Robust Velocity Control of Water Hydraulic
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Abstract— Water hydraulic servo system is attractive tech-
nology for safety environment. This paper deals with water
hydraulic servomotor system. To overcome the highly non-
linearity of flow equation, we linearize and parametrize it.
Considering the effect of parameter perturbation, e.g. load
fluctuation and friction parameters, a method of Lyapunov-
based recursive design is applied to construct a robust rota-
tional velocity controller. The effectiveness of the proposed
controller is examined numerically.
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I. NOMENCLATURE

ce : coefficient of viscous friction
cy : coefficient of Coulomb friction
cs : coefficient of motor leacage

cq : coeflicient of discharge

I : moment of inertia

D : motor displacement

w : angular velocity

x : valve spool displacement

@ viscosity of water

p : density of water

w : valve port width

Vo : average volume of piping between valve and motor
K : bulk modulus of water

Ps : supply pressure

: valve input voltage gain

: valve time constant

II. INTRODUCTION

N A last decade, water hydraulic applications have in-

creased and continues to increase. Water as a pressure
medium gives many benefits compared to mineral oil, in-
cluding easy maintenance, good availability and so forth.
In the early stage of development, many literatures re-
ported the comparison between water and oil on physical
and dynamical properties in use[1]-[5] while these days’ re-
ports give us the results of control techniques of water hy-
draulic devices[6]-[12]. Linjima et.al. studied the position
displacement control of water hydraulic cylinder taking ad-
vantage of the low compressibility of water and low-cost
low-pressure valves[6]-[9]. In [10], the position displace-
ment and velocity control of water hydraulic cylinder are
realized introducing the profile generator which generates
smooth control signal to attenuate a large overshoot. The
rotational angle control and the speed control of water hy-
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draulic servomotor are also tested with conventional PID
controller in [11],{12]. These results are mainly based on
the conventional technique for mineral oil hydraulic sys-
tem and there is a need to be discussed to consider the
properties of water hydraulic devices. These days some
nonlinear robust control methods are applied to hydraulic
devices, however, almost all such papers are on a control of
the mineral oil hydraulic systems. An adaptive controller,
which compensates uncertainties of inertia load and some
physical parameters, is also proposed in [13]. A feedback
linearization method and backstepping design of mineral oil
hydraulic motor are proposed in [14] while the parameter
uncertainty treatment are open question in the paper.

Recently several papers meet these requests with the ap-
plication of modern control theory. In [15], the controller
for water hydraulic pressing machine is constructed by ap-
plying the H,, mixed-sensitivity problem to compensate
parameter uncertainties for the spool clearance and the co-
efficient of flow rate of servo valve and the bulk modulus
of water.

In this paper, we present a development of a design of
a robust rotational velocity controller of water hydraulic
servomotor for the uncertain parameters and the load fluc-
tuation. And we linearize the flow equation which con-
tains nonlinear state variables to apply a robust control
theory. To be more precise, we use the Lyapunov-based
recursive design method to construct the virtual input
and Lyapunov-like function to ensure stability of each sub-
system compensating the effect of parameter uncertainty.
Generally speaking, we can achieve the exponential sta-
bility for such error system by using the sign function to
design a controller. The resulting controller, however, gen-
erates non-smooth signal, therefore it requires large dis-
continuous control input which may occur undesirable be-
haviour for system. The proposed controller ensures to
drive the state error to the set specified by the designer
a priori which contains the origin without using sign func-
tion. The ultimate set to which error converges can be cho-
sen arbitrary small. This is called the uniformly ultimately
bounded stability (UUBS)[16] of the system. This scheme
can be extended to the rotational angle control system.

In Section 3, first of all, we derive mathematical model
of water hydraulic servomotor by linearizing the nonlinear
flow equation which contains control variable. Then we de-
fine the problem to be solved. In Section 4, we construct a
robust controller for uncertain parameters and load fluctu-
ation with Lyapunov-based recursive design. We show the
simulation results of the proposed controller in Section 5.
Finally we summarize our results.



III. PROBLEM FORMULATION

The schematic diagram of the water hydraulic servo mo-
tor system is shown in Fig.1. Under the following assump-
tions, the mathematical model of the servo system was de-
rived:

1. There are no external leakage from the servo valve

and the motor.

2. There are no overlap between the valve body and the
spool.

3. Spool displacement is linear to the input voltage ap-
plied to the servo amplifier.

4. The density and the viscosity of the medium are de-
pendent on the temperature, but are assumed to be
constant during the movement of the plant.

5. The supply pressure from the power unit is constant.

6. The motor displacement is constant.

w

Load

Water Hydraulic Motor

Fig. 1.

Diagram of water hydraulic servomotor
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Fig. 2. torque loss of water hydraulic motor

In general, the stark differences between mineral oil hy-
draulic system and water hydraulic one are the strong me-
chanical friction (Coulomb friction) and impulsive surge

pressure. The former depends on lower viscosity while the
latter on higher bulk modulus of water. Low viscosity re-
quires strong liquid seal to prevent the leakage and this
leads to the larger starting torque. Fig.2 shows the torque
loss of water hydraulic motor under load torque. We see
from this figure that the Coulomb friction of water hy-
draulic motor is very large comparing to the mineral oil
hydraulic motor.

From Fig.1, the equation of motion of the water hy-
draulic servomotor are expressed as follows.

w = —ce%w—l—(l—cf)%PL
, (1)
P = —280 —c,PL+35Q;

where P (= Py — P») is load pressure. The equations for
load discharge 7, and the dynamics of servo valve are given

by
Qr = cdwx\/ips_sg;(x)& (2)
1 K
= -+ —u (3)
T T

where u is the input voltage to the servo valve. By lin-
earization of the flow equation (2), we have

QL = kq{E — k‘CPL (4)

where parameters kg, k. are obtained experimentally
around an operation point of the system. We introduce
the scaling factor S),, S, because the rotational speed w,
the load pressure P;, and valve spool displacement = are
completely different order(

P, = o

S,J’QE:i (5)

S,

With scaling factors and (4), we have linearized system
equation

Yo _ Dp _ DSy p
W= —ceriw+ (1 —cp)52PL
5 DK 2K\ B 2KkqSy
Pr = —gpw- (Cs+kc70) Pr+=vw2 (6)
o _Z 4 Ky
T = T + S;CTu

The control objective is to maintain the rotational ve-
locity w to operation point w. specified by the designer.
It is shown by straightforward that the equilibrium point
(we, Pre, Z.) of system is

we @ arbitrary specified by designer
Celk

P, = —
TS0
B S;,,DWI;O We + (Es + 215()]%) PLe
Te = 2K kg Sa (7)
SPVO

while the control input u. to keep w to the equilibrium
point w is
Up = S—j:ﬁe (8)



where the ¢, ¢y, ¢, I%q, k. stand for the nominal values of
these parameters:

Ce = Ce + Ace, 0<c, <G +Ac <cf

cr = ¢ + Acy, 0<cJ7§(’:f—|—Acf§c}"

cs = Cs + Acs, 0<c; <& +Acs <cf (9)

kg =kq+Akq,  0<ky <kg+Aky <k}

ke = ke + Ake,  0<k, <ke+ Ak, <k}
I=Iy+AI, 0<l<Ig+AI<ly

Note that it is not necessary to have an information of load
inertia to get the equilibrium point z..
With (8), we introduce following state variables

el =Ww—We, €3 =Py, —Pr., e3=27 —Te (10)

and nominal control input

ST
U= Ue + KLUU (11)
where v is the robust control input to be decided, then we
have the error system
é=A(A)e+ AA+ v (12)
where
€= [617 €2, 63]T; b= [Oa 0, 1}Ta

Du DS,
—ceqtr  (L—cp)5F 0
_ DK —(C 4 2ch) 2KkqS,
SpmVo s Vo SpVo !
0 0 -1

T

A(A) =

A(Aceuwe + AcfSpPLe)

T onl

N\ D 2KAkySy: -
—(ACS + L%]%)PLE =

AA = Vi SpVo
0

To clarify the problem to be solved, we introduce follow-
ing definition [16].

Definition II1.1 (Uniformly Ultimately Bounded Stable)
Consider the system & = f(z), x(to) = xo. A solution
z:RT — R", is said to be uniformly ultimately bounded
stable (UUBS) with respect to a set W € R™ con-
taining the origin if there is a nonnegative constant
T = T(xg, W) < 00, possibly dependent on zy and W but
not on to, such that for all ¢t > to 4+ T'(zg, W)

(o)l <n =

a(t) e W (13)

Here we put a natural assumption for uncertain parame-
ters.

Assumption III.1: For uncertain parameters in (9), each
upper and lower bound, that is, (.)~ and (.)* are known.

In Section 3, we construct the robust feedback controller
assuring uniformly ultimately bounded stability of the ori-
gin of error system (12) under the Assumption (III.1).

IV. CONTROLLER DESIGN

In this section, we construct a robust controller for un-
certainties and load fluctuations with recursive Lyapunov-
based design. To be more specified, we design the virtual
input and Lyapunov-like function to ensure UUB stabil-
ity of each sub-system recursively compensating the effect
of uncertain parameters. Before designing controller, we
set some controller parameters evaluating some bounds of
elements in (12).

DS DS
- + P+ - P
“o _(1_cf)27'rl2, “o _(1_Cf)27'rl1
g1 := A [(C+ — ¢ )pwe + (c+ —¢;)SpPre
27Tl1 e e f f/~p
- DK N 2Kk
2 = Spﬂ_‘/ov 3 - s Vb
2Kk S, 2KkFS,
£ = ——a— = —L—
SpVo SpVo
2K\ =
= T kJr — k. P e
€5 (Cs ¢, + ( c c )SpVO) L
2K S
+ —_ T —
+(kq — kq )ml‘e (14)
[Step 1] Defining new state variable é;,és and positive

definite function 1}

1
Vi==é2

S8 )

€1 =e1, éx=ex—PBi(é1),
the time derivative of V; along the trajectories of the sys-
tem (12) satisfies

1-enZo2, 4 )

. D B
< _Ce—u‘/l"‘el o]

- 2wl

D _
——(Acepwe + AcySpPre)

27l (16)

For positive constant &1, we choose virtual input (; for
e1-subsystem as

g1 €

€)= ———=7"+ 17
B =~ (1)
This implies
. ~ DS, . .
Vi < —miVi+ fi(é1) + (1 — ¢p) ——Fé1é2 (18)
2l
where
_ _Dpu . &iellé|
mip = Cg 27‘1’127 f (61) - |é1| _|_£1

The last term in the right hand side of (18) will be canceled
in Step 2.
[Step 2] We introduce the new variable

€3 = ez — [a2(€1,€2) (19)



then we obtain

€y = €9 — [1(&1)
DK

B SpVo “a

2Kk,

—(es + )(é2 + 1)
2K Ak, . -

2Kk,S.
Pr. b
v et o
2KAquz_ .
Wiﬂe B1

—(Acs + (€3 + B2)

(20)

We take the positive definite function for whole error sys-
tem 1

Vo=V + §é§ (21)
The time derivative of V5 along the trajectories of the sys-
tem (12) satisfies

Vo = Vi + é0éy
< —maVa + f1(é1)
DK DS 2Kk,S.
- | - 1- P~ q
+e2 S,V ér+ (1—cy) onr 1T S Vo P2
2K Ak, . - 2K Ak,S. .
- A S < P e — _e -
(Acs + 0 )Pre + AT z ﬂ1]
2KkgSy . .
_— 22
S,Ve 268 (22)
where ms = mq + €3. Therefore we choose the virtual

control input (2 as
1 €

Pa(ér,€2) = —— =1
2(en,) eq |82 + &

(5 +e2)le] + 25 + |4

(23)
where &, is positive constant design parameter. Then

2K kySy
= 24
S €263 (24)

Vo < —maVa + fa(é1,62) +

where

€2|ég|

J2(€1,€2) = f1(é1) + Glte

(5 + 2] + 25+ 1]
[Final Step] We take the positive definite function for
whole error system

1.
We obtain the time derivative of V' along the trajectories
of the system (12) as

V = —Vh+é3és

Bo  2Kkq¢S,

_ o lp = 22 L 2P s 31 (9
mV+f2+€3 v - + Sp‘/b €9 ﬂg (6)

IA

where m = mso + % > 0. Therefore we choose a robust
control input v as

__cifs
€3] + &3

Pa

v="24 3 |é2] (27)
-

where 3 is positive constant design parameter. Finally we
have

V < —mV + f3(é1,é2,¢é3) (28)

where

+ ~

SO - g1 &slés]

e1,€e2,e3) = fa(e1,€2) + ———|€
f3(€1,€2,€3) = fa(é1,€2) %] +§1| 2|
Applying LaSalle’s invariant theorem [17] to this result, we
have desired stability property(UUBS). It is easy to show
that the residual set

52 52 4 2
I e]t+e;te -~
DS:{(61562763) ‘ % §f3(€1,62,€3)} (29)

is a compact set. Moreover by taking the design parameters
&1, & small, the set Dg will be arbitrary small. Then we
have main result.

Theorem IV.1: Consider the system (12) under the as-
sumption III.1. The robust controller (11), (27) ensures
the UUBS of the origin of (12). Moreover the state error
approaches compact set D, defined in (29). |

Remark IV.1: As we see from the equation (12), the co-
efficient of es which is input signal to the e;-subsystem has
the uncertainty I, cy. In this case, we construct theoreti-
cally the stabilizing controller by means of sgn(-) function
in general, however, it requires large control input practi-
cally. To avoid the case, we define the virtual input §; as
smooth function by introducing design parameters &;. For
remaining two design steps, we apply same ides. In fact,
we have sgn function as boundary function by taking &1, &
and &3 as 0.

V. SIMULATION RESULTS

To illustrate the proposed robust controller above, sim-
ulation results are obtained for a system(Table I).

TABLE 1
PHYSICAL PARAMETERS FOR NUMERIACL EXAMPLE

| parameter | value |
D 1.6 x 1075 (m? /rev)
] 0.797 x 10~3(Pa-s) at 30°C
) 995.7(kg/m?)
K 2250 x 10%(Pa)
Ps 5 x 10°(Pa)
Vo 1.272 x 10~*(m?)
w 12.5 x 1073(m)
k. 1 x 10~*(m/V)
T 0.01(1/s)

It is set that each friction coefficient, leak coefficient and
load inertia vary below as:

1x10°=c¢c, <c. <cf=1x10"
— +
0.2fcf<cf§cff0.5



0l=c;, <cs<cH=03 (30)
— .~ + _
09=k; <k <kf=11
Ix107 "=k <k.<kl@=25x10""
0124 =1, < I <1y =0.284

which are obtained from estimation. Each uncertain pa-
rameter is all periodically time varying, for example

ce(t) = 5(ck —cg) + (c; —¢7)sin(t)

for the coefficient of viscous friction and the frequen-
cies of varying are distinct. We give the nominal val-
ues of these parameters as its average. The desired ro-
tational velocity is set to w. = 20(rad/s), then this im-
plies Pr. = 0.124(MPa), z. = 0.509(mm), u, = 0.509(V).
The design parameters are chosen as S, = 1 x 10°, S, =
1x 1075, & = & = & = 0.1 and the initial condition as
w(0) = 0(rad/s), P(0) = 0(Pa),z(0) = 0(mm). And we
notice the input saturation of servo valve, £10(V).

In this simulation, we consider a conventional PID con-
troller as well as robust controller to compare the results
of these controllers. By try and error, we choose PID con-
troller parameters as

t
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Fig. 3. rotational velocity error e; = w — we(rad/s)

Fig.3-Fig.5 are simulation results and show the rota-
tional velocity error e;(= w — w,), the load pressure error
ea(= Pr, — Pr.) and the spool position error ez(= z — x.),
respectively. The solid line is for the robust control re-
sults and the dotted for PID control. From Fig.3, it is
observed that the error of the proposed robust controller
is converges to a neighborhood of 0 smooth and attenu-
ates the parameter uncertainties up to a certain level while
the error of PID control has large vibration. This ampli-
tude of error band depends on the design parameters &;.

In Fig.4 and Fig.5, there remain the pressure and the valve
spool displacement vibration for the uncertain parameters
change. And the state variable Py, is very sensitive to the
uncertainty of flow coefficient &k, because this parameter is
multiplied to & which is designed to cancel the right hand
side of Pp-subsystem so that (5 is required to be large sig-
nal depending on the magnitude of k;[]|r — k, . The precise
estimation of this value is very important for the applica-
tion.
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Fig. 4. load pressure error ez = Pp, — Pp.(MPa)
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In Fig.6, it can be seen that introducing the design pa-
rameters & (¢ = 1,2,3) prevent the robust input v from
destabilizing the whole system. In this simulation we give
rougher value k; as it may be estimated and this makes
uniformly ultimate set to which the error converges being
borderer.
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VI. CONCLUSIONS

In this paper, we proposed a method to construct a ro-
bust rotational velocity controller of water hydraulic ser-
vomotor. The parameter uncertainties describing viscous
and Coulomb friction, leakage of the water hydraulic mo-
tor, linearizing error of flow equation and load fluctuation,
are considered in controller design. By using Lyapunov-
based recursive method, the uniformly ultimately stabiliz-
ing problem with input uncertainty is solved. The resulting
controller ensures the convergence of the error to the com-
pact set that can be arbitrary small by design parameter.
The numerical example shows the effectiveness of proposed
robust controller. We examine the controller experimen-
tally in future work.
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