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Abstract

In order to solve the flow mismatch problem between pumping source output and workload de-
mand, a novel configuration of D + A combined multi-pump controlled hydraulic system, similar to a
pump-controlled system, is proposed for a large power hydraulic system in this study. This novel
configuration consists of several parallel fixed displacement pumps of different sizes and proportional
variable displacement pumps, which is controlled by digital signal (on/off) and analog signal re-
spectively (D + A pumps). The system flow is divided into two parts, one is the total flow from fixed
displacement pumps, and the other is the rest desired flow supplied by variable displacement pumps
to smooth and improve the demand flow. First, basic design principles and evaluation indicators of
the proposed system are introduced. Then, a flow state matrix of the binary-coding digital pumps
(1:2:4) is obtained to provide the control signals of pumps. Experimental results show that the sys-
tem output flow tracks well with acceptable flow deviation, though a little lag behind input signal.

Key words: multi-pump, design principles, flow state matrix, evaluation indicator, energy

saving

0 Introduction

Energy consumption in hydraulic industry has
been attracting great concern due to the issue of energy
crisis today. Mobile machines consume considerable
amounts of fuel during their operating lifetime, which
is accompanied by high CO, emissions. Recent de-
mands on improved system efficiency and reduced sys-
tem emissions have driven improvements in hydraulic
system architectures as well as system supervisory con-
trol strategies employed in large flow and heavy ma-
chinery. However, the effect of just improving the hy-
draulics efficiency has either a minor influence on the
machine fuel consumption. The problem of achieving
maximal system efficiency in large flow and heavy ma-
chinery is still a great challenge. To address these
problems mentioned above, some novel approaches are
required urgently.

For these high power hydraulic equipments, dis-
placement controlled (DC) hydraulic pumps can oper-
ate hydraulic cylinders directly, and eliminate the

throttling losses occurring in load-sensitive or other

{121 One obstacle for the in-

valve controlled systems
troduction of DC actuation to the market is the in-
creased machine production costs due to the one-pump-
per-actuator requirement. The combination of displace-
ment control and pump switching architecture repre-
sents a valuable alternative for high efficiency and cost

[3.4]

effective hydraulic systems™>*'. Digital hydraulics is a

new alternative, offering a wide range of innovative so-
lutions">”’ | such as pulse width modulated system
(PWM) and pulse code modulated ( PCM). During
the past years, digital valve concept was investigated in
Refs[ 8-10], where proportional valves were replaced
by several simple switching valves in parallel contribu-
ting to reducing throttling losses. PCM with several
pumps operating continuously in parallel can realize

HESE S Gener-

output flow of the different requirements
ally, digital pumps in parallel consist of a number of
fixed displacement pumps, with different coding meth-
ods to ensure each pump size, such as binary coding
method, etc. Heitzig and Theissen combined different

size pumps with binary, ternary or other coding meth-
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ods to output their individual flows in a stepwise, utili-
zing several simple on/off valves in parallel, but with

. L 14,15
almost continuous characteristics' "’

. Another way to
implement digital pump is to control each piston inde-
pendently by active on/off valves. The shared use of
one digital pump for several actuators in a velocity con-
trol circuit is a promising concept to improve energy ef-
ficiency, comparing separate analog and digital pumps

for each actuator''®’

. This type of systems was proved
well, but the flow step leading to pressure peak and os-
cillations still exists.

In order to make it possible for PCM flow to
supply continuously, variable displacement pumps with
analog control (simplified as analog pumps) are com-
bined with fixed displacement pumps with digital con-
trol ( simplified as digital pumps) to smooth the flow
supply curve in this study, which is called the D + A
combined multi-pump controlled system, where compo-
sition, flow division and evaluating indicators are in-
vestigated. Furthermore, the flow state matrix is found
and solved to get the control method. To validate the
feasibility and the fundamental flow characteristics of D
+ A combined multi-pump controlled system, a test

bench is established and experiments have been con-
ducted.

1 Configuration of D + A combined multi-
pump controlled system

1.1 Composition of D + A combined multi-pump
controlled system

The schematic of proposed D + A combined multi-
pump controlled system is shown in Fig. 1, which con-
sists of m fixed displacement pumps and n variable dis-
placement pumps, usually of different sizes, working in
parallel. The value of m and n is determined by the flow
requirements, flow division method and evaluation in-
dicators. Each pump has a safety valve S;, but each
digital pump has one more on/off valve DV.. To protect
each pump, the check valve CV, is assigned behind
each pump. According to the actuator velocity, the to-
tal flow is adjusted by control on/off valves of digital
pumps and displacement of analog pumps. And the di-
rection of the actuator is changed by the 3-way-4-port
directional valve.

e il
q Analog control
To system Digital control
CVI;)CVZ%---CV" cv, |- crfmi
DV,
DV,
i--
S |... s, i Soim
e 5

Fig.1 Configuration schematic of D + A combined multi-pump controlled system

1.2 Flow division of D + A combined multi-pump
controlled system

Assuming that an actuator flow requirement curve
is shown in Fig.2(a), the surrounding area of the
curve can be divided arbitrarily by a grid regional divi-
sion method. Obviously, it can be regarded as two area
regions, one is the maximal area of flow steps curve
that is proximate to the flow requirement curve ( see
Fig.2(b) ), and the other is the rest area between flow

requirement curve and maximal flow steps curve (see
Fig. 2(c¢)). The maximal flow step curve can be
formed through different size and amount of digital
pumps combinations. According to the area deviation
from Fig.2(c¢), different analog pumps are combined
to realize the irregular flow output curve and provide
the rest desired flow to smooth and the demand flow ac-
curately.
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Fig.2 Division of a certain flow requirement

Due to different sizes of grid regional division,
there are different combination methods of digital
pumps and analog pumps. The smaller the flow interval
division is, the higher the switching frequency would
be. It would cause more switching impact and require
fast response of analog pumps. Vice versa, the greater
flow interval division, though the switching times re-
duce, the greater output flow of analog pumps, and the
number of analog pump would increase. Thus, a rea-
sonable flow gradation difference AQ must be selected
to meet the flow requirements according to switching
impact, switching frequency and number of pumps.

For digital pumps displacement size specification,
the common coding methods can be referenced, such
as binary and ternary. However, there are still many
factors influencing selection of digital pumps and ana-
log pumps, such as pumps flow deviation, cost, switc-
hing impact and so on.

1.3 Evaluation indicators of D + A combined
multi-pump controlled system

In order to evaluate the characteristics of different
D + A multi-pump combinations, the pumps flow devi-
ation, cost, and switching impact would be as evalua-
tion indicators.

1) Pumps flow deviation

The definition of the flow deviation refers to the
deviation between the input flow requirements of actua-
tors and the output flow of the multi-pump source under
open loop control ;

DG = Qo = Qe (1)
where, Ag, is the flow deviation of pumps (L/min)
q,. is the output flow of pumps (L/min), q,., is the
need flow of actuator (L/min).

In order to reflect the indicator exactly and avoid
offset of positive error and negative error, the square of
the difference between the given value and the input
value at each moment is integrated in a typical working
cycle T. Normalize the flow deviation,

I LT[qnm(‘) = Gueea (1) 12t

- T : [qout(t) - qnee(l(t> :I?nax
Flow deviation &' is a value (0 < &' < 1) and it

&

(2)

increases with the value of the flow deviation increas-
ing. As a result, the degree of flow deviation could
evaluate the output flow control accuracy of the D + A
combined multi-pump source under open loop control.

2) Cost of multi-pump

The cost is one of the important indicators to eval-
uate the D + A combined multi-pump controlled hy-
draulic system. The main cost depends on the number
of digital pump m and analog pump n, and displace-
ment size . Normalize the total cost;

; a,D; + ; bj'yj

max|{a,D,}

N' =

(3)

where, m is the number of fixed displacement pumps,

m +max§b-yj} ‘n

n is the number of variable displacement pumps, D, is
displacement size of the ith digital pump (mL/1) , 7, is
the displacement size of the jth analog pump (mL/1) ,
a, is the price of the ith digital pump ( Yuan) , b; is the
price of the jth analog pump (Yuan).

3) Flow switching impact of multi-pump

Due to the different displacement setting rules of
digital pumps, the multi-pump source flow switching
impact value is determined by the maximum displace-
ment and switching frequency of digital pump, and it
has important influence on control characteristics and
lifetime.

The pumps maximum switching impact value de-
pends on the ratio of maximum displacement of digital
pump to the total displacement of all digital pumps.

Dmax
T = (4)

is the maximum displacement of digital

total

where, D
pumps (L/min), D

max

w15 the total displacement of all

is the Maximum switc-

max

digital pumps (L/min), o
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hing impact degree.
However, the pumps average switching impact

i

and

value o, depends on the switching impact

average D

total
use probability ]} of each digital pump. The switching

frequency f is defined as the state change times per
second of all digital pumps by on/off valves switching

on and off from the minimum flow to maximum flow.

) D.
Tovege = 2 ’} D (5)

For instance, the displacements of digital pumps

tatal

are in ratio of 1;2:4. The minimum flow output grada-
tion (flow resolution ) of flow gradation is 1/7 and
the control signal of digital pumps is uniquely deter-
mined whatever flow gradation output is, as shown in

Table 1.
According to Eq. (4), the average switching im-

pact value,
4+3 1 241 2 1+0 4
0-124—(11 ><7+ T ><7+ T ><7)><100%
=22.0% (6)

And so on, the switching impact of different dis-
placement ratios of 1;1:1, 1:2:3 and 1;2:4 could be
compared by Eq. (4). Assume that the three kinds of
combination of digital pumps have the same maximum

Table 1 Switching frequency of digital pumps with

binary displacement ratio 1:2:4

Flow 2° - D, 2. D, 2., Switching frequency

in sequence

1Q [ ] O ©) 1
2(Q O [ ©) 2
3Q o [ J O 1
40 ©) O [ ] 3
5Q [ O [ 1
60Q O [ J o 2
70 [ o [ 1
sum 4+3 241 140 11

Note: @ switch on, Oswitch off.

output flow capacities, and the displacement value and
flow gradation are uniquely determined. The results are
shown in Table 2.

From Table 2, it shows that the least switching
times and the greatest impact is displacement ratio 1.
1:1; the highest switching frequency and the least im-
pact is displacement ratio 1;2:4. The switching fre-
quency of multi-pump source depends on displacement
ratios of digital pumps. It can be concluded that the
average switching impact value is related to switching
frequency.

Table 2 Comparison of digital pumps switching impact

Ratio Flow

Flow gradation

Switching times Average impact

1:1.1 14, 14, 14 14/28/42 3 33.3%
1.2.3 7,14, 21 7/14/21/28/35/42 9 25.9%
1:2:4  6,12,24  6/12/18/24/30/36/42 11 2%

2 Flow state matrix with binary displace-
ment

Assume that the output flow Q(¢) of D + A com-
bined multi-pump controlled system could be expressed
as

(1) =B-q=[D1) AWI[7]
A _(I('u_
(];li

=[d (1) --d(t) - d,(t) a (1) "‘(l/-(l‘) wa, ()] Dim
qal

o

~Gan

(7

where, B is coefficient matrix of flow state control, ¢ is
the array of multi-pumps flow input, D(¢) and A (1)
are flow state control matrix of digital pumps and ana-
log pumps respectively, q,, and g, are flow input of dig-
ital pumps and analog pumps respectively, d; ()
(d,(t) =1 or0) and g, are the flow state control func-
tion and rated flow of the ith digital pump, respective-
ly, a;(t) (a;(t) €[01]) and g, are the flow state
control function and rated flow of the jth analog pump,
respectively.

For example, with binary displacement (1:2:4)
digital pumps and one analog pump, the remainder
function mod is introduced to solve the flow state con-
trol matrix.

According to the input command, the percentage
of analog pump input control signal is

alty) = qimodwuo) ] X 100% (8)
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In order to get the mathematical expression of dig-
ital pumps control signal, it is necessary to introduce
the integral function int(x) , the control signal can be
expressed as

m

d.(1) = intf10G) = 3 dy(n) 0]}
9)

In summary, the output flow of multi-pump source
can be expressed as matrix ;

d,(t,) ! q,
(1) = di('t0> q'i =

(l(.t0> (].u
int{[Q(%) = dy(1y) * g5 = dy (1) 'qu/ql} ! q,

q;

int{[Q(lo) _kild}r(%) cq.1/q;}
mOd;Q(to)’ ‘Zl%/qa 9.
(10)

Furthermore, the D + A combined multi-pump
source output flow range and the state matrix of pumps
can be solved under the binary displacement (1:2:4)
setting. Assume that the digital pumps output flow is 8
I/min, 16 I/min and 32 [./min in a constant speed,
respectively. The analog pump output flow is
28. 5L/min.

range from 0 to 84.51/min. The state matrix of pumps

Therefore, the system flow capacities

corresponding to each kind flow gradation is shown in
Table 3.

According to the whole range flow state matrix of
D + A combined multi-pump, the pumps control sig-
nals are drawn under ramp flow input command, as
shown in Fig.3. Eight periods of time correspond to
eight flow ranges. Obviously, the control signal of dig-
ital pumps are the square wave with different width, in
contrast, that of analog pumps are triangular wave with
slope excitation. Once the combination form of D + A
identified, the output flow of multi-pump source de-
pends on the flow state matrix completely. Thus, the
flow state matrix provides the theoretical basis for de-
signing flow state solver.

Table 3 The flow state matrix with binary displacement ratio of digital pumps

Flow range .
8 Flow matrix

Flow range .
5 Flow matrix

(L/min) (L/min)
g - g -
0-8 0) =[0 0 0 a(n]] '© 32-40 Q) =[0 0 1 a(n]] !©
32 32
L28. 5 L28. 54
g - g -
_ 16 _ 16
8 -16 Q(t) =[1 0 0 a(1)] n 40 - 48 Q(t) =[1 0 1 a(1)] i
L28. 5 L28. 5
g - g -
~ . 16 ~ _ " 16
16 —24 Q(r) =[0 1 0 a(1)] » 48 -56 Q) =[0 1 1 a(s)] »
L28. 5 L28. 54
g - g -
24 -32 Q(t) =[1 1 0 a()] 16 56 —84.5 () =[1 1 1 a(n)] 16
32 32
L28. 5 L28. 54

3 Experiment and discussion

3.1 Experiment bed
In order to further verify the feasibility as well as
the fundamental control characteristics, a D + A com-

bined multi-pump controlled system experiment bed is
built. The system schematic and the experiment bed
are shown in Fig. 4 and Fig. 5 respectively. The system
mainly includes two parts, one is hydraulic transmis-
sion system ( main single-rod cylinder and two-rod load
simulator) , and the other is data acquisition and con-
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trol system.

The D + A combined multi-pump controlled sys-
tem mainly consists of digital pumps 5, analog pump
6, relief valves 10, unloading valves 11, proportional
The safety
pressure is set by relief valves 10, and the system
highest pressure is set by proportional relief valves 17.
Constant pressure variable displacement pump 4 sup-
plies oil to the load simulator ( symmetrical cylinder
system) and supplies control oil to other components of
the system. With the pump-controlled method of multi-

valves 18 and other assistant device, etc.

pump source, the proportional valves 18 only play the
role of reversing valve. The load simulator can simulate

the different working mode, by active and passive load-
ing.

1
D;:8 L/min (a)
0
t
1
D2:16 L/min (®)
0 t
1
D3:32 L/min ©
0 t
1
A;:28.5 L/min @
0

1 2 3 4 S 6 7 8 t
Fig.3 Control signals of D + A combined multi-pump controlled

system under ramp flow command

IE—E 21
Load E: !
) ‘ il I 22\ . 1 Actuator
simulator 15.9 5-3 15.7 15.6
19.1 192
104 10,8
— —
s, - /WEHJ
128 @ 127
derllio] )
L
Iy |
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5 ;i y ;
Control ! : Digital 3 ! Analog
pump 13 | ’ pumps ! | pump
: : 3 124 : 12.5
% | i 123 bus 515@
' 152 ﬁ 15.3 ] -
12.1 ' ] Uz |
— — !
16 L/min | 103 32 L/min
11 4 CH® 52 73 53 4
Q {
;EI, Tk | 223 | T2
% L1 % 13 %1.4

Fig.4 Experimental schematic of D + A combined multi-pump controlled system

The signal control and acquisition system for D + A
combined multi-pump controlled system is shown in
Fig.5(b). According to the flow state matrix, a flow
state solver is designed on MATLAB/Simulink software
in personal computer (PC) , and the control signals are
sent to industrial personal computer (IPC) to control
actuator directly in real time. Digital signals from TPC
are sent to the on/off valve matrix to select the corre-

sponding flow gradation of digital pumps. At the same
time , the IPC is responsible for signal acquisition, thus
flow data, pressure and displacement data could be
collected and then processed by the real time controller
with 0. 1s sample interval. Moreover, the user interface
could help to monitor the data and control process, as
well as adjust some system parameters. The related pa-
ramelers of experiment rig are list in Table 4.
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Signal
Processing
Box

(b) Data acquisition and control system

Fig.5 Experiment bed

Table 4  Parameters of experiment rig

Name Stroke Signal Note
Digital pumps ~ 8/16/32 L/min 0 or 24V
Analog pump  0-28.5 L/min 0 -10V 80ms
Position sensor 400mm 4 -20mA  0.1%FS
Flow sensor 60 L/min 4 -20mA 2%
Pressure sensor 250 bar 4 -20mA  0.5%FS
Force sensor 20 kN 4 -20mA  0.05%FS

3.2 Flow characteristics analysis of multi-pump
source

In this part, this study investigates the flow char-
acteristics of each pump in multi-pump source, which
lays experimental foundation for D + A combined con-
trol follow-up. In these experiments, the system safety
pressure is set as 100 bar.

1) Flow step characteristics of digital pump

The flow step characteristics of three digital pumps
with binary displacement, 81./min, 161./min and 32./min

are shown in Fig. 6. It can be seen that the greater the
displacement of digital pumps is, the shorter the time
is to reach steady flow in given experiment rig.

60
G 20 S 8L/min
g
§ 16L/min
= 40
s | 1, @ e 32L/min
2
')
20
! i ! A ! A )
1.0 1.5 2.0 2.8
Time(s)

Fig.6 Flow step characteristics of digital pumps

2) Flow characteristics of analog pump

The experimental results for triangular wave and
sinusoid input signal are shown as Fig. 7. The flow out-
put tracks the input signal well, except the small flow
state. When the displacement of analog pump drops to
zero suddenly, there is a flow dead-zone in output for
the triangular wave and sinusoid input signal. The
main reason is that the smaller the flow output of the
analog pump is, the more the pressure setup time is.
Besides, the check valve behind the analog pump
needs response time to make the system pressure reach
the open force of the spring of the check valve.

12
""" Flow cmd — Output flow
_10 =
gt/ flE
i/ i =
S 6 ! ! =
B : E
Sl S, | 2
ol ¥ PR SR T
0 1 2 3 4 5 6 0 051.0 1.52.0 25 3.0
Time(s) Time(s)

(a) Triangular wave (b) Sinusoid input signal

Fig.7 Flow characteristics of analog pump

3) Flow characteristics of D + A combined multi-
pump

Based on what discussed above, in order to get the
flow characteristics of D + A combined multi-pump
source, the load pressure is set 80 bar for the ramp in-
put 50L/min and 50 bar for sinusoid input at 25L/min
amplitude by proportional relief valve passively, re-
spectively. The experimental results are shown in
Fig. 8.

The flow follows the ramp signal basically, but it
still had delay and deviation , particularly to the small
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Fig.8 Fundamental characteristics of D + A combined multi-pump source

flow output ( close to OL/min) of the analog pump.
When digital pumps switched, the corresponding flow
impact would occurr as well as system pressure oscilla-
tions. Comparing to ramp signal, the sinusoid had
smaller follow deviation. However, a horizontal seg-
ment appeared at the peak, not in the valley. The rea-
son is that at 5s, the flow requirement was about
48.6L/min, the analog pump just supplied a small
outflow about 0. 61./min. Therefore, it would take a
long time to reach system pressure. Vice versa, it nee-
ded relative greater outflow 6L/min at 18s, thus, it
would need a short time to meet the flow requirements.

3.3 Flow characteristics analysis of D + A com-
bined multi-pump controlled cylinder system
The load simulator set loads pressure as 35 bar by
the relief valves. Given the ramp flow input signal, the
experimental results of flow rate and pressure as well as
the control signal of each pump based on the theoretical
solution are shown in Fig.9 and Fig. 10 respectively.
Due to the system volume effect and the open-loop
control, the lag and deviation of the system output flow
as well as velocity and position of the cylinder occurred
in the following process. When on/off valves switched,
the flow impact and pressure oscillations occurred.
However, there is no jitter reflected in cylinder posi-
tion. It is obvious that the system pressure is no more
than 100 bar until the cylinder piston reached the max-

imum stroke 400mm at 10s, without overflow losses in
the following process. Therefore, D + A combined
multi-pump controlled cylinder open-loop control sys-
tem is feasible, but without high precision.

It can be seen that the maximum displacement
digital pump is used few times, while the small-dis-
placement digital pumps are used more times. The an-
alog pump control signal is changing all the time with
the load requirements. This phenomenon is consistent
with the previous theory of flow state matrix.

4 Conclusion

This paper proposes a novel concept of D + A
combined multi-pump controlled system, and adopts
the pump-controlled method to investigate its feasibility
and fundamental characteristics. First, the working
principle, flow region division method and evaluation
indicators are introduced. The flow state matrix of bi-
nary-coding digital pumps is determined uniquely by
theoretical solution, and then the flow state solver is
designed on MATLAB/Simulink software. Further-
more , the flow fundamental characteristics are obtained
and analyzed via experiment. The experimental results
show that though there is a little lag behind flow input
signal, the D + A combined multi-pump controlled sys-
tem tracks flow input signal well with acceptable flow
deviation. Therefore, this system is verified feasible
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and could achieve good control effect in pump-con-

trolled mode, without overflow losses, which could pro-

Flow g(L/min)

Stroke y(mm)

On/off valve command

On/off valve command

vide theoretical guidance for saving-energy of large flow
and heavy machinery.

100__ — — - Velocity cmd //'
0 — Experiment
E 60
~ L
2
g 40
o |
~ 20
0
PR IR IR NN Y S|
0 2 4 6 8 10 12
Time(s)
(b) Cylinder velocity
120 -
100 | ——— Experiment
80
E |
§ 60 I
2 40
§ -
A 20
0
olb——1 w1
0 2 4 6 8 10 12
Time(s)

(d) System pressure

Fig.9 Fundamental characteristics under ramp flow input
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Fig. 10  Control signal of D + A multi-pump under ramp input
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The proposed method and configuration is in early
stage , challenges worthing further study are flow impact
and pressure oscillations caused by on/off valve switc-
hing. Also, in order to get better control accuracy,
particularly at low speeds, this paper opens the door
for future research in areas such as pump-valve com-
bined control strategy, and pressure and flow compen-

sation.
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