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ABSTRACT As the traditional power drive circuit is difficult to meet the requests of high-power high-
frequency proportional solenoid fast drive, this paper proposes a push-pull energy storage pulse width
modulation (PWM) power drive circuit. The circuit is equipped with an energy storage module, which
releases energy when the proportional solenoid coil is charged, supplements the output of the power supply
current, and shortens the arrival time of the steady-state current. When the coil is discharged, it recovers
energy and shortens the time for the coil current to return to zero. In this paper, a theoretical model of push-
pull energy storage power drive circuit is established, and simulation analysis and experimental verification
are carried out for a proportional solenoid coil with rated current of 3.3A and power of 79W. The results show
that the push-pull storage PWM power drive has excellent input-output linearity, minimal ripple, and good
steady-state current output performance. Compared with the traditional single switch and reverse discharging
power drives, the coil charging speed under the push-pull energy storage type power drive is increased by
25%, and the discharge speed is increased by 95% and 45% respectively.

INDEX TERMS High power, high response, proportional solenoid, push-pull energy storage, power drive.

I. INTRODUCTION

To satisfy the application requirements of high performance
electro-hydraulic proportional control system in which the
power of industrial equipment is constantly increasing and
the precision and response speed of the control system
is constantly improving, the electro-hydraulic proportional
valve is developing towards the direction of large flow, high-
frequency response, and intelligent control [1]. The high-
power high-frequency proportional solenoid is used as the
electro-mechanical converter of large flow high-frequency
response electro-hydraulic proportional control valve. Its
working performance is an important factor affecting the
dynamic characteristics of the proportional valve. Propor-
tional solenoid controls current through power drive [2],
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research on proportional solenoid power drive is an important
way to improve the performance of solenoids. To obtain
favorable power drive characteristics for solenoids, strenuous
efforts in structure innovation and control strategy optimiza-
tion have been made by many scholars at home and abroad.
In aspect of control strategies, Amirante et al. proposed a
PWM modulation technology, which uses a high duty cycle
to drive the proportional valve at the initial stage of opening,
and uses a low duty cycle to maintain the target position of
the spool. This method speeds up the response speed of the
electro-hydraulic proportional valve [3]. Wang et al. proposed
amulti-objective optimization strategy based on genetic algo-
rithm, and applied the high-precision measurement device
to the static thrust test and dynamic DC input signal test,
which improved the dynamic response of the drive [4]. For
the solenoid driven by the PWM method, Jung et al. proposed
a resistance estimation method to compensate the duty cycle
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of the PWM signal so that it is proportional to the solenoid
current [5]. Lu et al. adopted a pre-energizing control strat-
egy based on a dual power supply to speed up the opening
response time of the high speed solenoid injectors [6]. Meng
has carried out system modeling and coupling analysis with
a proportional solenoid valve (PSV) controlled by PWM.
The corresponding coupling analysis results have certain ref-
erence value for the performance design and optimization
of PSV. For the proportional electromagnet control system,
Oleg et al. proposed a state controller, which uses the coil
inductance linearization and modal control principle to solve
the problem of obtaining the dynamic characteristics required
by the electromagnet motion system [7]. Lim et al. proposed
a dual-rate cascade control method, combining a fast inner
loop current controller and a slower PID outer loop trajectory
controller to convert a switching solenoid into a proportional
actuator [8]. Xu, Liu et al. have found that the control of the
dithering current can effectively reduce the hysteresis effect
of the solenoid valve [9], [10]. To reduce the influence of
the nonlinearity such as dead zone and low force gain with
a small current on the performance of the valve, Jin et al.
proposed a differential control method, outputting differential
signals to energize the two solenoids of the proportional valve
at the same time. The frequency response of the proportional
valve is improved by analyzing the force output of the two
solenoids to find the operating point. Peng established a sim-
plified mathematical model using the power bond graph, and
carried out numerical analysis on the proportional solenoid
by using Maxwell. Xiong et al proposed an incremental dif-
ferential allocation strategy to coordinate the actions of two
proportional solenoids driving a high-response proportional
solenoid valve. To some extent, the bandwidth, transient
response, and anti-interference ability of the solenoid valve
are improved.

In terms of drive circuit, Jin et al proposed a drive circuit
capable of dual-voltage supply and dual-stage current control,
which shortens the response time of the solenoid valve [11],
Lee et al. designed an electronic valve driving circuit with fast
response characteristics by using a 3 power source. In exper-
iments using a hydraulic system, the new circuit shortened
the switching delay time from 5 ms to 1.55 ms [12]. Ye et al
proposed a bi-state modulation scheme and designed the
half-bridge power driving circuit to improve the current step
response [13]. Kim et al designed the power saving circuit
which can highly improve the efficiency by providing optimal
current according to mechanical load [14]. The high voltage
drive method proposed by Rexroth accelerates the current
rising speed by increasing the bus voltage, but it has the risk
of coil burning. Nie proposed a Tri-state modulation power
drive circuit, which improves the dynamic performance of
proportional solenoid to a certain extent by improving the
modulation mode of PWM signal [15]. Zhang et al. devel-
oped a nonlinear mathematical model of the reverse unloaded
power drive circuit and proposed a new current controller to
eliminate the zero hysteresis phenomenon [16], [17]. A bilat-
eral driving circuit was proposed by Liu et al., and its control
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FIGURE 1. Conventional power drive circuit. (a) single switch power drive
(b) reverse discharging power drive.

logic can avoid the current interruption, improve the position-
ing accuracy of the proportional spool [18], [19]. Currently,
single switch drive circuit [20] and reverse discharging drive
circuit [21] are the two most widely utilized drive circuits.
Figures 1(a) and 1(b) show the two circuit structures, respec-
tively. Although the single switch driven circuit has good
stability and a wide range of duty cycle modification, current
rises and falls slowly. When the coil is discharged, reverse
discharging drive circuit switches the power supply voltage at
both ends of the coil, which has a faster current decay speed,
but the rising speed is not improved.

Due to the complexity and high use needs of intelli-
gent algorithms, it has become crucial to focus on low-cost
ways to enhance the driving circuit in order to increase
the proportional solenoid’s response time. The aforemen-
tioned drive circuits are used with low-current, low-power
proportional solenoids, but they are still unable to meet
the demands for high-power, proportional solenoid reaction
speed in high-flow, high-frequency response proportional
valves [22]. To maintain good steady performance of the
proportional solenoid coil current while allowing the energy
storage module to absorb energy when the coil is discharged
to reduce the coil discharge time, this study offers a push-
pull energy storage PWM power drive circuit. The push-
pull energy storage PWM power drive circuit proposed in
this paper combines the drive module and the energy storage
module to ensure good steady performance of the propor-
tional solenoid coil current while allowing the energy storage
module to absorb energy during coil discharge to reduce coil
dis-charge time and release energy during coil charging to
reduce coil charging time to accelerate dynamic response.

The rest of the paper is organized as follows. Section II
briefly introduces the principle and theoretical analysis of
the push-pull energy storage PWM power drive circuit.
Section III introduces the push-pull energy storage PWM
power drive circuit’s implementation methodology. In the
Section IV, the circuit is simulated and analyzed, and the
experiment results are carried out in Section V. Section VI
presents some concluding remarks.

Il. PUSH-PULL ENERGY STORAGE POWER DRIVE

WORKING PRINCIPLE
To explore a power drive circuit suitable for high-power

high-frequency loud proportional solenoid and accelerate the
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FIGURE 2. Schematic of Push-pull storage type PWM power drive main
circuit.

dynamic response of proportional solenoid, this paper pro-
poses a push-pull storage type PWM power drive. The main
circuit structure of this power drive is shown in Fig2. Push-
pull energy storage PWM power drive mainly consists of
energy storage boost module and asymmetric bridge arm
module. D1 and D2 are cur-rent-continuity diodes, and power
tubes Q1 and Q2 are controlled by PWM signals for fast con-
duction and cutoff to realize the charging and discharging of
proportional solenoid coils. The main circuit of the push-pull
storage PWM power driver is divided into three states in the
working process: the initial charging state, the “pull-down”
state and the “push-up” state, and the simplified operating
states of the main driver circuit are shown in Figure 3. A first-
order “L-R” series model equivalent of the proportional
solenoid is used in place of it, disregarding the solenoid’s
nonlinear inductance. L is the proportional solenoid equiva-
lent inductance and R is the proportional solenoid equivalent
resistance.

The PWM signal period is T, the duty cycle is D, and
0 < D < 1. Relative to the R, the power tube and diode
on resistance are very small, so the drive circuit charge and
discharge state in the sum of these resistances are Rt, then the
principle of each operating state is as follows.

A. INITIAL CHARGING STATE, t € [0, DT]

Figure 3(a) depicts the push-pull storage power drive in its
initial charging condition, with PWM H and PWM L high and
power tubes Q1 and Q2 turned on and saturated by this control
signal. The push-pull energy storage power drive now creates
two charging circuits: a) the supply voltage U is delivered to
the proportional solenoid coil via diode D1, power tubes Q1
and Q2, and b) the supply voltage U is charged to the energy
storage capacitor C via diode D1. According to Kirchhoff’s
voltage law (KVL):

dis (1)
dt
In this condition, the proportional solenoid coil’s current is

U=L

+ (R+Ry)is (1) (1)

ion (1) = [1—e(*%)], t€[0,DT] ()

R+R,

where: i(t)-proportional solenoid coil current; iop (t)-proport-
ional solenoid coil current in the initial charging state;
T-proportional solenoid time constant, and T = L/R.
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B. “PULL DOWN" STATE, t  [(k + D)T,(k + 1)T],
keo,1,2...
Figure 3(b) illustrates a discharge circuit formed when the
signal PWM H and PWM L are low, power tubes Q1 and Q2
cut off, a portion of the solenoid coil enters a discharge state,
diodes D3 and D4 in the solenoid coil are subject to the effect
of current continuity, creating a discharge circuit, the energy
stored in the coil passes through the circuit into the energy
storage capacitor C, causing the capacitor voltage u(t) to rise.
Since the energy stored in the coil is constant, there is
formula (3):

u(r)t

W=Pi=— 3)

where, W- Proportional solenoid coil stored energy; P- The
total power of the proportional solenoid unloading pro-
cess; u(t)-Voltage applied across the proportional solenoid;
t-Proportional solenoid coil discharge time.

According to the formula (3), when the voltage u(t)
increases, the reverse pressure difference across the solenoid
coil increases, and the time ¢ will decrease, During this
period, the coil current is rapidly “pulled down”, shortening
the discharge time of the proportional solenoid. At this time,
the discharge circuit is equivalent to a second-order circuit,
and the circuit equation in the “lower” state is obtained
according to KVL:

dis (1)
dt

—L =R+R)is () +u() 4)

As a result, the proportional solenoid coil’s current in the
“Pull-down” state is

loff (1) = iof (0) e % cos (wgt)
+ (M) e—l)lt sin (a)dt) ,
Lwy
telk+D)T,(k+1)T], ke0,1,2---
Q)

where, iof(t)-proportional solenoid coil current in the pull-
down state;

o= %—attenuation factor of the discharge loop;
2
wg = % — (R;f’) -the damped natural frequency of
the discharge loop.

C. “PULL UP” STATE, t ¢ [KT, (k + D)T] k €, 1,2, 3...

State 3 is the non-initial charging state of proportional
solenoid, “push up” state. At this time, PWM_H and
PWML_L are high, power tube Q1, Q2 saturation conduction.
During this time, the energy stored in the storage capacitor is
first released and loaded onto the ends of the solenoid coil.
This process continues until the voltage across the capacitor
equals the power supply voltage U, at which point the coil
is powered by U. Figure 3(c) depicts the loop created by this
procedure. Through the combined action of the two loops, the
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FIGURE 3. Working states. (a) Description of what is contained in the first
panel; (b) Description of what is contained in the second panel. Figures
should be placed in the main text near to the first time they are cited.

A caption on a single line should be centered.

solenoid coil current is quickly pushed up to the steady state.
The equation of loop 1 is obtained from KVL as
dis (1)

u)=R+R)i; (1) + L—— 0 (6)

ign (1) = ip (KT) e~ cos (wgt)
(u (kT) — aLiy, (kT)
+
Lwy
te[kT,(k+D)T],

) e ¥ sin (wyt)
keN+Hut)>U ()

where, i -the current on the equivalent inductance of the pro-

portional solenoid; iy (t)-proportional solenoid coil current in

(R+Ry)
2L

the initial charging state; ¢ = -attenuation factor of the

2
discharge loop; wy = L% - (%) -the damped natural

frequency of the discharge loop.
Loop 2 equation is

dis (1) .
U=L7+(R+Rt)ls ) (®)
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Through the above analysis, it can be seen that the push-
pull energy storage PWM power drive circuit in the process
of operation, first after the initial charging state, and then in
the state 2 and state 3 between each other, the use of energy
storage capacitors to absorb and release the energy stored in
the coil, to achieve the solenoid coil current quickly follow
the given signal and complete the role of power drive.

According to the formula (4)-(7) can be known push-pull
energy storage PWM power drive circuit under the step signal
excitation, the coil charging and discharging speed is

dign (1) L wu@ _:
| e 7|, charge
dt TR+R; (10)
dion (2 iof () + 28,
ZQZ;() _ ol RIR o=, discharge
T

According to Figure 1(a), the response of the single-tube
modulated power driver to the step signal can be expressed
as

dions Q)

dlo/fv ()
dt

+ ians (t) (R + Rt) =U, rising step

+ iofs (1) (R+R;) =0,  descending step

(1)

where iopg — single switch charging state coil current; ios —
single switch discharge state coil current.

Therefore, the charging and discharging speed of the pro-
portional solenoid coil un-der single switch power drive is

digns (1) 1 U t
= |- t|, charge
dt TR “+ Rt
diogs (1) 0 (12
1 Loffs t
Safs ) — =|- offs ————e¢ 7|, discharge
dt T

According to Figure 1(b), the response of the reverse dis-
charging power drive to the step signal can be expressed as

di
L ’”’g ®© +ionf (1) (R+R;) =U,  rising step
d
L ZOJZ( ) lofy (1) (R+R;) = —U, desending step

(13)

where, ionr - reverse unload charging state coil current;
iofif- reverse unload discharging state coil current.

Therefore, the charging and discharging speed of the pro-
portional solenoid coil un-der the reverse discharging power
drive is

— |= T, chargin
dt TR+ Rt e
d' t [} (t) + - t
ZUJZ( ) _ ue—ﬂ, discharging

(14)
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FIGURE 4. Push-pull energy storage type PWM power drive general
structure.

The charging and discharging speed of the proportional
solenoid coil under the three power drives is mainly related
to the voltage loaded to the ends of the proportional solenoid
coil when the time tis certain, the higher the voltage, the faster
the charging and dis-charging speed of the coil, the setting of
the energy storage module causes the voltage loaded to the
ends of the proportional solenoid coil to rise, thus obtaining:

dion (t) dions (t) dionf (t)
= , charge
dt dt dt (15)
dioﬁ‘ () diuﬁj‘ (®) dioﬁ‘s () .
h
i i i , discharge

Equation (15) shows that, compared with the conventional
power drive, the coil charging and discharging speed under
the action of push-pull energy storage power drive is the
fastest, which can accelerate the dynamic response of the
proportional solenoid.

lll. PUSH-PULL ENERGY STORAGE PWM POWER DRIVE
IMPLEMENTATION

A controller module, a main circuit, an optocoupler isolation
circuit, a gate drive circuit, an overvoltage protection circuit,
and a current detecting feedback circuit comprise the push-
pull energy storage PWM power drive. Figure 4 depicts the
general structure of the power driver.

The main controller chip is STM32F103. After arithmetic
processing, the main controller module turns the command
signal and current feedback signal into PWM signal output
and controls the coil current value by modifying the duty
cycle of the PWM signal.

The primary circuit requires the power tube to saturate
the conduction to ensure that the circuit can perform high-
power drive. Because the push-pull energy storage power
drive elevates the coil supply voltage in proportion to the
solenoid coil charging process, increasing the difficulty of
high-end tube conduction, the IR2110 gate driver chip was
chosen for power tube Q1, Q2 drive. IR2110 with bootstrap
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capacitor to achieve regular high-voltage side MOS tube
conduction. Simultaneously, the optocoupler isolation circuit
is expanded to improve overall circuit security and anti-
interference. Figure 5 depicts the isolated drive circuit of a
push-pull storage PWM drive. LGl is linked to the cathode
of diode D3, while LQ1 and LQ2 are linked to the gates of
power tubes Q1 and Q2, respectively.

The energy from the proportional solenoid coil is transmit-
ted to the energy storage capacitor, causing the voltage of the
energy storage capacitor to rapidly grow, and the overvoltage
protection circuit is designed to prevent the capacitor from
failing owing to the high voltage. The overvoltage protection
circuit is shown in Figure 6. This section of the circuit is
made up of a voltage comparison unit and a voltage drain
unit, and the voltage divider circuit transmits the voltage
on the energy storage capacitor to the voltage comparator’s
in-phase terminal for comparison with the threshold voltage.

Voltage comparator same-phase terminal voltage:

RV,
Uy =—"—— 16
= R R (16)
Threshold voltage:
R4V,
U = 272 (17)
R3 + R4

When the capacitance voltage exceeds the threshold volt-
age, i.e. Uy >Uj_, the comparator output voltage Uy is
deflected, and the output high level causes the photocoupler
secondary output to conduct with ground, and the excess
capacitance voltage is re-leased to ground via resistor R9,
thereby protecting the boost storage module’s circuit.
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TABLE 1. Main parameters of power drive circuit.

. .o Parameter

Physical quantities Value
Proportional Solenoid Equivalent Resistance R 4Q

Power supply voltage U +24V

Storage capacitor C1 120uF

Power MOS transistor on-resistance 0.09Q
Zener diode conduction voltage drop v

Freewheel diode conduction voltage drop 0.7V

To provide real-time coil current collection and detection,
the current sampling feed-back circuit employs a specific
instrumentation amplifier INA128, which collects and ampli-
fies the voltage difference on the sampling resistor RO before
sending it to the internal STM32 after ADC conversion.
Figure 7 depicts the current detection circuit of the push-pull
power driver. LS + and LS- are linked to the sampling
resistor’s two ends.

IV. PUSH-PULL ENERGY STORAGE POWER DRIVE
SIMULATION STUDY

The main circuit model of the push-pull storage PWM power
driver is built in the circuit simulation software LTspice,
simulated and analyzed, and the main simulation parameters
are shown in Table 1.

A. STEADY-STATE CURRENT CHARACTERISTICS

Figures 8(a) and 8(b) illustrate the simulated waveforms
of the push-pull energy storage PWM power drive circuit’s
output steady-state current. The coil output currents corre-
sponding to different PWM signal frequencies are basically
the same under the same average voltage, indicating that the
circuit has good linearity between input voltage and output
current, and the higher the PWM signal frequency, the smaller
the power drive circuit’s turn duty cycle, and the duty cycle
is proportional to the output current. Figure 8(c) shows the
input and output characteristics of the three power drive
circuits, push-pull energy storage, reverse discharging, and
single switch, for the simulated case. All three power drive
circuits exhibit good linearity characteristics, as shown in
Figure 8(c). The duty ratio adjustment range of the push-
pull energy storage and the reverse discharging drive circuit
are similar, between 0.5-0.9, while the duty ratio adjustment
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range of the single-tube modulation drive circuit is between
0.1-0.7, but the current gain of the push-pull energy storage
type and reverse connection unloading type drive circuit is
large, which is more suitable for high-power conditioning
applications.

B. DYNAMIC RESPONSE CHARACTERISTICS

The push-pull energy storage PWM power drive circuit is
simulated with a rising step from O to 3.3A and a falling
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FIGURE 9. Step response simulation waveform. (a) Simulation waveforms of 0-3.3A rising and 3.3-0A falling step
response of the three drives; (b) Simulation waveforms of 0-2A rising and 2-0A falling step response of the three
drives; (c) Simulation waveforms of 0-1A rising and 1-0A falling step response of the three drives.

step from 3.3A to OA, respectively, and compared with the
single switch power drive and the reverse discharging power
drive, and the simulation results are shown in Figure 9(a).
The current rising speed of the push-pull energy storage drive
circuit is the quickest in the rising step response, and the time
necessary to climb to the steady-state current of the coil is
the shortest, and the time for the current to increase to the
steady-state value is 28.4ms. The current rise time output by
the single switch and the reverse discharging drive circuit is
almost the same, both are about 38ms, and the response time
of the push-pull energy storage PWM power drive circuit is
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shortened by nearly 25%; the coil current decay speed of the
single switch drive circuit is the slowest in the descending
step response. When compared to a single switch, the current
decay time is approximately 95% shorter, and it is around
46% shorter when compared to a reverse discharging power
drive.

At the same time, the push-pull energy storage PWM
power drive circuit is simulated for the rising and falling
steps of 0-1A and 0~2A, respectively. The simulation results
are shown in Figure 9(b) and Figure 9(c) respectively.
When compared to a single switch, the step response of the
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FIGURE 10. Ripple simulation curves. (a) Ripple curve with different PWWM
signal frequencies; (b) Three kinds of driving ripple comparison.

push-pull energy storage PWM power drive in the rising step
of 0-2A is accelerated by 24%, and the step response of the
falling step of 2-0A is accelerated by 96.5%, which is quicker
than reverse discharging by 45%. The step response of the
push-pull storage type PWM power drive is accelerated by
around 22% in the rising step from O to 1A, and by 97.8%
in the falling step from 1 to OA when compared to the single
switch and 44.5% when compared to reverse discharging.
As can be observed, the push-pull storage power drive
circuit dramatically shortens the coil’s charge and discharge
time and speeds up the proportional solenoid’s reaction.

C. RIPPLE

Because proportional solenoid ripple current consumes a lot
of copper and iron, its energy conversion efficiency suffers,
thus the power drive circuit output current ripple must be
modest.

The output current simulation waveform of the push-pull
energy storage power drive circuit at various PWM signal
frequencies is shown in Figure 10(a). When the duty cycle
of the drive circuit is fixed, the simulation waveform shows
that the higher the PWM signal frequency, the smaller the
output current ripple. This is because at the same time, the
higher the frequency of the PWM signal, the smaller the step
size of the current change, and the smaller the current jitter,
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FIGURE 11. Push-pull storage PWM power drive experimental platform.

so the smaller the ripple. When the current ripple of the three
drive circuits at the same frequency is compared, it can be
shown in Figure 10(b) that the ripple size of the three drive
circuits steadily reduces with increasing steady-state current,
with the reverse discharging drive circuit having the greatest
ripple current. The current ripple of the push-pull energy
storage drive is reduced to some amount when compared
to the reverse discharging drive; the bigger the steady-state
current, the less the output current ripple of the drive circuit.
As the steady-state current increases, so does the push-pull.
The ripple current of the energy storage type power drive
circuit is the same as the ripple current of a single switch.

V. EXPERIMENTAL VERIFICATION OF PUSH-PULL
ENERGY STORAGE POWER DRIVE

The performance of the push-pull energy storage PWM
power drive circuit was validated by developing a power drive
prototype, testing it on an experimental platform, and com-
paring it to the traditional power drive circuit. The solenoid
for the GP63S threaded proportional valve is the control
object. It has a rated current of 3.3A and a measured resis-
tance of 4. Figure 11 depicts the push-pull storage type
PWM power drive experimental platform, where the DC
regulated power supply provides +24V supply voltage and
the STM32F1 development board serves as the PWM signal
output unit. During the experiment, the control algorithm
converts the instruction signal into a PWM signal via the
STM32F1 development board, and the power driver board
amplifies the signal to drive the high-power proportional
solenoid. To get the coil current signal, a 250mS2 sampling
resistor is connected in series with the proportional solenoid,
and the input and output signals of each module of the driver
circuit are caught and shown by an oscilloscope.

A. EXPERIMENTAL STUDY OF STEADY-STATE CURRENT
CHARACTERISTICS

The supply voltage is set to 424V, the frequency of the PWM
signal is set to f=5kHz, and the duty cycle of the PWM signal
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FIGURE 12. Push-pull storage PWM power drive experimental platform.
(a) PWM signals with different duty cycle corresponding to steady-state
current; (b) Steady-state currents corresponding to different PWM signal
frequencies; (c) Push-pull power drive input PWM duty cycle vs. output
current characteristic curve.

to 0.7, 0.75, and 0.8 respectively, and the corresponding
steady-state current output curve is shown in Figure 12(a).
It can be seen from the Figure 12(a) that the duty cycle
of the PWM signal determines the average voltage applied
to the proportional electromagnet. The larger the duty cycle,
the higher the average voltage applied to the electromagnet
coil, and the greater the output current of the power driver.
Set the duty cycle of the PWM signal to 0.7, 0.75, 0.8, and
record the steady-state current values at 1kHz, 2.5kHz, SkHz,
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7.5kHz, 10kHz, 12.5kHz, and 15kHz, respectively, to obtain
the experimental results shown in Figure 12(b). Under the
same duty cycle, when the PWM signal frequency varies,
the current value of the power drive circuit output is nearly
constant, and the drive circuit output is more stable.

PWM signal frequency to maintain f = SkHz, set the
duty cycle of the PWM signal step for 0.5 and increase
one by one, record the steady-state value of the proportional
solenoid coil current, the input and output characteristics of
the push-pull energy storage PWM power drive circuit is
shown in Figure12(c), it can be seen that the input and output
of the push-pull energy storage PWM power drive circuit is
approximately proportional, linearity is more obvious. A least
squares fit is performed to obtain a functional relationship
between the PWM control signal duty cycle D and the output
current I:

I =10.75D —5.53 (18)

Further, a functional relationship between the input voltage
and the output current is obtained as follows:

I =0.448U — 5.534 (19)

The maximum current error of the push-pull storage type
PWM power drive circuit is calculated to be 0.052A, and the
linearity error is:

0.052
3.6 —0.39

The above analysis of the experimental findings shows
that the linearity error of the drive circuit is 1.6%, and the
maximum steady-state current output can reach 3.6A. The
push-pull energy storage PWM power drive circuit has good
steady-state current output performance and sufficient power
driving capability.

x 100% = 1.6% (20)

B. EXPERIMENTAL STUDY OF STEP RESPONSE
CHARACTERISTICS

The experimental waveforms of the rising and falling step
responses of the output current of the push-pull energy stor-
age, reverse discharging, and single switch power drive are
shown in Figure 13(a).

The test settings remain unchanged: the peak PWM control
signal is 3.3V with a frequency of 5kHz. The experimental
rise and fall step waveforms show that the rise step time (rise
to 90% of the steady-state current) of the single switch and
reverse discharging power drive circuits are nearly equal, both
being 39.4ms, whereas the rise time of the push-pull energy
storage power drive circuit is 29.9ms, which is 24% shorter
than the current rise time. The fall step time of the single
switch drive is 40.5ms, the fall time of the reverse discharging
drive is 4ms, and the fall time of the push-pull energy storage
drive is 2.2ms. The fall step response time of the push-pull
energy storage PWM power drive is 94.6% shorter than that
of the single switch drive, and 45% shorter than that of the
reverse discharging drive.
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falling step response for the three drives; (b) Experimental waveforms of 0-2A rising and 2-0A falling step
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three drives.

TABLE 2. Comparison of simulation and experimental results of upward step response.

Push-pull energy storage relative

Push-pull energy storage relative to

Steady-state current rise step to single switch percentage reverse discharging percentage
reduction reduction
Simulation 22% 22%
1A experiment 21.2% 20.8%
error 0.8% 1.2%
simulation 24% 24%
2A experiment 23.1% 23%
error 0.9% 1%
simulation 25.3% 25.3%
33A experiment 24.5% 24.1%
error 0.8% 1.2%

The experimental waveforms of the rising step and falling
step responses of 2-0OA for the output current of 0-2A for
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the three power drive

circuits are shown in Figure 13(b).

The rise step time of both the single switch and reverse
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TABLE 3. Comparison of simulation and experimental results of descending step response.

Push-pull energy storage relative to

Steady-state current single switch percentage reduction

descending step

Push-pull energy storage relative to
single switch percentage reduction

Simulation 97.8% 44.5%

1A experiment 97.4% 43.7%

error 0.4% 0.8%

simulation 96.5% 45%

2A experiment 96.1% 43.8%

error 0.4% 1.2%

simulation 95.1% 45.7%

33A experiment 94.6% 45.0%

error 0.5% 0.7%
16 in a 23% reduction in current rise time. The falling step
I —— push-pull energy storage reaction times of the three power drives are 1.8ms, 3.2ms, and
= 4 3 + reverse discharging 47.3ms, respectively, and the falling step response time of the
z push-pull energy storage type power drive circuit is acceler-
% ated by 96.1% and 43.8%, respectively. Fig 13(c) shows the
5 experimental waveforms of the rising step and 1-OA falling
é step response of the three power driving output currents of
3 0-1A respectively. The rising step response time of the single
switch drive circuit is 57.2ms, and the falling step response
time is 57ms; the rising step response time of the reverse
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FIGURE 14. Experimental waveforms of output current ripple of three
power drives. (a) Ripple at average current 1A; (b) Ripple at average
current 2A; (c) Ripple at average current 3A.

discharging power drives is roughly 47ms, whereas the rise
time of the push-pull storage power drive is 36.2ms, resulting
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storage power drive is approximately 21% shorter than the
first two, and the falling time is 97.4% and 43.7% shorter
respectively.

The simulation results are compared with the experimental
results, and the results are shown in Tables 2 and 3. Due to the
limitation of the experimental environment, there is a certain
error between the experimental results and the simulation
results, but the simulation of the step response time of the
three power drive circuits is basically consistent with the
experimental results. Combining the proportional solenoid’s
step response curve with tables 2 and 3, it can be shown that
the greater the rising step load current, the better the effect
of the push-pull energy storage drive circuit, and the lower
step the lower the load current, the better the effect of the
drive circuit. Under all operating situations, the charging and
discharging speed of the proportional solenoid coil is sig-
nificantly in-creased. The step response testing results show
that the push-pull energy storage PWM power drive circuit
considerably accelerates the step response of the proportional
solenoid and reduces the step response time by nearly the
same amount as traditional power drives.

C. EXPERIMENTAL STUDY OF RIPPLE

Figure 14 depicts the ripple experimental findings for three
power drives with a 3.3V PWM signal peak, a frequency of
1kHz, and average output current values of 1A, 2A, and 3A,
respectively. According to Figure 14, under the test condi-
tions of this research, the ripples of the three power drive
circuits steadily reduce as the steady-state current increases.
The ripple of the push-pull energy storage power drive circuit
is around 53mA when the steady-state current is 3A, while the
ripple of the single switch is 50mA. The reverse dis-charging
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power driver circuit has the highest ripple, about 60mA. The
experimental findings are largely congruent with the simula-
tion findings.

VI. CONCLUSION

This study presents a push-pull energy storage PWM power
drive circuit for a high-power, high-response proportional
solenoid, defines the power drive’s working principle, and
describes the specific hardware implementation. Experiment
results show that:

1. When the solenoid coil requires fast charging, the
energy storage module releases energy to supplement the
current output of the power supply; when the coil requires
fast discharging, the module absorbs energy, effectively
speeding up the dynamic response of the high-power high-
frequency loud proportional solenoid while ensuring steady-
state performance.

2. The energy storage module recovers the coil energy of
the proportional solenoid and uses it again for driving the
proportional solenoid, realizing the secondary utilization of
energy.

3. Push-pull energy storage PWM power drive with good
steady-state current output performance, high input-output
linearity, maximum non-linearity error of 1.6%, and suffi-
cient power drive capability.

4. Under various operating situations, the step response
properties of the proportional solenoid are greatly enhanced.
The greater the load current in the rising step, the more
the influence of the push-pull energy storage driving circuit;
conversely, the lesser the load current in the falling step, the
greater the effect of the driving circuit. When the steady-state
current is 3.3A for a high-power proportional solenoid, the
discharge time of the push-pull energy storage driving circuit
is reduced by 94.6% compared to the single switch power
drive and 45% compared to the reverse discharging power
drive in the falling step response, and the coil charging time
is reduced by 24% compared to the former two in the rising
step response.

5. The ripple of push-pull energy storage type power drive
gradually decreases with the increase of steady-state current,
and compared with the reverse discharging drive, the ripple of
push-pull energy storage type drive current is reduced to some
extent; the larger the steady-state current, the smaller the
ripple of the drive circuit output current, when the steady-state
current continues to increase, the ripple current of the push-
pull energy storage type power drive circuit is comparable to
that of the single switch power drive.

It can be seen from the research that the charging and dis-
charging time of the solenoid coil has been squeezed as much
as possible. In order to further enhance the dynamic response
of the high-power, high-response proportional solenoid,
the control strategy optimization work is underway in our
laboratory.
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