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This	 report	 discusses the de^elullment,	 design,	 construction	 and

testing of an elevon simulator console	 (ASC).	 The ASC	 is	 an	 electronic

analog of the elevon hydraulic servoactuator subsystem to be used in

the Space Shuttle	 flight control	 system	 (FCS).
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ABSTRACT

This report discusses the development, design, construction and

testing of an elevon actuator simulator console (ASC). The ASC is

an electronic analog of the elevon hydraulic servoactuator subsys-

tem to be used in the Space Shuttle flight control system JCS).

A mathematical model of the elevon servoactuator subsystem, devel-

oped by J. W. Hoke of Rockwell/Space Division, provided the basis

for the ASC development.
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1.	 SUMMARY

An important part of the Space Shuttle flight control system,

especially in the landing mode, is the elevon servoactuator

subsystem.	 This subsystem consists of the aerosurface servo-

amplifier (ASA)', the servoactuator package ; containing a sec-

ondary actuator and a power ram, and the elevon. 	 Testing of

the subsystem required development of an accurate analog model
f

of the secondary actuator or control Value module (CVM) and

the ram.	 The model of the actuator was based on a complex mathe-

matical model developed by J. W. Hoke of Rockwell/Space Division

(R/SD).	 The Hoke model was simplified and scaled to operational

voltage levels.	 Operation of the resulting model was then com-

pared with that of the Hoke model using a digital computer pro-
.

gram, the Continuous System Modeling Program (CSMP), developed

by International Business Machine (IBM). 	 After verification of

proper operation, the simplified model was used as a basis for

the design and construction of an actuator simulator console

(ASC).	 Part of the ASC was to be interchangeable with a proto-

type hydraulic secondary actuator constructed by Hydraulic

Research and Manufacturing Company (HRM). 	 The secondary actuator

section of the ASC was intended to be a black box replacement

for the CVM.

Testing of the ASC and comparison with the CSMP outputs of the

Hoke model showed that the ASC is a valid replacement for its

hydraulic counterpart. The advantages of using the ASC in sub-

system testing are many: No hydraulic pumps or supply lines

are required; configuration changes are easily made in the

electronics; the ASC does not require much space; and it costs

less than its hydraulic counterpart.

1
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2 .	 I NTRODl1CT I ON

Guidance and control of the Space Shuttle in the landing mode is

accomplished by positioning a set of four elevons attached to

'	 the delta wing trailing edge. These elevons are controlled by

electrohydraulic actuators which are commanded electronically by

the pilot or autopilot through an electronic flight control

computer.

Accurate and timely positioning, of the elevons is critical to

.	 stable control of the Space Shuttle in the landin g configuration.

Consequently, performance of the elevon actaator subsystem is

subject to stringent specifications. The actuator subsystem

proposed for the Space Shuttle consists of a set of four aero-

surface servo amplifiers (ASA's; coupled to several quadruple

redundant hydraulic servoactuators. Each :'SSA drives one ch.,nnel

of each servoactuator in a cross-coupling scheme providing redun-

dancy. The secondary actuator or CVDI commands a hydraulic power

ram which deflects the elevon. A simple schematic of this command

chain is shown in figure 2-1. Note that in the f l ight hardware,

the CVM Lnd the ram are packaged in one unit (elevon actua`or).

Testing of the actuator subsystem is required to determine its

operating characteristics.	 Individual components such as the

ASA and the CVNi also must be tested to verify that their perform-

ance meets the specifications. To facilitate performing these

tests, an electronic model was proposed which would function

analogous to the CVM-power ram-elevon combination (fig. 2-2).

This would enable actuator subsystem testing using a breadboard

ASA, which was built at JSC. After successfully testing the

ASA using the actuator model, a hardware h ydraulic CN'\l could he

inserted in the subsystem, with onl y the electronic analog power

ram-elevon combination remaining. The CVA1 model would not be

used in this test. The electronic actuator model would have two

W- 4
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I'unctions:	 (1) to verify ASA operation in a closed-loop sub-

system test, and (2) to perform closed-loop subsystem tests

using; the hydraulic CM.
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3. REQUIREMENTS OF THE ELEVON ACTUATOR MODEL

Meaningful tests on the elevon actuator subsystem can only be

performed if the electronic analog actuator model accurately

represents its hydraulic counterparts, the CVM and power ram.

Since all signals to and from the prototype CVM are electrical,

a black box approach was selected for the model. The black box

or actuator simulator console (ASC) would respond like a CV-M

with s ram, as far as the ASA was concerned. Thus, the ASC had

to present not only the same input and output impedances to the

ASA as the CVM - ram combination, but it also had to respond dynam-

icall y as a CVM with a ram.

The Space Shuttle elevon actuator subsystem is designed and

manufactured by HRM to specifications set by R/SD, (ref. 1).

A prototype CVM has been supplied to NASA for subsystem testing.

This hydraulic prototype replaces the analog secondary actuator

of the ASC in the subsystem.

A mathematical model of the-elevon servoactuator has been de-

veloped by .1. W. Hoke of R/SD (ref. 2). It iG this model which

forms the basis for the analog actuator Oesign. A block diagram

of this	 !el is shown in figure 3-1. Th, , interface requirements

of the actuator with the ASA are specified by R/SD and are listed

in tables I and II. These specificatic,.a are incorporated in r^:

design of the analog actuator, so that the ASC appears as a hy-

draulic actuator to the ASA (ref. 1).

In addition to the response characteristics and interface require-

`	 ments of the analog model, it appeared desirable to make several

of the model parameters variable. These parameters are speci-

fically actuator position and pressure transducer offset and

gain, analog hydraulic supply pressure (P s ) = elevon viscous

damping (B L ), aercdynamic torque on elevon (T a ), and elevon

aerodynamic spring rate (K6).

6
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TABLE II. — ASA SIGNAL INPUTS TO ELEVON ACTUATOR

v

Electrohydraulic Valve Drive

2 Wire Current Source

Current Range: ±9.2 mA max., ±7.6 mA do linear

Null: less than ±O.S mA do with all ASA input signals
at OV

Load Impedance: 1000 + 10i ohms resistance
2.5 + 10€ H inductance
4000 pF max. distributed capacitance

Phasing: Pos. drive current = Pri. Act. extension

Hydraulic Isolation Valve Drive

Single Wire

Excitation Voltage Drop: <1.S Vdc

Excitation Voltage: 28 Vdc +4 Vdc
-6 Vdc

Load Power: 15 watts max.

Load Impedance: 250 ± 10o mH inductance
4000 pF max. capacitance

Phasing: Excitation = Valve Closed = Isolate

Transient Data: Pull-in current 150 mA max.
Drop-out current 50 mA max.
Pull-in time	 50 msec max.
Drop-out time	 50 msec max.

Transducer Excitation

One twisted pair.

26 Vrms ± 2.3%

400 ± 14 Hz sine wave

less than 3% harmonic distortion

±10 mV max. do offset

8
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1 4. DESCRIPTION OF THE HOKE MODEL

The mathematical model of the actuator system developed by J. W.

Iloke may be subdivided into the major physical units of the

corresponding actuator subsystem. These units are identified as

the secondary actuator, primary actuator or ram with elevon,

the pressure and position transducers, and a simple ASA model

which closes the control loop.

The secondary actuator is the most complex part of the actuator

system. Four first-stage electrohydraulic servovalves are indi-

vidually driven by electrical current commands. Each first-stage

servovalve converts this electrical current command into a

differential pressure which is applied to a secondary servovalve.

Movement of the secondary servovalve in response to the applied

pressure causes flow of hydraulic fluid into a mod Piston. The

mod Piston integrates this fluid flow into a displacement. There

are four sets of first-stage servovalves, secondary servovalves,

and mod pistons. The four mod piston displacement outputs are

coupled together mechanically. Motion of the mod pistons causes

power spool displacement. Power spool displacement causes fluid

flow into the power ram and resulting extension or retraction of

the ram piston, which deflects the clevon. Ram position is fed

hack electrically to close the loop, as is the ram hydraulic

load pressure.

Linear transfer function blocks representing sets of differential

equations are shown in the s-domain or frequency domain for

simplicity, so that Laplace transformations can be made (figure

3-1).

R^
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S. REDUCTION OR THE HOKE MODEL

Preliminary design of an analog actuator model required simpli-

fication of the Hoke math model, which was considered to be too

complex to be practical. Reduction of the Hoke model greatly

simplified the resulting electronic hardware. Only those func-

tions of the model which were unessential and had minimal affect

on the operation and fidelity were reduced or eliminated.

Guidelines used in the reduction of the Hoke model will now be

discussed. Although many nonlinearities exist in the mathema-

tical model, such as stroke limits, pressure limits, hysteresis,

etc., an attempt was made to combine each linear section of the

model between irreducible nonlinearities into a single higher-

order transfer function. High frequency poles and zeros (greater

than 1000 radians per second) were rejected, since the open-loop

gain of the system is negligible at . these frequencies. All

summing junctions then were investigated. The maximum possible

value at each input was compared, and those which contributed

less than one percent of the largest input were neglected. Integ-

rity of the physical units of the actuator was maintained in the

reduction process whenever possible.

In order to make the analog actuator model represent all rele-

vant physical quantities of the control system as voltages, each

variable had to be scaled, such that its maximum value was

within the available voltage range. This range is ±12 volts,

since most quantities will be operational' amplifier (op amp)

outputs, and this is the nominal maximum linear output for op

amps operating from ±15 volt supply voltages. To get optimum

resolution, the voltages were scaled to make them as large as

possible and still be within limits. This also had the advan-

tage that all amplifier sections had voltage gains near unity.

The resulting scaled and reduced Hoke model could now he

14
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implemented into a hardware electronic system, the actuator

simulator console (ASC). A block diagram of the reduced ar.d

scaled system is shown in figure 5-1.
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6. VERIFICATION 01 : 1111 : REDUCED MODEL

Operation of the ASC should simulate that of the 11oke model ands

corresponding hydraulic actuator :-ystems. To verify operation

the reduced and scaled Nokc model before finalizing the ASC

hardware tesi;n, both the Hoke math model and its reduce) and

scaled version were simulated on a digital computer. A special

purpose modeling program developed by IB\I, the Continuous System

Modeling Program (CSNIP), was used to program both models from

their block diagrams. Equal step inputs were applied to both

models in the simulation programs, and the resulting outputs

were compared. Of particular interest were the ram feedback

position, primary load pressure and the secondary actuator power

spool position. All results verified that the reduced model is

a close representation of the Hoke model.
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7. HARDWARE DESIGN AND DESCRIPTION

After verification of the scaled and reduced Hoke model was com-

pleted, a detailed electronic design war started. The basic

philosophy was to generate an electronic black box which would

resemble the actuator and elevon in dynamic response character-

istics, as well as input and output impedances. Thus, the CVM

could be interchanged with its electronic equivalent in the ASC.

Connectors from the ASA to the ASC were made compatible with

those on the CVM. Input and output impedances of the ASC were

equivalent to those of the CVNI as specified b y R/SD. All sig-

nals to and from the ASA were isolated, so that no common ground

connection existed.

Sta pdard analog design techniques were employed, since most of

the circuits contain operational amplifiers. Components used

were all commercially available. Integrated circuits were

utilized as much as possible.

The reduced Hoke model Was divide ,] into phy sically identifiable

hiocks, each of which was to be contained on a circuit card. A

total of 19 circuit cards were required to cGastruct the ASC.

This wa y- the design remains flexible, so that minor changes in

the math model can be incorporated in the ASC without much

difficult•.

The reduced and scaled Hoke model is mechanized b y electronic

circuit cards as shoran in figure 5-1. The dotted sines separate

sections of the reduced Hoke model which are identifi-61c cir-

ct.it cards.	 Figure '-1 is a diagram showing the ba--.ic signal

flow and interconnections between circuit cards.

Referring to figure 7-1, current commands from the aerosurface

servo amplifier (ASA) are received by the current buffer and

f
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hysteresis (CBFI) cards. Each CB11 card simulates one electro-

h y draulic servovalve input impedance and hysteresis. The output

of each card is the flapper torque analog voltage.

The secondary actuator secondary spool (SAS) analog cards receive

the CBII outputs. As the name implies, the SAS cards model the

complicated secondary actuator spool d ynamics. One of the out-

rl

	

	 is the secondary differential pressure which is fed back to

the ASA; another output is the applied force.

The outputs of the four SAS cards, representing the four forces

generated by the secondar y spools, are summed together in the

SPS card. The output of this card is the power spool position

(X PS ), represented by an analog voltage.

In the hardware actuator package, the secondar y actuator spool

position controls the flow of h ydraulic fluid into the primary

actuator or ram. The secondar y actuator position to primary

flo g. conversion (PFC) board performs this translation. The PFC.

Output is an analog voltage representing hydraulic flow.

The primary actuator plus clevon with its associated structural

characteristics is mechanised on the primary -a ctuator (PA) hoard.

Besides the ram position (X LB ) output, which is fed hack to the

ASA, the load pressure (P L ) also is generated and fed back. The

signals fed back to the :SSA are pressures and positions. on the

hardware actuator, linear variable differential transformers

(I.VDT's) are used as transducers. These LV DT's are modeled by

transducer simulator cards which are essentiall y all the same

whether used to represent pressures or positions. The secondary

actuator differential Pressure transducers are simulated b y a

secondary pressure transducer simulator (SPTS) carol. Simi larlv,

primar y load pressure transducers are modeled by the primary

pressure transducer simulator (PPTS) and the primary position

b y the output position transducer simulator (OPTS) card. Each

.'0
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transducer simulator card contains two LVDT simulators.	 In

order to isolate a faulty secondary actuator channel, the hard-

ware CVNI uses an electrically operated isolation valve. 	 In

the ASC, this valve is simulated b y the isolation valve simulator

I	 (IVS) card, which also contains two channels per card.

I• he unit is housed in a 19-inch wide equipment drawer which

contains two circuit card racks, a panel with adjustment potentio-

meters and a do power supply.
a

Test points are available on the front panel so that system

variables may he sampled and tested. Some system parameters may

be adjusted with potentiometers. These parameters are: hydraul-

ic supply pressure, aerod ynamic torque, elevon aerod y namic spring

rate, and elevon viscous damping. 	 Inside the drawer a special

panel provides gain and offset adjustments for all transducer

outputs to the ASA. A switch provides for changeover from sys-

tem operation with the h ydraulic CVNI to operation tcith the ana-

log secondary actuator.

.e
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8 . TESTING OF THE. ACTUATOR SIMULATOR  CON", ALE

Before insertion into the ASC, each card was tested. The

linear frequency response for small signals was measured and

compared with the theoretical response. Those cards containing

nonlinearities, such as the current buffer and hysteresis (CBII)

cards or the square root and sign functions of the secondary

actuator position to primary flow converter (PFC) card, were

tested as required. The transducer simulator cards were tested

to insure that all gain, phase shift and impedance specifications

were met.

Po permit performing a closed-loop checkout of the ASC without

using the ASA, an electronic circuit was designed and constructed

to close the control loop in a manner similar to the ASA.

After completing a thorough checkout of the ASC and eliminating

some minor problems, the closed-loop response of the ASC was

measured for comparison with that of the Hoke model using a CSMP

simulation. again a step input was applied. Reference 3 dis-

cusses the results of these tests and contains a graphic compar-

ison of the performance of the analog and Hoke models.

it was concluded in the memo (ref. 3) that performance of the

electronic model of the elevon actuator agrees essentially with

that of the Hoke math model, and that the electronic model is,

therefore, a valid representation of the elevon actuator sub-

systcm. To support this concluSion, figure 8-1 is reproduced

from reference 3. This graph shows the elevon primary actuator

position in degrees as a function of time, when the system is

excited by a step command. Three curves are shown, two for the

Hoke model with respective high and low gains, and one for the

electronic hardware model or ASC. As can he seen, the ASC re-

sponse falls between the two Hoke model responses.
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9. CONCLUSIONS

.2 1.,

The evolution of an actuator subs y stem from a detailed mathema-

tical model developed by J. W. Hoke of R/SD to a special purpose

analog computer, the actuator simulator console (ASC), was

described. It was found that the ASC is a very accurate repre-

sentation of its hydraulic counterpart. 	 In certain instances,

the ASC has definite advantages over its counterpart, such as in

the ease of making configuration changes, the elimination of

cumbersome hydraulic supplies, and in a lower overall cost.
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