Pc = πdc

[
hc

(
∆p2hc

2

12µlc
± vc

2

)
∆p2 +

(
lcµvc

hc
− ∆p2hc

2

)
vc

]
. (30)
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According to the above analysis of the power loss for the servo motor, fixed-displacement
pump, and hydraulic cylinder, the system’s total power loss is approximated. The power
loss of the LBPRM-EHSPCS is shown in Figure 5.
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For facilitating the general analysis of the system power loss, the kinetic parameters of
each component need to be converted through the intermediate variable relationship such
as Equation (31): 

Fq = ALPL
.
xp =

Dpwp
AL

Te = DpPL

. (31)

According to the servo motor power loss analysis, it can be obtained that the servo
motor efficiency is characterized by Equation (32):

ηm =
P0 − Pmotor

loss
P0

, (32)

where P0 is the input power of the servo motor shaft, P0 =
√

3UI cos φ, U is the input
voltage of the motor, I is the input current of the motor, cos φ is the power factor of the
motor, cos φ = 0.85.

The servo motor torque is shown in Equation (33):

Te = kt I, (33)

where kt is the torque constant.
The association between the motor speed and frequency is expressed as Equation (34):

n =
60 f

p
, p = 3, (34)

where n is the motor speed.
In summary, the efficiency of the servo motor can be derived as Equation (35):

ηm =

√
3UTe cos φ− kt

(
kc
( np

60
)2B2

m1 + kh
( np

60
)

Bβ1
m1 + ke

( np
60
)1.5B1.5

m1 + n
(

Te
kt

)2
R + krCmρω3r4l

)
√

3UTe cos φ
. (35)

From Equation (36), it can be concluded that the motor efficiency is related to the
torque and speed. The greater the torque and speed, the more the motor loses.

The fixed-displacement pump volumetric efficiency is expressed in Equation (36):

ηv =
Q− ∆Q

Q
× 100%. (36)

The fixed-displacement pump’s mechanical efficiency is shown in Equation (37):

ηmp =
P− ∆P

P
× 100%. (37)
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Furthermore, the fixed-displacement pump’s total efficiency can be characterized as
Equation (38):

ηp = ηvηmp, (38)

where ηv is the volumetric efficiency, ηm is the mechanical efficiency, and ηp is the total
efficiency of the metered pump.

The fixed-displacement pump’ total efficiency can be expressed as Equation (39):

ηp =

n · DP − 1000∆p
(

πdpδ3
p

12µLP
(1 + 1.5ε2) + πh3

6µ ln r2
r1

+ fvrvδv
3

12uLv

)
n · DP

· 1000PQ
∆pDPn

. (39)

Based on the above research, it can be concluded that the loss of the fixed-displacement
pump is related to the speed and pressure.

According to the hydraulic cylinder power loss analysis, the hydraulic cylinder effi-
ciency can be expressed as Equation (40):

ηhc =
Pm − Pc

Pm
× 100% =

Pm − πdc

[
hc(

∆p2·h2
c

12µlc
± vc

2 )∆p2 + ( lcµvc
hc
− ∆p2hc

2 )vc

]
Pm

. (40)

where Pm and Pc are the hydraulic cylinder power of the inlet and outlet.
The analysis above indicates that the hydraulic cylinder working area, or diameter

of the piston rod, is proportional to the hydraulic cylinder efficiency. Particularly, the
hydraulic cylinder loses more pressure the larger the working surface.

In all, the overall efficiency of the LBPRM-EHSPCS can be expressed as Equation (41):

η = ηm · ηp · ηhc, (41)

where η is the system total efficiency, ηm is the servo motor total efficiency, ηp is the
fixed-displacement pump total efficiency, and ηhc is the hydraulic cylinder total efficiency.

2.3. Economic Characteristics

LBPRM-EHSPCS is typically configured as the equipment’s maximum power demand
because it is an important power output device. The majority of the time, the operational
conditions of the equipment prevent it from running at maximum capacity, which results in
significant resource consumption. Meanwhile, if the low-power operation is performed for
an extended period, the rolling precision will decline. It is challenging to balance cost and
energy use, according to prior engineering experience. From the standpoint of the actual
labor demand, the economy must be taken into account.

The economic prediction model of the main components requires to be built to check
the economic budget of the LBPRM-EHSPCS in the preliminary design stage. The LBPRM-
EHSPCS is chiefly constituted of software and hardware. The software mainly includes an
upper computer, controller, drive, and other control components. A fixed-displacement
pump, servo motor, hydraulic cylinder, and other hydraulic accessories make up the
majority of the hardware element.

The hardware part of the LBPRM-EHSPCS is paid more attention to in this paper, and
its economic formula can be expressed as Equation (42):

Rhard = Rmotor + Rpump + Rcylinder, (42)

where Rmotor, Rpump, and Rcylinder are the costs of the servo motor, fixed-displacement
pump, and hydraulic cylinder, respectively.

2.3.1. Servo Motor Cost

The permanent magnet synchronous motor (PMSM) has excellent efficiency, robust
overload capacity, high operating dependability, and huge starting torque. Because the
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torque has a significant impact on the LBPRM-EHSPCS’ performance, PMSMs are typically
used in this system. Consequently, Equation (43) can be used to represent the economic
curve of the motor:

Rmotor = a1Te
2 + a2Te + a3, (43)

where a1, a2, and a3 are curve-fitting parameters.
Especially, the reference high-speed servo motors of this study are mainly derived

from the company of INOVANCE, Physis, and Delta. The speed range of the motor is
0–3000 r/min. The prediction curve can be obtained by data fitting (see Figure 6a). The
curve-fitting parameters are that a1 = 0.00615, a2 = 37.51, and a3 = 3232.88.
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(c) Hydraulic cylinder.

2.3.2. Fixed-Displacement Pump Cost

The key parameters of fixed-displacement pumps are displacement and pressure
resistance. Therefore, it can be assumed that the economic curve of the fixed-displacement
pump is shown in Equation (44):

Rpump = b1Dp
2 + b2Dp + b3, (44)

where b1, b2, and b3 are fitting parameters.
The sample parameters of the fixed-displacement pump are collected from the com-

panies of MOOG, Rexroth, and Kawasaki. The fitted curve is shown in Figure 6b. The
curve-fitting parameters are that b1 = 0.15, b2 = 129.36, and b3 = 7939.33.

2.3.3. Hydraulic Cylinder Cost

It can be considered that the hydraulic cylinder’s working area is its most crucial compo-
nent and that the hydraulic cylinder’s economic curve can be represented by Equation (45):

Rcylinder = c1 AL
2 + c2 AL + c3, (45)

where c1, c2, and c3 are fitting parameters.
The fitted curve is shown in Figure 6c. The curve-fitting parameters are that c1 = 1.14 × 106,

c2 = 2.16 × 106, and c3 = 8744.78.
According to the research above, the servo motor output torque, the displacement of

the fixed-displacement pump, and the working area of the hydraulic cylinder are the three
most crucial factors affecting the system’s economic performance. In light of this, adjusting
the corresponding kinetic parameters can enhance the system’s economic performance.
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3. Optimization Design Using NSGA-II

As the kinetic characteristics analysis of the LBPRM-EHSPCS, the optimization of the
performance indexes is conducted in this section. The NSGA-II is introduced to seek the
optimal design parameters of the LBPRM-EHSPCS.

3.1. MOO Model

The MOO model including objective functions, decision variables, and constraint
conditions is developed in this part for optimization.

3.1.1. Objective Functions

The objective of optimization is to guarantee a quick dynamic response and weak
power loss and cost. Consequently, the efficiency, frequency, and economic values are
selected as the objective functions such as Equation (46), to achieve the goals of the highest
efficiency, best dynamic characteristics, and best economic performance:

y1 = 1− η

y2 = 1
f

y3 = Rhard

. (46)

3.1.2. Decision Variables

It is noteworthy that the servo motor torque, the fixed-displacement pump displace-
ment, and the hydraulic cylinder working area from the preceding study are directly related
to the system dynamic, efficiency, and economic performance. The choice variables (Equa-
tion (47)) are the hydraulic cylinder working area, fixed-displacement pump displacement,
and servo motor working torque to achieve the best matching of system characteristics:

x =
[
Te, Dp, AL

]T. (47)

3.1.3. Constraint Condition

Range constraints, ratio constraints, and volume limitations make up the majority of
the restrictions for solving MOO issues. Of these, the range constraint requires that the
variables used to make the decisions change within a reasonable range. To guarantee the
rationality and viability of the decision variables, the variables are constrained as Equation
(48) by the actual production conditions:

4.4 ≤ Te ≤ 110 (N ·m)
5 ≤ Dp ≤ 19 (mL/r)
0.07 ≤ AL ≤ 0.17

(
m2) . (48)

In conclusion, the MOO problem can be described as Equation (49):

f ind x =
[
Te, Dp, AL

]T
min

{
1− η

(
Te, Dp, AL

)
, 1

f
(
Te, Dp, AL

)
, Rhard

(
Te, Dp, AL

)}
s.t. 4.4 ≤ Te ≤ 110 (N ·m)

5 ≤ Dp ≤ 19 (mL/r)
0.07 ≤ AL ≤ 0.17

(
m2)

. (49)

3.2. MOO Using NSGA-II

The optimization of decision variables is carried out to seek the greatest dynamic
response, minimum power loss, and cost of the LBPRM-EHSPCS in this part. NSGA-II
is a fast nondominated sorting-based evaluation method that uses an elitism strategy
and a crowding comparison technique in the population to boost calculation speed and
precision, eventually collapsing to the Pareto-optimal set [32]. Following that, the decision-
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maker can choose an optimal solution from the Pareto-optimal solution graph that satisfies
the subjective design preferences. The process of optimization using NSGA-II for the
LBPRM-EHSPCS is shown in Figure 7, and the basic steps of NSGA-II are as follows.

i. Initialize a random population of Pt (t = 0) with size M. The fitness value of every
individual is calculated.

ii. Fast non-dominant ranking of the sample population is performed. The crowding
distance of individuals is calculated, and the calculation method is expressed as
Equation (50):

di =
k

∑
j=1

∣∣∣∣∣ f i+1
j − f i−1

j

f max
j − f min

j

∣∣∣∣∣, (50)

where di is the crowding distance of individuals, k represents the objective function number,
f i+1
j and shows the objective function j of individuals i + 1 and i − 1, f max

j and f min
j is the

maximum and minimum values of objective function j.

iii. The subsample population Qt (t = 0) is achieved through selection, crossover, and
mutation.

iv. The sample population Rt with size 2M is achieved by combining Pt and Qt and
then ranked to a non-dominant solution set. Afterward, every individual crowding
distance is calculated.

v. A new sample population Pt+1 is obtained by choosing the optimal N individuals.
vi. A new subsample population Qt+1 is achieved by selection, crossover, and mutation

towards Pt+1.
vii. The algorithm will circulate from step iv to vi till the maximum circulation number is

achieved.
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In this instance, 100 arbitrary random sets of the three fundamental decision variables
will comprise the initial populations of NSGA-II. The dynamic, efficiency, and economic
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objective function models are used in the NSGA-II adaptation calculation. The population
of 100 is the starting point for the generation evolution, with a 0.1 mutation probability
and a 0.9 crossover probability. In addition, 1000 evolution iterations are the maximum
number that may be used to determine the ideal parameter settings for three typical choice
variables and the associated objective functions.

The index of hypervolume (HV) and spacing are chosen during the optimal process
to examine the Pareto front’s algorithm efficiency and variation [39]. HV is a thorough
assessment of the diversity and convergence of the solution group. A higher HV value
indicates a more logical solution group. Spacing is used in NSGA-II to measure the disper-
sion of non-dominated solutions. A smaller spacing value indicates a better diversity and
distribution of non-dominated solutions. Besides, spacing is more efficient for measuring
MOO questions. The state of the NSGA-II optimal process is expressed in Figure 8. The
Pareto-optimal group in this NSGA-II example has good potential for spread and diversifi-
cation, with 0.86 HV and 0.006 spacing value. It has converged at 200 iterations of evolution.
The Pareto-optimal set from the 1000th generation has been utilized in the present research
due to its superior diversity and spread capability.
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Figure 8. HV and spacing status.

4. Results and Discussion
4.1. Optimization Results

Under the given range limits, MOO seeks to maximize dynamic response while
minimizing power loss and expense. Figure 9 depicts the trade-off between the Pareto
solutions for the three objective functions. The MOO model suggested in this work achieves
100 groups of non-dominated solutions. The scope of the dynamic period (s) is [0.2, 1.2], the
1− η is [42%, 56%], and the cost (¥) is [21,000, 26,000] in the Pareto hyperplane. It should
be highlighted that simultaneously optimizing these three target functions is challenging.
This allows for the “optimal solution” to be chosen by the system’s actual operating
circumstances. If designers give little thought to cost, Point A might be the best option.
While point C has the lowest cost, its dynamic reactivity and efficiency are subpar. Point B
is regarded as the optimal solution to balance these three optimization variables because it
has a relatively quick dynamic response and low power loss and cost.
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Figure 9. Pareto front from the NSGA-II optimization. Point A (0.25, 42.62%, 25,781), Point B (0.73,
46.91%, 21,239), and Point C (1.22, 55.34%, 20,860) are all points in the Pareto front.

Figure 10 represents the dispersion of every decision variable in the Pareto solutions.
Concretely, the electromagnetic torque Te in the Pareto frontier is mainly concentrated
around 8.25 N·m and gradually decreases (Figure 10a). The hydraulic pump displacement
value can be shown in Figure 10b to be mostly dispersed between 5.73 mL/r and 5.79 mL/r,
with the sparsest portions spreading at both ends of the range of values. Additionally,
between 0.145 and 0.149 m2, the hydraulic cylinder working area AL value is equally
distributed (Figure 10c).
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Figure 10. Pareto solutions of optimization for the LBPRM-EHSPCS: (a) Servo motor torque; (b) Fixed-
displacement pump displacement; (c) Hydraulic cylinder working area.

4.2. Performance Comparison between the Optimal and Original Model

To ensure dynamic response capabilities, consideration should be given to the system’s
dynamic characteristic requirements by the requirements of the hydraulic servo motor
control technique. The point (0.073, 46.81%, 21,234) in the Pareto front is selected as the
optimal design, and its corresponding design variables are shown in Table 1. The LBPRM-
EHSPCS test platform (see Figure 11) is built to evaluate the viability and efficacy of the
suggested theory.

Table 1. Optimum decision variables and objective functions of the LBPRM-EHSPCS.

Objective Function Design Variables

1/f (s) 1−η(%) Rhard (¥) Te (N·m) Dp (mL/r) AL (m2)
0.73 46.81% 21,234 72 5.74 0.146
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Figure 11. Experiment setup of the LBPRM-EHSPCS: (a) Electrical cabinet; (b) LBPRM; (c) LBPRM-
EHSPCS.

The LBPRM is demonstrated in Figure 11b; the rolling mill pulls the battery pole piece
into the rotating rollers by utilizing the friction between the rolls and the piece. To compress
the pole piece to the required thickness, the EHSPCS modifies the distance between the two
rollers. The parameters of the LBPRM are shown in Table 2. Especially, the EHSPCS is fixed
on the lower roll on both ends of the LBPRM. The main components of the LBPRM-EHSPCS
test platform are hardware and software. As shown in Figure 11c, the hardware consists of
a hydraulic pump and an EPU (servo motor, fixed-displacement pump, accumulator, and
functional valve group). A servo driver, relay, axis controller, and other components make
up the program (Figure 11a).

Table 2. Parameters of the LBPRM.

Technical Parameter Value

Pole piece anode
Roll size Φ 125 × 900 mm

Rolling line speed (variable frequency speed regulation) 10–100 m/min
Maximum pressure of the master cylinder 470 t

The maximum pulling force of the bent cylinder 160 t
Roll gap adjustment range 0–2 mm

Roller gap adjustment accuracy (online) 0.001 mm
Pole piece width 300–800 mm

Pole piece thickness 0.1–0.25 mm
Radial runout of the roll loader <±0.002 mm

So long as the PMSM is operating, the driver can keep an eye on the motor’s opera-
tional parameters, such as the torque and speed outputs, as well as the inputs of current and
voltage. These parameters are fed back to the computer by the driver and the appropriate
curves are generated. The valve block is equipped with pressure/flow sensors to measure
the pressure and flow of the system. To gather the hydraulic cylinder’s speed and force, the
displacement/force sensors are integrated into the hydraulic cylinder. By returning these
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numerical values to the computer through the controller, the sensor causes the program to
create curves.

The external load force is fixed at 70 kN while the system is in its steady-state con-
figuration. The efficiency characteristics of the key components and the system before
and after optimization are obtained, which are shown in Figure 12. From Figure 12, the
efficiency of the servomotor, fixed displacement pump, and hydraulic cylinder is increased
by 2.2%, 4.6%, and 4.0%, respectively. The system efficiency is increased by as much as
7.2%, which may be attributed to the greater increase in the fixed displacement pump
efficiency. Meanwhile, the improved efficiency of the LBPRM-EHSPCS will increase the
lithium-ion battery manufacturing performance significantly. Additionally, the rising “S”
slope trajectory signal is carried out to verify the dynamic response of the LBPRM-EHSPCS.
Especially, the “S” slope trajectory displays displacements of 50 mm from 82.06 to 82.11 mm,
and 100 mm from 82.06 to 82.16 mm. The corresponding displacement curves before and
after optimization are achieved in Figure 13. From Figure 13a,b, the steady–state pre-
cision of the system is relatively inadequate. The displacement error reaches 0.008 and
0.016 mm, respectively, before optimization. Conversely, the steady-state accuracy is high
with low overshoot (about 0.002 mm) after optimization. Thus, the lithium-ion battery
manufacturing precision is enhanced. In all, the efficiency and dynamic characteristics of
the LBPRM-EHSPCS are improved to a certain extent, which verifies the reliability of the
proposed MOO for the LBPRM-EHSPCS. Furthermore, high-quality and good-efficiency
new energy vehicle production is obtained.
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5. Conclusions

The valuable kinetic characteristics parameters of the LBPRM-EHSPCS are updated in
the current work. Based on this, the Pareto front with the largest dynamic response, the
least amount of power loss, and the lowest cost is achieved by the implementation of the
NSGA-II algorithm. In conclusion, an analysis is conducted on the efficiency and dynamic
properties of both the optimal and initial solution models.

According to the study, the servo motor torque, fix-displacement pump displacement,
and hydraulic cylinder working area have the greatest influence on the dynamic, efficiency,
and economic characteristics. These three dimensions are therefore regarded as the MOO
problem’s decision variables. Additionally, the kinetic characteristics of the original and the
optimized model from the NSGA-II Pareto front are assessed. According to the findings,
when compared to the baseline model, the optimal model greatly improves steady-state
accuracy by increasing efficiency by 7.2%.

The MOO model of this study encourages researchers and engineers to quickly design
and optimize the design parameter of the LBPRM-EHSPCS. Simultaneously, there are sev-
eral limitations in this study: (1) although the NSGA-II algorithm reveals good performance
in the optimization of the MOO problem, its optimized ability is worth further verification
compared with more advanced algorithms and (2) the effect of the optimized structure on
the lifespan and reliability of the LBPRM-EHSPCS also require to be investigated. These
limitations will be addressed seriously in future studies.
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Abbreviations

EHSPCS Electro-hydraulic servo pump control system
EHSV Electro-hydraulic servo valve
EHSV-AGC Electro-hydraulic servo valve automatic gauge control
Gen Generation
HAGC Hydraulic automatic gauge control
HV Hypervolume
LBPRM Lithium-ion battery pole rolling mill
MOO Multi-objective optimization
NSGA-II Non-dominated sorting genetic algorithm II
Nomenclature
B Sinusoidal signal amplitude
f Sinusoidal signal frequency (Hz)
xL Hydraulic cylinder displacement (m)
t Hydraulic cylinder displacement time (s)
vL Hydraulic cylinder operating speed (m/s)
γ Attenuated percentage of the sinusoidal signal amplitude
FL Hydraulic cylinder load force (N)
M Load (kg)
aL Hydraulic cylinder operating acceleration (m/s2)
PL Hydraulic cylinder required power (W)
QL Hydraulic cylinder required flow rate (m3/s)
AL Hydraulic cylinder working area (m2)



Processes 2023, 11, 2623 20 of 23

Q Fixed-displacement pump theoretical output flow (m3/s)
Dp Fixed-displacement pump displacement (mL/r)
w Servo motor angular velocity (rad/s)
n Servo motor speed (rpm)
α Servo motor angular acceleration (rad/s2)
Te Servo motor electromagnetic torque (N·m)
Jmp Motor pump group rotor inertia (kg·m2)
P Servo motor required power (W)
TL Servo motor equivalent load torque (N·m)
PFe Stator iron loss (W)
Pc Eddy current loss (W)
Ph Hysteresis loss (W)
Pe Additional loss (W)
kc Eddy current loss coefficient
f 1 Alternating magnetic field frequency (Hz)
Bm1 Magnetic density (T)
kh Hysteresis loss coefficient
b1 Steinmetz coefficient
ke Additional loss coefficient
PCu Winding copper loss (W)
m Motor phase
I Motor phase current effective value (A)
R Each phase resistance (W)
Pm Mechanical power loss (W)
kr Rotor surface roughness
ρ Gas density (kg/m3)
Cm Friction coefficient
r Rotor radius (m)
l Rotor axial length (m)
Pmotor

loss Servo motor total power loss (W)
QL1 Release between the plunger and the cylinder block (m3/s)
dp Plunger diameter (m)
δp Gap between the plunger and the inner wall of the cylinder bore (m)
∆p1 Pressure drop of the piston pump (MPa)
µ Oil dynamic viscosity (Pa·s)
Lp Length of contact between the plunger and the cylinder bore (m)
ε Eccentricity
QL2 Leakage between the slip shoe and the stator (m3/s)
h Thickness of the oil film between the stator and the shoe (m)
r1 Inner radius of the shoe sealing belt (m)
r2 Outer radius of the shoe sealing belt (m)
QL3 Leakage of the distribution shaft and rotor (m3/s)
f v Leaking packet corners
rv Distribution shaft radius (m)
δv Clearance between the plunger and the rotor (m)
Lv Contact length (m)
Pf1 Plunger pair friction loses power (W)
Ff1 Plunger pair friction (N)
dp Plunger diameter (m)
δ1 Clearance between the plunger and the cylinder block (m)
Lp Plunger width (m)
Pf2 Distribution pair friction loses power (W)
Tf2 Distribution shaft torque (N·m)
w2 Stator speed (rad/s)



Processes 2023, 11, 2623 21 of 23

Pf3 Distribution pair friction loses power (W)
Tf3 Distribution shaft torque (N·m)
w3 Rotor speed (rad/s)
Ppump

loss Fixed-displacement pump total power loss (W)
N Number of plunger pump plungers
QLc Hydraulic cylinder leakage (m3/s)
∆p2 Pressure drop of the cylinder two cavity (MPa)
vc Piston rod speed (m/s)
Ffc Friction force experienced by the piston (N)
dc Hydraulic cylinder piston diameter (m)
lc Length of internal wall gap between piston and cylinder (m)
hc Height of internal wall gap between piston and cylinder (m)
P0 Input power of the servo motor shaft (W)
kt Torque constant (N·m)
ηv Pump volumetric efficiency (%)
ηmp Pump mechanical efficiency (%)
ηp Pump total efficiency (%)
ηhc Hydraulic cylinder efficiency (%)
η System total efficiency (%)
ηm Servo motor total efficiency (%)
Rhard Hardware cost (¥)
Rmotor Servo motor cost (¥)
Rpump Fixed-displacement pump cost (¥)
Rcylinder Hydraulic cylinder cost (¥)
a1, a2, a3 Curve-fitting parameter of the servo motor cost
b1, b2, b3 Curve-fitting parameter of the fixed-displacement pump
c1, c2, c3 Curve-fitting parameter of the hydraulic cylinder
Pt Random population
M Population size
di Crowding distance of individuals
k Objective function number
f i+1
j Objective function j of individuals i+1

f i−1
j Objective function j of individuals i-1

f max
j Maximum value of objective function j

f min
j Minimum value of objective function j

Qt Subsample population
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