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Abstract

The high-speed on/off valve (HSV) serves as the fundamental component responsible for generating discrete fluids
within digital hydraulic systems. As the switching frequency of the HSV increases, the properties of the generated dis-
crete fluid approach those of continuous fluids. Therefore, a higher frequency response characteristic of HSV is the key
to ensure the control accuracy of digital hydraulic systems. However, the current research mainly focuses on its
dynamic performance, but neglect its FRC. This paper presents a theoretical analysis demonstrating that the FRC

of the HSV can be enhanced by minimizing its switching time. The maximum switching frequency (MSF) is mainly
determined by opening dynamic performance when HSV operates with low switching duty ratio (SDR), whereas

the closing dynamic performance limits the MSF when HSV operates with high SDR. Building upon these findings,
the pre-excitation control algorithm (PECA) is proposed to reduce the switching time of the HSV, and consequently
enhance its FRC. Experimental results demonstrate that PECA shortens the opening delay time of HSV by 1.12 ms,
the closing delay time by 2.54 ms, and the closing moving time by 0.47 ms in comparison to the existing advanced
control algorithms. As a result, a larger MSF of 417 Hz and a wider controllable SDR range from 20% to 70% were
achieved at a switching frequency of 250 Hz. Thus, the proposed PFCA in this paper has been verified as an effective
and promising approach for enhancing the control performance of digital hydraulic systems.

Keywords High speed on/off valve, Switching frequency, Pre-excitation, Dynamic performance, Switching duty ratio

1 Introduction

The digital hydraulic system is able to achieve the control
effect of continuous fluids by utilizing discrete fluids [1,
2]. High speed on/off valve (HSV) is the core component
for generating discrete fluids by switching behavior [3, 4].
Due to the HSV’s binary operational states of 'ON’ and
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"OFF,; the average output flow can be changed by adjust-
ing its switching duty ratio (SDR). Consequently, as the
switching frequency of the HSV increases, the charac-
teristics of the discrete fluid it generates approach those
of continuous fluids [5]. This leads to improved response
speed and enhanced control accuracy within the digital
hydraulic system. Therefore, enhancing the switching fre-
quency of HSV holds great significance in the realm of
digital hydraulics.

Numerous studies have been conducted to improve
the dynamic performance of HSV, aiming to acceler-
ate its switching process [6, 7]. Optimization the control
algorithm has been proved as a highly effective and eco-
nomical approach to enhance the dynamic performance
for the existing HSVs [8, 9]. Despite the strong feasibility
of the traditional single-voltage control algorithm (SCA)
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and the double-voltage control algorithm [10], they fall
short of meeting expectations in terms of enhancing the
dynamic performance of HSV. Therefore, three-voltage
control algorithm (TCA) was proposed to speed up the
switching process of the HSV. Based on this algorithm,
Lee [11] designed a three-voltage driving circuit, which
reduced the holding current during maintenance stage,
and finally shortened the closing delay time. However, the
excitation time of each voltage in this circuit needs to be
preset by calculations and tests, and cannot be adjusted
in real-time. To address this issue, Zhong et al. [12] pro-
posed an intelligent pulse width modulation (PWM) con-
trol algorithm that enables adaptive switching of driving
voltages based on current feedback, thereby achieving an
accelerated dynamic performance of the HSV. Building
upon this foundation, an additional self-correcting PWM
control method was further proposed to improve and
preserve the HSVs’ original dynamic performance when
subjected to varying pressures [13]. A compound PWM
control algorithm which consists of reference PWM, exci-
tation PWM, high frequency PWM and reverse PWM
was presented to improve the dynamic performance [14].
The preceding work considerably optimized the dynamic
performance of HSV but neglected the excessive coil cur-
rent rise, which will lead to higher energy loss and worse
reliability [15, 16]. Therefore, a comprehensive investi-
gation was conducted into the holding current of TCA,
leading to the conclusion that an optimal holding cur-
rent can concurrently enhance dynamic performance and
energy efficiency [17], thereby extending the service life
[18, 19]. The effect of boost voltage was also investigated
to explore the correlation between dynamic performance
and power losses [20]. Breidi et al. [21] explored the
impact of peak-and-hold technology and reverse current,
and proposed an enhanced TCA that reduced the open-
ing and closing times of HSV by 80% and 64%, respec-
tively, in comparison to SCA.

The aforementioned TCAs optimized the initial clos-
ing current by peak-and-hold technology, but neglected
initial opening current optimization, resulting in minimal
improvement in opening dynamic performance. In order
to overcome this, Zhong et al. proposed a four-voltage
control algorithm [22] that excites the HSV before the
switching target, so that both initial opening and closing
current can be optimized close to the critical switching
currents, and a rapid response speed can be achieved.
The superiority of this algorithm was also confirmed in
a commercial solenoid screw-in cartridge valve [23].
Moreover, the controllable and adjustable dynamic per-
formance of HSV were also achieved by optimizing this
four-voltage control algorithm [24].

The above researches focus on the dynamic per-
formance of HSV, but neglect its frequency response
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characteristic (FRC), which is a crucial feature represent-
ing the capability of the HSV to track and continuously
respond to switching targets. The FRC has a significantly
impact on both the dynamic and static performance of
HSV-controlled system.

In order to obtain a greater FRC of the HSV, the multi-
field mathematical model of the HSV is developed, and
the theoretical solutions of dynamic performance were
derived, and its effects on maximum switching fre-
quency (MSF) was discussed. A pre-excitation control
algorithm (PECA) is proposed to improve the FRC of
HSV by speeding up its switching behaviors. Simulated
and experimental results indicate that the PECA ena-
bles the HSV to achieve a greater FRC and a wider linear
adjustable range of SDR, offering a practical and eco-
nomic approach for expanding the applications of digital
hydraulic systems requiring enhanced FRC.

2 Structure and Theoretical Analysis of HSV

2.1 Operation Principle of HSV

In this research, a conventional HSV is used as the
research object, which is a two-position two-way normal
closed solenoid valve, its structure is illustrated in Fig-
ure 1(a). When the coil is de-energized, the spring force
turns the spool to the right side so that the HSV works
in statue ‘OFF, preventing the fluid from passing, as
shown in Figure 1(b). Conversely, when the coil is ener-
gized, the electromagnetic force against the spring force
to move the spool to the left side, so the HSV operates
in statue ‘ON; allowing for the fluid to pass, as shown in
Figure 1(c).

2.2 Electromagnetic Characteristic Analysis
The electrical characteristic of HSV is given by:
LI—RI+LdI+IdL (1)
B e~ dt’

where U denotes the driving voltage, R represents the
equivalent resistance, I denotes the coil current and L is
the equivalent inductance.

The electromagnetic force generated by the solenoid
can be expressed as:

_ ¢2 _ stgap
2//LaSgap 2ika ’

Fn (2)

where F is the electromagnetic force, ¢ denotes the
magnetic flux, y, represents the air permeability, Sy, is
the air gap cross-sectional area and B denotes the mag-
netic flux density.

The non-linear characteristic between the magnetic
flux density B and magnetic field intensity H can be
expressed as:
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Figure 1 Structure of the HSV

B = f(H). (3)

The relationship between the magnetic field intensity H
and the coil current can be represented as:

H=—, (4)

where N is the turns of coil, L, denotes the effective mag-
netic path length.

Therefore, the electromagnetic force F, can be
expressed as:

)P Sgp
m-—- - .
2iha

(5)

2.3 Switching Behavior Analysis
The kinetic equation of the HSV can be represented as:

d%x

dx
my = Fm— (F+ F) =k o+ PA — ks +30) £ F, (6)

where m and x present the mass and displacement of
spool, respectively, F, and F, stand for the transient
hydraulic force and steady hydraulic force, respectively, k
is the damping coefficient, P, represents the supply pres-
sure, A stands for the effective cross-sectional area of
port P, k, denotes the elasticity coefficient of spring, x,
stands for the compression of the spring, F; indicates the
friction force between spool and valve body, and its sym-
bol depends on the direction of the force, the same as the
electromagnetic force is "+", the opposite is "—".

The transient hydraulic force F, and the steady hydrau-
lic force F, can be expressed as:
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Fs = 2C,C4ApAP cos 9, (7)
dx
Fi = 2CqwLq\/2pAP—, (8)

det

where C, and Cy stand for the fluid velocity coefficient
and flow coefficient, respectively, A, is the open area of
orifice, AP denotes the pressure difference between port
P and port T, 6 indicates the flow angle, w stands for the
area gradient, L, is the oil damping length, p denotes the
density of oil.

At the moment of critical switching state, the velocity
and acceleration of the spool are both zero, so the critical
opening electromagnetic force F,, and the critical closing
electromagnetic force F 4 of the HSV can be respectively
expressed as:

Fon = ksxo + Ff — PsA, )

Fog = Fs — PsA + ks(xo + dgap) — F, (10)

where d,,, represents the stroke of the spool.
Therefore, the critical opening current I, and critical
closing current I i of HSV can be derived as:

Leon -1 2taFon

I = — ,

on N f ( Sgap ) (11)
Leosr . 1 2paFof

I = ,

off = S ( Sg ) (12)
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Figure 3 Switching states of HSV

where L., and L, 4 stand for the effective magnetic cir-
cuit length of HSV working in statue ‘ON’ and ‘OFF,
respectively.

During the switching process, the characteristic of the
coil current can be represented as:

u uy _r,
I=—+(i—— |e L (13)

R R

>
AN t A t) t '

(b) Critical state (c) Opening insufficient state

where I; denotes the initial current.

The switching process is composed by opening time
(subdivided into an opening delay time ¢, and an open-
ing moving time ¢,,,,) and closing time (separated into a
closing delay time £;,4 and a closing moving time £, g).

The switching delay time of the HSV [8, 25] are given by:

< Uon — iR

Loff
tdon=—In — |,
don R n Uon — onR> (14)



Zhong et al. Chinese Journal of Mechanical Engineering (2024) 37:88
L LR — U
taof = —n [ oot ) (15)
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where L, and L4 are the equivalent inductance of HSV
working in statue ‘ON’ and ‘OFF; individually. I/, and
U, ¢ stand for the opening voltage and closing voltage,
respectively.

The dynamic behaviors of the spool in moving stages can

be expressed as:
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aligns with the preset switching target, and it does not
contribute to FRC optimization.

The MSF is a specific manifestation of FRC, which is rep-
resented by the critical value of the switching frequency
under different SDRs. When it is exceeded, HSV will not
be able to fully switch. As depicted in Figure 3(a), the
HSV operates in a sufficient state, allowing ample time for
optimizing its dynamic performance. When the switch-
ing frequency of the HSV increases with a fixed SDR, the

(16)

tmon (T F— (Fy 4 Fs) — k% 4+ PA — kg(x + x0) — F
dgap:/ (/ m— (Fe+ F) dt s s(x + x0) fdt)dr,
0 0

m

(17)

tmoff ([T Fy — (Fy + Fs) — k% + PA — ks(x + x0) + F¢
—Ogap — A A " dt |dr.

2.4 FRC Analysis
To optimize the dynamic performance of HSV for bet-
ter FRC, the PECA is presented, which consisting of five
stages, they are: Pre-opening stage ®, opening stage @,
pre-closing stage @), closing stage @ and maintaining
closed stage (), respectively. The durations of these stages
are denoted as ¢ to £, as shown in Figure 2.

There is an inverse relationship between the switching
frequency fand the cycle time ¢, and, in general, is divided
into target-on time ¢, and target-off time ¢ g

1 1
= = ’ 18
f Ic tontioff (18)
fon=t2+1t3=tdon + tmon + £3, (19)
Lof=t1+E4 + I5 = t1 + Ldoff + Lmoft + £5- (20)
So that the SDR can be represented as:
t
o= (21)
Le

According to different functions, each cycle time is
separated into necessary time, optimization time and
SDR maintenance time, respectively. The necessary time
refers to the minimum duration required to achieve com-
plete switching of the HSV, encompassing the time of the
opening stage @ and closing stage @. The optimizing
time is to shorten the switching delay time by increas-
ing or decreasing the initial current in advance. Once
the coil current reaches a preset value around the critical
switching current, the optimization impact of the delay
time becomes fully apparent. The SDR maintenance time
is employed to ensure that the switching statues of HSV

SDR maintenance time initially decreases. Subsequently,
the optimization time also decreases once the SDR main-
tenance time is exhausted. Eventually, only the necessary
time for the complete switching of the HSV is left in the
opening stage or the closing stage or both. The opening
limit is taken as an example, its critical state of operation
is illustrated in Figure 3(b). Then the frequency is the MSF
of HSV under the current SDR. Furthermore, any further
reduction in cycle time would result in the target-on or
target-off time being insufficient, thereby preventing the
HSV from fully opening or closing. This insufficient state of
operation is depicted in Figure 3(c).

The MSF fluctuates depending on the specific SDR.
Based on the above theoretical analysis, it is evident that
the key factor influencing the MSF is the necessary time.
However, it is important to note that the target-on and
target-off time typically do not decrease to the necessary
time simultaneously. Therefore, the analysis of MSF in HSV
can be divided into three situations: Small SDR (where the
target-on time firstly reaches the necessary time), large
SDR (where the target-off time firstly reaches the necessary
time) and critical SDR (where both of them reach the nec-
essary time simultaneously).

When HSV operates under small SDR, the target-on time
first reaches its minimum, which is expressed as ¢, ., as
the frequency increases. The minimum target-on time can
exactly ensure the HSV fully open, as shown in Figure 4.

In the critical state with ample target-off time, the total
time of opening delay and opening moving exceeds the tar-
get-on time. The reason is that the final current during the
opening stage @ is higher than the critical closing current,
causing the HSV to not close immediately upon entering
the closing stage @, but instead continues to open. There-
fore, a short necessary time of opening stage (2) can meet
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the requirement of full HSV opening. Due to the moment fon = o 23
of HSV full opening is within the target-off time, followed ™ bonmin (23)

by the closing process immediately, the closing delay time
is completely included in the opening moving time. Thus,
the minimum target-on time and its relationship to MSF
can be expressed as:

However, when HSV operates under large SDR, the
target-off time first reaches its minimum, as expressed
as Ly min, Which is critically enough for HSV to be com-
pletely closed. Therefore, the MSF of HSV is determined

fon-min=Zdon + fmon — Ldoff (22) by the minimum target-off time, and the principle is
shown in Figure 5.
TL
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Figure 5 Minimum closing time at a large SDR

N— ! T
J | !
! [ i i !
Lioni mon ] Nec.ess.ary‘ t1m§: Lioft 3 ! noft i
[ T g —= Optimization time P 7l
: : 1 SDR maintenance time
I
t ly ol 4
toff—min




Zhong et al. Chinese Journal of Mechanical Engineering (2024) 37:88

It is obvious that the sum of closing delay time and
closing moving time exceeds the target-off time. This is
attributed to the fact that the final current during the
closing stage @ is lower than the opening current. As
a result, the HSV does not open immediately after the
opening target arrives for the next cycle, but instead
continues to close. Therefore, less necessary time of
the closing stage @ also achieves the closing of HSV.
It is completely closed within the target-on time of the
next cycle, and the minimum target-off time can be

expressed as:
Loff-min = fdoff T fmoff — fdon- (24)

The relationship of minimum target-off time and MSF
is shown as:

l—«o

fm = (25)

Loff-min

In particular, when both the target-on and target-off
time are reduced to the necessary time simultaneously,
the MSF reaches its limit value f;;,,, which can be repre-
sented by Eq. (26):

1 1
Lon-min + foff-min  fmon + tmoff’

Sim = (26)

A
=== Switching target

I Necessary time

mon

— Voltage signal

- — S el
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where the I, and I, 4 are the final current of opening
moving stage and closing moving stage, individually.

Under the limit MSF, the influence of the pre-excitation
stages (D and @ decreases to the minimum. The HSV
operates in a critical state where it is preparing to close
immediately after opening and getting ready to open
after closing, as shown in Figure 6.

Based on the above analysis, it is obvious that the
necessary time for HSV is inversely proportional to its
dynamic performance. Therefore, improving the dynamic
performance of HSV results in smaller necessary time
and higher MSF, which contributes to achieving superior
FRC of the HSV.

3 Experiment Setup

3.1 Experimental Testbench Setting

The experiment testbench is shown in Figure 7(a). The
voltage source provides the driving voltage to the drive
module, which has been prewritten with the PECA. Due
to the compact structure of the HSV, the dynamic behav-
ior of the spool is difficult to detect using conventional
displacement sensors. To address this issue, a spool dis-
placement lead-out structure is implemented, as illus-
trated in Figure 7(b). The displacement of the spool is
measured by a laser displacement sensor that irradiates
the surface of the sheet metal. A fine needle is used to

=== Spool displacement

P

»le l moff

|
l don >i<

[

|

i

| laoft
¢

-y

* X

[

on-min

! 4

off-min

Figure 6 Limit switching state
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(a) Photo of experiment testbench

Sheet metal

Fine needle

Spool Laser displacement sensor

(b) Spool displacement lead-out structure

Figure 7 Experimental testbench setting

connect the spool and the sheet metal, ensuring that they
have the same dynamic performance. The oscilloscope is
used to display the test results.

3.2 Parameter Settings

To avoid unexpected switching behavior of the HSV, the
initial opening current should be smaller than the criti-
cal opening current, and the initial closing current should
be larger than the critical closing current. Therefore, the
range of pre-opening voltage U, ,, and pre-closing volt-
age U, o can be determined as:

IonR
_ Rtpre-on \ ’
(1 —e loff >

_ Rtpre»oﬂ"
(Ioff — laone  Ton )R

Upre—off = uapre—off > (1 prreoﬁ> ’ (28)
— e

Upre-on = ugpre—on < 27)

Lon

where 8, o, and J,,.. ¢ stand for the pre-opening duty

ratio and pre-closing duty ratio, respectively. £, o, is
the duration of the pre-opening stage (D and Lore-off TEP-
resents the load time of the pre-closing stage ), Iy,
denotes the final current during the opening stage @.
Based on theoretical analysis and experimental meas-
urement, it can be deduced that the critical open-
ing current of HSV is 2.1 A, while the critical closing
current is 0.4 A. Consequently, the pre-opening duty
ratio and pre-closing duty ratio are set at 32% and
13% respectively. The corresponding pre-opening and
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Figure 8 Opening dynamic performance

pre-closing voltages are equivalent as 7.68 V and 3.12 V
individually.
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4 Experimental Analysis of FRC

4.1 Small SDR Situation

The simulation and experimental comparison results of
HSV’s opening dynamic performance under three con-
trol algorithms are shown in Figure 8. It is evident that
the results of dynamic performance in simulations and
experiments are well-matched. Due to the same open-
ing voltage and initial current, the opening time of HSV
under SCA and TCA is similar, which is 2.31 ms and
2.28 ms, respectively. This can be observed from Fig-
ure 8(a) and (b).

The PECA proposed in this paper is beneficial to
increase the initial opening current with the pre-opening
voltage. When the opening target is received, the current
quickly surpasses the critical value due to the excitation
of the opening voltage, initiating the movement of the
spool, as illustrate in Figure 8(c). Without the excitation
of pre-opening voltage, the opening delay time of SCA
and TCA is 1.5 ms and 1.45 ms respectively. While PECA
drives, it is significantly reduced to 0.38 ms, and the
opening dynamic performance is significantly improved.
On the other hand, due to the same opening voltage, the
opening moving time under three control algorithms is
approximately equal.

A shorter opening delay time results in a reduced nec-
essary time required for the HSV to fully open, which
means that the target-on time can reach a smaller value.
Eq. (23) shows that the shorter the minimum target-on
time, the higher the MSF, which is verified in Figure 9.

Comparing with TCA, it is found that the MSF
obtained by PECA under different SDR conditions (10%

== SCA
Difference between TCA and SCA
B Difference between PECA and TCA
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to 45%) has increased by 93 Hz on average. When the
necessary time of the opening stage @ remains constant,
the improvement on MSF will be linearly related to the
increase of SDR, which can be represented by Eq. (29):

o o

Af = - ,
(ton—min)PE CA (fon-min) TCA

where Af'is the difference of MSF under PECA and TCA.

However, when the SDR exceeds 25%, the difference
of MSF driven by TCA and PECA gradually diminish.
When the SDR exceeds 45%, the time of pre-opening
stage (D is severely insufficient, which greatly weakens its
optimization effect. This can be attributed to the fact that
as the SDR increases, it cannot guarantee sufficient time
of pre-opening stage (D to optimize the initial opening
current. Consequently, when the opening target arrives,
the coil current fails to reach the expected optimized
current, necessitating an additional delay in the opening
time. Thus, the improving effect on MSF gradually weak-
ens. As the SDR reaches about 50%, the pre-opening time
is completely occupied by the closing time in the last
cycle, and only the opening voltage remains to drive HSV
to open. Meanwhile HSV reaches the critical state, the
MSF driven by PECA is similar to that driven by TCA,
and reached the limit MSF.

In addition, driven by SCA, the absence of reverse volt-
age during the closing stage @ weakens the rate of cur-
rent reduction, resulting in unfavorable closing dynamic
performance of HSV. Therefore, the necessary time for
closing stage @ is longer than that of opening stage @.

(29)

Figure 9 MSF results in small SDR situation

o |

30

SDR (%)
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Figure 10 Closing dynamic performance

When the SDR exceeds 30%, the HSV is considered to
operate in a large SDR situation that is affected by the
necessary time of the closing stage @. As a result, Fig-
ure 9 shows the MSF of the HSV driven by the three
Algorithms in the small SDR condition, and also the par-
tially SCA-driven MSF in the large SDR condition.
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4.2 Large SDR Situation

The comparison results of the closing dynamic perfor-
mance of HSV are presented in Figure 10. Due to the
effect of the pre-closing voltage under TCA-driven and
PECA-driven, the initial closing current will decrease
before the closing target is reached. When the time of
pre-closing stage @ is adequate, the current can be
decreased to slightly above the critical closing current,
effectively reducing the closing delay time. When the
closing target arrives, reverse high voltage is applied
to expedite the decrease in current, leading to a rapid
reduction of electromagnetic force and accelerating the
closing behavior of the HSV. Thus, the closing time of the
HSV driven by TCA and PECA is similar due to the same
closing voltage and initial current, which is 1.23 ms and
1.19 ms, respectively. However, the absence of pre-closing
stage @ and the zero voltage driving during the closing
stage @ result in suboptimal closing dynamic perfor-
mance under SCA control. The closing moving time is
optimized from 1.24 ms to 0.77 ms under PECA drive,
when the closing delay time is decreased from 2.96 ms to
0.42 ms, comparing with that under SCA drive.

Improving the closing dynamic performance can
reduce the necessary time during the closing stage @®.
As shown in Eq. (25), a higher MSF can be achieved.
The experimental results of MSF under TCA-driven and
PECA-driven demonstrate consistent and significant
improvements compared to those under SCA-driven,
considering their similar closing dynamic performance,
as shown in Figure 11. Additionally, it is evident that the
frequency at which HSV can respond to complete switch-
ing will decrease as the SDR increases.

The results of MSF under PECA and TCA are relatively
close due to the similar necessary closing time of HSV.
When the closing dynamic performance of HSV remains
constant, the MSF and SDR exactly satisfy a negative lin-
ear correlation. Furthermore, the relationship between
the difference of MSF and SDR can be summarized as
follows:

l—«o l—«o

Af = -

(toff-min)PECA

(toff»min)SCA . (30)

However, when the SDR is in the range of 50%—60%, it
is evident that there is no linear relationship driven by the
PECA and TCA. The nonlinearity can be attributed to the
insufficient pre-closing time as the switching frequency
increases. The optimization effect of the initial closing cur-
rent is weakened by the gradual decrease in pre-closing
time. When the closing target arrives, the coil current fails
to reach the expected optimized current. This leads to an
increase in the closing delay time, which requires a longer
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Figure 12 MSF results in overall SDR situation

necessary time to achieve complete closing of HSV. As a  significant improvement in MSF, with an increase of

result, the further improvement of MSF is suppressed. nearly 300% compared to SCA. This result highlights the
Taking into account the sufficient optimization con-  superiority of pre-excitation control.

dition (60% to 90% SDR), PECA has demonstrated a
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4.3 Overall SDR Situation
This paper gets the MSF of HSV in SDR global domain
and summarizes them, as shown in Figure 12.

The MSF obtained by HSV varies depending on the
control algorithm employed. It is evident that the nec-
essary time for opening and closing driven by SCA
are respectively 2.31 ms and 4.2 ms. Based on Fig-
ure 6 and Eq. (21), the limit MSF should be taken at a
SDR of around 35%. Similarly, it is inferred that PECA
can achieve its limit MSF at a SDR of 51%. Based on
the experimental results of MSF under different con-
trol algorithms in the overall SDR situation, it is found
that when adopting a more effective control algorithm
(PECA), the MSF of HSV can reach 417 Hz at approxi-
mately 50% SDR. In contrast, the limit MSF of HSV
driven by SCA is around 130 Hz when the SDR is 30%.
This difference can be attributed to the optimization of
HSV’s dynamic performance achieved through the pre-
opening stage (D, pre-closing stage 3, and the closing
stage @ with a reverse high voltage in PECA. The main
objective of the pre-opening stage (D and pre-closing
stage Q) is to reduce the switching delay time. The clos-
ing stage @ plays a crucial role in reducing both the
closing delay time and the closing moving time. As a
result, this optimization leads to excellent experimental
results of FRC.

Additionally, the HSV does not operate at the limiting
frequency, but adjusts the SDR within a certain range.
A wider range of SDR adjustment has a more practical
control effect at the same operating frequency. When
analyzing the SDR in Figure 12 under 250 Hz frequency
response condition, it is observed that the adjustable SDR
range of PECA is from 20% to 70%, which has increased
by approximately 14% compared to TCA’s range of 32%
to 68%. This optimization effect is attributed to the opti-
mization effect of the pre-opening stage (D.

5 Conclusions

This paper investigates a pre-excitation control algorithm
that achieves higher frequency response and wider SDR
range adjustment of HSV through pre-excitation tech-
nology. The FRC experiment demonstrates that PECA
effectively reduces the opening delay time, improves the
controllable SDR and MSF without increasing the driv-
ing voltage. However, it should be noted that the MSF
of HSV does not exhibit a completely linear relationship
with the SDR. In higher frequency operating conditions,
the increase in MSF will be somewhat limited.

(1) Optimizing the delay time can further enhance
the MSF of HSV while maintaining its original dynamic
performance. However, it is important to note that the
increase in MSF is limited by the minimum opening and
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closing time, and the MSF does not exhibit a strictly lin-
ear relationship with the SDR.

(2) The MSF of PECA at each SDR is higher compared
to that of SCA. Additionally, in certain small SDR oper-
ating conditions (10%—45%), the average frequency is
higher than that of TCA, with an increase of approxi-
mately 93 Hz. The adjustable SDR range of PECA is also
superior to the TCA at each frequency due to the effect
of the pre-opening stage (D, showing an increase of about
14% under 250 Hz operating conditions.

(3) A higher frequency response of HSV signifies
a smaller controllable SDR range. To obtain a higher
switching frequency, it is advisable for the HSV con-
trol system to avoid operating in smaller or larger SDR
conditions as much as possible, thereby achieving faster
response speed and better control accuracy.
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