
1 

> TMECH-05-2022-13619 < 

 

 

A Novel Equivalent Continuous Metering Control 
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Abstract—Pulse number modulation (PNM) combined with 

pulse width modulation (PWM) control is an effective solution to 

improve the resolution of digital valve systems. However, the 

numerous discrete variables that use parallel on/off valves cause 

difficult control coordination and uneven switching. To address 

this issue, this paper defines the equivalent spool displacement of 

the digital flow control unit (DFCU) by the number of PNM-

controlled valves and the duty cycle of PWM-controlled valves to 

replace multiple discrete variables and develops the equivalent 

continuous metering control method. Furtherly, a uniform 

switching control strategy is proposed for the PWM-controlled 

valve using a uniformly distributed permutation for each on/off 

valve. The proposed control methods are verified by simulation on 

the built mathematical model of the equal-coded digital valve 

system. Experimental results for the displacement control of a 

hydraulic cylinder at 1 rad/s show that the average error of the 

equivalent continuous metering control is about 0.236 mm and the 

dispersion index reaches 20%, while the uniform switching control 

strategy achieves 80% with an average error of 0.215 mm. 

Simulated and experimental results demonstrate that the 

equivalent continuous metering control with a uniform switching 

strategy can almost evenly distribute switching numbers without 

compromising the accuracy of the displacement control.  

 
Index Terms—digital hydraulic, equal-code DFCU, independent 

metering, PNM, PWM, uniform switching 

I. INTRODUCTION 

OTION control technologies in industrial 

applications raised increasingly higher requirements 

for hydraulic transmission in terms of energy 

efficiency, controllability, cost, and reliability [1]. However, 

the high-end proportional/servo valves have a complex 

structure, poor efficiency, sensitivity to contamination, and 

high cost, which hinder the development of advanced control 

hydraulic systems [2-3]. Due to the benefits of energy savings, 

fault tolerance, strong interchangeability, cost-effectiveness, 

and reliability, digital hydraulics have become the forerunner 

and hotspot of modern fluid power technology [4-8], and are 
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already applied in wind turbines, mobile cranes, aircraft braking 

system, etc. [9-15]. However, how to strike a balance between 

discrete variables, resolution or control accuracy, and reliability 

is a crucial problem for digital hydraulic systems. 

DFCUs are the core control unit of digital hydraulics which 

provide an alternative to replacing proportional or servo valve-

controlled systems with multiple discrete variables [16]. 

Binary-coded DFCUs can achieve higher resolution with fewer 

on/off valves, but there is no redundancy combinations and 

inconsistency of dynamic characteristics due to different 

specifications would cause output uncertainty such as pressure 

fluctuations; Fibonacci-coded DFCUs can alleviate the pressure 

fluctuations, which are the compromise between the number of 

on/off valves and the pressure fluctuations with the same 

resolution; Equal-coded DFCUs are ideal with high redundancy 

and reliability and no pressure fluctuations in theory. However, 

it faces the challenge of requiring a greater number of identical 

valves to achieve the higher resolution [17-19]. Pulse code 

modulation (PCM) or PNM are commonly used to control 

binary-coded or equal-coded DFCUs. But a relatively large 

number of valves are required for the equal-coded DFCU to 

generate high resolution [20]. While the PWM only uses one 

on/off valve with a variable pulse width and constant switching 

frequency as the input, resulting in severe wear, pressure 

fluctuations, noise, etc. [21-23]. Therefore, it makes sense to 

combine the PCM and PWM to reduce the number of valves 

and run part of them in the PWM mode to achieve high 

resolution [24]. Ferraresi studied the use of nine parallel on/off 

valves in a pneumatic system, one of which was driven with 

PWM at high frequency for fine-tuning and all others were used 

to compensate the step flow, resulting in wearing inconsistency 

among several valves [25, 26]. Huova et al. built a near binary-

coded digital hydraulic system with four control edges, and the 

two smallest valves of each DFCU improved the output flow 

resolution by using the PWM [27]. Paloniitty et al. utilized 

multi-valve pulse frequency modulation (MPFM) and 
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developed a circular buffered switching control in an equal-

coded digital hydraulic system to achieve high resolution and 

linearity while causing pressure fluctuations and increasing 

switching numbers [28]. Gao et al. proposed a model-based 

PNM and a differential PWM controller for different working 

conditions to improve the low-speed control accuracy and 

designed a circular buffer for switching distribution, but it was 

complicated and consumed more energy [29, 30]. Most of the 

previous research has focused on model-based control methods 

that use PNM, PCM, PWM, or PFM to search for the optimal 

combination for multiple discrete variables. Furthermore, the 

huge difference in switching numbers between each valve will 

shorten its lifetime and significantly increase the cost of its 

maintenance [31].  

Therefore, the following are the contributions of the paper: 

a) To overcome the difficulty of coordinated control among 

discrete variables, the equivalent spool under PNM and PWM 

compound control is defined for model-free continuous 

metering control of the equal-coded digital valve system 

(EDVS). Based on this, b) a uniform switching strategy based 

on uniformly distributed random permutations is proposed to 

evenly distribute the PWM-controlled valve, thereby improving 

overall system lifetime and reliability. 

II. MODELING OF EQUAL-CODED DIGITAL VALVE SYSTEM 

A. Fitting Flow Model of the High-Speed Valve 

A high-speed on/off valve (HSV) is the fundamental cell of 

DFCUs, the performance of which determines the output flow 

of DFCUs. The structure of HSVs from Ningbo Safe Brakes 

Systems Company is shown in Figure 1. Its max pressure is 24 

MPa and nominal flow is 0.8 L/min@4MPa with around 3 ms 

response time. Four DFCUs, each with five identical HSVs 

connected in parallel, can be used to implement independent 

metering control in this paper.  
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Fig. 1. The structure of the HSV 

 

The steady-state HSV flow equations under the PNM and 

PWM control modes are as follow [32,33]: 

 
PNM v( ) mq u t K p=   (1) 

 
PWM v( ) mq t K p=   (2) 

where u(t) and τ(t) are the on/off signals and duty cycle signal, 

and the value is 0/1 or from 0 to 1, respectively; Kv denotes flow 

coefficient, ∆p is the pressure difference between upstream and 

downstream pressure of the HSV, and m is the correction factor. 

To obtain the flow coefficient Kv and correction factor m for 

an accurate mathematical model, the static characteristics (q-τ-

∆p) of the HSV were conducted on the test bench, shown in 

Figure 2 (a). The pump can produce flowrate of 10 L/min, and 

the maximum pressure of pump outlet is 15 MPa. The 

measurable range of flow sensor is 0.01-10 L/min with 

±0.05%FS used for monitoring the flowrate of the tested HSV. 

The relief valve adjusts the upstream pressure of the tested HSV 

from 1 MPa to 15 MPa in 1 MPa intervals and the downstream 

connects to the tank. Meanwhile, the PWM signal at 10 Hz is 

given to the HSV, and the duty cycle τ gradually increases from 

0 to 1 with a gradient of 0.05 at each adjusted pressure. The test 

result is shown in Figure 2 (b). 
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(a)  Schematic of the test circuit 
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(b)  q-τ-∆p and fitting curves 

Fig. 2. Measured static characteristics of the HSV 

The flow coefficient Kv is considered a constant value in this 

study. The mathematical model of HSV is highly fitted in the 

MATLAB toolbox by tested data, then Kv=0.3658 and 

m=0.5084 are obtained. Therefore, the fitting flow model can 

be rewritten by Eqs. (3)-(4): 

 0.5084

PNM ( ) 0.3658q u t p=    (3) 

 0.5084

PWM ( ) 0.3658q t p=    (4) 

Equation (3) and (4) describe the precise mathematical model 

of the steady-state flow of HSV. The coefficient of 

determination (R-square) is 0.996, and the sum of squares due 

to error (SSE) is 0.124 (L/min) 2 and root mean squared error 

(RMSE) is 0.02064 L/min. 
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B. Flow Equation of the DFCU 

It is assumed that the DFCU is composed of a HSVs 

controlled by the PNM signal and b HSVs controlled by the 

PWM signal. Referring to [34,35], the flow calculation model 

under the PNM and PWM compound control can be expressed 

by Eq. (5): 

 
a b

PNM PWM

=1 =1

+ = m m

vi i vj j

i j

Q Q Q K u p K p=  +    (5) 

The opening of the equal-coded DFCU is equivalent to the 

spool displacement of a proportional valve to achieve the 

approximately continuous flow output. The opening numbers 

of the PNM together with the duty cycle of the PWM is defined 

as the opening of DFCU, that is the equivalent spool 

displacement xv (xv ϵ [0,1], ui ϵ {0,1}, τj ϵ {0.01, 0.02, …, 0.99,1}) 

which can be solved by Eq. (6): 

 1 1

1 1

( )

( )

a b
m m

v i j v v

i j

v v

a b

i j

i j

v

Q K u p K x p

K a b K

u

x
a b





= =

= =




= +  =  



= +

 +


= +

 

 

 (6) 

where vK  is the equivalent flow coefficient of the DFCU. 

For example, Figure 3(a) depicts the 5-bit equal-coded 

DFCU with four PNM-controlled HSVs and one PWM-

controlled HSV in this study. 
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(b) Mapping relationships between Q, xv, n and τ 

Fig. 3. Equal-coded DFCU and equivalent spool displacement  

In Figure 3(b), the equivalent spool displacement xvϵ[0,1] 
can be divided into five parts equally, and each valve represents 

0.2 for one part according to Eq. (6). The blue and yellow lines 

represent the reference flow Q and the flow of the PNM-

controlled valves, respectively. The rest part of the flow can be 

compensated by the calculated duty cycle of a PWM-controlled 

valve by pink stripes. Clearly, a higher resolution can be 

obtained by dividing the duty cycle of a PWM-controlled valve 

into more parts, approaching a continuous spool displacement.  

According to the flow range of Q, the equivalent spool 

displacement can be expressed as Eqs. (7)-(11). If Q ϵ[0,q), a 

single PWM-controlled valve can meet flow requirement. The 

spool displacement xv belongs to [0, 0.2), written as Eq. (7): 

 0 ,0 0.2, ;
5 5

v v m

v

Q
Q q x x

K p


    = =


 (7) 

If Q ϵ[q,2q), the flow is provided by a PNM-controlled valve 

and a PWM-controlled valve. The spool displacement xv 

belongs to [0.2, 0.4), and the value of xv is written by Eq. (8): 

 2 ,0.2 0.4, 0.2 0.2 ;
5 5

v v m

v

Q q
q Q q x x

K p

 −
    = + = +


 (8) 

Similarly, the xv can be expressed as Eqs. (9)-(11) for 

different flow ranges: 

 2
2 3 ,0.4 0.6, 0.4 0.4 ;

5 5
v v m

v

Q q
q Q q x x

K p

 −
    = + = +


 (9) 

 3
3 4 ,0.6 0.8, 0.6 0.6 ;

5 5
v v m

v

Q q
q Q q x x

K p

 −
    = + = +


 (10) 

 4
4 5 ,0.8 1, 0.8 0.8 ;

5 5
v v m

v

Q q
q Q q x x

K p

 −
    = + = +


 (11) 

C. Modelling of the Equal-coded Digital Valve System  

The schematic diagram of the EDVS composed of four 

equal-coded DFCUs is shown in Figure 4. 
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Fig. 4. A schematic view of the EDVS 

Combined with Eq. (5), the flow equation of four DFCUs can 

be written by Eq. (12): 
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 (12) 

where Q1, Q2, Q3 and Q4 are the flow of corresponding DFCUs; 

pa, pb, ps, and pt are the piston-side and rod-side pressure of the 

cylinder, and the supply and tank pressure, respectively. 

 

The flow equations of the piston-side and rod-side chamber 

of the hydraulic cylinder for the extension and retraction are 

expressed by Eq. (13)-(14): 

 

 
1

3

,

,

a

b

Q Q

Q Q

=


=
 (13) 

 
2

4

,

,

a
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Q Q

Q Q
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
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The compressibility of the hydraulic fluid is considered in the 

model. The bulk modulus of the hydraulic fluid is represented 

by β and it is assumed to be constant. However, the compliance 

effect of the actuator is neglected. Also, the pipelines are 

assumed to be rigid and the volume of the fluid between the 

valve and actuator is small since the valve is very close to the 

actuator. Hence, the flow continuity equations for both 

chambers of the hydraulic actuator are given by Eq. (15)-(16): 

 

 ( )
dd

=
d d

a a
a a ip a b ep a

V py
Q A C p p C p

t t
+ − + +  (15) 

 ( )
dd

=
d d

b b
b b ip a b ep b

V py
Q A C p p C p

t t
+ − − −  (16) 

where y is the displacement of the hydraulic cylinder; Cip and 

Cep are the internal leakage and external leakage coefficient; 

Va= V0±Aay and Vb= V0∓Aby, V0 is the initial piston-side and 

rod-side volume of the hydraulic cylinder. Va and Vb are the 

piston-side and rod-side volume, respectively.  

 

The force balance of the system is given by Eq. (17): 

 
2

2

d d

dd
a a b b L

y y
A p A p M B Ky F

tt
− = + + +  (17) 

where M is equivalent mass, K is stiffness, B is viscous damping 

coefficient, FL is load force. 

 

III. CONTROL ALGORITHMS 

A. Uniform switching strategy for the DFCU 

The PWM-controlled valve switches at its frequency, and it 

would be more switching numbers and is easier to wear. Hence, 

the uniform switching strategy for the PWM-controlled valve 

of the DFCU is proposed to make the PWM control run to 

another valve randomly and evenly distribute the switching 

numbers of the DFCU, and it is described in Figure 5. 

Narrow 
search space Select PNM signals

ui

Equivalent spool calculation

xv0 0.2 0.4 0.6 0.8 1

q

2q

3q

4q

5q

 1/0









1/0

1/0

1/0

1/0

1/0

1/01/0

1/0 1/0

Q

Add 1-bit zero  

at the end

Generate PWM Position

DFCU

Qref

xv

PNM-n

1 1 ... 0

1 0 ... 0

0 1 ... 1

0 0 ... 1

 
 
 
 
 
 

n=1,2,3... 

PWM-τ 

Random(n)

Random(0)

0

1

0.5

0.8 15

F
lo

w

1

120.6

Duty cycleτ %
9

1.5

0.4
6

0.2 3
0 Pressure P/MPa

Q
/

（L
/m

in

）

PNM signals Library

Eq(20):n&τ 

Eqs.(7)-(11)

Control Signals Solution

Feedback PNM 1 0 ... 1 ;0U =

Cost function

Set uniform time

ut=100ms

 1 ... ... 0 ;DFCUU =









 

0,0.2),PNM: 0;PWM: 5 ;

0.2,0.4),PNM: 1;PWM: 5 ( 0.2);

0.4,0.6),PNM: 2;PWM: 5 ( 0.4);

0.6,0.8),PNM: 3;PWM: 5 ( 0.6);

0.8,1 ,PNM: 4;PWM: 5 ( 0.8);

v v

v v

v v

v v

v v

x n x

x n x

x n x

x n x

x n x











 = = 

 = =  −

 = =  −

 = =  −

 = =  −

Eqs.(3)-(4)

1min i iJ u u+= −

 
Fig. 5. Process of the uniform switching strategy for one DFCU 

1) Number and Duty cycle 

For flow control of one DFCU, the equivalent spool 

displacement xv can be calculated by Equation (7)-(11) 

according to Qref. The opening number n of PNM-

controlled valves and the duty cycle τ of PWM-

controlled valve can be derived according to the 

following equation (18): 
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 (18) 

2) Signal Subsets 

PNM signal subsets Un=i are established based on the 

opening number n of PNM-controlled valves by Eq. (19), 

such as Un=0, Un=1, Un=2, Un=3, Un=4.The zero elements are 

added in the last row of the matrix for PWM-controlled 

valve. 
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Each column of the matrixes has five elements that 

represent the control signal of each HSV. The number of 

rows means the combination numbers of PNM-

controlled valves under the its opening number n=i. 

3) Cost Function 

A cost function J is expressed by Eq. (20) to find the 

minimum switching numbers based on the PNM control 

signals of the previous sampling time (ui is the previous 

PNM signal, and ui+1 is the current PNM signal): 

 
i+1 iminJ = −u u  (20) 

4) PNM Signals 

The combination(s) with minimum switching numbers 

were selected through the cost function, which represents 

PNM control signals. The Randperm function is utilized 

in MATLAB to randomly select one combination from a 

group of PNM control signals with same minimum 

switching numbers. Meanwhile, the selected PNM signal 

is fed back to the next cycle. 

5) Uniform Switching of PWM Signals 

The locations of the zero elements in the current control 

signal matrix are read. Randperm function is used once 

more to select one location from zero elements for the 

PWM control. Considering the switching frequency of 

the PWM-controlled valve, the changing cycle of the 

PWM location is set as ut=100 ms, meaning that the 

PWM-controlled valve will be changed randomly every 

100 ms. 

6) Signals Output 

The signals of PWM and PNM output to the HSVs and 

this strategy is applied to each DFCU. Hence, the 

switching numbers of each HSV in the DFCU are close, 

which avoids one of them switching very frequently. 

In this paper, a normalized dispersion index D is written as 

Eq. (21). It is defined as the percentage that 1 subtracts the ratio 

that the sum of the squares of the switching numbers of each 

valve to the square of the total switching number of all on/off 

valves, which characterizes the degree of uniform switching of 

the DFCU. 

 
2

2
(1 ) 100%

( )

S
D

S
= − 




 (21) 

 

As mentioned above, the uniform switching strategy for the 

DFCU would be considered in the EDVS combined with the 

equivalent spool displacement to achieve the equivalent 

continuous metering control. As an illustration, Figure 6 depicts 

the meter-in with displacement control and meter-out with 

pressure control. For the closed-loop control of EDVS, the 

equivalent spool displacement xv can be calculated by the error 

and controller, and the closed-loop PID controller converts the 

error ey between target and actual displacement to the 

equivalent spool displacement xv. The DFCU-PA for extension 

or PB for retraction would be selected depending on the positive 

or negative of the error ey.  
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Fig. 6. Block diagram representation of the EDVS 

Similarly, the xv of DFCU-BT for extension or DFCU-AT for 

retraction is determined by the sign of error ep between target 

and actual pressure (ep≥0, xv=ep; ep<0, xv=1-ep). Then, Eq. (18) 

would be used to calculate the number n of opening PNM-

controlled valves and the duty cycle τ of PWM-controlled 

valves in step 1). The uniform switching strategy is then 

implemented in DFCUs using steps 2)-6). Finally, the 

equivalent continuous metering control with a uniform 

switching strategy can come true. 

B. Simulation verification 

Based on the mathematical model in Section 2 and control 

algorithms in Section 3, A., the EDVS simulation model were 

built by MATLAB/Simulink to verify the feasibility and the 

effectiveness of the equivalent continuous metering control 

method and uniform switching strategy. The main parameters 

for it are listed in Table Ⅰ. 

TABLE I THE MAIN PARAMETERS OF THE SIMULATION  

Element  Name Specification  

Hydraulic 

cylinder 

Piston diameter D 70 mm 

Rod diameter d 50 mm 

Stroke l 200 mm 

Others 

Bulk modulus β 0.7×109 Pa 

Stiffness K 1×103 N/m 

Viscous damping coefficient B  5000 N/(m/s) 

Equivalent mass M 10 kg 
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It is assumed that the load in the hydraulic system is mainly 

inertial load, and the elastic load is small. The friction and 

leakage are ignored in this simulation case. The external load 

force FL=6000sin(pi/8)t and reference displacement 

y=50+30sin(pi/8)t are given. System pressure ps is set to 100 bar 

and tank pressure pt is zero. The reference back pressure pr is 

set to 10 bar. Figure 7-11 show the simulation results of the 

equivalent continuous metering control for the EDVS.  
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Fig. 7. Displacement and error curves 
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Fig. 8. Pressure curves 

The maximum position error is about 0.27 mm under the 

equivalent continuous metering control. However, the back 

pressure would change from rod-side chamber pb to the piston-

side chamber pa when the hydraulic cylinder moves from 

extending to retracting, resulting in pressure shock of about 6 

bar. The back pressure is basically maintained at 10 bar and the 

control error |pr-pb| or |pr-pa| is within 0.01 bar. The low back 

pressure could reduce the throttling loss of tank side, and it is 

possible to save energy by decreasing the system input power 

ps and it would be studied further. 
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Fig. 9. Control signals of the DFCU-PA 

As an example, Figure 9 shows DFCU-PA control signals. 

The PWM control acts on the HSV V5, while the other HSVs 

V1-V4 are controlled by the PNM. The switching numbers of 

HSV V5 is significantly more than that of the PNM-controlled 

valves, and V5 is more prone to wear failure.  

Figures 10-11 show the simulation results of the equivalent 

continuous metering control under the uniform switching 

strategy for the EDVS. The position error varies from -0.3 to 

0.4 mm with uncertain switching impact on the displacement 

control. The pressure is basically consistent compared to that of 

the non-uniform switching strategy. There is an effect on the 

back pressure chamber when reversing, with the control error 

of about 0.1 bar at 10 bar reference pressure. Figures 12-13 

show that the duty cycle of each valve is superimposed together 

equal the theoretical duty cycle τ. The duty cycle is assigned to 

one valve every 100 ms and switching numbers are randomly 

distributed to five HSVs in the DFCU-PA. 

0 2 4 6 8 10 12 14 16 18 20
10

20

30

40

50

60

70

80

90

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

D
is

p
la

ce
m

en
t 
 y

/m
m

Time  t/s

Reference 
displacement

Actual 
displacementError

E
rr

o
r 

 e
/m

m

 
Fig. 10. Displacement and error curves 
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Fig. 11. Pressure curves 
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Fig. 12. Distribution of the duty cycle
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Fig. 13. Control signals of the DFCU-PA 

The switching numbers of each valve in the DFCU-PA and 

their total switching numbers that are calculated under non-

uniform switching and uniform switching, shown in Tables Ⅱ. 

TABLE Ⅱ THE SWITCHING NUMBERS COMPARISON 

Switching 

Number (S) 
Non-uniform switching  Uniform switching 

V1 3 38 

V2 0 72 

V3 0 76 

V4 0 42 

V5 241 88 

Total 245 316 

D 3.22% 78.06% 

 

The dispersion indexes D of DFCU-PA with the uniform and 

non-uniform switching control strategies were 78.06 % and 

3.22 %, respectively. Compared to the non-uniform switching 

strategy, the switching numbers increase slightly with the 

pressure fluctuation of about 0.1 MPa caused by alternating the 

PWM position, but the switching numbers of all valves are 

evenly distributed under the uniform switching strategy based 

on uniformly distributed random permutations. It can not only 

avoid the frequent switching influence of a single digital valve 

on the reliability of EDVS but also significantly reduce 

maintenance costs.  

IV. RESULTS AND DISCUSSION 

A. Experimental setup 

An experimental setup is constructed for the design and 

development of the EDVS according to the above schematic 

view, shown in Figure 4. It mainly consists of (a) the load 

simulator with three parallel springs fixed to the test bench, (b) 

the DFCUs and hydraulic cylinder, (c) Rexroth oil source used 

for power supply, and (d) the data acquisition and control unit.  

A baseline real-time target machine is equipped by 

Speedgoat IO 397 (FPGA Bitstream file) for PWM output at 10 

Hz and Beckoff EL2809 and EL3124 modules for the analog 

input and digital output, which is as the data acquisition and 

control unit. To achieve real-time control of the EDVS, the 

MATLAB® R2020a software, as well as Simulink®, Real-

Time Workshop®, and xPC TargetTM, are installed on the host 

PC. The equivalent continuous metering control and uniform 

switching control algorithms are designed in the 

MATLAB®/Simulink® environment, and the control program 

solver is a 4th order Runge-Kutta (ode4) with a fixed step of 1 

ms. The control program is compiled in the host PC using a 

Visual C compiler and downloaded to the baseline real-time 

target machine via Ethernet communication. The main 

parameters are listed in Table Ⅲ. 

（c）Rexroth oil source

（a）DFCUs （b）Actuator and Spring Load

Host computer

Speedgoat

Ps Q
y Pa Pb

Qa

Independent metering control 

algorithm based on the 

equivalent spool displacement 

with uniform switching strategy

EL2809

IO397 EL3124

（d） Data acquisition and control unit

 
Fig. 14. Test bench of EDVS 

 

TABLE Ⅲ THE MAIN PARAMETERS OF THE SETUP  

Element  Name Specification  

Flow sensor  
Range 0.01~10L/min 

Accuracy ±0.05%FS 

Pressure sensors 
Range 0~60 MPa, 0~25 MPa, 

Accuracy ±0.25%FS 

Displacement 

sensor 

Range 0~1000 mm 

Linearity Accuracy ±0.1%FS 

Hydraulic 

cylinder 

Piston diameter  70 mm 

Rod diameter 50 mm 

Load simulator Stiffness K 3×24 N/mm 

Rexroth pump 
Nominal Pressure 24 MPa 

Nominal Flow 16 L/min 

Air cooler 
Maximum pressure  2 MPa 

Maximum flow 60L/min 

Relief valve 
Maximum pressure 31.5 MPa 

Maximum flow 40 L/min 

 

B. Results analysis 

The reference sine displacement y is given at 𝜔1=1rad/s and 

𝜔2=1.5 rad/s, with the mean value and amplitude being 30 mm 

and 20 mm in those experiments, respectively. The elastic load 

is selected due to existing conditions, which is proportional to 

the displacement FL=Ky, and the spring is in a compression 

state, allowing for resistant and assistant working quadrants. 

The system pressure ps is set around 60 bar, and the tank comes 

with around 1 bar. So the full opening control with more 

energy-saving potential is adapted for the chamber of back 

pressure, and the displacement control is adopted by the other 

chamber for position control according to the sign of error e, as 

* for experiments shown in Figure 6. Different metering control 

modes for each DFCU in four quadrants that provide greater 

energy savings potential will be investigated by experiments in 

the future.

 



8 

 

The model-free equivalent continuous metering control with 

or without a uniform switching can be validated and analyzed 

by the performance indicator ρ=|emax|/|vmax|, which relatively 

reflects the performance of different control methods in a 

comparative manner [36,37]. 

1) Equivalent Continuous Metering Control 

Figure 15-16 show the average error is about 0.236 mm and 

the back pressure is around 1 bar. The calculated quality factor 

of the control system is 0.128 s by the maximum position error 

0.831 mm to the maximum velocity 6.483 mm/s. The pa 

changes with the load force varying with the displacement. The 

pb is basically the same as the tank pressure, representing 

independent control and low throttling loss of the tank side. 

During the reversing from retraction to extension, the load force 

FL decreases gradually in assistant condition during the 

retraction process, and the pa decrease slowly to balance FL. At 

51-60 s, because FL is insufficient to push the piston due to the 

gradually decreasing displacement, pb suddenly rises along with 

the load force FL to balance pa. 

Similarly, Figure 18 shows that the displacement tracks well 

with the reference displacement, but the error is slightly larger 

than at ω1, where the average error is around 0.406 mm and the 

maximum error is 1.59 mm. The quality factor of this control 

method is 0.112 s, calculated by the maximum position error of 

1.59 mm to the maximum velocity of 14.20 mm/s. It can be seen 

from Figure 17 and 19 the duty cycle is calculated in real-time 

through the control algorithm. The PWM control always acts 

on valve V1 and other valves are controlled by PNM with fewer 

switching numbers. The failure rate of valve V1 may increase 

significantly and simultaneously, which is not good for the 

overall reliability of the DFCUs. 
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Fig. 15. Displacement curves at 𝜔1 
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Fig. 16. Pressure curves at 𝜔1 
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Fig. 17. Signals of PA-DFCU at 𝜔1 
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Fig. 18. Displacement curves at 𝜔2 
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Fig. 19. Signals of PA-DFCU at 𝜔2 

2) Equivalent Continuous Metering Control with Uniform 

Switching Strategy 

Figures 20–21 show that the average position control 

accuracy is around 0.215 mm, and which is close to the non- 

uniform switching strategy. The quality factor is around 0.14 s 

for the maximum position error of 0.830 mm to the maximum 

velocity of 5.943 mm/s. The change in pressure is also similar 

to the non-uniform switching, but there is minor pressure 

fluctuation during movement.  
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Fig. 20. Displacement curves at 𝜔1
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Fig. 21. Pressure curves at 𝜔1 

 

Figure 22 depicts how changes in the duty cycle between 0 

and 1 with the uniform switching control based on uniformly 

distributed random permutations. One HSV in the DFCU is 

randomly assigned a duty cycle for PWM control, and its 

position changes every 100ms. The duty cycle of each valve 

corresponds to its switch signal at 10Hz, and the sum of them is 

consistent with the theoretical duty cycle, demonstrating the 

effectiveness of the uniform switching control strategy. Each 

HSV signal is determined by the assigned duty cycle and the 

cost function of the uniform switching control strategy, as 

shown in Figure 23. 
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a) Duty cycles of each HSV and its theory value 
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b) Partial magnification of duty cycles 
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Fig. 23. Control signals of the DFCU-PA at 𝜔1 

 

In comparison to the non-uniform switching control strategy, 

the switching numbers under PWM control are evenly 

distributed from a single valve to each valve, which is beneficial 

to ensuring the average life and reliability of the DFCU and its 

system. The signals of the PNM-controlled valves are also 

randomly assigned and given to the corresponding HSV. At the 

same time, each HSV provides its own signals to the cost 

function for the calculation of the signals at the next cycle. 
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Fig. 24. Displacement curves at 𝜔2 

 

Similarly, the experimental results of equivalent continuous 

metering control with uniform switching strategy at 𝜔2 are 

shown in Figure 24-25. The position control accuracy is slightly 

better than that of the non-uniform switching strategy, with the 

average position error is about 0.338 mm. The quality factor is 

about 0.065 s for the maximum position error 1.330 mm to the 

maximum velocity 20.46 mm/s. Figure 25 obviously shows that 

each valve distributes more evenly distributed than that of the 

non-uniform switching strategy. During 15.5-16 s in its partial 

magnification, the theoretical duty cycle distributes from V4→

V1→V5→V4→V2. The duty cycle is randomly assigned to a 

HSV every 100ms using uniformly distributed random 

permutations for DFCUs. At the same time, the signal of each 

HSV is fed back to the cost function for the calculation of the 

next cycle. The signals of the PNM-controlled valves are then 

assigned at random.

Fig. 22. Duty cycle and its partial magnification at 𝜔1 
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Fig. 25. Control signals of DFCU-PA at 𝜔2 

The comparison indicators under different control strategies 

and frequencies are summarized in Table Ⅳ. 

TABLE Ⅳ RESULTS OF DIFFERENT STRATEGIES 

Indicators Non-uniform switching Uniform switching 

𝜔1 𝜔2 𝜔1 𝜔2 

μ a) 0.236 mm 0.406 mm 0.215 mm 0.338 mm 

emax b) 0.831 mm 1.590 mm 0.830 mm 1.330 mm 

σ c) 0.161 mm 0.295 mm 0.187 mm 0.250 mm 
ρ 0.128 s 0.112 s 0.140 s 0.065 s 

a) Average error; b) Maximum error; c) Standard deviation 

Therefore, the switching numbers for each valve with or 

without uniform switching distribution are counted in Table Ⅴ. 

TABLE Ⅴ UNIFORMITY FOR DIFFERENT STRATEGIES  

Switching 

Number (S) 

Non-uniform switching  Uniform switching 

𝜔1 𝜔2 𝜔1 𝜔2 

V1 1125 908 218 260 

V2 145 178 245 298 

V3 2 78 226 268 

V4 0 18 254 286 

V5 0 0 232 360 

Total 1273 1182 1177 1472 

D 20.0% 38.3% 80.0% 79.7% 

 

From the statistical results in Table Ⅴ, the dispersion indexes 

D are 20% at 𝜔1 and 38.3% at 𝜔2 without a uniform switching 

strategy, while using the uniform switching strategy, the 

dispersion indexes D are 80% and 79.7% at 𝜔1 and 𝜔2, 

respectively. Results show that the switching numbers of each 

valve can be distributed more evenly almost without 

compromising the accuracy of the displacement control. 

V. CONCLUSION 

In this study, the equivalent spool displacement is defined for 

DFCUs based on the opening number of PNM-controlled 

valves and the duty cycle of the PWM-controlled valve to 

replace multiple discrete variables, which is simple but practical. 

Then, a model-free equivalent continuous metering control for 

an EDVS based on the equivalent spool displacement was 

presented. The feasibility of the equivalent continuous metering 

control method is validated by simulation and experiment. On 

this basis, the uniform switching control based on uniformly 

distributed random permutations for DFCUs, and the PNM 

control based on cost function are proposed for high reliability. 

The proposed control algorithm not only provides a similar 

control accuracy compared to the non-uniform switching 

strategy but optimizes the distribution of switching numbers of 

each valve. The simulation and experimental results 

demonstrated that the equivalent continuous metering control 

with uniform switching strategy makes the switching numbers 

of each valve more uniform and improves the overall reliability 

of the EDVS.  

Only the feasibility and effectiveness of the proposed model-

free control from the viewpoint of control are discussed in this 

paper. In future work, the energy-saving control method in four 

working quadrants would be further investigated to make full 

use of the energy-saving advantages of digital hydraulics. 
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