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ABSTRACT

This paper discusses the advantages and disadvantages of different methods
of stabilization of poorly damped electrohydraulic servos.  Using linear analysis,
it is showm that the technique of dynamic pressure feedback can be employed to stabi-
lize the servo without deteriorating its performance in other respects. An example
is warked out to illustrate the design procedure.
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1. INTRODUCTION

In high power applications, it is a common practice to wuse electro-
hydraulic control systems to conveniently exploit the advantages of low
power flexibility of electronics to achieve signalling and logic functions
and high power capability of hydraulics to provide large forces. Such
systems are said to possess electrical nerve and hydraulic muscle. Examples
of such systems are found in ship steering systems, earthmoving equip-
ment, position control of aircraft control surfaces, radar antenna, anti-
afreraft guns, etc. .

_Inadequate damping is an inherent characteristic of hydrantic systems.
Failure to take this fact into account has led some designers to” accuse®
them of not complying with theoretical predictions and having surprises in
“01'_3- ) _It is therefore necessary to recognize hydraulic systems as those
baving insufficient damping and evolve suitable design methods so that the
overall system possesses adequate damping and performs satisfactorily.

* Presently with HAL, Bangalore.
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2. STATEMENT OF THE PROBLEM

When an electrohydraulic actuator shown in Fig. 1 is used with Posi-
tion feedback for position control of the load, the system is found to exhibit
an objectionably large resonance peak towards the end of or in the fre-
quency range of interest. This resonance peak appears as a result of low
damping together with a low ratural frequency which is equal to the square-
root of the ratio between the equivalent compliance (associated with those
of the actuator mounting, piston rod and lirkages and the hydraulic fluid)
and the meass of the load. Therefore, the problem is to evolve a design
method which increases damping sufficiently or improves relative stability
but does not appreciably deteriorate the performance of the servo in other
respects.
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3. MEeTHODS OF IMPROVING DAMPING

The actuator compliarce and the inertia of the load form a spring-mass
system with small damping. “This damping is essentially derived from smsl
leakages across the valve and actuator piston, seal and bearing friction and
a small stroctural damping. In well-designed actuators, the leakages apd
friction are deliberately kept low for better system performunce.

One obvious method of increasing damping is to introduce additionst
leakage across the control valve and the actuator piston. But these tech-
Diques are unacceptable because of the additional power loss they caus
(especially in an emergency situation in ajrcraft when stored energy B



Stabilization of an Electrohydraulic Servo 307

utilized) and the reduction. in steady state accuracy and output stiffness

they result in.

The use of internal dampers in the valve or increasing damping by feed-
ing the Joad pressure (ir an appropriate sense) to the ends of the spool
quffer from large valve forces and flutter problems in aircraft applications,
External dashpots fitted at the load can be used but at the expense of weight,
space and other mounting problems. ‘

Electrical compensating networks have been suggested® to control the
undesirable nature of the second order dymamics, but these networks need
to be frequently adjusted as the characteristics of the actnator drift with
temperature and other variations. It is reported” that variation in natural
frequency of the system due to changes in temperature and aeration of the
oil can be as much as 409 of the theoretical value.

The above methods while introducing additional damping deteriorate
the system performanrce in other respects. It appears that if additioral
damping could be introduced orly around the resonance frequency, then
the system might be expected to perform satisfactorily. Dynamic leakage
technique® allows a certain amount of fluid to be leaked from one actuator
chamber to the other in the frequercy range of interest thereby introducing
additional damping only arourd the resonarce frequency. Dynamic pres-
sure feedback (DPF) technique senses the differential pressure across the
actuator and feeds this information through a suitable high pass filter to
the torque motor of the electrohydraulic valve (EHV). The high pass filte:
is selected in such a way that additional damping is introduced around
the resonance frequency. These two methods have been found helpful in
stebilizing 2 hydraulic servo having an objectionable resorance peak (as a
result of 2 lightly-damped complex pole-pair) in the frequency range of
interest,

In the following, a linear model for an electrohydrautic servo (consi-
dering small perturbations about the mid-stroke position of the actuator)
is developed and analyzed thereby establishing the need for DPF. An
example is worked out to show how DPF can imprave the system perfor-
mance.

4. MODELLING OF THE SYSTEM

For.the purpose of this analysis, the EHV can be treated 2s a compo-~
Tent which provides an oil flow rate that is proportional to the ocurrent

ISe—7
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flowing through its torque motor. Let this transfer function be &y (m¥s/ 4)
and let kg (4/V) be the gain of the amplifier preceding the EHV,

In the analysis of actuators, such as those shown in Fig. 1, it is usual
to assume® % ® a double-rod-end cylinder having a piston area of 4 (m?
on either side and corsider smal] perturbations of the piston about the mid.
stroke position at which the damping is shown* to be minimum. Then the
dynamics governing the actuator motion can be represented? 2. 3 by

gm =A (¥p + xv) + epm + (V/26) pm (0]

where gm (m?/s) and ppy (N/m?) respectively represent the changes in flow
rate into or out of the actuator and pressure differential across the actuator,
Xp (m) and xp (m) represent respectively the motions of the piston and the
actuator body as shown in Fig. 1, ¢; (m?/s/N/m?) denotes the leakage co-
efficient to account for leakage past the piston, V (m®) represents one-half
the cylinder volume, 8 (N/m?) the bulk modulus of the oil and the dots
over the letters represent differentiation with respect to time.
The equation describing the motion of the load can be written as

Apm = MXy, & Bxm +f @

where Xm (m) represents the load displacement, M (N/m/s*) denotes Joad
mass, B (N/m/s) denotes viscous frictional coefficient and f (N) the externe]
force which may be acting on the load. The following relations are alse
evident from Fig. 1.

Apm =Ke xp 6]
=Ky (xp — xm) @

where K. (N/m) and K, (N/m) respectively represent the stiffnesses of the
actuator attachment and the piston rod, linkages, etc. that connect the load
to the actuator. Using eqns. (1)-(4) above, the block diagram of the electro-
hydraulic rctuator can be diawn as shown inside the dotted rectangle i
Fig. 2.

Position feedback can be implemented by sensing the load position of
the piston position. If a2 potertiometer mounted on a rigid frame and
connected to the load is used, the signal fed back from this potentiometer
will be proportional to the load displacement xp,. If, on the other hand,
2 potentiometer mounted on the actuator body and connected to the
piston rod is used, the signal fed back will be proportional to (xp-+xb) and
not Xp alone as might be mistaken. The block diagram of Fig. 2 is 0
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drawn that it can be used either for load position feedbagk or piston posi-
tion feedback with a feedback gain ot k. (V/m).

For implementing DPF, the differential pressure across the actuator can
be sensed by a suitable transducer and fed back through a high pass filter
having a transfer function of

Hy(s) = (Tﬁl% . )

vhere kg (V/N/m?) is the gain of the DPF loop and Tgq is the time constant.
The compiete block diagram of the system incorporating both position and
dynamic pressure feedback is shown in Fig. 2.

5. ANALYSIS OF THE SYSTEM

The forward transfer function of the biock diagram of Fig. 2 or the
tansfer function of the electrohydraulic actuator, assuming the load force
f'= Kyxm Whece Kj (N/m) represents the equivalent stiffness of the external
load, can be derived as

Gs) =Xm () _ - kakp/d ©)

E(s) T sD(s) + K/ A*
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where
D () =(M|Keq) s* + [(B/Keq) + (1 M[A%)]s
+ [ 5 (aB[A%) + (Ki/Keg)]
and
(1/Keq) =(1]Kq) + (1} Ke) + (V]2BA43).
Since the leakage coefficient ¢, and the viscous damping coefficient B are

very small quantities, it can be seen that G (s) will have a negative real poje
very near the origin and a lightly-damped complex pole-pair.

Considering the systemn of Fig. 2 with position feedback only, the open
loop transfer function can be wiitten as kg G (s) or kz G (s) Hz (s) depend-
ing on whether load position feedback or piston position feedback is
employed where

Hye(s) = Xp; Xp — (Ms*> + Bs + K¢) (Ko + !ge) + KoKe @
m

K(IKE

In the case of piston position feedback, the open loop transfer function
kx G (5) Hz () will have, besides a negative real pole, a pair of lightly
damped complex poles and zeros which cancel each other when the leakage
coefficient ¢; and the inverse of the liquid spring stiffness, viz., (V)2 B4}
are zero.

Considering the root locus of ths system of Fig. 2 with load position
feedback alome, it can be seen that the lightly-damped complex pole-pair
of the open loop transfer function will soon move into the right half plase
as the gain k4 is increased thus making the system unstable. Similarly consi-
dering the root locus (as kq is varied) of the system with piston position
feedback alome, it can be seen that the system may be unconditionally or
conditionally stable depending on whether the two branches of the root
Jocus connecting the pairs of lightly-damped complex poles and zeros remain
in the left half plane or enter the right half plane. In either case, the closed
loop transfer function Gy (s) of Fig. 2 with position feedback alone wil
have a lightly-damped complex pole-pair in the left half plane besides 3
negative real pole for any value of the gain kg within the stability Iimit
This lightly-damped pole-pair is the one that is respensible for producing
an objectionably high resonance peak in the frequency response. Besides,
such a system will have a small stability margin. Thus there is a need for
system compensation. It is shown in the followirg that the necessary com
pensation can be effected by employing DPF.
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[n order to understand the effect of DPF, assume that the position
feedback loop is initially closed and a suitable value for the gain k, chosen
(within its stability limit) before closing the DPF loop so that the transfer
function Gp (s) of system with position feedback alore becomes the forward
ansfer function for the system with DPF. Then the open loop transfer
function of the system with DPF is given by Gy (s) Hg (s) Hp (s) where

- Pm (s) _ Ms® + Bs + Ky
HP (3) - 1?:?7(5‘) - A . (8)

The tiansfer function Hp (s) above can have two negative real zeros or a
complex pair of zeros depending on the actual values of the parameters M,
Band Ky. The root locus of the system with DPF as the gain kg is varied
is sketched in Figs. 3 {a) and (b) for the two cases wherein Hyp (s) has two
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Degative real zeros and complex pair of zeros respectively. From this figure
it can be seen that, by properly choosing the values of Tgand kg, the damp-
g ratio cortesponding to the complex poles of the overall closed loop trans-
fer function can be sufficiently increased thereby 1educing or eliminating
the Tesonance peak in the fiequency response. A suggested value® for
Ty is approximately equal to ome-third the natural frequency of the
complex pole-pair of Gp (5).
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It is necessary that the overall system o1 the servo keep its commangeg
position under load disturbances. An idea about how well the serve maj.
tains its position under load disturbances can be obtained by considering
the mechanical impedance [APm/( —X7m)] and the output stiffness [F/(‘Xm)I
of the system. Higher values for these quantities irdicate that the servg
will be able to maintain better its commanrded position under load disty-.
bances. The mechanical impedarce ard the output stiffress of the system
of Fig. 2, assuming load position feedback and zero command, can be
wiitten as

ﬁ - s + (kakokz/d)
—Xm  (e/A®) + (5/Keq) + [kakvkaTas/ A1+ Tas)]

and

e =

Tt may be noted that at low frequer.cies, the above two quantities are approx-
mately equal. The low and high frequency valves of the mechanical impe-
dance are respectively given by (kakvked/c,) ard Keq. The zero frequency
value of the mechanical impedarce depends on the leakage coefficient ¢
and some other parameters of the system while its infinite frequency value
depends only on the equivalent stiffness. The zero frequency value of the
output stiffness is very high because the leakage cocfficient ¢, is very small
However, an increase in leakage at higher loads will decrease the value of
the output stiffness at low frequencies. Now it is clear why it is important
to minimize leakage while designing the actuator and the associated valve.
It may be noted that direct pressure feedback =as obtained by making
T4 — oo decreases the zero frequency value of the mechanical impedance
while DPF maintains it as if only load position feedback existed. At inter
mediate frequencies, the mechanical impedance looks like a complex spring
its value being dependent on frequency.

6. DESIGN EXAMPLE

Let the given data be:
kp =31-13 X 10~3 m¥/s/4
A =7-52 x 104 m?
Stroke of the actuator = 10-'m
g =0
B =52-75 x 107 Nfm?
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M =1,000 kg
B =21,100 N/m/s
K, =9 x 107 N/m
K, =4-5 X 10" N/m
K; =0
kg =160 Vim
It is desired that the magnitude response of the overall servo monotoni-
cally decrease with frequency.
Substituting the above values in egn. (6), the forward transfer function
can be obtained as
06) = e 10539 o (0T 571
Comsidering load position feedback alone, the maximoum value of the gain
kq for stability can be calculated as 3-2 %102 4/V. Choosing kg —2-37

% 107° 4]V, the transfer function Gy (s) of the system with load position
feedback alone becomes

Gpls) = 6 _ 1,020
P 14 kxG ™ (sF+15-8) [(s + 2-65)2 4 (101-6)]
The lightly-dainped complex pole-pair of Gy (s) gives 1ise to a resonance peak
of about 9 db as shown by curve A of Fig. 4 Now, by employing DPF
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and finally selecting Tg = (1/30) and kg =9-2 <1078 V/N/m® after cong.
dering various combinations, the overall closed loop transfer function ¥ (s
can be obtained as

. 1-58 x10%(s + 30)
ke M) = (7168 + 5151+ 30 5 + (547

The magnitude response plot of kpM (s) with frequency is as shown by curve
B of Fig. 4 which monotonically decreases as desired.

7. CONCLUSION

This paper has considered different methods of stabilization of poorly-
damped electrohydraulic servos and discussed their advantages and dis-
advantages. Using linear analysis, it was shown that dynamic pressure
feedback can be advantageously used to improve relative stability of the
servo without deteriorating the system performance in other respects. An
example is worked out to illustrate the design procedure.
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