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Abstract. Aiming at the problems, bad low velocity performance and slow response, existing in
variable speed hydraulic systems, this study proposes a variable speed hydraulic system in
valve-pump parallel variable structure control, in which control structures vary with control
requirement. The leaking parallel valve control is applied to improve low-speed performance at
the start and stop stages by increasing damping ratios and compensating the reduction of damping
ratios due to the friction negative slop; the replenishing parallel valve control is applied to achieve
fast response to load disturbance at the uniform stage with high speed; the variable speed pump
control is to make full use its high efficiency at other stages. During the regulation process, these
control structures switch smoothly and a good speed tracking is achieved, in addition, the pump
provides majority of required flow, so the proposed system still can work efficiently as pump
control systems. Therefore, the valve-pump parallel variable structure control establishes a
flexible control mechanism by two channels of valve control and pump control, and could improve
comprehensive performances of variable speed hydraulic systems with large power, such as
low-speed performance, rapid response and high efficiency.

Keywords: variable speed hydraulic systems, valve-pump parallel control, variable structure
control, large power, low-speed performance, rapid response, efficiency.

1. Introduction

The variable speed hydraulic system is a new kind of overall energy-saving system, which
usually utilizes a variable speed pump, a fixed displacement pump driven by a variable speed
electric motor, and controlling the rotary speed of the electric motor will regulates the discharge
flow of the pump and varies the output of actuators. Compared with traditional variable
displacement hydraulic systems, utilizing the form of a constant speed electric motor driving a
variable displacement pump [1-3], variable speed hydraulic systems have many advantages, such
as higher reliability, wider range of speed regulation, better energy-saving, and lower cost [4-6].

However, variable speed hydraulic systems still own some drawbacks as follows. (1) Bad
low-speed performance with severe pressure impact. Hydraulic pumps can't works below the
minimum stable speed, or it will cause severe flow and pressure ripple; moreover, the electric
motor also can’t supply adequate torque to control the pump under comparatively low frequency,
especially at start and stop. (2) Slow response. Duration of acceleration and deceleration of electric
motor are very relatively long due to limitation of overload capacity of inverter and large inertia
of electric motor and pump, these result in slow response.

To solve above disadvantages, a flow valve is commonly connected to the variable speed pump
in series, to form a valve-pump series variable speed hydraulic system [7-8]. In this kind of system,
at low-speed stage and decelerating stage, the valve controls system flow to improve low-speed
performance and decelerating response; at other stages, the valve opens completely and the system
is controlled by the pump. However this compound system responds slowly at accelerating stage
due to lack of enough flow. To solve this problem, an energy regulation device is added on above
system, and forms an energy-regulation variable speed hydraulic system [8-10]. The energy
regulation device can absorb redundant oil fluid during deceleration period and release oil flow
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during acceleration period. However above valve-pump series systems are not suitable to large
power systems, because the flow valve connected to system main circuit in series limits the
maximum system flow.

Valve-pump parallel hydraulic control systems are preferable large power systems, in which
the flow valve is connected to the pump in parallel. So far, the valve-pump parallel control mainly
focuses on electrical hydraulic actuators of fighters [11-13]. In above parallel control systems,
both the valve and variable speed pump supply flow to the actuator, and total system flow is the
sum of valve flow and pump flow, so the valve-pump parallel control only can improve to system
response characteristics but makes the problem of low-speed performance worse [14].

We present a new type of variable speed hydraulic system in valve-pump parallel variable
structure control, where a flow valve is parallel to a variable speed pump and could work at leaking
status and replenishing status, and its control structure can vary with control requirements during
the regulation process. This paper first designs the proposed system and then builds its
mathematical model, analyses dynamic performances by simulation on AMESim platform at the
end.

2. System design
2.1. Operating principle

The Schematic framework of the variable speed hydraulic system in valve-pump parallel
variable structure control is shown in Fig. I, which is an open cycle system. The fixed
displacement pump is driven by the variable frequency motor, and regulating output frequency of
the inverter will vary pump speed and then adjust pump output flow.The servo-proportional
direction valve (SPDV) is coupled to the forward chamber in parallel to drive the hydraulic motor
with the variable speed pump. The solenoid directional valve is used to change the rotary direction
of hydraulic motor. The system is loaded by the loading pump and the load pressure is regulated
by the proportional relief valve. The hydraulic motor speed is measured and fed back to the
controller via the encoder, then is compared with the reference signal and the error is corrected,
and the controller outputs two control signals, one is to inverter to vary electric motor speed, and
another is to SPDV to control its opening.

Controller

Fig. 1. Schematic framework of the proposed system.
1 — Inverter; 2 — Variable frequency motor; 3 — Fixed displacement pump; 4 — SPDV;
5 — Solenoid directional valve; 6 — Hydraulic motor; 7 — Inertia; 8 — Encoder; 9 — Loading pump;
10 — Proportional relief valve; 11 — Loading system; 12 — Oil source of SPDV

Fig. 2 shows the it’s principle in a duty circle.

1) At the start and stop stages with low speed, the system is under the leaking parallel valve
control (LPVC) mode. At the start stage, the pump works at an initial speed, which is above its
minimum stable speed, and discharges a certain amount of flow, and SPDV with a pre-opening at
the very beginning is given negative currents all along, which makes B port links with T port (oil
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tank) to form a bypass leakage passage to improve low-speed performance of hydraulic motor.
Hydraulic motor speed increases with the decrease of SPDV’s opening, and then reaches a stable
speed when SPDV is totally closed. SPDV goes by contraries at the stop stage.

2) At the accelerating and decelerating stages, the system is under variable speed pump control
(VSPC) mode, and hydraulic motor speed varies with pump speed which is above the initial speed.

3) At the uniform stage with high speed, the system is under the replenishing parallel valve
control (RPVC) mode. At this stage, the pump with a fixed speed discharges a certain fluid flow,
which is less than the flow required by desired speed of hydraulic motor, and SPDV is given
positive currents all along, and port P links with B port to compensate fluid to forward chamber
to improve response to load variation.

o RPVC
Q
=
=
g
Q L~
g
2 ™~ vspc /
2 LPVC LPVC
>
= 2 3 4 5
|

Fig. 2. Speed regulation process in a duty circle.
1 — Start; 2 — Acceleration; 3 — Uniform; 4 — Deceleration; 5 — Stop

Therefore, here “variable structure” means that system control structure (mode) varies with
control requirements at different regulation stages, which can make the most of advantages of
variable speed pump control and valve control to achieve comprehensive performances, such as
low speed performance, rapid response to load variation as well as high efficiency.

(Note: for enhancing readability, the variable speed pump control, leaking parallel valve
control and replenishing parallel valve control are referred to as pump control, leaking control and
replenishing control for short in the following paper, respectively).

2.2. System configuration

Key components are selected according to above principle, as shown in Table 1. The Inverter
is a vector inverter, and the pump is a bend axis type of fixed displacement pump with small
displacement and high speed, its minimum stable speed is 500 r/min. The hydraulic motor is inner
curved type with large displacement and low speed, and its maximum speed is 90 r/min. The
loading pump has the same parameters as hydraulic motor. The rated flow of SPDV is selected to
9 L/min according to 6 L/min corresponding to minimum stable speed of the pump.

Table 1. Parameters of key components
Components Specification Components Specification
Electric power: 7.5 kW; Inverter power:11 kW with vector control;
motor rated speed: 3000 r/min frequency range: 0.1-400 Hz
rate flow: 9 L/min at 1.5 MPa per
notch; max current: 40 mA;

Hydraulic speed range: 0-90 r/min;

SPDV ) . motor and displacement: 468 mL/r;
frequency: 60 Hz; loading pump | rated pressure: 40 MPa
damping ratio: 0.7 )

Pump displacement:12 ml/r; Proportional | pressure range: 0.7-31.5 MPa;
speed range: 500-3000 r/min relief valve rate flow: 200 L/min

Inertia 70 gm?
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3. Mathematical modelling
3.1. Variable speed pump link

Since the dynamic of invent is fast enough to be neglected, the inverter is assumed to be a
proportional element, that is:

f= kuup' (D

where k,, is frequency gain of inverter, u, is input voltage of inverter, f is output frequency of
inverter.
Electromagnetic torque of electric motor is:

Ty =krU— kTZWp' 2

where U = k¢f, is phase voltage of stator, and ky = 4.4 is gain from frequency to voltage,
2
kr = %kf =482, kg, = %kﬁ = 3.36, and N =1 is the number of pole pair, R = 0.436 Q

is resistance of rotor side referred to stator, wy, is actual angular velocity of electric motor.
Torque balance equation is:

dw,
p_
b =Tn =Ty = Byw, 3)
where Tp = P D, is load torque, and P, is system pressure (actually, output pressure of the pump),
Dy, is displacement of the pump, Jp is total inertia referred to motor shaft, roughly equal to
0.2 kg/m?, Bp is total viscous damping coefficient, about 0.01 Nms/rad.
Egs. (1)-(3) can be combined and Laplace transformed to yield:

szup - KvlpL

w,=——F+—— 4

p s/wp, +1 “)

kykekT D. kT2+B . .

where K, = — g = —2—, Wpp = ——L and actual rotary speed of electric motor is
kT2+Bp kTZ+Bp Jp

n, = 60w, /(2m). This transfer function indicates that the inverter-motor is a first-order inertia
element, and electric motor speed increases with increasing input voltage u, and decreasing
system pressure P;. Hence the actual flow of the variable speed pump is:

Qp = QpO - CtpPL: (5)

where Q0 = D,w,, is unload flow of the variable speed pump and Cy, is total leakage coefficient
of the pump.

3.2. Valve control link

Under the leaking control mode, the bypass valve SPDV works at leaking status and its flow
equation is given by:
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Q= Qo + K¢, Pr,

Kvlll
o = % + Zfis + 1’
W5y Wy (6)
K, = CSV\/P—L'
_ Csvll
W

where [; is input current of SPDV at leaking status, Cj, is the constant of SPDV, w,, and &g, are
hydraulic natural frequency and damping ratio of SPDV, respectively, Q; and Q,, are actual flow
of SPDV at leaking status, respectively, K,,; and K,; are flow gain and flow-pressure coefficient
of SPDV at leaking status, respectively.

Under the replenishing control mode, SPDV works at replenishing status and its flow equation
is given by:

Qr = Qo + K1 Py,

KVTIT
Qro = 2 ’
SZ + 2w s+1
Wsy  Wsy (7)
Ky = Copo/ Ps — Py,
K. = Csplyr
2 /B—P’

where I, is input current of SPDV at replenishing status, Q, and Q,, are actual flow and unload
flow of SPDV at replenishing status, respectively, K- and K, are flow gain and flow-pressure
coefficient of SPDV at replenishing status, respectively.

3.3. Hydraulic motor link
Under the leaking control mode, the total system continuity equation is:

Qp — Qy = CuPL + Dyywyy, + VosPL/Be. ®)
Under the replenishing control mode, the total system continuity equation is:

Qp — Qr = CuPp + Dywp, + VosPL/Be, )

where C,, is leakage coefficient of hydraulic motor, w,, is angular speed of hydraulic motor, D,,
is displacement of hydraulic motor, Vj, is average volume of forward chamber.
Torque balance equation of hydraulic motor is:

D P, = Jswy, + Bpywy, + T, (10)

where ] is total inertia referred to shaft of hydraulic motor, B, is vicious damping coefficient.
T, = D, P, is load torque produced by loading pump without consideration of pressure of return
chamber, and D; = D,, is displacement of loading pump.

Combing Egs. (5), (6), (8) and (10), the open loop dynamic equation of the proposed system
in leaking control is:
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on - QlO C[
~D, DI (1+ Zwlfl) T
Wy, = 28 , (11)
2 - ls +1

2
where C; = C, + Gy + K¢y, 0, = B;Df, & = G I% C, is total leakage coefficient of the
0 0

2D
proposed system under the leaking control mode, w; and & is natural frequency and damping ratio
of the proposed system the leaking control mode, respectively.

Combing Egs. (5), (7), (8) and (9), the open loop dynamic equation of the proposed system
under the replenishing control mode is:

on - QrO C
D, _0_5(1 +2wr§r) T
Wy, = 25 , (12)
&5t
wr w s+1

2D
proposed system under the replenishing mode, w,- and &, are natural frequency and damping ratio
of the proposed system under the replenishing mode, respectively.

The valve-pump parallel control will switch to the only pump control when SPDV is closed,
and Qyo, @y, K and K., will be zero in Egs. (11), (12), so the open loop dynamic equation of the
proposed system under the pump control mode is given by [15-16]:

2
where C, = Cp + Cp + Koy, 0, = B ;D]m, & = Cr ’I%J C, is total leakage coefficient of the
0. 0

QpO Ct
D,, D2 (1 + Zwmfm) Ty
Wy, = 7% , (13)
=o>m
wrzn + == . s+1
where C, = C, + Cyp, QF ﬁeDm L Em = 2[():t l%] Qpm is total leakage flow of pump
m 0

and motor, C; is total leakage coefﬁc1ent of the proposed system under the pump control mode,
Wy, and &, are hydraulic natural frequency and damping ratio of the proposed system under the
pump control mode, respectively.

We note that Egs. (11)-(13) are similar, so the pump control mode can be regarded as a special
case of valve-pump parallel control mode.

The rotary encoder responds fast and could be regarded as a proportional element:

Km =—, (14)

where K,,, is feedback gain and u,, is feedback voltage of encoder, and n,, = 60w,,/(2r) is
rotary speed of motor.

3.4. Total system mathematical model

Fig. 3 shows the control block diagram ofthe proposed system, which is made up of valve control
link, variable speed pump link and hydraulic motor link. The control system can work at replenishing
parallel valve control mode and leaking parallel valve control mode when SPDV works at leaking
status and replenishing status, respectively. The system parameters are list in Table 2.

© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. MARCH 2014. VOLUME 16, IssuE 2. ISSN 1392-8716 1047



STRUCTURE CONTROL. HAIGANG DING, JIYUN ZHAO

Table 2. Parameters of the total system

1216. PERFORMANCE ANALYSIS OF VARIABLE SPEED HYDRAULIC SYSTEMS WITH LARGE POWER IN VALVE-PUMP PARALLEL VARIABLE

Symbol Value Unit Symbol Value Unit
Vo 1.0x1073 m? Wpp 16.7 rad /s
] 70 kg'm? Wsy 314 rad /s
Dy, 7.45%107 m3/rad [ 0.7
Ce 2.94x10712 | m’/(s'Pa) Wm 10.48 rad /s
K, 1/6 V- min/r Em 0.19
K, or K,,, 0.58 m*/(smV) | w,orw, | 10.48 rad/s
C, or >2.94x1012 | m’/(s-Pa) | & oré&, >0.19
K, 2.14 K, 3.10
K; 3.10
KVX
T Oxo
N sV
+ s+1
Valve control link C, .y s T p
X (4 <’ ki
Iy | D’ ( 20,y m/X) D+
o rep.
S Do b W60 |
St s +1 : > s* ng/x 14 E B
% ' @i ' a)m/Xz a)m/X
Variabl d link
anable speed purmp fm Hydraulic motor link
Km <
Speed feedback

Fig. 3. Block diagram of the proposed system.
Subscript “m/X” represents “m or x” and “x” represents “I” and “r” when SPDV
works at leaking status and replenishing status, respectlvely

The uncompensated open loop transfer functions of the proposed system under the pump
control mode, leaking control mode, and replenishing control mode, are respectively given by:

60K, K,y
Gk (s) = 7 27D %, (15)
(w—b,,+ 1)(w%1+ o s+1)
60K, Ky,
Gu(s) = %, 21D % : (16)
<w$n+ W +1>(wsv+ Wsy S+1)
60K, K,y
69) = g (7
G+ ims 1) (G +1)

It is obvious that these servo loops are type 0 and unstable, which may be corrected internal
links (i.e., K /s, Ki;/s and K,;/s), respectively. So the compensated open loop transfer
functions of the proposed system under the three modes are respectively given by:
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Ky
Gmk(s) = )
S 28m ) (18)
s(wip+ 1)(wrzn+ . s+1
K,
Gu(s) = )
N TR Py 1)
w; a)sv sV
K3
Gri(s) =
s( + % +1)( +2§5”s+1> (20)
a)r (L)r wSV a)SU
where K, K; and K, are internal gains, K; = 60K,,;K,»,K,,/(2nDy,,),

K, = 60K;; K, K.,/ (2rD,,), K3 = 60K, K, K, /(21D,,) are compensated open loop gains of the
proposed system under the pump control mode, leaking control mode and replenishing control
mode, respectively.

From Table 2, we note w,, = w; = w, < Wy, K Wy, so the hydraulic natural frequency w,,
(or w; or w,) is the lowest break frequency and dominates dynamic performances of the total
system, so these high frequency loops in Egs. (18)-(20) can be omitted. According to stable
criterion, and for getting appropriate amplitude margin and phase margin, these compensated open
loop gains should satisfy following relations: K; < w,,épn, Kz < 0§, K3 < w,.&, . After
optimization, we set K,;,;; = 1.5, K;; = 15, K,; = 15. These values are estimated conservatively
because of wide variation of damping ratios, increasing these values will improve dynamic
response indeed but will bring instability problem.

The static closed loop speed stiffness of the proposed system under the pump control mode is:

Ty

Nl

_ KD,
=

@n
The static closed loop speed stiffness of the proposed system under the leaking control mode
is:

Ty
nm

KD},
-

(22)

l

The static closed loop speed stiffness of the proposed system under the replenishing control
mode is:

T,
N,

_ KsDi,
==

(23)

4. Dynamic characteristics analysis
4.1. Simulation model

Fig. 4 shows the simulation model of the proposed system set up on the AMESim platform
according to the schematic in Fig. 1. AMESim is a professional software used for
multidisciplinary simulation in a uniform graphical environment, widely used in the field of
automobile, hydraulic servos [17], aerospace engineering, etc. A simulation on AMESim is
needed to go through four steps: Sketch—Submodels—Parameters— Simulation.

Key components on AMESim are set as Table 1. FP04 is used to set the characteristics of the
hydraulic fluid, in which the effective bulk modulus of fluid is 1400 MPa. To simulate total
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leakages of pump and motor C;, a fixed orifice is parallel connected to the high pressure chamber
of motor and its characteristic flow rate is set to 0.1 L/min per pressure drop of 0.1 MPa. The rated
input of the inverter is 10 V corresponding to maximum speed of eclectic motor, and the rated
input of the SPDV is 40 mA and —40 mA corresponding to maximum positive opening and
maximum negative opening, respectively. Because the previous pump loading system can’t
simulate the friction behavior of hydraulic motor at low speed, a friction model with Stribeck
effect [18-19] is added to form a new loading system, so now the load torque T}, should be the sum
of friction torque T¢ and previous torque Dy P;, produced by loading pump. We build a variable
structure controller, which can switch to pump control mode, leaking control mode and
replenishing control mode according to control requirements.

Friction model

Speed feedbac Loading system
Spagdadback foreseeessssrrreeessseseens : o
Pump control mode o :

\

Proportional;
religf vabve |

Purmp and moter
leakage

Leaking type valve control mode

.
1™ Replenishing type vatve control mode

Variable struct

Fig. 4. Simulation model on AMEsim
4.2. Parameter analysis of total system

This section will observe the influence of valve control on parameters of system in open loop
control and Stribeck effect in the friction model is not taken into account for clear observation.
For examining the influence in its entirety, here the pump control, leaking control and replenishing
control are not targeted at particular regulation stages, which differences to the principle in
section 2.

4.2.1. Influence of control signals on system parameters

Referring to Egs. (11)-(13), the systems in pump control, leaking control and replenishing
control share the same hydraulic natural frequencies, i.e., w,, = w; = w,, which is the lowest
natural frequency in the overall system and dominates the dynamic performance of'the total system.
Therefore, we can conclude that introducing valve control to pump control system doesn’t change
system natural frequency.

However, the valve control circuit has significant impacts on system total leakage coefficients
and damping ratios as shown in Fig. 5, which is tested at P, = 10 MPa. Fig. 5(a) shows control
inputs of the variable speed pump and SPDV: at 0-5 s, the input of SPDV is zero and that of the
pump is a ramp signal, so the system is in the single pump control; at 5-15 s, keeping the inverter
input constant and SPDV is given a ramp signal, hence the system is in valve-pump parallel control;
after 15 s, keeping the all inputs constant. Fig. 5(b) and (c) indicate total leakage coefficients in
pump control are small and constant and little influenced by the pump inputs, but these in leaking
control and replenishing control become greater and increase with the increasing valve inputs.
Reasons are as following. Comparing Eqgs. (11) and (12) and (13), because of the introduction of
valve control, total leakage coefficients in leaking control and in replenishing control increase by
a flow-pressure coefficient of SPDV K, and K., respectively, that is C;, = C, + K,
C, = C; + K.,. The total leakage coefficients of pump and motor C; are small and constant,
whereas K.; and K., are much greater than C, and varies widely with valve input I; and I,
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. . . Cspl} Csply
corresponding to valve opening) according to K,; = ==, K., = ——.
( P g p g) g cl Zﬁ’ cr Zm
04 1012
—u,[V] —I [mA] — I{mA] = .
e K —C =G =G
_ 0] = ]
§ 10 £
g 04 — § 159
I 5
S 104 S 1]
204 E"
304 iﬁ 5]
40 g
5 10 15 2 " : H : |
Time [s] 5 10 15 20
a) Input signal of pump and SPDV b) Total leakage coefficients

1.6+

Cm

Damping ratio

-

1n 15 20
Time [s]

¢) Damping ratios
Fig. 5. Influences of variation of pump and valve inputs on total leakage coefficients
and damping ratios (P, = 10 MPa)

The change of total leakage coefficients caused by valve inputs results in positive and negative
influences.

The positive one, damping ratios in valve-pump parallel control increase with total leakage
coefficients and become much greater than that in pump control as shown in Fig. 5(c), which will
enhance system stability as well as dynamic response by increasing open loop gain K, and K3
according to the stability criterion K, < w,{}, K3 < w,.{, [16].

The negative one, Fig. 5(c) also shows that damping ratios vary widely and even exceeds 1; as
shown in Fig. 6, hydraulic motor speed fluctuates more widely and is more subject to load
variations with the increase of valve input, which indicates that increasing total leakage coefficient
will decrease system speed stiffness. Both the wide variation of damping ratios and reduction of
speed stiffness will add difficulties in prediction and control for dynamic performance of the
system.

90 4

wl ~ Pump control — Leaking control — Repl. control
=z 70 =30m
£ w04 =10 mA
°
2 504
o
@
= 40 N TN TN TN TN TN TN
2 31 =107
204 =-30
104
0 T T T T T T 1
6 8 10 12 14 16 18 20
Time [s]

Fig. 6. Influences of input valve on hydraulic motor speed (P, = 5 + 3sin0.5t MPa)
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4.2.2. Influences of load variation on system parameters

Fig. 7 shows influences of load variation on total leakage coefficients when keeping inputs of
pump and valve constant (u, = 6V, I; = -15mA, [, = 5 mA). Set square wave signal to
proportional relief valve and produce variable load pressure varying between 6 MPa and 9 MPa,
which is approximate to a square wave, as shown in Fig. 7(a). Fig. 7(b) shows that total leakage
coefficients of pump and motor C; in leaking control and replenishing control are similar to that
in pump control, but are less fluctuant due to higher damping ratios. Fig. 7(c) indicates that K ;
and C, have the same variation tendency when the system is in leaking control, which causes wide
variation of C;. However, Fig. 7(d) indicates that K., and C, have contrary tendency when the
system is in replenishing control, which makes C, more constant with less variation.

— Pump control — Leaking control — Repl. control
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Fig. 7. Total leakage coefficients under variable loads
Q
In fact, we can find the answer from the expressions of C;, K; and K., ie. C; = szﬂ,
L

K, = Lol or = Cvlr _ Both C; and K, vary inversely with the P;, but K., is proportional to
2,/Py, 2./Ps—P,

P, in addition, C; = C; + K; and C, = C; + K-, so the system in replenishing control has
comparatively stable total leakage coefficients.

The impacts of total leakage coefficient variation caused by load variation are as follows.

At the aspect of damping ratios, as shown in Fig. 8(a), for the same valve opening, damping
ratios in replenishing control are small than that in leaking control, and more stable than that in
leaking control and in pump control, which contributes to system control and prediction.

At the aspect of speed stiffness, as shown in Fig. 8(b), the speed amplitude in pump control,
leaking control and replenishing control are 2 r/min, 5.3 r/min and 4.4 r/min, respectively, and
hydraulic motor speed in leaking control and replenishing control is more approximate to a square
wave signal compared with that in pump control, these imply that the systems in valve-pump
parallel control own lower speed stiffness and are more sensitive to load variation due to the
increase of total leakage coefficients, but the system in replenishing control has higher speed
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stiffness compared with that in leaking control. Fig. 9 presents that the replenishing control has
more freedom to improve speed stiffness by raising the supply pressure of valve P, just because
raising P; will reduce the valve flow-pressure coefficient K., and total leakage coefficient C,

. Csply
according to K = and C, = C; + K,
2 cr zm r t cr
12 0 - .
Em =1 =4 — Pump control — Leaking control — Repl. control
1.0+ — 8N
€
E
2 H
i 06 % 4U’F‘—bf‘—) \ _“v’“—f )—.\’m_)f\,—fL_I\ — \_/r\,_/_)f\ )
2 i
5 5
5 5 30
5 o4 - AV alalaWalaWat
o i
. Aes in A in ~ . S 2]
(| /A WY A WY e W e W e W D W e £
T 104
00 T T T T T T 1 T T T T T T 1
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Time [s] Time [s]
a) Damping ratios b) Hydraulic motor speed

Fig. 8. Damping ratios and hydraulic motor speed under variable loads

754
— P~25MPa —P;=18MPa —P~10MPa

70

‘e fam ! ' ‘e ‘o R
LT S G S Gt S Gt Al CRE AU Gt SR Ul A ot
B0 4
554

45 4

Hydraulic motor speed [/min]

40
35 T T T T T T 1

Time [s]

Fig. 9. Hydraulic motor speed in replenishing control under different P

However, the system in leaking control doesn’t have such flexibility, because when SPDV is
at the leaking status, both its flow gain K,;; = CS,,\/P_L and flow-pressure coefficient K,; = ;}—%
relate to load pressure P; not P;, but P, varies with load and can’t be intervened manually.

Although above regular laws are obtained as systems in open loop control, are still available
to system in closed loop control.

According to above parameters analyses, the leaking control will be applied to improve
low-speed performance of hydraulic motor at the start and stop stages, and the replenishing control
will be applied to achieve rapid response to load variation at the uniform stage with high speed,
these are examined in section 4.3 and 4.4 in detail, respectively.

4.3. Low-speed performance analysis
4.3.1. Theoretical basis

There are many influence factors on low-speed performance of hydraulic motors, such as
internal factors (motor displacement ripple, leaking ripple and friction torque) and external factors
(flow and pressure ripple of oil source, load disturbance), but the principal factor is friction torque.
Friction is known as a complex nonlinear physical phenomenon, and could be described by static
models or dynamic models [20-22]. Fig. 10 and Eq. (24) present a normal static model of friction
torque, which takes into account stiction, Coulomb friction, viscous friction and Stribeck effect
described by the third item of Eq. (24):
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T, n=0, |T.|<T,
Tf = Tssgn(n), n= 01 |Te| = TS! (24)
T, + (Ty — T.)e~"/nd® + T,n, other,

where T, is external torque, Ty is static torque, T, is Coulomb friction torque, n is relative speed,
T,, is viscous friction coefficient, n. is Stribeck speed, sgn(n) is sign function.

Fig. 10. A normal friction model with Stribeck effect

Stribeck effect is used to describe the friction behaviour at low speed [23]. As shown in Fig. 10,
the friction torque is a function of speed n, and decreases with increasing speed at the region of
small speed (|n| < ng). This effect terribly affects the low-speed stability of hydraulic motors.
Some previous studies [24-25] show that the necessary condition of keeping low-speed stability
is:

4BeKce] )

B>—(B +
m Vs

(25)

where K, is system total leaking coefficient, B = dTy/dn is damping coefficient of friction
torque and other parameters are defined as former. At the region of small speed, the slope between
friction torque and speed is negative due to the Stribeck effect, i.e., B < 0.

The viscous damping coefficient B,, is usually very small, so increasing system total leaking
coefficient K., and inertia J will improve the stability.

In the Fig. 10, ny is called critical speed. Hydraulic motor speed will oscillate below this speed,
which is often called stick-slip phenomenon, and the oscillation will disappear above this speed
ng could be given by [26-27]:

Ts - Tc

ng = \/ﬁ (26)

where K is system stiffness, & is system damping ratio. So increasing K, J and ¢ will obtain lower
critical speed. ¢ could be given by [28]:

27

£ = 1| V) (B + B, 4Kceﬁe)
4 ﬁeDm ] VO .

It is obvious that damping ratio ¢ is associated with total leaking coefficient K., and damping
coefficient of friction torque B. Increasing K, will increase ¢ and lead to lower critical speed. In
addition, ¢ acts terrible nonlinear at small speed region. As shown in Fig. 10, the minus value of
B becomes larger and ¢ becomes smaller as speed decreases at the small speed region, which
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causes higher probability of oscillation and more difficulty of getting lower critical speed [29].

In addition, hydraulic pumps can’t works below its minimum stable speed or it will cause
severe flow and pressure ripple; moreover, the electric motor can’t supply adequate torque to
control the pump under comparatively low frequency, especially at start and stop.

Based on above analyses, the leaking control is employed to start and stop stages with low-
speed. This method has following benefits.

1) The pump could work at a stable speed, which enables the flow of oil source more stable
and electric motor could output adequate torque.

2) Increase total leaking coefficients and damping ratios by adding leakage controlled by the
valve, which will enhance low speed stability and obtain smaller critical speed.

3) Hydraulic motor speed decreases with increasing the valve opening, and damping ratios
variation resulting from the change of valve opening is just opposite to that of damping ratios at
low-speed region discussed previously, and could compensate the reducing of damping ratios due
to the friction negative slop, which contributes to smaller critical speed.

4.3.2. Verification

As discussion previous, hydraulic motors can’t work at low speed in variable speed hydraulic
systems because pumps should works above its minimum stable speed. For highlighting advantage
of the leaking control in improving low-speed performance, we even assume the pump could
works at any low speed in following simulations. These simulations are carried out in open loop
control for avoiding stability problem caused by the closed loop control. We adapt the friction
model with Stribeck effect shown in Eq. (24), and make following setting: Ty = 700 Nm,
T. =500 Nm, T, = 0, ng = 10 r/min.

Fig. 11 shows influences of Stribeck effect on friction torque and hydraulic motor speed when
the system is in pump control. In the process, pump flow increases from zero to 7.2 L/min as the
inverter input increases from zero to 2 V in 10 seconds. It is obvious that after adding Stribeck
effect, the transition from static torque to Coulomb friction torque is an exponential not
instantaneous and the low speed of hydraulic motor is unstable. All those prove that the friction
model could well simulate actual friction existing in hydraulic motors in some degree. Fig. 11(b)
also indicates that single pump control can't assure low-speed performance.

700+ - 10 4

‘ \ ﬂ — with Stribeck effect
600 v ¥ " i f.\ X | —without Stribeck effect

500

— with Stribeck effect
— without Stribeck effect

4004

300 4

Friction torque [Nm]

2004

Hydrualic motor speed [r/min)

1004

0

T T T d 0 T T
4 ] 8 10 0 2 4
Time [s] Time [s]

a) Friction torque b) Hydraulic motor speed
Fig. 11. Influences of Stribeck effect on friction torque and motor speed in pump control

o

0

Fig. 12 shows influences of different pre-openings on start performance when the system is in
leaking control. Fig. 12(a) shows control signals of the valve and inverter. Keeping the control
signal of inverter constant (u, =2 V corresponding to n, = 600 r/min and @, = 7.2 L/min), the
control signal of the valve respectively decreases from —8 mA, —20 mA, —32 mA to zero,
corresponding to pre-opening decreasing from 20 %, 50 %, 80 % to zero, respectively. The red
curve (0 % pre-opening) is the control signal of inverter when the system is in pump control.
Figs. 12(b) and (c) indicate total leakage coefficients and damping ratios in leaking control vary

© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. MARCH 2014. VOLUME 16, IssUE 2. ISSN 1392-8716 1055


http://www.iciba.com/probability

1216. PERFORMANCE ANALYSIS OF VARIABLE SPEED HYDRAULIC SYSTEMS WITH LARGE POWER IN VALVE-PUMP PARALLEL VARIABLE
STRUCTURE CONTROL. HAIGANG DING, JIYUN ZHAO

wildly with the valve inputs and reach maximum at the beginning of start. As shown in Fig. 12(d),
compared with the pump control, the leaking control could basically overcome the influence of
Stribeck effect and obtain sound low-speed stability, in addition, could control start time and
acceleration by regulating the pre-opening, the ruler is that greater pre-opening produces greater
lag and acceleration.

—0% pre-opening

B0 =20% pre-opening
—50%pre-opening
—80% pre-opening

Control signal

— up with 0% pre-opening [V]
= I;with20% pre-opening [mA]
— [;with50%pre-opening[mA |

— [; with80% pre-opening[mA ]
: 8 8 10 20 20 80 80 100

Total leakage coefficient [m3/(s-Pa)]

ro-

Time [s] Time [s]
a) Control signals b) Total leakage coefficients
304 . -
—0% pre-opening 0 —0% pre-opening
251 —20% pre-opening = —20% pre-opening
—50%pre-opening £ ¥ —50%pre-opening
£ 20] —80% pre-opening = —80% pre-opening
o 3 6
£ 154 4 -
£ 5 e
S S 4 g
R E E =
3 al
054 £ 27 ~S X \
T J -
|
0o . : r ; 0 i : 1
20 40 60 g0 100 2 4
Time [s] Time [s]
¢) Damping ratios d) Hydraulic motor speed

Fig. 12. System response in leaking control

Using leaking control at the stop stage will also obtain above similar property, here which is
unnecessary to be verified in detail. Fig. 13 shows low-speed performance in closed loop control.
It is clear that at the start and stop stages, single pump control can't obtain good low-speed
performance because the instability in open loop control makes which in closed loop control worse.
However, the leaking control could achieve good low-speed performance and good tracking in
close loop control.

204

— Reference

— Pump control
15+ \ - — Leaking control

Motor speed (¢/min]
=
N

1 4
0 20 Time [s) 30 0

Fig. 13. Low-speed performance in closed loop control
4.4. Rapid response performance analysis
According to the principle in section 2, the replenishing control is applied to improve response
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to load disturbance at the uniform stage with high speed. At this high speed stage, the Stribeck
effect is ineffective and can be omitted. This section is carried out under closed loop control.

Fig. 14 shows dynamic responses in pump control and replenishing control to step loads, which
are loaded by the proportional relief valve at 6 s and 10s. These responses have following
properties.

1) For any control manner, greater load causes larger speed drop and longer settling time.

2) For the same step load, the speed drop in replenishing control is larger than that in pump
control, which illustrates that under closed loop control, the speed stiffness in replenishing control
is still lower than that in pump control. That is because speed stiffness varies inversely with total
leakage coefficients according to Eqs. (21)-(23), and there is C; < C,, as shown in Fig. 14(b).

3) System parameters (total leaking coefficients and damping ratios) in replenishing control
are comparatively stable, e.g. the damping ratio is round 0.5.

4) Replenishing control can achieve rapid response to load variation compared with pump
control. There are two reasons: first, the systems in pump control and Replenishing control have
the same natural frequency, i.e., w,, = w,, as discussion in Section 4.1; second, comparing Egs. (4)
and (7), there is wg, > wp,, which means that valve SPDV responds faster than variable speed
pump and could regulate flow more quickly.
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Fig. 14. Responses for step loads

As shown in Fig. 15, the system in replenishing control could obtain two benefits by raising
supply pressure F;.
1) Accelerating response. Referring flow gain K, = Cs,,+/P; — P;, and Eq. (20), increasing Py

will increase K, and open loop gain K3 and improve system response at last.

Csvlr
2/Ps—P|
P, will reduce K., and C,, and increasing K5 and reducing C, will enhance closed stiffness
according to Eq. (23).

2) Improving closed stiffness. Referring flow-pressure coefficient K., = , increasing

© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. MARCH 2014. VOLUME 16, IssuE 2. ISSN 1392-8716 1057


http://www.iciba.com/vary_inversely

1216. PERFORMANCE ANALYSIS OF VARIABLE SPEED HYDRAULIC SYSTEMS WITH LARGE POWER IN VALVE-PUMP PARALLEL VARIABLE
STRUCTURE CONTROL. HAIGANG DING, JIYUN ZHAO

—P=12MPa — Ps=20MPa

1.4 MPa—6.2MPa

50 -
—Ps=9MPa

T 45
£
=1
@
2 404
w
=1 !
2
=

354

0 :

50 6.0

T 1
8.0 a0 100

" Time (3]

Fig. 15. Hydraulic motor speed response for step loads under different P;

4.5. Variable structure control
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Fig. 16. System response in a duty circle

Based on the system principle in Section 2 and performance analyses in section 4.3 and 4.4,
we apply variable structure control to the whole regulation process. As shown in Fig. 4, the system
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is loaded by the friction model with Stribeck effect and loading pump, set supply pressure P; of
SPDV to 15 MPa, and step loads are respectively loaded at 20 s and 30 s and produces step load
pressure of 3.8 MPa. The variable structure controller is also established and modes are switched
according to the desired speed n (n = u,, /K, Nnax = 60 r/min). When 0 < n < 12, the leaking
control mode is put to use; when 58 < n < 60, the replenishing control mode is adopted; other
else, the pump control mode is used. This section is carried out under closed loop control.

The switch point at low speed (12 r/min) is determined by deviation of the flow produced by
the variable speed pump working above its minimum stable speed (500 r/min) and leakages of
pump and hydraulic motor. Therefore, set inverter input to 2 V, corresponding to pump initial
speed of 600 r/min and flow of 7.3 L/min. The pre-opening of the valve should be set to permit
the flow leaks entirely. Hence the initial current of the valve is —13 mA, corresponding to 32.5 %
of opening. The switch point with high-speed should be slightly less than n,,,,, and is set to
58 r/min.

Compared with the system in single pump control, the system in variable structure control
achieves good low-speed performance by leaking control at start and stop stages and rapid
response to load variation by replenishing control at the uniform stage (shown in Fig. 16(a)), and
gets smaller speed error in above three stages (shown in Fig. 16(b)), and could basically avoids
pressure impact at start and stop (shown in Fig. 16(c)), and has more stable and greater damping
ratios, which increase with decreasing speed at the start and stop stages and reach maximum value
(shown in Fig. 16(d)).

Fig. 16(a) also shows the proposed system has a good speed tracking in the overall regulating
process, and achieves smooth switch between different control modes, which can be explained
from Fig. 17, which presents the valve and pump response in a duty circle. During the closed loop
control process, both the variations of valve input and pump speed match previous supposition,
and these inputs and corresponding flow are continuous without mutation.

ao’ 10

251
5]
204
- T
E E o4
= 15] =
7 10 Z 54
5 &
BEE 10
oo T T T T 1 15 T T T T 1
10 2 Ed a0 =0 10 0 Ell a0 50
Tirne [s] Time [3]
a) Pump speed b) SPDV input
304
—SPDV____— Variable speed pump
4
AN
-10 T T T T 1
10 20 0 40 50
Time [s]
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Fig. 17. Valve and pump responses in a duty circle

4.6. Efficiency analysis
Transmission of energy in hydraulic systems behaves as the flow of fluid with pressure, and

© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. MARCH 2014. VOLUME 16, IssuE 2. ISSN 1392-8716 1059



1216. PERFORMANCE ANALYSIS OF VARIABLE SPEED HYDRAULIC SYSTEMS WITH LARGE POWER IN VALVE-PUMP PARALLEL VARIABLE
STRUCTURE CONTROL. HAIGANG DING, JIYUN ZHAO

the power is the product of flow and pressure. Pressure matches loads without human intervention.
Hence the control of energy is essentially the control of flow. If the flow controlled by the pump
and valve is assigned reasonably in the valve-pump parallel system, effective energy saving will
be obtained. Here K = Q,/Q, is defined as energy saving coefficient, where @, is output flow of
the variable displacement pump and Q,, is flow passing through SPDV. Of course, the greater the
value of K is, the better the effect of energy saving will be. As shown in Fig. 17(c), majority of
flow is supplied by the variable speed pump and only minority of flow is supplied by SPDV or
leak through the valve in the whole process. So it is obvious that the variable structure control
system possesses comparatively high efficiency while achieving good dynamic response.
Moreover, the coefficient K will become greater and the proposed system will be more efficient
if the maximum speed rises. That is because the majority of flow corresponding to maximum
speed is supplied by the pump not the valve, and the valve’s flow mainly varies with load variation.

5. Conclusions

This paper presents a new variable speed hydraulic system in valve-pump parallel variable
structure control.

1) Compared with traditional pump control systems, valve-pump parallel control systems
share the same natural frequency, but have greater total leaking coefficients and damping ratios,
these vary widely with operating points (valve opening and load pressure).

2) At the start and stop stages, the leaking parallel valve control mode is employed to enhance
low speed stability by increasing total leaking coefficients and damping ratios. Moreover, the
increase of damping ratios caused by leakage controlled by the valve just compensates the
reduction of damping ratios due to the friction negative slop, which further enhances low-speed
performance.

3) At the uniform stage with high speed, the replenishing parallel valve control mode is
employed to achieve fast response to load disturbance. Compared with the system in leaking
control, that in replenishing control has more stable and suitable damping ratios and more
flexibility, and could further improve dynamic response and speed stiffness by raising valve
supply pressure.

4) In the whole process, control structures (modes) vary with control requirement and modes
switch smoothly and a good speed tracking is obtained, moreover, the variable pump provides
majority flow and the valve works at little flow status, so the proposed system still can work
efficiently as pump control systems.

5) In all, the valve-pump parallel variable structure control establishes a flexible control
mechanism by two channels of valve control and pump control, where control structures vary with
control requirement, and could improve comprehensive performances of variable speed hydraulic
systems with large power, such as low-speed performance, rapid response to load variation and
high efficiency.

6. Prospect

In fact, we can improve system performances by two methods: control structure and control
method, and this paper focus on the former. For emphasizing inherent superiorities of the proposed
system, we just use simple internal corrections. For further improving dynamic characteristics of
the proposed system, some advance control methods may be used, such as using friction
compensation to improve low speed performance [30-31], and using adaptive robust control (ARC)
to overcome the influence of timing variation and uncertainty of parameters [32-33].
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