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Abstract

This paper presents a genetic algorithm (GA) approach to optimize key structural parame-
ters of the torque motor used in a direct-drive slide knife gate valve. The optimization aims
at enhancing the performance of the torque motor by improving the output torque, mini-
mizing the overshoot, and reducing the response time. A mathematical model based on
these performance indicators is formulated to guide the optimization process. Compared
to the original design, the optimized design is shown to achieve a 26.4% increase in output
torque, a 0.14 ms reduction in response time, and a 9% decrease in overshoot. Additionally,
AMESim simulations confirm that the optimized motor significantly improves valve control
accuracy, dynamic response, and flow stability, while also decreasing sensitivity to pressure
fluctuations under high-current conditions. Finally, experimental results are provided
to corroborate the simulation findings, validating the accuracy and effectiveness of the
proposed optimization methodology. This study provides novel theoretical insights and
practical guidance for the design of high-performance torque motors used in direct-drive
electro-hydraulic servo valves within aerospace applications.

Keywords: direct-drive slide knife gate valve; torque motor; genetic algorithm (GA);
optimization; AMESim

1. Introduction

In recent years, direct-drive valves (DDVs) have played a vital role in aero-engine
fuel metering systems due to their high reliability and excellent dynamic performance [1].
As an innovative DDV design, the direct-drive slide knife gate valve utilizes a torque motor
to directly drive the slide knife in rotational motion. This fundamentally eliminates the
complex hydraulic pre-stage, thereby overcoming the manufacturing challenges inherent
in traditional electro-hydraulic servo valves. This design offers a promising solution for
high-dynamic and high-precision fuel control. However, this direct-drive method, which
lacks mechanical stops, while enhancing the system’s response speed, also renders the static
and dynamic characteristics of the whole valve highly sensitive to the output performance
of the torque motor [2]. Nonlinearities in the torque motor can be directly transmitted and
amplified, leading to prevalent technical challenges in practical engineering applications,
such as excessive overshoot and prolonged response time [3]. As the core actuator of
this valve, the output characteristics of the torque motor are decisive for the whole valve
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performance [4,5]. Consequently, breaking through the performance barriers of the direct-
drive slide knife gate valve necessitates a thorough investigation and enhancement of the
dynamic performance of its torque motors [6,7].

To improve the performance of the torque motor, research on traditional designs
has primarily focused on enhancing the output torque through structural modifications.
Zhang et al. [8] introduced a radial-axial hybrid magnetization method. Yan et al. [9]
quantified the magnetic saturation region and refined the magnetic circuit model. Addi-
tionally, Rao et al. [10] systematically investigated the influence of assembly deviation,
the limiting aperture of the upper iron block, and air gap symmetry on the output torque.
Although these studies have made progress in enhancing torque, current research on torque
motors still has significant limitations: the optimization objective remains singular, focusing
primarily on enhancing torque output; additionally, there is a lack of systematic simulation
validation for the transient response process [11,12].

To address these limitations, multi-objective optimization has been widely adopted to
improve the design of high-torque permanent magnet synchronous motors (PMSMs) [13-15].
Oh, J.-A. and Xie, F. [16,17] developed a multi-objective optimization framework for PMSMs.
In the context of brushless DC motor design, Salarian et al. [18] evaluated three optimization
algorithms: particle swarm optimization, simulated annealing, and the red deer algorithm.
Another approach was proposed by Chai et al. [19], who integrated a hierarchical design
parameter structure with a support vector machine (SVM) method for multi-objective
optimization. By adopting multi-objective optimization, scholars have not only effectively
reduced cogging torque but also improved the overall performance of the torque motor [20].

As a primary optimization method, the GA has been successfully applied to a range
of electromechanical design problems, including the optimization of permanent magnet
couplings [21], the structural optimization of PMSMs [22-24], and the structural optimiza-
tion of a composite cylinder [25]. Although multi-objective GA optimization has been
demonstrated to be highly effective in multiple fields, its potential has not been systemati-
cally explored for resolving the fundamental compromise in torque motors for direct-drive
slide knife gate valves—specifically, the inherent trade-off between high output torque and
superior dynamic response. In particular, the systematic coordination of these competing
objectives through the GA to directly enhance the dynamic performance of the whole valve
remains an underexplored area.

Based on the above research, this paper aims to optimize the torque motor of a direct-
drive slide knife gate valve to achieve higher output torque, lower overshoot, and a faster
response time. The GA is employed to perform a multi-objective optimization of the
torque arm, air gap, and coil turns. Compared to the original model, the optimized model
demonstrates higher optimization efficiency and significantly improved performance.

This paper is organized as follows. Section 1 provides the introduction. Section 2
establishes the mathematical model of the torque motor. Section 3 investigates the influence
of key structural parameters on the performance of the torque motor. Based on this analysis,
Section 4 describes the implementation of the GA for parameter optimization. Section 5
then evaluates the impact of the optimized motor design on the performance of the whole
valve. Section 6 presents experimental results that validate the optimization approach and
the accuracy of the theoretical model. Finally, Section 7 summarizes the main conclusions
of this paper.

2. Mathematical Model of the Torque Motor

This paper intends to optimize the torque motor of a direct-drive slide knife gate
valve. The operating principle is illustrated in Figure 1. Under the combined action of the
fixed flux from the permanent magnet and the control flux generated by the coil, the flux
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increases in air gaps 1 and 3, while the flux decreases in air gaps 2 and 4. This imbalance
generates a clockwise torque on the armature assembly, driving the slide knife gate to
deflect and achieve precise hydraulic flow control.

Upper.
ironp lock

Flexure
spring tube

Slide
knife gate

Figure 1. Operating principle of the torque motor.

Based on the operating principle, an equivalent magnetic circuit model of the torque
motor is constructed, as shown in Figure 2. The model accounts for magnetic flux leakage in
the magnets, coils, and air gaps. The labels 1, 2, and 3, respectively, represent the permanent
magnet, the air gap, and the leakage flux at the control coil. Based on the magnetic flux
leakage introduction, the magnetic flux utilization coefficients are denoted as «, B, and «.
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Figure 2. Equivalent magnetic circuit model of the torque motor.

Based on Maxwell’s electromagnetic theory [26], the electromagnetic force acting on
the armature in a magnetic field can be expressed as follows:

2
R

)

where ¢ represents the interpolar magnetic flux, A¢ represents the pole area at the air gap,
and pg represents the magnetic permeability of air.

When the servo valve is not operating, the armature is not deflected, and the magnetic
resistance of each air gap can be expressed as follows:

g
Rg = 2
¢ = oAy @)
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where g represents the air gap length.
When current is applied and the armature deflects, the reluctances of air gaps 1 to 4
are as follows:

g—x x
R, =R, = —=R,[1—-= 3
81 83 FOAg g( g) ()
g+x ( x)
Ry, =R, == =R,(1+= 4
82 84 ,uOAg g g ()

where x denotes the displacement of the armature end from the neutral position.

Based on the law of magnetic flux continuity and Kirchhoff’s second law for magnetic
circuits, a detailed analysis of the five nodes and four closed loops in the magnetic circuit
model shown in Figure 2 is performed. The following results are obtained:

apg =1+ ¢s
$2 = 5+ ago
$1 = ¢s+ Ps
$3 = P2+ P
¢3 = ¢7 + agy ®)

Mo/2 = Rm/2¢s + Rup1 + YRg1¢1 + TRg2¢4 + Rugpy
Mo/2 = R /29 + Ruds + YRg2¢p2 + YRg1¢3 + Ruhs
Ni = Ry + Rutpt + YRg11 — Rudp2 — YR — Ry
Ni = Rydps + Rutps + YRg1¢3 — Rups — YRg2ds + Rypy

where « denotes the leakage coefficient of the permanent magnet, 8 denotes the leakage
coefficient of the coil, and -y denotes the leakage coefficient of the air gap.

When the armature is in the neutral position, the control flux ¢. and the fixed magnetic
flux ¢¢ can be expressed as follows:

o0 = BYNi _ BYNi ©)
" R 2BYRy+2BRy +2R;+ PR

ayM xyM

TMo Mo )

P = TR, T 2ayRg + 2aR, 1 Ry,

The magnetic circuit can be analyzed using the following relations, where R represents
the total reluctance of the control flux loop and R, represents the total reluctance of the
fixed flux loop.

By combining Equations (3)-(7), the magnetic fluxes ¢; to ¢9 can be obtained, where
the magnetic fluxes ¢; and ¢, pass through air gaps 1 and 2.

[ 4ayRo% 2BYREN ]
¢ = <1+ Rgg>¢c+<1+ ﬁRgg>¢g — ®)

[ (ARG A d
$2 = ( R, —1>‘Pc+<1— R )%= T . ©)

_ R.R,
 8apy?R2

(10)
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During the movement of the armature, since the magnetic flux density in the diagonal
air gap remains the same, the output torque expression can be simplified as follows:

Ty =2a(F — ) = VOLAg("’% —93) (11)

Substituting Equations (8) and (9) into Equation (11) yields the expression for the
output torque.

_a 4.3')’Rg§ 40"7Rg§ d 2
T4 = s (2(’” R ‘Pg)( R0 ) | @

As current flows through the coil, the armature poles are magnetized due to electro-

magnetic effects. At the right end, magnetic repulsion is produced between the armature
and the upper magnetic conductor, while magnetic attraction occurs between the arma-
ture and the lower magnetic conductor. This pair of opposite magnetic forces acts on the
armature at non-collinear points, creating a force couple that generates torque around the
rotational axis, as shown in Figure 3.

a

+x

Figure 3. Schematic of armature deflection.

The geometric relationship shown in Figure 3 indicates a correlation between the offset

and the armature deflection angle.

X =ab, (13)

where 0 represents the armature deflection angle.

Combining Equations (6), (7), (12) and (13) yields the final output torque formula:

2
2 2
Ty = K; 1+n€2("> Ai+ Ky 1+n<4’c> 19} — (14)
g bg d_ (x)
8
K, = 2Ng <”)5 (15)
\g )
2
K :4¢§,Rg(;> 52 (16)
- 2prRg (17)
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R.
1= 3R (18)

where K; represents the torque constant of the torque motor, K, represents the magnetic

spring stiffness of the torque motor, and ¢ and # represent the magnetic resistance coefficients.

Equation (14) expresses the relationships between the output torque of the torque
motor, the current, and the armature deflection angle. Based on the relationship between
the control flux and the fixed flux, as well as the air gap, and ensuring that x/g < 1 and
(¢c/Pg)?* < 1, the output torque formula can be simplified.

Ty = KAi + K0 (19)

The static characteristics of a torque motor refer to the relationship among the output
torque, the current, and the armature deflection angle. The input current in the control
coil creates an uneven distribution of electromagnetic force across the air gap of the torque
motor, causing the armature assembly to deflect and generate output torque.

The dynamic equilibrium equation for the armature assembly is the balance between
the output torque and the combined effects of the rotational inertia torque, damping torque,
spring tube feedback torque, and load torque [27]. The armature assembly undergoes force
analysis, as shown in Figure 4.

. d?0 ae
T; = KiAi + K0 = ]HW + B”E + Ko +Tp (20)
where ], represents the rotational inertia of the armature assembly, B, represents the
rotational damping of the armature assembly, K, represents the composite stiffness of the
armature assembly, and T} represents the external load.
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Figure 4. Schematic diagram of the force analysis of the armature assembly.

The Laplace transform is applied to the equation above:
KiAi + Kb = (Jus> + Bas + K,)0 + Ty, (21)

The transfer function for the armature deflection angle is as follows:

KiAi — Tj,
0= 22
]a52+Ba5+Ka — K (22)
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3. Simulation Analysis of the Torque Motor

To systematically investigate the intrinsic influence mechanism of key structural
parameters on the static characteristics and dynamic response of torque motors, a finite
element analysis (FEA) approach based on electromagnetic theory is employed. A refined
three-dimensional finite element model of the torque motor is constructed, as shown in
Figure 5. Numerical simulations and quantitative analyses are conducted under various
structural parameter configurations. The simulation results are shown in Figures 6-8.
A theoretical foundation and a data basis are provided for the structural optimization
design of torque motors.

. Upper
iron bloc
Coail
Armature H—o_ - | | — H_(%?Tt}igi?]
ermanent
magnet
. Lower
iron bloc
Figure 5. Simulation model.
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Figure 6. Influence of the air gap on the torque motor performance: (a) Deflection angle. (b) Out-
put torque.

The output torque is found to have an inverse relationship with the air gap. According
to the simulation results, when the air gap increases from 0.7 mm to 0.9 mm, the output
torque decreases by 0.086 N-m, representing a reduction of 29.06%. The overshoot is
observed to decrease overall by 9.8%, but the response time increases from 2.04 ms to
2.47 ms, representing an increase of approximately 21.08%. These results suggest a clear
monotonic relationship between the static and dynamic characteristics of the torque motor
and the air gap. However, the optimization for high output torque and fast response time
inherently leads to an increase in overshoot, revealing a fundamental trade-off among
these characteristics.
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Figure 7. Influence of the coil turns on the torque motor performance: (a) Deflection angle. (b) Out-
put torque.

The output torque is positively correlated with the number of coil turns. It is observed
that increasing the coil turns from 680 to 980 leads to a rise in torque by 0.057 N-m,
corresponding to an increase of 26.25%. However, the effect of the number of coil turns
on the dynamic response is non-monotonic. When the turns are increased from 680 to 780,
the inductance and electromagnetic stiffness increase, while damping decreases, resulting
in a larger overshoot. If the coil turns are further increased to 980, although the inductance
continues to rise, copper losses become significantly greater, and the associated damping
effect reduces the overshoot. Additionally, whether the number of turns is increased or
decreased from that in the original model, the response time is increased. Thus, the output
torque can be increased by increasing the number of coil turns, which degrades the system’s
responsiveness by increasing the time constant.
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Figure 8. Influence of the torque arm on the torque motor performance. (a) Deflection angle.
(b) Output torque.
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The output torque increases significantly as the torque arm length is extended. When
the torque arm length is increased from 16 mm to 20 mm, the output torque rises by
0.12 N'm, representing a 56.7% increase. Concurrently, the overshoot gradually increases,
ultimately reaching 40.6%. Notably, at a torque arm length of 20 mm, the response time
is 2.19 ms, which is not the maximum observed. In contrast, when the length is reduced
to 16 mm, although the overshoot is minimized, the response time increases to 2.46 ms,
the longest among all configurations. The results indicate that a reasonable increase in
torque arm length can enhance the output torque while reducing the response time, albeit
at the expense of increased overshoot.

4. Analysis of Optimization Based on the GA
4.1. Multi-Objective GA

Based on the preceding simulation analysis, the three objectives—output torque,
overshoot, and response time—are interdependent and mutually constrained, forming
a classic multi-objective optimization problem with strong nonlinearities. Consequently,
the parallel search mechanism, global optimization capability, and high robustness of
the multi-objective GA make it highly suitable for effectively addressing nonlinear and
multi-objective problems [28].

Moreover, the GA has demonstrated particular effectiveness in optimizing electromag-
netic devices, as evidenced by its successful applications in the design of permanent magnet
motors and couplings [21-25]. Therefore, this paper focuses on the multi-objective GA
optimization design of the key parameters of the motor, including the torque arm, air gap,
and coil turns. Due to the significant influence of these parameters on the torque output
and the dimensional limitations of the torque motor, the allowable range of parameter
variation is limited. The parameter ranges are presented in Table 1.

Table 1. Parameters of the torque motor.

Parameter Initial Value Variable Range
Torque arm (mm) 18 15-21
Air gap (mm) 0.8 0.7-0.9
Coil turns (turns) 780 600-1000

Due to the contradiction among the objective functions, there is no solution that can
simultaneously achieve the optimal values of each objective function [29]. By applying the
weighting method, this approach converts the multi-objective optimization problem into a
single-objective optimization problem, which is formulated as follows:

f(a, 8 N) = MTy+ Aoy + AsSy (23)

where A1 ~ A3 represent the weight coefficients corresponding to the objective, A1 +
Ay + Az = 1and Ay, A, A3 > 0, T; represents torque, o(t) represents overshoot, and S(t)
represents response time.

The ultimate optimization objectives are to achieve greater output torque, minimize
overshoot, and ensure a shorter response time.

f(a,g, N)=-MT;+ )\ZU(t) + /\3S(t) (24)

Based on the aforementioned analysis, a smaller value of f indicates superior torque
motor performance. Consequently, the torque motor optimization problem is ultimately
transformed into minimizing the objective function; the objective function is as follows:
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F(x) =minf(a,g N) (25)

To prioritize dynamic performance optimization, the objective function weights are
assigned based on engineering experience: 30% for output torque, 35% for overshoot,
and 35% for response time [30]. Although alternative weighting schemes are considered,
the selected values reflect a deliberate prioritization of system stability and response speed.
The GA is configured with a population size of 100, a crossover probability of 0.9, a mutation
probability of 0.1, and 200 iterations to ensure convergence efficiency without excessive
computational cost. The genetic algorithm follows a standard procedure, illustrated in
Figure 9, and employs tournament selection, simulated binary crossover, and polynomial
mutation to effectively explore the solution space. An elitism strategy ensures that solution
quality is maintained across generations. Convergence is achieved after 200 generations,
with the fitness value improving rapidly before stabilizing at the global optimum, as shown
in Figure 10.

(1) Optimization variables: a, g, N Select operation YES
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780] l J.
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Figure 9. GA flowchart.
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The fitness value quantifies the quality of each individual in the GA. Typically, an iter-
ative optimization process is employed by the GA to find individuals with better fitness
values. The objective function is to find the minimum value of F(x). The decrease in the
fitness values indicates that the optimization is successful. The optimized parameters are
listed in Table 2.

Table 2. Optimization results.

Parameter Optimized Value
Torque arm (mm) 20
Air gap (mm) 0.71
Coil turns (N) 980

4.2. Simulation Analysis of Optimization

The performance is evaluated using FEA on the optimized model, and the results are
subsequently compared with those of the original design, as shown in Figures 11 and 12.

9)
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Optimized model

OO0 4 4 a1 apN)
OV POOONMREOD®®O

Armature Deflection Angle(de
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Figure 11. Transient response comparison.

Overshoot (%28. 9% —&— Original model

—&— Optimized model

2.10 ms
»- Response time (ms)

1.96 ms

0.306
Output torque (N-m)

Figure 12. Performance comparison.

After optimization, the response time is reduced by 0.14 ms compared to the original
model. The millisecond-level improvement enhances the system’s dynamic response in
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high-speed precision applications. Additionally, the overshoot is reduced by 9%. This result
indicates that the proposed method effectively suppresses the excessive dynamic response
and allows the motor output to reach a steady state more rapidly. Furthermore, the output
torque increased to 0.306 N-m, reflecting a 26.4% improvement over the original model.
These optimization results demonstrate that the system meets the stringent performance
requirements for high precision, stability, and load capacity of torque motors used in
precision servo control and micromachine drive applications.

5. Influence of Optimization on the Valve

An integrated simulation model is established on the AMESim platform to system-
atically evaluate the improvement in flow gain of the direct-drive slide knife gate valve.
The whole valve model incorporates an encapsulated torque motor submodel, as illustrated
in Figures Al and A2 in Appendix A. The influence of the torque motor before and after op-
timization on the flow characteristics of the whole valve is compared. The main simulation
parameters for each component in the model are shown in Table A1 of the Appendix A.

The transient flow characteristics after torque motor optimization are investigated in
this paper. Under a sinusoidal input current of 0.05 A at 0.05 Hz and a pressure of 402 kPa,
the flow rate and underlap are presented in Figure 13. Post-optimization, a significant
enhancement in flow stability is observed. The flow rate of the optimized model is markedly
smoother, with the oscillation amplitude substantially reduced compared to the original
model, which exhibited minor oscillations during the initial 2 s and the subsequent 8 s.
Concurrently, the dynamic response speed of the valve is greatly improved, with the
time required to reach the steady-state flow reduced from 3.5 s to 1.8 s, representing a
48% improvement. Furthermore, by increasing the underlap from 0.23 mm to 0.27 mm
in the optimized model, the internal leakage and associated energy losses are effectively
suppressed. This adjustment results in a reduction in the steady-state flow rate from
2.60 L/min to 2.42 L/min—a 7.4% decrease—a strategic trade-off that significantly enhances
control precision and energy efficiency.

4.0 — : | 0.30
Original model flow rate
3.5 R
10.25
3.0 74\ 4
€ __|Optimize8+™S e 10.20 —
£
€ 25 Imodel A il “\ £
220 flow 7 Original - {0158
o rate [/ model A 9
LY
215 F/ underlap ‘ =
m & y 1010
10 & Optimized
" model \‘ 10.05
05F 1 underlap \
I b )
0¥ : - : Y,
o 2 4 6 8 10
Time(s)

Figure 13. Comparison of flow rate and underlap between the original model and the

optimized model.
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The flow gain at 402 kPa and 598 kPa before and after optimization is presented in
Figure 14. Comparing the curves of the same model under different pressures, in the
original model, the average decrease rates are 2.27% and 2.38% at 402 kPa and 598 kPa,
respectively. For the optimized model, the average decrease rates are 2.39% and 2.96%.
This indicates that a higher pressure leads to a faster rate of flow decrease with increasing
input current. At the same pressure, the flow rates of the optimized and original models are
similar in both the low-current range (0-30 mA) and the high-current range (120-150 mA).
In the high-current range, the flow rate stabilizes at 0.54 L/min, and a steady-state range
without fluctuations is observed after optimization. In the medium-to-high-current range
(40-110 mA), the flow rate decline in the optimized model is significantly greater than
in the original model. Furthermore, the fluctuations in the optimized model at 598 kPa
are more substantial, demonstrating that the optimization renders the flow control more
sensitive under higher pressure differentials.
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Figure 14. Comparison of flow gain between the original model and the optimized model.

The flow rates are generally lower after optimization because the motor produces
greater torque, which enhances the displacement and transition velocity of the slide knife
gate. Although the steady-state flow is slightly reduced, the faster dynamic response leads to
a higher effective flow rate per unit time. This reduction in flow becomes more pronounced
at 598 kPa, indicating that the system exhibits greater sensitivity to parameter adjustments
under higher pressure differentials. The optimized torque motor ensures reliable actua-
tion of the slide knife gate even under low-current conditions, while maintaining stable
performance in high-current scenarios with reduced susceptibility to pressure fluctuations.

6. Experimental Verifications
6.1. Static Test

A prototype is built to the optimized dimensions, and a test rig is assembled to validate
the simulation accuracy and the feasibility of the optimization. The key components of the
optimized torque motor are presented in Figure 15, the schematic diagram of the test rig is
shown in Figure 16, and the physical experimental setup is provided in Figure 17.
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Figure 16. Schematic of the test rig.

The output torque is measured under gradually increasing current, increased in
steps of 0.01 A from 0 to 0.15 A. A comparison between the simulated results and the
experimentally measured torque is presented in Figure 18.

The experimental results demonstrate that under operating conditions, the optimized
torque motor exhibits significantly improved output torque, particularly in high-current
regions. For example, when the input current is 0.07 A, a 26% increase in output torque is
observed, with the torque increasing from 0.407 N-m to 0.513 N-m. This indicates that the
model’s robustness and output performance have been enhanced, making it more suitable
for high-load applications.
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Figure 17. Static test rig.
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Figure 18. Comparison of output torque between simulation and experimental results.

It can be observed that the discrepancy between the simulation results and the exper-
imental data is minimal. The original model had a maximum deviation of 10% between
simulation and experimental results, with an average error of 3.8%. The optimized model
showed a maximum deviation of 8%, and the average error was 1.2%. The residual discrep-
ancies primarily originate from magnetic circuit asymmetry, which is caused by assembly
tolerances and magnetic flux deterioration due to coil thermal effects. The strong agree-
ment between simulation and experimental results confirms the validity of the modeling
approach and the reliability of the optimized design.
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6.2. Dynamic Test

To comprehensively evaluate the optimized torque motor under a broader range
of operating conditions, dynamic response tests were conducted on the torque motor.
During the experiment, the high-speed camera used was the Revealer X213M. The high-
speed camera shooting speed is configured to capture 13,600 frames per second, while
maintaining a resolution of 1280 x 1024. Additionally, it utilizes a microscopic magnifying
lens with a magnification capacity of 14 times. Capturing the deflection process of the
torque motor armature assembly and calculate the response time necessitates high-intensity
lighting. Therefore, the light source uses high-power LED. The test rig is seen in Figure 19.
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Figure 19. Dynamic test rig.

The input current signals are 0.05 A, 0.1 A, 0.15 A, and each set of experiments is
repeated six times, and the average value is taken to reduce the random error. Comparing
the model before and after optimization in terms of dynamic response, the deflection angle
when stabilized at three sets of currents captured by a high-speed camera is shown in
Figure 20, and the dynamic response time is calculated directly from the high-speed camera
data by multiplying the number of frames between the trigger and the 90% steady-state
position by the reciprocal of the frame rate (1/frame rate). The resulting response time data
is presented in Table 3.

Table 3. Comparison of dynamic response time.

Input Current (A) Model Response Time (ms)
Original 212
0.05 Optimized 1.96
0.10 Or?gipal 2.09
Optimized 1.94
Original 2.05
015 Optimized 1.93

The response time of the torque motor is tested under various operating conditions,
revealing that the optimized model exhibited a reduction in the average response time
of 0.14 ms compared to the original model. This result validates the accuracy of the
simulation and demonstrates the effectiveness of the optimization approach in enhancing
the system’s dynamic response speed. Both the original and optimized models exhibit a
monotonically decreasing response time with an increase in the input current. This trend
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is attributed to the fact that a larger control current generates a greater electromagnetic
force, thereby effectively reducing the mechanical response delay of the torque motor.
The optimized model achieves an average response time improvement of approximately
7.1%. This quantifiable enhancement holds significant engineering value for high-frequency,
high-precision servo control applications.

Original | Optimized Optimized

Original
model model model
(b)
Original Optimized Original Optimized
model model model model !

(©) (d)

Figure 20. Comparison of armature deflection angles before and after optimization. (a) 0 mA;
(b) 50 mA; (c) 100 mA; and (d) 150 mA.

7. Conclusions

To enhance the dynamic and static characteristics of the torque motor, the GA was
employed to optimize its structural parameters. The conclusions are drawn as follows:

(1) Based on FEA results, this paper reveals that the structural parameters of the torque
motor are inherently coupled with its static and dynamic performance, where improv-
ing one metric often compromises others. Thus, torque motor design is inherently a
multi-objective optimization problem requiring systematic trade-offs among output
torque, response time, and overshoot.

(2) The multi-objective GA is used to optimize the torque arm, air gap, and coil turns,
resulting in a 20 mm arm, a 0.71 mm gap, and 980 turns. The output torque increases
by 26.4%, the overshoot is reduced by 9%, and the response time decreases by 0.14 ms.
Significant effectiveness is achieved.

(3) AMESim simulations show that the optimized torque motors improve valve control
precision and response speed, which accelerates the stabilization of flow rate. Consis-
tent flow output is observed in high-current regions, suggesting reduced sensitivity to
pressure fluctuations.

(4) Experimental results conclusively demonstrate that the optimized model significantly
enhances both the static and dynamic characteristics of the torque motor, quantified
by a 26% increase in output torque and an average 7.1% reduction in response time.
The strong agreement between the experimental data and simulation results further
validates the accuracy of the theoretical models. Consequently, this paper provides in-
sights into the design of torque motors for aerospace servo valves and the optimization
of high-frequency servo valve performance.
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This study focuses on the static and dynamic characteristics of the torque motor. A set
of fixed weight coefficients is used to convert the multi-objective problem into a single-
objective problem. This approach is effective for prioritizing current performance. Future
work can concentrate on applying multi-objective algorithms such as NSGA-II, systemati-
cally exploring the Pareto optimal solution sets under different weight schemes. This will
enable the most appropriate choice to be made based on different application scenarios.
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Abbreviations

The following abbreviations are used in this manuscript:

@1 Magnetic flux in air gap 1

@2  Magnetic flux in air gap 2

@3  Magnetic flux in air gap 3

@4  Magnetic flux in air gap 4

@5  Magnetic flux in the upper iron block

@6  Magnetic flux in the control coil

@7  Magnetic flux in the lower iron block

@3  Magnetic flux in the permanent magnet

@9 Magnetic flux in the permanent magnet

My  Permanent magnet

N Number of turns in the control coil

R¢1  Reluctance of air gap 1

R¢z»  Reluctance of air gap 2

R¢z Reluctance of air gap 3

Rgq  Reluctance of air gap 4

Ry Reluctance of the permanent magnet

R;  Reluctance of the armature

Ry Horizontal reluctance of the magnetic conductor
R, Vertical reluctance of the magnetic conductor
R}, Reluctance of the leakage flux path in permanent magnet
R, Reluctance of the leakage flux path in the control coil
R, Reluctance of the leakage flux path in air gap

o Leakage coefficient of the permanent magnet

B Leakage coefficient of the coil

0% Leakage coefficient of the air gap
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Appendix A
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Figure A2. Integrated valve model.

Table A1l. AMESim simulation parameters.

Parameter Value
Hydraulic oil density (kg/m?) 778
Initial air gap (mm) 0.8
Magnetic induction (T) 0.15
Minimum coercive field (A/m) —20,000
Spool mass (g) 3.5

Coil turns (turns) 780
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Table Al. Cont.

Parameter Value
Moment of inertia (kg-m?) 5.8 x 1077
Spring rate of feedback spring (N/m) 3400
Inlet pressure (MPa) 0.402/0.598
Armature assembly rotational damping (N-m/(rad/s)) 0.002
Armature assembly translational damping (N-s/m) 10
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