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ELECTROPNEUMATIC SERVOACTUATION
AN ALTERNATIVE TO HYDRAULICS FOR
SOME LOW POWER APPLICATIONS

ABSTRACT

Use of compressed gas to power a high-
performance servoactuation system may be
an attractive, lower-cost alternative to a more
conventional electrohydraulic servo system.
This paper discusses the present state of the
technology of high-performance electro-
pneumatic servoactuation. Particular empha-
sis is placed on dynamic response, both
analytical modeling to predict response and
special hardware configurations to improve
response.

Considerations of electropneumatic servo-
actuation are treated from the systems stand-
point where the source of the pneumatic
power, power consumption, power modula-
tion (i.e., valve controls) and nature of the
servoelectronics are important in determin-
ing the suitability and potential cost of an
electropneumatic servo system.
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INTRODUCTION

Electrohydraulic position servos can provide
excellent performance for a wide range of
actuation power requirements. However, a
distinct drawback in the choice of electrohy-
draulic servos is cost. The higher cost asso-
ciated with electrohydraulic servos is due,
primarily, to: (a) the need for a high-pressure
hydraulic supply having good contamination
control, and (b) the use of high performance,
two-stage servovalves.

Two alternative technologies for servoactua-
tion of low power level loads are receiving
considerable attention because they may
offer acceptable performance at lower cost.
These are: (1) electromagnetic servos using

brushless, samarium cobalt, electric motors,-

and (2) electropneumatic servos. This paper
describes recent developments at Moog Inc.
with electropneumatic servos, and a com-
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panion paper does the same for electromag-
netic servos!

TECHNOLOGY COMPARISONS

The potential for alternate technologies
should be assessed in light of the well-known
capabilities of conventional electrohydrau-
lic servos. Figure 1 shows typical power level
and dynamic response requirements for a
variety of aerospace servoactuator applica-
tions. The performance available with elec-
trohydraulic servos encompasses every appli-
cation shown. This is easily explained
because electrohydraulic servoactuation
systems have been (and will, undoubtedly,
continue to be) designed and developed to
accomplish essentially every task that has
appeared.

1See References



Figure 1 indicates that applications in the
lower ranges of power and dynamic response
may also be satisfied with electromagnetic
and electropneumatic servos. The best
choice, then, is determined by other consi-
derations such as those listed in Table I.
Putting aside Customer Preference (i.e.,
“bias”) as the often prevailing concern, the
aspect of Cost is generally dominant. Experi-
ence indicates that, in many applications,
the cost of either electromagnetic or electro-
pneumatic servoactuation will be lower than
electrohydraulic.

This cost differential rapidly dissipates for
applications that require high power and/or

high dynamic response. The present practi-
cal limits for electromagnetic and electro-
pneumatic aerospace servoactuators are
approximately those shown in Figure 1.

In comparing costs, one must be careful to
consider the total cost of the entire servo-
actuation system. If a servoactuation system
is defined by the components that relate an
electrical command to the motion being
controlled, together with the power source
and power conversion equipment necessary
to run the servo, then the block diagram of
Figure 2 describes the system. The compo-
nents commonly used for each type of servo
are named in Table Il. The need for accesso-
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FIGURE 1. TYPICAL AEROSPACE APPLICATION REQUIREMENTS
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FIGURE 2. SERVOACTUATION SYSTEM COMPONENTS

ries such as a pump, filter, reservoir, battery,
etc. is self evident. Unfortunately, the higher
cost of an electrohydraulic servo often results
from the power conversion equipment
needed to provide high-pressure, hydraulic
fluid having low contamination.

The relative costs of alternate actuation sys-
tems designed for a specific application will
depend, primarily, on the actuation power
level. The term actuation power, as used in
this paper, is the maximum power that can
be delivered by the actuator to move the
load. This is not the product of stall force (or
torque) and no-load velocity, but, rather, is
the maximum power the actuator is capable
of delivering to the load. For electropneu-
matic and electromagnetic systems, the
maximum continuous* actuation power is
approximately % of the product of stall load
and no-load velocity, whereas for an electro-
hydraulic system, theoretical maximum
actuation power is 0.38 (stall force x no-load
velocity).

Generalized cost trends for the three types
of actuation systems discussed here are illus-
trated in Figure 3. It should be emphasized
that these cost comparisons relate to flight-
worthy aerospace hardware and the costs
include all components of the actuation sys-
tem (see Table Il.) In the range below ¥ hp,
an electropneumatic actuation system is on
the order of one-half the cost of an equiva-
lent electrohydraulic system.

*Electric motor actuators can usually be
overdriven for a short period of time (hence,
momentarily develop higher output power).
The period of overdrive is limited by exces-
sive internal heating of the motor or the
drive electronics.

TABLE |

OTHER SELECTION CRITERIA FOR
SERVOACTUATION SYSTEMS

e Customer Preference

e Cost

e Size & Weight

e Duty Cycle

e Environment: vibration, shock & acceleration
temperature
nuclear hardening
EMI

e Static Accuracy

o “ilities™: storability
verifiability
reuseability

maintainability
transportability
reliability



ELECTROPNEUMATIC
SERVOACTUATORS

Consideration of an electropneumatic servo
for a specific application generally focuses
on dynamic performance. Obviously, the
“fluid” used in a pneumatic servo is highly
compressible and this compliance introduces
severe performance degradation. The basic
problem can be traced to the low-frequency
time constant associated with pressure
changes in the piston control chamber. This
time constant not only reduces the dynamic
response of an electropneumatic servo, but
it also limits actuation loop gain which, in
turn, degrades static accuracy (e.g., resolu-
tion and hysteresis from load friction, and
positioning non-linearity due to external
loading).

Another serious drawback with many electro-
pneumatic servos is the dramatic change in
actuation stiffness that occurs with variations
in operating pressure and with movement of
the actuator throughout its operating range.
To assess the magnitude of these effects it is
helpful to develop a simplified analytic model.

Consider the electropneumatic actuator illus-
trated by the partial drawing in Figure 4. This
actuator, which might position fins for steer-
ing a tactical missile, is a simple push-push,
three-way, double-piston configuration hav-
ing a 2:1 area ratio. Servo operating pres-
sure is supplied continuously to the half-
area piston.

A pair of two-way, solenoid-operated poppet
valves control gas flow into and out of the
large piston. These solenoid valves are
driven in an ON-OFF-ON fashion to create a
closed-center condition so that continuous
gas flow from supply pressure to exhaust is
avoided.

A position transducer is attached to the out-
put shaft of the actuator to provide a load
position feedback signal. When an error
exists between the feedback and command

signals, a servoamplifier drives a propor-
tional, pulse-width modulator (PWM) which
supplies a series of electrical pulses to the
appropriate solenoid for reducing the error.
The modulation frequency of the PWM is
typically 5 to 10 times higher than the high-
est servo operating frequency. The useful
range of modulation extends from the short-
est width pulse that will result in movement
of avalve poppet, up to a pulse width that will
give continuous poppet opening.

i/

s
w
-
w
4
w
=
o
=
<C
2
S EM /
S s /
= V'
o
2
[
el —————— =+ - -4
g A 3
B s /] , 0ST REFERENCE POIN
s .
Z 0 |
g w7 ! |
| NOTE: In addition to power level, other important
/] A cost drivers are:
04 g T « production rale and lotal quantity -1
ﬁ ] | « envelope and weight reslrictions
03 = . « accessories (e.g. digilal interface, BIT,
I shalt lock, efc)
EP | « redundancy
02 B | | L
005 0l 02 03 05 07 10 H 3 5 7 10 0 3 5 70 100

ACTUATION POWER DELIVERED TO LOAD - HP
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ANALYTICAL MODEL

The parameters that are used for a simple analytic model
of this servo are illustrated in the sketch of Figure 5 and
defined in Table lil. The equations relating the variables
of this system are:

SOLENOID COMMAND

es = Ka Km (ec - Kr 6.)
(ASSUMING THAT NO ELECTRICAL COMPENSATION IS USED)

SOLENOID FLOW EQUATIONS? (SEE FIGURE 6)

V.VA =es Ks

AND

e

{FOR es>0

Bz
Ps / (cHOKED)

o P FOR es >0
Wa=es Ks == Ci f P
/Ts AND (-1 ) >re
Ps
. P FOR es<0
We=esKs [ —) C { P
/Ty AND <—E> <rc
P (CHOKED)
. P FOR es <0
Ws =es Ks 1) Cif2 P
T AND <—E> >rc
P4
where
Ks = Co Ao (EFFECTIVE ORIFICE SIZE)
k
={_2 M
re ( Kt 1>( k-1 ) (A CONSTANT)
2gk _
Ci= [ =22
1 R (k-T) (ANOTHER CONSTANT)
+1
Co= QRE <k+L1>(E) (YET ANOTHER CONSTANT)

This imposing set of gas flow equations determine the
actual valve gas flows for: (1) adiabatic conditions (no heat
transferred between the gas and the valve or actuator
parts), (2) the state of the gas flow (i.e., sonic for equations
2 and 4; subsonic for equations 3 and 5) which exists for
valve pressure ratios above or below the critical pressure
ratio, re, and (3) the gas characteristics, k and R.
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FIGURE 4. 3-WAY ROTARY ELECTROPNEUMATIC ACTUATOR

TABLE I

DEFINITIONS AND NOMENCLATURE

ec = piston command signal volts
er = position feedback signal volts
es = solenoid drive signal (% modulation) %
fi2 = various dependent functions _——
C12 = various constants _——
V.VA,B = weight of gas flow Ib/sec
Qas = volumetric gas flow in*/sec
Ps = supply pressure psi
P, = control piston pressure psi
Pe = exhaust pressure psi
Ts,1 = gas temperatures (°R = °F + 459.7) °Rankine
V1 = control chamber volume in®
p1 = gas density in control piston chamber Ibs/in®
R = gas constant in/°Rankine
k = ratio of gas specific heats _——
rc = gas critical pressure ratio _——
g = gravitational acceleration 386 in/sec?
B+ = bulk modulus of gas in control chamber psi
M. = actuator torque in-lbs
6. = actuator position radians
Ka = servoamplifier gain volts/volts
Km = PWM gain %/volt
Ks = solenoid valve equivalent orifice size in?
Kr = position feedback gain volts/rad
K12 = other constants -
Co = valve orifice flow coefficient =07 ———
Ao = valve orifice area in?
A = control piston area in?
r = radius at which pistons act in
I=load inertia in-Ib-sec?
B = load damping in-Ib-sec
T. = load time constant sec
Te = actuator pneumatic time constant sec
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where GAS BULK MODULUS B =k Py  (16)

Clearly, a number of simplifying assumptions
have been made to arrive at this analytic ves

model. These include:

ACTUATION TORQUE
EQ. (1)

P no dynamic compensation is used in i

ML = Ar (P‘ - ?s> an the electronics, ’ ey
the solenoid dynamics (both electrical

and mechanical) are negligible,

the speed of operation is such that adia-

.
e pp—

AND LOAD VELOGITY batic gas f|ow.can be assumed, ' Pe | P Ps
» performance is modeled for small dis- !
= Mo (18) placements so the control chamber Wol L soLENOID 8
sI+B volume, V4, can be assumed constant, l ,;
* negligible shaft compliance exists so U Q.3
the actuator and load dynamics can be Ea@4 (N ‘
lumped, e
« the load damping is viscous, and
Ablock diagram representation of equations * additional loads have been overlooked
1-18 appears in Figure 7. (e.g., spring rate effects on the load). FIGURE 6. SOLENOID GAS FLOWS

VALVE GAS FLOW
PISTON
T1
es>0 .
a
[} INERTIA
e + AMPL. moo. |es | so - 1 mston |M, 1|4
N L Kn Ks bl = Ar O~ s
er
‘es<0 °
. \_ DAMP.
( [ B
Cif. A
i or Ws
C
L XDCR. y

Ke

FIGURE 7. BLOCK DIAGRAM FOR ELECTROPNEUMATIC SERVOACTUATOR OF FIGURE 5



A better intuitive appreciation of this electro-
pneumatic servo can be gained by lineariz-
ing the gas flow equations for small perturba-
tions about a nominal set of operating
conditions. In addition, assume that the gas
flow through both solenoids is choked (i.e.,
sonic). Gas flow through solenoid B will be
choked for all but extreme load torque condi-
tions as P1> Pg. P¢ is nominally about } Ps,
which is approximately the value of the gas
critical pressure ratio, rc. (See Table IV). This
means that Py=r. Ps. Therefore, gas flow
through solenoid A is close to choked. (Also,
recognize that the amount of gas flow is not
discontinuous as it changes from subsonic
to sonic so the assumption of choked flow is
reasonably accurate.)

In addition, it can be assumed that the gas
temperature in the control chamber, Ty, is
relatively constant at the operating point
conditions. All of these assumptions lead to
the following linearized equations where
the various constants, Ki-Kz, are defined in
Table V.

Wa = Kies (19)

\;Va = Kaes + K3Ps (20)

AQ =Kq AW - KsPs v @
where AV.V = WA - V.Vs

P, = KePs + K7 AQ 22)

In practice, the solenoid orifice sizes are
selected so that K1 = Ka. All of this leads to
the simplified block diagram of Figure 8.

TABLEIV REPRESENTATIVE GAS PARAMETERS
Parameter Nomenclature ‘ Air ‘ Helium Nitrogen
gas constant R 640 4636 662
ratio of specific heats k 1.41 1.66 1.41
critical pressure ratio rc - 0.528 0.488 0.528
gas flow constant C. V°R/sec 2.06 0.647 2.00
gas flow constant C. J°R/sec 0.533 0.209 0.524

TABLE V

Ky = <Ks Ps Cz) Ibs/sec
/Ts %/100
Ko = (Ks P10 Cz) Ibs/sec
/To %/100

T p5|

Ko = pL in¥/Ib

10

-
e
%%gg%m
e
e

LINEARIZATION COEFFICIENTS

. 3
Ko = ( AW, ) in /sgc
Pro Pro psi
Ke = (kAQg> 1
10 sec
K P psi
K, = [ KPwo pst
7 ( Vm ) in3

SECOND SUBSCRIPT 0 DENOTES
NOMINAL OPERATING CONDITION

NOTE: K, and K; vary with actuator position,
Ks and K vary with nominal solenoid flow,
K, and K; vary with nominal actuator load,
K, varies with nominal servoloop gain,
and for static conditions, K;, K; and Kg approach zero

The forward leg of this block diagram includes
two dynamic effects: (1) the first-order dynam-
ics associated with gas compressibility and
valve damping, and (2) the first-order dynam-
ics associated with the load. The time con-
stant associated with the load is generally
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small, or may cease to exist when the load
damping is insignificant.
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The time constant associated with the idio-
syncrasies of the pneumatic medium is long
(and so, quite troublesome) and varies widely
with nominal operating conditions.

~ 1
" Kz (KaKs + Ks - Ke/K7)

T (24

This gas time constant contains the following:

a) Ky isthe fluid bulk modulus which rep-
resents the increase in Py due to incre-
mental increases of fluid into the con-
trol chamber volume,

b) K3K4 is the increase in flow through
solenoid B due to increased P4,

¢) Ks is the fluid density effect that
reduces the relationship of volumetric
flow to weight flow as Py increases,
and

d) Ke/K7 is the increase in bulk modulus
with higher Py that, in effect, makes
the fluid volume stiffer.

In a typical application, T. may be 0.003 sec
(corresponding to a corner frequency of 50
Hz) whereas Te may vary from 0.08 to 0.008
sec (2 to 20 Hz) as the control piston moves
from fully extended to fully retracted and as
other operating conditions change. The vari-
ation of loop dynamics is illustrated by the
frequency response plots in Figure 9.

The reader should be cautioned about use
of the simplified block diagram shown in Fig-
ure 8. Several of the linearization coefficients
vary in value as the actuator operating condi-
tions change (specifically: position, velocity
and torque). Also it should be noted that
when the actuator approaches a static
condition, the feedback in the Valve Damp-
ing Loop approaches zero. This leaves the
basic integration of flow into the control cham-

ber with near-zero position. This integration
reduces static inaccuracies to reasonable
values.

COMPENSATION TECHNIQUES
FOR PUSH-PUSH PNEUMATIC
SERVOACTUATOR

The most effective technique for improving
the performance of a push-push electro-
pneumatic servoactuator being practiced
today is to attempt to linearize performance
by compensating for the wide variations in
the gas time constant. A practical scheme is
to utilize the half-area biasing piston as
another gas damper that also varies with pis-
ton stroke. This approach is illustrated by
the schematic in Figure 10.

Moog has modeled this system for accurate

o

FIGURE 10.

design analysis by an extension of the basic
system equations (1-18) to include two more
gas control volumes, V2 and V3. Digitally
derived solutions using CSMP3 with IBM
VM370 software on an IBM 3033 mainframe
computer give good correlation with hard-
ware test data.

Intuitively it can be seen that the affect of the
damped biasing piston is to add two more
minor loops that relate additional piston tor-
ques to piston velocity. These loops have
gas time constants, Tg, and Tea, that act in
parallel to that of the control piston. When
the gas time constant of the control piston is
longest (i.e., when the control piston is
extended), that of chamber V2 (which is about
the same size as the control chambervolume)
is shortest. This offsetting affect reduces the
variation of dynamic response throughout
the range of stroke.
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Figure 11 illustrates the improvement in
dynamic response achieved by adding a
damping piston to the servo whose perfor-
mance was given in Figure 9.

ALTERNATE MECHANIZATIONS
OF AN ELECTROPNEUMATIC
SERVO

Clearly, the rotary-motion electropneumatic
actuator of Figure 10 can be adapted for
rectilinear motion by an arrangement as indi-
cated in Figure 12.

Poppet-type valves are generally used in
pneumatic servos because of their inherent
simplicity, lower cost and low leakage when
closed. Spool-type valves, on the other hand,
inherently have some laminar leakage when
closed. Also, they have an annoying ten-
dency to gall (followed by seizure) during
rapid and repeated cycling while valving gas.
Three and 4-way spool valves can have a
closed-center null configuration which
reduces gas consumption. A closed-center
valve is almost essential for a blow-down,
stored-gas electropneumatic servo as illus-
trated in Figure 13. In this case, a closed-
center condition is obtained by having
deadzone (created by spring preload) in the
two, 2-way solenoid valves.

Another way to accomplish 3-way valving
with deadzone (ON-OFF-ON) is to have a
3-way, closed-center poppet valve driven by
a 3-position solenoid or force motor. Two
valve configurations are illustrated by the
schematics in Figure 14 and two types of
drivers are shown in Figure 16. The primary
difference between the two valve arrange-
ments is the relative ease of having either
the supply or exhaust orifice the larger.

A double solenoid for creating the ON-OFF-
ON gas valve positions requires two coils and
separate drive amplifiers (unless diodes are
used with a polarity sensitive, single-ended
drive). Typically, each solenoid will require
about 25 watts electrical power and current
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APPLICATIONS

limiting is necessary to prevent excess elec-
trical power at low temperatures.(where the

coil resistance is low). A force-motor type
valve positioner, on the other hand, requires
much less electrical power (2 to 5 watts) due
to the use of permanent magnets. The mag-
nets polarize the active air gaps so a single
coil can be used if energized by a bidirec-
tional drive amplifier.

Moog applications of electropneumatic actu-
ation have focused on fin control for medium-
performance tactical missiles. To be more
quantitative, “medium performance” can be
defined as having peak actuation power (per
fin) in the range from 0.07 to 0.4 hp with fin
dynamic response in the range from 10 to 40

Hz. These performance parameters gener-
ally relate to air-to-surface and surface-to-air
tactical missiles asillustrated in Figure 1 (Page
2).

Other reasons for focusing on this market-
place include: (a) the inherent fin duty cycle
requirements for these missiles is relatively
moderate, (b) operational life is character-
ized by one-shot usage following long-term
storage and, most significantly, (c) the pri-
mary design emphasis for these missiles is
low cost. If an electropneumatic system can
meet the performance requirements, it is
usually the lowest cost choice.

Most of the older, medium-performance tac-
tical missiles use electrohydraulic fin actua-
tion systems (e.g., Hawk, Maverick, and
Patriot). These systems are relatively expen-
sive due to the cost of hydraulic compo-
nents such as servovalves, accumulators, fil-
ters and pumps. Today the competing
technology for actuation in such missiles is
either electromagnetic or electropneumatic.
The cost of electromagnetic fin actuation is
generally higher than electropneumatic due
to the need for (a) high power, solid state
switching devices, (b) precision motion reduc-
tion mechanisms, (c) a motor rotor position
transducer, (d) separate fin lock/unlock
devices, and (3) more complex control
electronics (with the attendant cost of electri-
cal components suitable for a wide thermal
environment, adequate EMI suppression, and

FERROMAGNETIC

/ MATERIAL
.

)
[
(=
z
(2}
m
0

- A
R =
>
OFF SIIRIES SIS
SRR
ON ON / X 90909292059 % %% / OFF N s / s N
INEe; ¢ ol on | 7
— ¢ [y =1 g
PRELG 475474747&&/
PRELOAD s = / VALVE ] ?—___
B S SSS R ] PRELOAD % S|
Q 19950 20 %% D050.0%%  N0%e%% -/
19050y rl02e 0% 500 % 0302020000 750589093
SIS R SR L IN S S N
< 4 Q‘Q‘:"O”"‘:‘:""":O:Q:.' 2 /
/ / SIS
/ /A

COILA

PLUNGER

(a) 3-POSITION DOUBLE SOLENOID

FIGURE 16. VALVE DRIVERS

FERROMAGNETIC
MATERIAL

/

PERMANENT
MAGNET

(b) 3-POSITION FORCE MOTOR



necessary effort to comply with DOD-2000
and MIL-STD-965.

Electropneumatic fin actuation systems, on
the other hand, can use simple on-off sole-
noid valves that operate on relatively low
electrical power. Lowering the electrical
power significantly reduces the cost of the
electronics. The gas bottle power for an
electropneumatic fin actuation is simple and
inherently suitable for long-term storage with
one-shot usage. Also, fin locks are a straight-
forward accessory with an EP actuator and
do not require separate energization.

The relative advantages and disadvantages
of electropneumatic fin actuation systems
"are summarized in Table VI. Examples of
these systems are pictured in Figures 17, 18,
and 19.

SUMMARY

Electropneumatic actuation can claim a dis-
tinct segment of the overall market for elec-
trically commanded servoactuators. The
biggest potential advantage is lower cost
than competing technologies. Other advan-
tages are summarized in Table VI. The major
disadvantages are the limited actuation
power and performance obtainable.

The development efforts presently being
expended by Moog and others to extend the
performance capabilities of electropneu-
matic servoactuators are directed primarily
at applications in the Defense Industry. How-
ever, the lessons learned and the advances
made will, most likely, be adaptable to other
markets. Robotics is a prime example of an
industry that would welcome lower cost ser-
vocontrol if performance, operating life and
safety were acceptable.

DIAMETER .........coiiiiieieennnn 6.5 INCHES FININERTIA ................ooiies 0.008 IN-LB-SEC?
....20 Hz
.. 0.05 DEG

FINTRAVEL ...
PISTON AREA-RADIUS

... 20 DEG FREQUENCY RESPONSE (90° PHASE)
.. 0684 IN/RAD RESOLUTION ................

STALLTORQUE ..... .820 IN-LBS HELIUM STORAGE PRESSURE .
NO-LOAD VELOCITY ....... .450 DEG/SEC OPERATING PRESSURE ...
ACTUATION POWER (PER AXIS). . . ...... 0.24 HP OPERATING TIME

s

BACK SIDE

FIGURE 19. VT-1 SURFACE-TO-AIR MISSILE

EP FIN ACTUATION PACKAGE
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FININERTIA ....... ..ol 0.008 IN-LB-SEC?
FREQUENCY RESPONSE (90° PHASE) . ... 14 Hz
RESOLUTION ................. ..015 DEG

HELIUM STORAGE PRESSURE . 7450 PS|
OPERATING PRESSURE . ..550 PSi
OPERATINGTIME . ...........cooveae.. 105 SEC

DIAMETER ........ovviiiiniiinannan., 12 INCHES
FINTRAVEL ........ +25 DEG
PISTON AREA-RADIUS .. 113 INY/RAD
STALLTORQUE ..... 620 IN-LBS
NO-LOAD VELOCITY ....... 300 DEG/SEC
ACTUATION POWER (PER AXIS)............. 012 HP

FIGURE 17. MAVERICK EP
ACTUATION PACKAGE

FRONT SIDE

DIAMETER ........ooiiiiiiiiiiii s 16 INCHES FININERTIA ... ..., 0.052 IN-LB-SEC?
FINTRAVEL ....... +22 DEG FREQUENCY RESPONSE (90° PHASE) .
PISTON AREA-RADIUS . .. 113 INY/RAD RESOLUTION .................. . 0,1 DEG

STALLTORQUE .... ...960 IN-LBS HELIUM STORAGE PRESSURE .. ...8000 PSI
NO-LOAD VELOCITY ........ ... 150 DEG/SEC OPERATING PRESSURE ..... .850 PsI
ACTUATION POWER (PERAXIS) .. .............. 0.08 HP OPERATINGTIME ..............covvvnnnnns 600 SEC

FIGURE 18. GBU-15 RP FIN ACTUATION PACKAGE

FIGURE 20. MAVERICK FOUR AXIS TEST RIG
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TABLE VI

ADVANTAGES AND DISADVANTAGES OF
ELECTROPNEUMATIC ACTUATION SYSTEMS

ADVANTAGES
* generally lowest cost
* simple energy storage and Power Conversion
* wide temperature capability
* high vibration and acceleration capability
¢ long-term storability
* nuclear hardenable
* low EMI emissions
* simple servoelectronics
* medium power, pulsed solenoids

DISADVANTAGES

* limited to low power applications
* poorer accuracy
* low dynamic response
* low backdrive stiffness
* often requires damping and/or

electronic servo compensation
» more difficult dynamic modeling
* more difficult to check-out
 bottle transportability\approval
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