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ABSTRACT Hydraulic transformer is a significant component to develop the future energy saving hydraulic
systems; however, the speed stability is one of the problems in such a machine because the rotor is
unconstrained and the rotary inertia of the rotor is small. In this paper, aiming at the rotating speed
of hydraulic transformer, a hydro-dynamic model of is proposed considering the nonlinear friction, oil
compressibility and leakage. Both simulation and experiment are carried out to validate the hydro-dynamic
model. Moreover, this paper theoretically analyzes the low-speed stability of hydraulic transformer based on
the hydro-dynamic model for the first time. The mechanism of creep is discussed and the creep judgment
method is presented. The influence of each parameter on creep is investigated, and the possible ways to
avoid creep are explored. The calculations of the lowest stable rotating speed and the lowest stable flow
rate without creep are given. This study is significant for the design and practical application of hydraulic

transformer in the future.

INDEX TERMS Hydraulic transformer, hydro-dynamic model, low-speed stability, creep.

I. INTRODUCTION

Nowadays, with the implementation of global energy con-
servation and emission reduction strategy, hydraulic trans-
mission system is also required to improve efficiency, and
increase flexibility and functionality [1], [2]. Under this con-
dition, as a power conversion unit, hydraulic transformer
becomes an universally interesting topic due to the advan-
tages of no throttling loss, energy saving and high effi-
ciency [3], [4].

Hydraulic transformer is firstly proposed by Tyler
in 1965 [5]. From then, it roughly experienced the devel-
opment process from the traditional series structure [6], [7]
to the new integrated structure [8], [9], and then to complex
improved structures [10]-[12]. The new integrated hydraulic
transformer is the mainstream of research, and it can be
divided into valve plate rotating type, swash plate rotat-
ing type, and composite rotating type (both valve plate and
swash plate) according to the adjusting method of control
angle [13]. The valve plate rotating hydraulic transformer is
firstly invented by Achten in 1997 [14]; however, the pres-
sure ratio of this hydraulic transformer is small due to the
limitation of structure [15]-[19]. Then, in terms of this issue,
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in 2009, our group proposed a swash plate rotating hydraulic
transformer with fixed valve plate and the output pressure
can be changed by rotating the swash plate [20], which is
considered with good potentials to extend pressure ratio in
a wide operating condition [21].

However, at present, the research on hydraulic transformer
mainly focuses on basic characteristics, such as pressure
ratio, efficiency and energy saving application [22], [23],
and the research on stability and reliability is very limited,
which is an important reason why it has not been widely
manufactured and used.

Because the rotor of hydraulic transformer is unconstraint
and the rotary inertia of the rotor is small, the rotating speed
of hydraulic transformer is greatly affected by the change
of torque [24], [25]. Especially, when the rotating speed is
low, the friction torque changes greatly, and the rotor of
hydraulic transformer is easy to destabilize and creep [26],
thus leading to unstable output pressure and output flow
rate and even the damage of friction pair in hydraulic trans-
former. Hence, the stability of transformer is the premise of
stable motion of actuator, and the study on rotating speed
stability is very important for the maturity of hydraulic
transformer.

However, in previous studies, most of researchers study the
performance of actuator and the influence of rotating speed
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on the pressure ratio [12], [27], and little attention is paid
to rotating speed itself. In terms of system control, some
models have been proposed before [24], [28], [29]. On the
one hand, these models aims at the whole hydraulic system
including hydraulic transformer and actuator, and the rotating
speed of hydraulic transformer is just an intermediate vari-
able. In order to simplify the analysis of the control method,
the model of hydraulic transformer is simplified to a certain
extent, and the factors considered are not comprehensive. On
the other hand, these models assume that the transformer
has good performance and will not creep. In terms of creep,
based on the test phenomenon, Harbin Institute of Technol-
ogy briefly infers that the reason for creep is the change of
torque [30]. However, it does not further discuss the reason
for the change of torque and how to avoid creep.

In this work, considering the nonlinear friction, oil com-
pressibility and leakage, a hydro-dynamic model is proposed
and validated by simulation and experiment. In addition,
low-speed stability of hydraulic transformer is theoretically
analyzed based on the hydro-dynamic model for the first
time. The critical condition, the mechanism, and the judgment
method of creep are discussed. The influence of each param-
eter on creep is investigated, the possible ways to avoid creep
are explored, and the calculations of the lowest stable speed
and the lowest stable flow rate without creep are given.

Il. HYDRO-DYNAMIC MODEL

The hydro-dynamic model indicates the coupling of the
hydraulic and dynamic effects in the hydraulic transformer.
The hydraulic effects include the torque caused by the pres-
sure ports, the friction exerted on the rotor and flow rate in the
outlet port. The dynamic effects mainly indicate the torque
balance and speed equation of rotor.

A. DESCRIPTION OF HYDRAULIC TRANSFORMER
Hydraulic transformer is similar to hydraulic pump or motor
in structure. The main difference is that the valve plate of
hydraulic pump or hydraulic motor has two ports (A and
T), while that of hydraulic transformer has three ports (A,
B and T). They are linked to high pressure, load, and low
pressure, respectively. The combination of port A and T can
be considered as a variable motor to rotate the rotor, and the
combination of port B and T can be assumed as a variable
pump to drive the load. The structure of swash plate-rotating
hydraulic transformer and the schematic diagram of hydraulic
transformer are shown in Figure 1.

B. TORQUE MODEL
Suppose that V4, Vg and V1 are the displacement of port A,
B and T, respectively, and they can be expressed as [20]:
d2
Va=2- jTTNRsin O%A siné tany
d2
Vp=-2- nTNRsinO%Bsin(a?T + §)tan y ()

d2
Vr=2- nTNR sin (%T sin(o%B —§)tany
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FIGURE 1. Hydraulic transformer: (a) Structure Diagram; (b) Schematic
diagram.

where § is the rotation angle of swash plate, y is the incli-
nation angle of swash plate, @a, o, and o are the effective
wrap angles of port A, B, and T respectively, N is the number
of piston, d is the diameter of piston, and R is the reference
circle diameter of cylinder block.

Theoretical output torque of port A-T (motor) can be cal-
culated as:

_ (Pa —Pr)|Val
2

where P is the pressure of port A and Pr is the pressure of
port T.

Theoretical input torque of port B-T (pump) can be calcu-
lated as:

Ta (@)

_ (P — Pp)|Vs|
2
where Pp is the pressure of port B.

T 3

C. NONLINEAR FRICTION MODEL

The nonlinear friction model adopted in this paper is coulomb
friction model [31], as shown in Figure 2. It is assumed that
the rotor is only subject to coulomb friction torque after it
overcomes the maximum static friction torque, and viscous
friction torque is linearly proportional to the angular velocity.

Coulomb friction torque can be expressed as:
Ci(Pa — P1)|Val| + Ci(Pg — P1)| V3|

T. = 7 “)

where Cr is the mechanical friction torque loss coefficient.
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FIGURE 2. The relationship between friction torque and angular velocity
in nonlinear friction model.

Viscous friction torque is given as follows:

_ Capw (|Val + VB
2

where Cjq is the viscous friction torque loss coefficient, u is
the dynamic viscosity of the oil and w is the angular velocity
of rotor.

The mathematical formula of coulomb friction model can
be expressed as:

Ty

&)

T w=0, o=0
Ce(PaAVA + P|VB)/2r =0, o#0 ©)
[Cr(PAVA + PB|VBI) + Cauw(Va + |VBD] /27,
w#0,0#0
where T is maximum static friction torque.
D. FLOW RATE MODEL
The theoretical flow rate of port B is given as follows:
1)
OBh = 5= Vsl @)
2
The leakage flow rate of port B is given as follows:
C,
Os = —|Vs|Ps ®)
U
where Cj is laminar leakage coefficient.
The compression flow rate of port B is given by:
0c = pvoL® ©)
c=hpVo—

where Vj is the fluid volume in the hydraulic transformer
and pipeline before the transformer starts, and 8 is the oil
compressibility coefficient.

Then, the actual flow rate of port B can be derived as:

w PpCy dPg
Op=0Bnh—0s—0c = —|VB| — VBl — BVo——
2w 27 1L dt

(10

This flow rate model takes account of leakage and the
compressibility of the oil.
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E. ROTATING ANGULAR VELOCITY MODEL
The transformer rotates under the combined function of input
torque, output torque and nonlinear friction torque, then:

Ta—Tg—Tr=Jo (11)

where J is the rotary inertia of rotor.
Suppose that Pt = 0, so the torque balance equation can
be obtained by:

[Val |VBI Ce(PAVaA + Pg|VBI)
AP - 2Py —
2 2 2
_ Capo(Va + VB _
21

By combining the Eq. (10) and the Eq. (12), the angular
velocity equation can be obtained as follows:

. Gs|Vel | Cap (IVal +1VBD .
w + w
2ruBVo 2rJ

Jo (12)

+|VB|2<1 +C) + CaGs (IVal + IVBD V]
472J BVy
|[VallVBIPA(1 — Cr)Cs
472 uBVy

_ 1Veld+Cp

mipv, BT

(13)
Suppose that the flow rate at port B jumps from O to Op
and the pressure at port A jumps from 0 to Py at start time.
From the Eq. (6), we can obtain the boundary condition as
follows:

., =0 (14)

Suppose that:

_ \/|VB|2(1 G0+ CaGo(Val + VoD Vsl

T 42 BV,

Cs|Va| + Can(Val+IVeD)

¢ = uBVo / (16)
2\/IVBI2(1+Cf)+CdCs(IVA|+|VB\)\VB\
JBVy

[VBI(1+Cy) [VallVB|PA(1=CP)Cs
21T Vo O+ aw2] uBVs
[VB[2(14+Cp)+CyCs(IVal+1VBDI VI
4x2J BV,

a7

where ¢ is the damping ratio of hydraulic transformer, wy
is the undamped natural frequency of hydraulic transformer,
and wy is the stable-state angular velocity of the hydraulic
transformer.

From the above three equations, it can be seen that ¢ and wy,
are only related to the structure of hydraulic transformer itself
and reflect the inherent property of hydraulic transformer. wg
is related not only to the structure of hydraulic transformer
itself but also to the input of hydraulic transformer (Qp and
Pa).

Then, the Eq. (13) can be simplified as:

&)+2§wnd)+wﬁw = a)ﬁwo (18)
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FIGURE 3. The simulation model of hydraulic transformer in AMESim.
TABLE 1. Parameters of the transformer.
Parameter Value Parameter Value
Cq 191974 7(°) 18
Cs 2.2746*10°% Vo(m?) 1*10*
Cr 0.0272 Blpa") 0.67*%10
1(pa*s) 0.03 J(kgm?) 0.01
d(mm) 22.18 R(mm) 49.3
coefficient of viscous friction(Nm/(rev/min)) 0.04 Te (Nm) 5
. . (=2 _
By taking the Laplace transform of the above equation, Ts — T¢ ] e~V Dont
Eq. (14) can be rewritten as: Tt 1402 —1-¢2)

[s2a)(s) — sw(0) — W(O)] + 20 wp [sw(s) — wO)] + wle(s)

1
2
= W,Ww( ;
Substitute the boundary condition (Eq. (14)) into the above
equation, and we can obtained that:

T,

Ts —

1
sza)(s) + 2¢ wpsaw(s) + wﬁa)(s) = a)rzla)o; + (19)

It can be seen from the above equation that the angular
velocity is the sum of the response under the step and impulse
input.

When 0 < ¢ < 1, the angular velocity of hydraulic
transformer is calculated as follows:

¢
V1-—1¢2

(LT
Jwq

w(t) = wy |:e§‘““’(— sin wqt — cos wqt) + 1:|

e sinwgr  (20)

where wyq is the damped natural frequency of hydraulic trans-

former and wq = wp+/1 — ¢2.

When ¢ = 1, the angular velocity is as follows:
T, — T¢
J

o(t) = [1— (1 +wn)e ] + wowdte™™"  (21)

When ¢ > 1, the angular velocity is calculated as follows:
wnwo |:e—(§—«/§2—l>wnt 3 e—<{+«/§2—l)wnti|

w(t) = fd =

2
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e~/ E2 =Dt }
21 —¢yer=1-2¢%

I1l. SIMULATION AND EXPERIMENT VALIDATION

A. SIMULATION WITH AMESIim

Taking the swash plate-rotating hydraulic transformer devel-
oped and designed by our laboratory (see Figure 1(a)) as
an example, the simulation is conducted in AMESim. The
coulomb friction model is also used in the friction model
of rotor, which is consistent with the theory. The simulation
model is shown in Figure 3 and the basic parameters [32] are
shown in Table 1.

(22)

B. EXPERIMENTAL PLATFORM

The principle and apparatus of the experimental platform are
shown in Figure 4. The three oil ports of hydraulic trans-
former are connected with constant pressure pump, load and
tank, respectively. The constant pressure pump is used to
simulate the high pressure of the constant pressure network,
and the throttle valve can be regarded as load. The hardware
devices used in the test are shown in Table 2.

C. RESULTS AND DISCUSSION

1) MAXIMUM STATIC FRICTION TORQUE

Set 6 and the opening of throttle valve as constant, and start
the constant pressure pump. Because the sampling mode of
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FIGURE 4. Experimental platform: (a) Experiment principle; (b) Experiment apparatus.

TABLE 2. Details of hardware devices in the experiment of hydraulic transformer.

Name Specification Quantity Remark
Speed encoder OVW-2 1 Measure the speed of transformer
Pressure sensor JYB/40MPa 3 Measure the pressure of three oil ports
Flow sensor EVS3100-1 3 Measure the flow rate of three oil ports
Data acquisition system Dewesoft 1 Obtain test data

TABLE 3. Datas of hydraulic transformer the moment before start.

Serial 0 Pa Py Pr T
number (°) (MPa) (MPa) (MPa) (N*m)
1 45 32 0.61 0.97 29.556
2 72 2.48 0.19 1.08 30.605

data acquisition equipment is discrete, the experimental data
just right at the start moment of hydraulic transformer is not
easy to collect. So we use the data before the start moment to
approximate the data just right at the start moment. Pressures
of three ports are shown in Table 3 respectively. Then the
maximum static friction torque can be expressed as follows:

_ (PA—Pr)Va — VB(PB — P1)
2

Averaging the calculated maximum static friction torque,
we can obtain that the value of maximum static friction torque
is 30.1 N*m.

T

2) ROTATING SPEED

Set § and the opening of throttle valve as constant, and start
the constant pressure pump. Then, record the rotating speed
of the hydraulic transformer from start to stable operation. Set
the parameters of theory and simulation to be consistent with
the experiment. The results are shown in Figure 5.

The results of theory, simulation and experiment are shown
in Table 4 and Table 5. By comparing these data, the following
conclusions can be summarized:

(1) The stable rotating speed of theory is slightly greater
than that of simulation, and the stable rotating speed of sim-
ulation is slightly greater than that of experiment. The stable

61204

rotating speed of simulation is close to that of simulation, and
the error is only 4%.

(2) The stable rotating speed of theory is also close to
that of experiment. The error between them is 13.9% when
O = 26L/min, and it is 10.1% when Qg = 40L/min.
Consequently, the average error is about 12.5%, which verify
the accuracy of hydro-dynamic model to some extent. The
error is mainly caused by the simplification of the model, the
measurement error of J, Cq, Ct, Cs, Ty and the leakage of
hydraulic transformer.

(3) The rotating speed of theory and simulation both have
overshoot relative to the stable rotating speed. The maximum
rotating speed of theory is close to that of simulation. The
error between them is 7.9% when Qg = 26L/min, and it is
19.2% when Qg = 40L/min. Therefore, the average error is
about 13.55%, which verify the correctness of hydro-dynamic
model to a certain extent. In addition, the response speed of
theory is faster than that of simulation. The errors of max-
imum rotating speed and response speed are mainly caused
by the difference between theory and simulation model. The
theory model is not considered the plunger distribution; how-
ever, it is taken into account in simulation model.

(4) The output pressure of constant pressure pump is deter-
mined by the flow rate, and it cannot reach the set value
immediately at start moment. In addition, the leakage of
hydraulic transformer is a little large. Therefore, the response
speed of hydraulic transformer is slower in the test, and the
rotating speed has no overshoot.

(5) Because the non-uniformity caused by the pistons is not
taken into account in the hydro-dynamic model, the pulsation
of rotating speed of theory model is smaller than that of
simulation and experiment.
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TABLE 4. Comparison of theory, simulation and experiment results (stable state).

Serial number Theory stable rotating speed

Simulation stable rotating speed

Test stable rotating speed

(t/min) (t/min) error (t/min) error
1 274 262 4.4% 236 13.9%
2 577 550 4.7% 519 10.1%
TABLE 5. Comparison of theory and simulation results (dynamic state).
Serial number Maximum rot‘atmg speed (r/min)
Theory Simulation error
1 441 476 7.9%
739 597 19.2%
500 r r 800 : :
Theory Theory
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Test Test
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FIGURE 5. Rotating speed of hydraulic transformer: (a) Results of theory, simulation, and test when QB = 26L/min; (b) Results of theory,

simulation, and test when QB = 40L/min.

TABLE 6. Operating angular velocity under impulse input and step input.

¢ AVRI1 AVR2 Y(AVRI1+ AVR2)
CSO X X X
0<{<1 +/- + +/-
&1 + + +

Note: AVR1 means angular velocity of hydraulic transformer under
impulse input. AVR2 means angular velocity of hydraulic transformer
under step input. Symbol x means the hydraulic transformer cannot run
stably. Symbol + means positive value and symbol - means negative value.

IV. LOW SPEED STABILITY

Low speed stability is an important factor that affects the
working performance of hydraulic transformer. Hydraulic
transformer is easy to creep when its speed is low, and the
creep is an important index to judge its low-speed stability.

A. CRITICAL CONDITION FOR CREEP

When the rotating speed of hydraulic transformer is low,
hydraulic transformer usually cannot maintain stable rotating
speed, and enters an unstable motion of start/stop sequences,
which is called the creep of hydraulic transformer. Thus,
if the creep occurs, the rotating speed must be 0 at a certain
moment.

VOLUME 9, 2021

Based on the value of ¢, the sign of angular velocity is
discussed as follows (see Table 6):

€ When ¢ < 0, the angular velocity under both step input
and impulse input are all oscillatory; thus, the hydraulic
transformer cannot run stably and the study does not
make sense.

€ When ¢ = 0, the angular velocity under both step and
impulse input are all persistent oscillation; therefore,
the hydraulic transformer also cannot run stably and the
study does not make sense.

€ When ¢ > 1, the angular velocity under step input
and under pulse input are all positive; consequently,
the sum of angular velocity is also positive and creep
is impossible.

€ When O< ¢ < 1, the angular velocity is positive under
step input, and it may be negative under impulse input;
thus, the sum of angular velocity may be negative and
creep may occur.

So the necessary condition for creepis 0 < ¢ < 1.

Figure 6 shows the change of angular velocity after
hydraulic transformer starts. The curve (a) represents that the
hydraulic transformer does not creep, the curve (c) indicates
that the hydraulic transformer creeps, and the curve (b) shows
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FIGURE 6. Change of angular velocity of hydraulic transformer. Note: ¢,
and t, are the moment of first stop and second start of hydraulic
transformer in the curve (c), respectively.

that the hydraulic transformer is in the critical state between
creep and non-creep.

When the curve does not intersect with the t-axis at the first
trough, the fluctuation of the angular velocity will gradually
decrease and become a stable state (see curve (a)). Assume
that -, — #1 is the duration from first stop to second start of
hydraulic transformer in the curve (c). When #, —# decreases
to 0, the curve (c) is tangent to t-axis and the hydraulic
transformer becomes critical state curve (see curve (b)).
So whether hydraulic transformer creeps depends on whether
the first trough of angular velocity waveform decreases to 0.

Obviously, from the curve (b), we can see that the critical
condition of creep is:

O0<¢<l, t=t,0=0,,0=0,d>0 (23)

When 0 < ¢ < 1 and the absolute value of the angular
velocity under impulse input is greater than that under step
input, the sum of angular velocity will be negative and then
creep will occur.

B. MECHANISM OF CREEP

As the main working medium of hydraulic transformer,
hydraulic oil has compressibility. Hence, the torque generated
by the hydraulic oil can be regarded as variable spring torque.
Meanwhile, the Eq. (12) changes from first order to second
order. This factor provides the condition for the generation of
creep.

On the other hand, the friction torque of hydraulic trans-
former normally increases with the increase of rotating speed.
However, in the stationary and low-speed zone, the friction
torque decreases with the rise of rotating speed instead.
The decrease of friction torque causes the impulse input
(Eq. (19)), thus leading to the possible negative values of
angular velocity, which promotes the generation of creep.
Therefore, the main reasons for the creep of hydraulic trans-
former are the oil compressibility and the decrease of friction
torque in low-speed zone.

The specific process of creep (see Figure 7) is as follows:

(1) When the pressure of constant network reaches the start
pressure of hydraulic transformer, the transformer begins to
rotate.

(2) The friction torque decreases at start moment.
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FIGURE 7. Creep process of hydraulic transformer.

Transformer
decelerate to stop

(3) The transformer begins to accelerate, and its rotating
speed increases.

(4) The flow rate of port B increases (see Eq. (7)), which
leads to the increase of pressure of port B (see Eq.(9)).

(5) The resistance torque of transformer generated by
port B increases.

(6) The transformer begin to decelerate until it stops.

(7) The flow rate of port B decreases (see Eq. (7)), thus
leading to the decrease of pressure in port B (see Eq.(9)).

(8) The resistance torque of transformer generated by
port B decreases.

(9) The transformer restarts again and enters into the next
running cycle when the pressure of port A reaches the start
pressure again.

C. CREEP JUDGMENT METHOD
The curve (b) in Figure 6 shows the critical state of creep, and
contains the functional characteristic of creep. So the curve
(b) is adopted as a research subject in this part.

Eq. (20) can be expressed as follows:

T, —T, 1
o(t) = (———= — wpl)————e ' sin wgt

Jowy /1_4-2

—woe ¢ cos wyt +wy  (24)

In order to simplify the calculation, suppose that:

7 _ Jwnwo
Is—T.
Z is named the creep index of hydraulic transformer.
JI(Ts — T.) is the reciprocal of the impulse input, and wy is
the stable-state response under step input. Therefore, Z can
reflect the common effect of impulse input and step input on
the hydraulic transformer.
Then Eq. (24) can be rewritten as:

(25)

1-¢Z
(1) Ll S sin wgt — cos wat | e wy + wo
ZJ1—¢2

= Ae 5 g sin(wgt — 6) + wy (26)
where A = /(1 —2¢Z 4+ Z2)/(Z2(1 — ¢2)), and tanf =

ZJ1—=¢%2/(1 = ¢2).
Taking the derivative of Eq. (26) and setting it equal to 0,
we can obtain that:

(1) = —CwpAe 2 g sin(wgt — 0)
+Ae 75 wowy cos(wgt —0) =0 (27)
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Then, we can get that:

tan(wqt — 0) = /1 — ¢2/¢ (28)

Further, ¢ can be calculated as:
t=(a+kmw+0)/wq (29)

where o = arctan(y/1 — ¢2/¢).

Taking the derivative of Eq. (27), we can obtain that:

(1) = Ae 5 wow3(2¢% — 1) sin(wat — 0)

_Aefgwntwowﬁzg\/@cos(a)dt —0) (30)

When K =0, t = (ax + 0)/wqy,
(1) = Ae M wpw? /1 — £2(—=1) < 0 (31)

When K = 1,t = (a + 0)/wqy,
(1) = Ae M wpw? /1 — £2(1) > 0 (32)

According to the critical condition of creep (Eq. (12)), it is
obvious that:

K=1, Hi=@+0+m)/wq

Sett = (¢ + 0 + m)/wq, and substitute it into Eq. (26).
When the hydraulic transformer is in the critical state,
it satisfies:

a+0+4m
P e (33)
V1—=20Z+272

According to the Eq. (33), the curve with ¢ as the abscissa
and Z as the ordinate is drawn, as shown in Figure 8. The
curve in the figure is called critical line. This critical line
divides the running zone into two parts: creep zone (lower
part) and non-creep zone (upper part). The value of Z on
the critical line is named creep threshold value under this ¢,
which is represented by Zy(¢).

5

4.5

4

35

3

2.5
l Critical line

\ Non-creep area
1.5

X

A

Creep threshold value (Zo( ¢))

05
Cregp area e,

0
0 01 02 03 04 05 06 07 08 09 1
Damping ratio ( £)

FIGURE 8. {-Zy(¢) diagram.

Based on the Figure 8, we can obtain a method to judge
whether hydraulic transformer creeps under a certain working
condition. Specific steps are as follows:
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(1) ¢ should be calculated by Eq. (16). Then, the magnitude
of ¢ should be judged. When ¢ > 1, transformer does not
creep; when 0 < ¢ < 1, whether transformer creeps is
uncertain.

(2) Z should be computed further by Eq. (25) and Zy(¢)
should be obtained by Figure 8.

(3) The magnitude of Z and Zy(¢) should be compared.
When Z > Zy(¢), transformer does not creep; when Z <
Zp(¢), the transformer creeps; when Z = Zy(¢), transformer
is in the critical state.

D. INFLUENCE PARAMETERS

1) CREEP THRESHOLD VALUE

¢ is the intrinsic parameter of hydraulic transformer. Figure 8
shows that Zy(¢) is uniquely determined by ¢, and is nega-
tively correlated with ¢. Therefore, Zy(¢) is also the intrin-
sic parameter of hydraulic transformer. It can be seen from
Eq. (16) that ¢ is related to J, §, Vo, B, Cq, Ct, Cs, . There-
fore, Zy(¢) is also linked to J, &, Vo, B, Cq, Ct, Cs, . The
relationships between these parameters and creep threshold
value are shown in Figure 9.

Figure 9 shows that Zy(¢) decreases when 8, Cq4 and Ct
increase, respectively, Zy(¢) increases when Cg increases, and
Zy(¢) decreases firstly and then increases when J, Vp, 8 and
1 increase, respectively.

In order to reduce creep and achieve good low-speed stabil-
ity of hydraulic transformer, Zy(¢) should be low. Therefore,
C, should be decreased, §, Cq and Cy should be increased, and
appropriate values of J, Vp, B, i should be selected.

2) CREEP INDEX

Combining Eq. (15), Eq. (17) and Eq. (25), we can obtain
that:

Jwnwo

Iy —T.

[VBI(1+Cy) [VallVBIPA(1—C1)Cs
2 J Vo Op + A2 JuBVy

S (34)
Ts — T \/|VB|2<1+cf>+cdcsuvA|+\vB\)|VB|
472J BV

From Eq. (16), Eq. (33) and Eq. (34), we can obtain that
Ts — T. mainly affects Z, not associated with Z(¢). The rela-
tionships between Ty — T, and Z are shown in Figure 10(a).
It can be seen that Z decreases when Ty — T, increases.
Thus, Ty — T, should be decreased in order to achieve good
low-speed stability of the hydraulic transformer.

It can be seen from Eq. (34) that Ty — T, J, Vo, B, Cq4,
Cy, Cs, u, etc. are constant after the hydraulic transformer
is designed. So Z is only related to O, Pa and § when the
transformer works. The relationships between Qp, Pa, § and
creep index are shown in Figure 10(a) and 10(b). It can be
seen that Z increases along with the increase of Op and P,
and the effect of Op on Z is much greater than that of P on
Z. Z increases along with the increase of 3.

It can be observed from Figure 8 that the smaller Z is,
the more likely it is to creep when ¢ is given. Therefore,
in order to avoid creep and achieve good low-speed stability

7 =
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of the hydraulic transformer, Qg and P4 should be increased.
Z and Zp(¢) both increase when § increases, so appropriate
values of § should be selected.

Through the above analysis, the influence of each param-
eter on creep threshold value (Zy(¢)) and creep index (Z) is
obtained. So the parameter collocation of the hydraulic trans-
former can be estimated when the hydraulic transformer does
not creep, which can be used as a reference for component

61208

and system design and point out the direction for improving
low-speed stability in the future.

E. LOWEST STABLE ROTATING SPEED AND LOWEST
STABLE FLOW RATE

The rotating speed when hydraulic transformer just creeps is
called the lowest stable rotating speed. When ¢ is known,
Zp(¢) can be found from Figure 8. Then the lowest stable
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rotating speed can be obtained by:

oy = D OT =T )
Jwn
The flow rate of port B corresponding to the lowest stable
rotating speed is called the lowest stable flow rate. By substi-
tuting ey, into the Eq. (17), the lowest stable flow rate can be
calculated as follows:

CaCs (1V, V]
OpL = 21 |:|VB|+ aCs (IVal + 1 13|):|wL

14 C
_ 2mPA(1 — Cp)Gs|Va
u(1+ Cy)

(36)

If the hydraulic transformer does not creep, the stable
rotating speed must be greater than wy,, and the flow rate of
port B must be greater than Qpy..

From Eq. (35) and Eq. (36), the lowest stable speed and
lowest stable flow rate of hydraulic transformer without creep
can be obtained and marked on the nameplate of hydraulic
transformer, which is significant for its practical application.

V. CONCLUSION

In order to achieve a strong understanding of the operation of
hydraulic transformer, a hydro-dynamic model of hydraulic
transformer is proposed considering the nonlinear friction, oil
compressibility and leakage. Both simulation and experiment
are carried out to validate the hydro-dynamic model. Results
show that the theory has a good correlation with both the
simulation and the experiment.

The low-speed stability is deeply analyzed based on the
hydro-dynamic model. The mechanism of creep is discussed
and the method to judge whether the transformer creeps is
presented. Analysis shows that the fundamental reason for
creep is the compressibility of oil and the decrease of friction
torque in low-speed zone. Moreover, the concept of creep
threshold value and creep index are proposed, the influence
of parameters on these two concepts are analyzed, and the
possible ways to avoid creep are explored. In addition, this
paper provides the calculation method of the lowest stable
rotating speed and the lowest stable flow rate without creep.
Future work in this direction can be the study of and improv-
ing operation stability of the hydraulic transformer.

NOMENCLATURE
Va  displacement of port A, m
Vg displacement of port B, m?

3

Ve displacement of port C, m?

Pa  pressure of port A, Pa

Pp  pressure of port B, Pa

Pt pressure of port T, Pa

Ta  Theoretical output torque of port A-T, N.m

Ts  Theoretical output torque of port B-T, N.m

VOLUME 9, 2021

T friction torque, N.m

T maximum static friction torque, N.m

T coulomb friction torque, N.m

T4 viscous friction torque, N.m

OB actual flow rate of port B, m3/s

Opm theoretical flow rate of port B, m3/s

Os leakage flow rate of the port B, m3/s

Oc compression flow rate of port B, m>/s

D diameter of piston, m

R reference circle diameter of piston on the
cylinder block, m

N number of piston

o effective angle of distribution ports; ~

8 rotation angle of swash plate; °

y inclination angle of swash plate; *

Cq viscous friction torque loss coefficient

Cy mechanical friction torque loss coefficient

Cs laminar leakage coefficient

B oil compressibility coefficient; Pa~!

% viscosity, Pa-s

Vo fluid volume in the hydraulic transformer
and pipeline, m

J rotational inertia of hydraulic transformer,
kg/m?

1) angular velocity of hydraulic transformer,
rad/s

¢ damping ratio of the system

wn natural angular frequency of the system

Zy creep threshold value

Z creep index
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