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Abstract — In optimizing high-speed on/off valves
(HSVs), key components of digital hydraulic systems,
this study introduces a method designed for multi-coil
integrated HSVs, differing from the traditional focus
on single-coil solenoid configurations. The proposed
method is an optimization framework that matches with
voltage control strategies to significantly enhance the
dynamic performance of HSVs. Through the integra-
tion of simulation and experimental analyses, the inves-
tigation explores the functional relationship among coil
volume, temperature rise, and input power. Addition-
ally, utilizing multi-objective optimization (MOO) tech-
niques to improve coil design and optimize performance
based on meta-model of optimal prognosis (MOP) and
evolution algorithm (EA), the results demonstrate that,
when employing a three-voltage control strategy, coils
designed with this strategy, compared to those with a
single-voltage control strategy, significantly reduce the
opening time for normally closed (NC) and normally
open (NO) valves by up to 40% (from 5.0 ms to 3.0 ms)
and 36.4% (from 5.5 ms to 3.5 ms).

Index Terms — Meta-model of optimal prognosis, multi-
coil integrated, multi-objective optimization, optimiza-
tion design match with control.

L. INTRODUCTION

Compared to electrohydraulic servo or proportional
valves, digital valves offer several advantages, i.e. anti-
oil contamination, low throttling losses, low cost, and
better performance in small system drives or actuators
[1-3]. Many studies have reported on digital valves
that use multiple high-speed on/off valves (HSVs) as a
piloted stage or in parallel connection, instead of pro-
portional slide valves, to improve energy efficiency and
reduce costs [4]. As the key element of digital valves,
HSV face several challenges, including rapid response,
temperature rise control, and miniaturization [5, 6].
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The rapid response of HSVs, while allowing for a
permissible temperature rise, is a key factor in enhanc-
ing the response speed and control performance of dig-
ital hydraulic systems [7, 8]. During the design stage
of HSVs, many studies have focused on optimizing key
structural parameters to improve performance [9]. Liu et
al. [10] analyzed the effects of key parameters, such as
the armature, pole shoe, coil, and drive current, on the
electromagnetic force of HSVs. Lantela and Pietola [11]
developed a digital hydraulic valve system consisting of
numerous micro-HSVs connected in parallel. Through
system optimization, the response speed was reduced
to approximately 2 ms. Li-mei et al. [12] used genetic
algorithms (GA) to optimize parameters such as the coil
turns, spring preload and stiffness, armature mass, and
air gap of the HSV, in order to improve its response
speed. Wu et al. [6] adopted a multi-objective optimiza-
tion (MOO) method to determine the key parameters
of the HSV, targeting the opening and closing times.
They employed particle swarm optimization (PSO) and
the analytic hierarchy process (AHP) principles, building
upon the conventional single-voltage approach. Zhong et
al. [13] optimized seven main geometric parameters of
the HSV using the magnetic equivalent circuit (MEC)
method, with the goal of achieving optimal dynamic per-
formance and minimizing volume, based on GA. Sud-
hoff [14] optimized the coil of the El-type solenoid using
both the MEC and thermal equivalent circuit (TEC)
model. Additionally, to improve the optimization effi-
ciency of the HSV, an optimization approach based on
surrogate model was also employed [15-17].

Upon completion of the design stage, an appro-
priate voltage control strategy is optimized to improve
the performance [18]. To address issues such as high-
power consumption and long closing delays in single-
voltage control, Taghizadeh et al. [19] developed an
improved method using dual voltages, applying a low
voltage during the hold stage of the HSV to reduce power
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consumption and effectively minimize shutdown delay
times. Furthermore, dual voltage strategies do not effec-
tively reduce the impact of magnetic hysteresis on clos-
ing delays. Lee et al. [20] developed a three-voltage con-
trol strategy that addresses the delay caused by mag-
netic hysteresis by applying a reverse voltage during the
closing phase. The experiments indicate a reduction in
closing delay time from 5 ms to 1.55 ms. Addition-
ally, to accommodate variations in hydraulic pressure
and enhance control flexibility, Zhang et al. [21] pro-
posed a PWM-based adaptive three-voltage control strat-
egy, which automatically adjusts the PWM duty cycle
based on oil pressure to ensure consistent opening and
closing times of the HSV, regardless of changes in oil
pressure. Furthermore, frequent high-speed opening and
closing can shorten the operational lifespan of the HSV.
Gao [22] designed a compound voltage control strategy
based on three-voltage, using a negative voltage during
the opening stage of the HSV to reduce the collision
velocity between the ball and the seat, thereby extend-
ing the lifespan of the HSV.

So far, most studies on HSVs have focused on
single-coil solenoid structures. There is limited research
on the dynamic and thermal performance of HSVs with
multi-coil integrated non-solenoid structures. Further-
more, a significant amount of research has been con-
ducted on this subject, with a primarily focus on optimiz-
ing the parameters of the HSV’s structure under single-
voltage control. Subsequently, improvements have been
made to the voltage control strategy during the control
stage, with each aspect developed independently. How-
ever, few studies have focused on the potential impact of
voltage control strategies on optimizing coil parameters
to enhance dynamic performance.

The parameters of the coil play a key role in influ-
encing the dynamic characteristics of HSV [10]. Thus,
the aim of this paper is to improve the dynamic perfor-
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mance of the HSV during the design stage by optimiz-
ing the coil parameters in conjunction with voltage con-
trol strategies, specifically in the context of the multi-coil
integrated digital valve. The main contributions of this
article are summarized as follows.

(1) An optimization approach for multi-coil inte-
grated non-solenoid structures HSVs is proposed, based
on the meta-model of optimal prognosis (MOP) and evo-
lutionary algorithm (EA).

(2) This paper presents a coil design method based
on a matched voltage control strategy, considering the
effects of temperature rise.

The structure of this article is organized as follows.
Section II briefly describes the structure of the digital
valve. In section III, a theoretical model for the HSV is
developed. The detailed steps and process for the opti-
mization design based on the voltage control strategy are
conducted in section I'V. The practical performance of the
HSV is evaluated under various voltage control strate-
gies. Additionally, an in-depth analysis and discussion
of the experimental results are presented in section V.
Finally, section VI draws a conclusion and discusses the
future work.

II. STRUCTURE OF THE DIGITAL VALVE

As shown in Fig. 1, the digital valve, which con-
trols the main valve, primarily consists of four valve
bodies of the HSVs, four coils, a magnetic sleeve, ther-
mal grease, and a linear variable differential transformer
(LVDT) [23]. In this study, NC1 and NC2 are two-
position, two-way normally closed valves that use a
spring for resetting. When the coil is energized, the elec-
tromagnetic force moves the ball downward, causing the
HSV to open. Conversely, when the coil is de-energized,
the spring returns the ball assembly upward, closing the
HSVs. In contrast to NC1 and NC2, the internal struc-
ture of the normally open valves (NO1 and NO2) elim-

NCI1 NC2

NO1 NO2

‘Output

For NC1:

For NC2:
Input:/; Output:F}  Input:P, Output:F,

For NO1: For NO2:
Input:/} OutputF, Input:P, Output:f;

Fig. 1. Principle and structure of the digital valve: (a) three-dimensional structural model and (b) principle of digital

valves and valve port structure.
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inates the spring component, and the reset process pri-
marily relies on the hydraulic pressure acting on the ball.

III. DEVELOPMENT OF THEORETICAL
MODELS

A. Modeling of the magnetic circuit

Symbol definitions are as follows for developing an
EMC model for the digital valve. R;* represents the mag-
netic reluctance, where i refers to the number of reluc-
tances and * denotes various components of the HSV. a
denotes armature, b means valve body, g means air gap,
s means magnetic sleeve, and p denotes pole shoe. Since
the permeability of the cover is similar to that of air, both
the cover and the air are treated as a single medium for
calculation purposes.

The magnetic path model is segmented into six
parts, as illustrated in Fig. 2.

The reluctances of the magnetic frame can be
expressed using equations (1)-(4):

Le—2
R="" i21,15,16,18, (1
.uctL7
Ly—ry .
1=, 8T @
0.5L; —
R= "1k 227450911,12,14, (3)
HctLy
Lo
R — m=3,6,10,13. 4
T )

The reluctance of the air gap can be calculated by
equations (5) and (6):

RE=—2 i-1,357, (5)
7tr2
ln(r3/r2)
Ré= 32 9468,
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The reluctances of other parts can be calculated by
equations (7)-(10):

Rf’:“;‘r% i=1,3,517, (7)

R?:L j=2,4,6,8, 8)
pem(rt—r3)

RY = L42 k=1,2,3,4, ©)
HeTtry

RV = Ls 1234 (10)
perr? T

The reluctances of the magnetic circuit is presented
in equations (11)-(14):

Ryt =Y 1(RE+R))+R{+R)+R +Rjg, (11

1
Ry = , 12
" R LR "
Ruz =Y 3(RE+RY) + R+ RS, (13)
1
/LR 1/EBR)

where R,,1, Ru», Ry3, and R,,5 are the reluctances of
Cy, Cy, C3, and Cs, respectively. C; represents the mag-
netic circuit branch of NO1. C; denotes the magnetic cir-
cuit branch of the magnetic sleeve at the J-J sectional
plane. C3 represents the magnetic circuit branch of NC1.
Cs depicts the magnetic circuit branch of the magnetic
sleeve at the K-K sectional plane.

The structural parameter values required for the
aforementioned magnetic reluctance calculations are
specified as follows: r; = 4 mm, r, = 2.75 mm, r;3 =
2.8 mm, L; =34 mm, L, = 15.6 mm, Lz = 10 mm, L4
= 12.1 mm, Ls = 8.15 mm, Lg = 16 mm, L; = 27 mm,
Lg = 32 mm, Ly = 20 mm, Lig = 57.2 mm, L;; = 12
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Fig. 2. Geometric illustration and corresponding magnetic circuit model of the digital valve.



mm, t = 3 mm, gy = 0.5/0.15 mm (de-energized state/
energized state).

It can be seen from Fig. 2 that magnetic field of NO1
mainly flows through the paths of C, C;, Rs*, Cs, and
R17°, while the magnetic lines of force of NC1 mainly
flow through the paths of C,, Cs, Rg®, Cs, and R;7°.
Therefore, the total magnetic resistance of NC1 and NO1
can be expressed as:

1
RNC =Ry + , (15
" Ryt 1] (Ry + R}y + Rus)

1
Ry = Rz + (16)

1/Ryo+1/(Ry+R; 4+ Rps)
The electromagnetic force acting on the HSV can be
formulated as [21]:
_ 97
B 2[.105 ’
where U is air permeability, S is the cross-section area
of armature, and A is a constant related to the leakage
magnetic flux.
The magnetic circuit model of the HSV can be
expressed as:

a7

m

_N¢ N?
I R,

B. Mathematical model of mechanical field

During the opening and closing stages of the HSV,
the moving components experience the combined influ-
ence of electromagnetic force, hydraulic force, hydrody-
namic force, spring force, and damping force. As a result,
its dynamic equation can be formulated as [7] for NC1,
NC2:

L (18)

d> d
(19)
For NO1, NO2:
d*x dx

where m is the mass of the armature, F), represents the
electromagnetic force of the solenoid, F; and F denote
the transient and steady-state hydrodynamic forces,
respectively, B, is the damping coefficient, and P; is the
pilot oil pressure. For NC1 and NO1, P; = P;. For NC2
and NO2, P; = P,. A is the cross-sectional area of the
port and k; is the stiffness of the spring for NC1 and NC2.

When the HSV operates in a static state, the terms
d*x/dr* and dx/dr all equal zero. Additionally, neglect-
ing transient hydrodynamics, the critical electromagnetic
force can be further defined as [7] for NC1, NC2:

Fo" = kyxo Q1)
FI = ky(x0 + agap) (22)

where Pj; is the pressure differential between the input
and output ports of NC1 and NC2, xj is the precompres-
sion of the spring, a,), is the working stroke of the arma-
ture, C, is the fluid velocity coefficient, C,; is the flow
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coefficient, 0 is the flow angle, and A is the open area
of orifice.
For NO1, NO2:
F,"=PrA (23)
Fyll = Pra, (24)
where P;7 is the pressure difference between the input
and output port of the NO1 and NO2.
Based on equations (17), (18), and (21)-(24), the
opening and closing current of the HSV can be calcu-
lated by the equations (25)-(28) for NC1, NC2:

RNC  [200S (kyxo — PyiA)

e e N @s)

e _ % 2108 (kg (xo + agap) — 2C,CyA0Psicos0)
off N 7L .
(26)

For NO1, NO2:
O _ RNO [210S(PsrA — 2C,CaAoPr cos ) 57
on N ), ) ( )
RNO  [200SPTA

1 == i il L (28)

The number of turns N can be expressed as a func-
tion of the winding dimensions:
2fic(dow — din)

rd? ’
where f; is the coil stacking factor, based on practical
experience, which is fixed as 0.65. d,,; and d;,, are the
outer and inner diameters of the winding, respectively, /i
is the length of the winding, and d, is the diameter of the
copper wire.

From [13], it is known that the opening and clos-
ing times are mainly affected by the coil resistance, the
number of turns, the supply voltage, and the voltage
control strategy under the same structural parameters of
solenoid. These parameters also affect the coil’s resis-
tance loss, which in turn leads to different temperature
rises in the digital valve.

N = (29)

C. Voltage control strategies for HSV

The flowchart of voltage control is shown in Fig. 3,
which illustrates the control flow for both single-voltage
and three-voltage control strategies [21].

Assuming the voltage, duty ratio, and frequency of
the control signal are 5 V, 0.5, and 50 Hz, respectively,
the opening voltage, holding voltage, and reverse voltage
are 24 V, 5V, and -24 'V, respectively. The profiles of
the drive voltage and the control signal for the HSV are
depicted in Fig. 4.

The most notable distinction between the three-
voltage and single-voltage control strategies lies in their
mechanisms for adjusting the coil excitation voltage:
once the valve reaches the end position, the excitation
voltage is adjusted to Uj,. Furthermore, when the falling
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Fig. 3. Flowchart of different voltage control strategies:
(a) single-voltage control and (b) three-voltage control.
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Fig. 4. Profile of the drive voltage for HSV.

edge of the control signal is detected, the coil’s excitation
voltage is switched to -Uj:

U,= nsloffR7 (30)

where n; is the safety factor, typically taken as 1.05-1.1.
U}, is the holding voltage and I, ¢ is the closing current
which is expressed in equations (26) and (28). The resis-
tance of the coil can be calculated as:

_ sz(dout + din)

R dl% ,

(D
where p is the resistivity of the copper and dj, is the bare
diameter of the copper wire.

The power generated by the coil is influenced by the
choice of voltage driving strategies [13]. Therefore, by
applying different voltage control strategies and consid-
ering the temperature rise limitations, it is possible to
determine the optimal coil parameters for the HSV.
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IV. OPTIMIZATION OF COIL DESIGN
GUIDED BY VOLTAGE DRIVING
STRATEGY ALIGNMENT

A. Modelling of temperature rise

The normally open (NO) and normally closed (NC)
valves on the same side constitute a pair of two-way,
three-way valves. To improve the positioning control
accuracy of the main valve, the differential PWM (D-
PWM) control method is commonly adopted [24]. In
each control period, power needs to be supplied to four
coils. Analysis of the coil’s temperature rise is required
under the condition of simultaneously supplying power
for four coils. Furthermore, the temperature rise charac-
teristics of the digital valve are dependent on the coil vol-
ume and input power. For precise determination of the
integrated coil temperature rise, this study adapts finite
element simulation and experimental validation method-
ologies to obtain the “power-volume-temperature rise”
characteristics of the integrated multi-coil.

The steady-state thermal distribution of the digital
valve is analyzed using the steady-state thermal simula-
tion module in ANSYS Workbench. The finite element
matrix form of the steady-state heat balance equation is
[14, 25]:

[CUT} + (K] + [Kn{T} = {Qo} +{Qu},  (32)
where [C] represents the specific heat matrix, [K.] repre-
sents the conduction matrix, which is related to material
properties and geometry, [K}] represents the convection
matrix, [T] represents the nodal temperature vector, and
{Qp} represents the heat generation vector, including the
Joule heating P generated by the current passing through
the coil. Joule heat is the heat produced by the current
flowing through the conductor and is transferred to the
various components via thermal conduction. {Q},} repre-
sents the convection heat vector which can be calculated
using the following formula:

O = heony S - Tz, (33)
where /.., represents the convective heat transfer coeffi-
cient, S is the projected area of the element surface in the
direction normal to its interface with the environment,
and T, represents the ambient temperature.

The ambient temperature is set as 25°C in the sim-
ulation model. The coil section is equivalently treated
as a homogeneous entity [26]. The dimensions of the
coil were set as follows: d;;, = 11.5 mm, d,,; = 14.0
mm, /; = 40 mm. Joule heating of the four coils was set
as the heat source. To enhance computational efficiency,
the four HSVs are simplified to a cylindrical shape, with
the fins on the cover being neglected. Energy radiation
heat transfer is turned off, and the direction of gravity
is set along the y-axial. Convection, a heat transfer phe-
nomenon in a fluid medium, depends on the geometric
arrangement, temperature, and properties of the convec-
tive medium surrounding the surface [27], and can be



calculated by equation (34):
3 n

heom = <K (gaL Pr> AG", (34)

Le v2
where k thermal conductivity, set as 0.026 W/ (m-°C)
for air, g acceleration due to gravity, set as
9.81(m?/s), o volumetric thermal expansion coef-
ficient, set as 2.725 x 1073(/K),A8 temperature
difference between the surface of the object and the air,
C and n empirical constant, v kinematic viscosity, set as
22.8x 107® (m?/s), and L, characteristic length.

If the outer face of the digital valve, whose normal
are parallel to the direction of gravity, then L, can be
expressed as:

Le=—, (35)

where S, and p is the area and the perimeter of the plane
surface, respectively.
Prandtl number P, can be expressed as:

CpTuv (36)
where C,, specific heat capacity at constant pressure,
set as 1007 J/ (kg-°C), and p dynamic viscosity, set as
26.4x 107 (pa-s)

The material parameters of each component are
shown in Table 1.

The temperature distribution under varying power
does not include the cover and thermal grease in Fig. 5.
In Fig. 5 (a), each coil was subjected to a power input of
4.35 W. The simulation results indicated that the maxi-
mum temperature of coil NO1 reached 107.74°C, corre-
sponding to a temperature rise of 82.74°C. Additionally,
each coil was subjected to a power input of 5.52 W in
Fig. 5 (b). The results show that the maximum tempera-
ture of coil NOI reached 126.22°C, corresponding to a
temperature rises of 101.22°C.

A test bench was developed to validate the finite ele-
ment simulation results. The coil dimensions were kept
the same as those used in the simulation, with an ambient
temperature set to 25°C. The temperature rise of the coil
was measured using the resistance method, employing

P.=

Table 1: Thermal parameters of parts

Thermal | Density | Specific Heat | Thermal
Parameters | (kg/m?) Capacity | Conductivity
J/(kg-°C) | W/(m-°C)
Copper 8978 381 378.6
Air 1.16 1007 0.026
Bracket/ 7870 460 80
HSV
Shell 1400 1150 0.25
Bobbin 1420 1150 0.24
Grease 1500 2300 1.5
Valve seat 2770 875 165
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Fig. 5. Temperature results under different power input:
(a) power input of 435 W and (b) power input of
5.52W.

the test setup depicted in Fig. 6. The current in the wind-
ing of the HSV was detected using a CHB-2AD closed-
loop Hall current sensor, and its voltage signal output
was collected by an STM32F103ZET6 control board.
Measurements were taken at intervals of 0.25 seconds
until the temperature reached a steady state.

From Fig. 7, it is evident that the maximum relative
error between the simulation results and the experimental
data is approximately 11% at an input power of around
3 W, with the majority of the data points exhibiting an
error of less than 10%. This confirms the reliability of
the simulation model settings.

To research the function relationship between input
power, coil temperature rise, and coil volume for NOI,
the coil’s outer diameter d,,; ranged from 12.5 mm to
14.2 mm, with intervals of 0.5 mm; the coil height /;
ranged from 20 mm to 45 mm, with intervals of 5 mm.
The input power ranged from 1 W to 9 W, with intervals
of 1 W. Temperature rise data points for coil NO1 were
then obtained under these various conditions. Finally, the
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Fig. 6. Experimental setup for testing temperature rise of
the digital valve.

m- The temperiature rise calculated by simulation
00 —* The temperiature rise by experiment

100 | . ?

—A— Relative Error

(o]
(=]
T
/;%i\\\
» ]
L 1
= I

o —
& X
2 =
.- ]
o~ o
5 60 18 §
= )
g : ¢ B
L - <
g 40 / )
g ~
= $ 44
20
12
A
0 1 1 1 1 1 O
1 2 3 4 5 6

Input Power (W)

Fig. 7. Comparison of temperature rise between the
experiment and simulation.

black data points in Fig. 8 represent the results obtained
through simulation.

We use the matching tool in MATLAB software to
fit the simulation data. The surface shown in Fig. 8 is
fitted to equation (37), and the coefficients of the expres-
sion for P(V,AT) are determined by equation (37):

P(V,AT) = —0.2488 +4.305¢ 7V 4 0.04397AT
—2.691¢8V2 4 1.641e VAT +9.292¢ S AT?
where P(V, AT) is the copper loss and V is the volume

of the coil. AT represents the temperature rise of the coil
and is expressed by:

, 37

AT =T, (38)
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Fig. 8. Temperature rise characteristic surface of NOI.

where T, denotes the hotspot temperature of the NO1
and T, represents the ambient temperature.

The fitting indicators, R?> and root mean squared
error (RMSE) for equation (37) and Fig. 8 are 0.9998 and
0.04163, respectively. These metrics assess the accuracy
and reliability of the mathematical expression in equa-
tion (37).

In addition, the results of the variance analysis of
the coil temperature rise data points indicate that the
coil temperature rise (A7) has the greatest impact on
input power, followed by the square of the coil tempera-
ture rise (AT?), then the coil volume (V), and the inter-
action term between coil volume and temperature rise
(V-AT) ranks last. Furthermore, combining the analy-
sis from Fig. 8 and equation (37), it can be concluded
that there is an approximately linear relationship between
input power and coil temperature rise. Additionally, as
the input power increases, the impact of coil volume
on the coil’s temperature rise gradually becomes more
pronounced.

B. Multi-objective optimization

1. Optimization variables

In the present study, the designed stroke of arma-
ture is agqp = 0.35mm. The design parameters for the
proposed solenoid are shown in Fig. 2. The predefined
parameters include inner diameter d;, = 11.5 mm, ini-
tial air gap 6, = 0.5mm. The stiffness of the spring k;
= 10N/mm, precompression xo = 0.7 mm. The exter-
nal control signal operates at a frequency of S0Hz with
a duty cycle of 0.5 [28]. When the main valve is con-
trolled by D-PWM, it is found that when the main
valve responds in step or sinusoidal tracking through
Amesim/MATLAB co-simulation, the steady-state pres-
sure in the left and right chambers is about 0.95Mpa.
Thus, there are still four structure parameters that need



to be optimized: Iy, dyy, d., and dp, according to equa-
tions (29) and (31).

According to GB/T 7673.3-2008, the functional
relationship between wire numbers (WNU),d), and d, is
determined using a fitting method in MATLAB.

The fitting results are illustrated in Fig. 9. The R-
square values for d; and d. are 0.9999 and 0.9997,
respectively. and the RMSE for d;, and d, are 0.00111
and 0.0227, respectively. The high accuracy of the fitting
indicates the reliability of the fitted function. Therefore,
there are three structure parameters in total that require
optimization.

dp = 5.6682 x 0.8907"NV +0.001
{ de = 5.6367 x 0.8966" NV 4-0.001 ~

The MOP method uses sampling points to construct
a surrogate model to replace the complex actual FEM
model and implements an optimization algorithm based
on MOP. The logic of the optimization process is out-
lined in Fig. 10.

(39)

o

IS
T

Bare Diameter of the coil (mm)
N w

Copper Diameter of the coil (mm)

WNU

Fig. 9. The relationship between the diameter of wire and
WNU: (a) dp and WNU and (b) d. and WNU.
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® Calculate permissible input according to Fig.5(b) Step6. Result
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by Eq.(38) combined with Eq.(42)
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.

Step2. Finite Element Simulations

Finding Pareto by

MOP vs Maxwell
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Fig. 10. The optimization process of HSV in ANSYS
Workbench.
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Firstly, a sensitivity analysis is carried out. During
this stage, according to the performance requirements
of the HSV, we determine the parameters variables and
range. Secondly, using the coil parameters obtained in
the first step, we perform a transient finite element anal-
ysis to generate results under different voltage control
strategies. Thirdly, we develop MOP based on the param-
eter variables, objectives, and constraints. Then, using
MOP, we apply an EA to obtain the optimization results,
which are subsequently validated in Maxwell.

2. Optimization objectives

In this study, the requirement of HSV is quick
response. According to these requirements, we define
the optimization objectives include opening time ¢,, and
closing time #,7. All objectives will be calculated by
equation (40).

Object functions:

1

J1(4) = = xer= o001

min ) = _W (40)
f3(u) = —W ’
fa(u) = —m

Constraints: the allowable temperature rise of the coil
shall not exceed 100°C. Thus, the allowable input power
should be computed using equation (37).

The simulation model integrates the following con-
straint functions:

P
ki) =51, (41)
sei

where k; is power loss ratio and u is parameter in the
design vector. Its expression is:

u = [doyt, Iy, WNU]. (42)
If P;, is the copper power loss of the coil, the expres-

sion for it is:

Ts 2
S i“Rdt
Py, = f()#’ (43)

S
where i is the current flowing through the coil and Ty is
the period of the control signal.
The relevant parameters in this design study are
given at: Uy = 24 V, d,,,€[12.5 mm, 14.2 mm], [;€[20
mm, 45 mm], and WNU€[26,40].

3. Analysis of sensitivity and construction of meta-
models

Latin hypercube sampling (LHS) is preferred for
MOO due to its effective space-filling capabilities and
independence among design variables [29]. Therefore,
LHS was selected for subsequent analysis. Using LHS,
300 sample points were chosen, and the corresponding
response values were computed for each point.

MOP involves fitting input and output variables
using a mathematical model. However, for highly com-
plex relationships, it cannot be guaranteed that the
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response surface will pass through all sample points.
Therefore, analyzing the fitting accuracy is essential to
ensure effective representation of the information con-
tained in the original model. The Coefficient of Progno-
sis (COP) [30] is employed as a criterion to assess the
accuracy of MOP.

All COPs are shown in Fig. 11. The COPs in the last
column, which represent the full model, are all greater
than 0.9. When COP>0.7, this indicates strong fitting
accuracy and supports the use of MOP as a viable alter-
native to the finite element method (FEM) in optimiza-
tion [29]. From Fig. 11, it can be observed that WNU has
a significant influence on the opening time of HSV, while
the closing time is primarily influenced by changes in the
diameter of the coil under single-voltage control.

4. Optimization and validation

After obtaining the surrogate model in section B.3,
this study adopted MOO using an EA based on the
SPEA2 (Strength Pareto Evolutionary Algorithm 2) [31]
to optimize the parameters of the coil, based on the crite-
ria and constraints defined in section B.2. The parameters
of the EA method are shown in Table 2 [32].

After a maximum of 10,000 function calls, the
Pareto frontiers under different voltage control strategies
were obtained.

Figures 12 (a) and (b) show the Pareto 2D plots
of the objectives under single-voltage control strategy.
Gray represents particles that do not satisfy the con-
straints, black represents particles that satisfy the con-
straints, and the red line represents the Pareto frontiers,
which includes the Pareto optimal solution set.

Figure 12 (a) denotes the relationship between the
objective functions f>(u) and fi (1) for NC1. Figure 12 (b)
represents the relationship between the objective func-
tions f3(u) and fi(u) for NOI under the single-voltage

ACES JOURNAL, Vol. 39, No. 11, November 2024

Table 2: Parameters of the evolutionary algorithm

Name Value Name Value
Maximum 10000 Selection | Tournament
number of method

samples
Population 10 Crossover | Simulated

size method binary

Maximum 1000 Crossover 0.5
number of probability
generation

Fitness Pareto Mutation Self-

method dominance method adaptive
Constrain Rank order Mutation 5%
handling rate

Start NO

Start NC

End NO

End NC

Power_ratio

Power _ratio

dout Lk Total

control strategy. There are seven points on the Pareto
front. The optimization workflow ends with the valida-
tion of the MOP-based results presented in the Pareto
front. The parameters of the coil obtained from MOP
and located on the Pareto front were used as an input
into Maxwell software to calculate the relative error in
the coil’s opening time, closing time and power loss ratio
compared to the predictions of the MOP.

As shown in Fig. 12 (c), under single-voltage con-
trol, the results obtained from MOP show a relative error
of approximately 14% for NC1, 16% for NO1 in opening
time, and 15% for NC1, 16% for NOI1 in closing time,
when compared to FEM.

One point (No. 6) does not meet equation (37)
according to FEM results, as shown in Figs. 12 (c) and
(d). Therefore, this point should be excluded in the sub-
sequent calculations for the final optimal point.

Figure 13 (a) denotes the relationship between
the objective functions fo(u) and fi(u) for NC1 under

Start NO

Start NC

End NO

End NC

dout Lk

Fig. 11. Full model CoPs: (a) single-voltage control and (b) three-voltage control.
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Fig. 12. Optimization results based on MOP under single-voltage control: (a) relationship between the objective func-
tions f>(u) and fi(u) for NC1, (b) relationship between the objective functions f3(u) and fa(u) for NO1, (c) relative error
between MOP and FEM for NC1 and (d) relative error between MOP and FEM for NO1.

three-voltage control strategy. Figure 13 (b) represents
the relationship between the objective functions f3(u) and
fa(u) for NOI. There are 163 points on the Pareto fron-
tier under three-voltage control. As shown in Figs. 13 (c)
and (d), under three-voltage control, the results obtained
from MOP exhibit a relative error of approximately 8%
for NC1, 10% for NO1 in opening time, and 14% for
NCI1 and NOI in closing time, when compared to FEM.
Twelve points fail to satisfy equation (37), as calculated
from FEM, as depicted in Figs. 13 (c) and (d). Therefore,
these points must be excluded from subsequent calcula-
tions for determining the final optimal point.

Under both single-voltage and three-voltage control
strategies, the Pareto front data points have WNU of 34
and 31, respectively. This difference is likely due to the

more significant impact of WNU on power loss com-
pared to other design variables. Furthermore, the data
points indicate a negative correlation between coil cross-
sectional area and opening time (7,,), while a positive
correlation is observed with closing time (#,7). A pos-
sible reason could be that, with a constant WNU, the
coil cross-sectional area is positively correlated with the
number of turns N, which in turn explains the observed
correlation.

There are numerous valid solutions that reside
within the Pareto front. It remains challenging for
designers to determine which solution to select. There-
fore, methods must be applied to compare these solutions
effectively [6]. In this paper, the optimal solution, which
minimizes the value calculated using equation (44) is
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Fig. 13. Optimization results based on MOP under three-voltage control: (a) relationship between the objective func-
tions f>(u) and fi(u) for NC1, (b) relationship between the objective functions f3(u) and fi(u) for NO1, (c) relative error
between MOP and FEM for NC1, and (d) relative error between MOP and FEM for NO1.

selected under the given constraint conditions: V. EXPERIMENTS
min: f(t) = Nl _|_t£]vfcfl + té\;m + t{])vf?l. (44) A. Experiments analysis .
. . B Several prototypes were fabricated, and a test bench
The optimal solution for each voltage control strat- . S
- . was developed to measure the opening and closing times
egy is listed in Table 3.

of the HSV. This test bench, shown in Fig. 14, uses a sin-
gle pressure transducer to detect these times. The NO1
valve, connected to the tank, remains open as an ori-
fice [6]. To reduce the pressure at the pump, a relief
valve is installed between the inlet port of NC1 and the
pump. NC1, which is connected to a pilot pressure source
(1.35 MPa), is normally closed. The pressure transducer

Table 3: Optimal coil parameters based on voltage con-
trol strategies

Single-voltage |Three-voltage
Experiment (ms) |Experiment (ms)

Open | Close Open | Close will detect the increment of the pressure. A current sen-

Type A II:II(C)i 2(5) 38 22 ;8 sor (CHB-5AD) is used to detect the dynamic of the
: : : : winding current. A driver (AIKONG AQMH2407ND) is

Type B E(C)i ; ; g(S) ;3 developed to control the HSV which can generate volt-
: : age profiles required for single-voltage or three-voltage
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Fig. 14. Experimental setup for testing the opening and
closing times of HSV.
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control. During the testing of NC1, NOI1 is kept in a nor-
mally open state; conversely, when assessing NO1, NC1
is maintained in a continuously open condition.

From Fig. 15 (a), during the opening stage, the pres-
sure curve shows that the HSV implements full open-
ing within 5.0 ms. However, during the closing pro-
cess, the current and pressure curves indicate that the
HSV reaches full closure within 4.0 ms. In contrast
to single-voltage control, using a three-voltage config-
uration results in a substantial reduction in the closing
time of NC1, achieving full closure in less than 2.0 ms,
as depicted in Fig. 15 (b). Regarding Fig. 15 (c), it is
shown that the valve achieves full closure within 4.0 ms
for NO1 during the closing stage. Simultaneously, dur-
ing the opening process, both the current and pressure
curves indicate that the valve reaches full opening within
5.5 ms. Similarly, implementing three-voltage control
results in a significant reduction in the closing time of
NOI1 to less than 2.0 ms compared to single-voltage
control.

Three-voltage control for NC1 Pressure
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Fig. 15. Experiment result of dynamic performance under type A coil for NC1 and NOL1: (a)(c) single-voltage control

and (b)(d) three-voltage control.
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Fig. 16. Experiment result of dynamic performance
under type B coil for NC1 and NOI: (a) three-voltage
control for NC1 and (b) three-voltage control for NO1.
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Based on Figs. 16 (a) and (b), the experimental
results indicate that for NC1, the complete opening and
closing times are approximately 3.0 ms and 1.5 ms,
respectively. For NO1, the complete opening and closing
times are approximately 3.5 ms and 2.0 ms, respectively.

From the experimental results in Figs. 15 and 16, it
is evident that even with subsequent adoption of three-
voltage control, the opening time of Type A coil cannot
be reduced compared to the Type B coil. The specific
data from the experimental findings are listed in Table 4.

From Table 4, it is shown that when both coils adopt
the three-voltage control strategy, the Type B coil signif-
icantly reduces the opening time for NC and NO by up
to 40% (from 5.0 ms to 3.0 ms) and 36.4% (from 5.5 ms
to 3.5 ms), respectively, compared to Type A coil.

For both coil types, the simulation results for
opening time closely align with the experimental data,
demonstrating that the simulation models accurately pre-
dict the opening and closing times of the HSV. These
results suggest that while the simulation models gen-
erally provide accurate and reliable data on opening
time, they may not fully account for all the complex-

Table 4: Simulation and experiment results

Single-voltage | Three-voltage
Experiment (ms) |Experiment (ms)
Open | Close Open | Close
Tvoe A NC1| 50 4.0 5.0 1.5
PEA INOT| 55 | 4.0 55 | 20
NC1 / / 3.0 1.5
Type B IRG1T 7 ] 35 | 20
120
Temperature Rise based on three voltage control
100
2 80t
ﬁ
2 60 |
g
540t
[
20 +
O 1 1 1 1 1 1 1
0 500 1000 1500 2000 2500 3000 3500
Time (s)
(b)

Fig. 17. Curves depicting the temperature rise of the NO1 coil: (a) temperature rise of Type A coil under various
voltage control strategies and (b) temperature rise of Type B coil under three-voltage control.



ities involved in the valve closing stage. The observed
difference may be attributed to a difference between the
actual material BH curves and those used within the sim-
ulation parameters. Furthermore, the simulation method-
ology utilized the initial magnetization curve as a substi-
tute for the hysteresis loop, thereby overlooking the mag-
netic remanence phenomenon inherent in ferromagnetic
materials.

To analyze the thermal behavior of the two coil vari-
eties under various voltage control strategies, additional
experiments were conducted to measure the temperature
rise of the coils. The steady-state temperature of four
coils was tested under different voltage control strate-
gies, with a control signal frequency of 50 Hz and a duty
cycle of 0.5, in accordance with the simulation parame-
ters.

The temperature rise of NO1 was approximately
102°C and 80°C under the single-voltage and three-
voltage control strategies, respectively. Furthermore,
according to Fig. 17 (b), when employing Type B coils
under three-voltage control strategy, the temperature of
the NO1 coil was measured at 101°C. This temperature
rise aligns closely with the simulated results and opti-
mization objectives.

VI. CONCLUSIONS

The study involved numerical modeling, simulation
analysis, and experiments to analyze the impact of volt-
age control strategies on coil parameters. The main con-
clusions:

(1) For multi-coil integrated digital valves, this
study develops an advanced coil optimization design
method that aligns with different voltage control strate-
gies, employing MOP and EA method.

(2) Under the constraint of temperature rise, coils
designed with a three-voltage control strategy, in com-
parison to those with a single-voltage control strategy,
significantly reduce the opening time for NC and NO by
up to 40% (from 5.0 ms to 3.0 ms) and 36.4% (from 5.5
ms to 3.5 ms), respectively. However, it had almost no
effect on the closing time.

(3) In future work, an investigation will be con-
ducted on how the maximum output current of the driver
board influences the optimization process of coil param-
eters. Additionally, this study will also evaluate the spe-
cific impacts of four voltage control strategies on the
optimization of coil parameters.
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