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Abstract

This thesis is a study of the modeling and design of a solid rocket motor Thrust
Vector Control (TVC) system. The TVC system is an electrohydraulic servomech-
anism which gimbals the nozzle at the end of a solid rocket motor in order to steer
the vehicle. The thesis is really a composite of three related TVC topics: (1) The
construction of a math model and simulation for the TVC system. The simulation
is benchmarked against actual test data from hardware at Edwards Air Force Base,
CA. The complex eighth-order “.onlinear model of the hydraulics and external system
torques closely predicts the behavior of the hardware in most cases. (2) The develop-
ment of appropriate linearizing approximations to facilitate classical control analysis.
Transfer functions are derived, and Bode analysis of the current controller design is
presented. The linearized inner or pressure feedback loop has approximately 9 dB of
gain margin and 50 degrees of phase margin. The linearized outer or position loop has
approximately 7 dB of gain margin and 48 degrees of phase margin. Because some
significant nonlinearities are neglected in the linearization, the linearized model has
about 7 Hz more bandwidth than the nonlinear model. (3) The design of a nonlinear
controller using feedback linearization and pole placement techniques. The nonlinear
controller offers improved performance at the cost of increased complexity. It is more
efficient in reaching its final state than is the classical controller. However, it does
not handle the highly nonlinear external torques well. Small steady state errors can
result unless the controller is provided with additional information about the external
torques.
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Chapter 1

Introduction

This thesis is a study of the modeling and design of a solid rocket motor Thrust
Vector Control (TVC) system. The TVC system is an electrohydraulic servomech-
anism which gimbals the nozzle at the end of a solid rocket motor in order to steer
the vehicle. The thesis is really a composite of three related TVC topics: (1) The
construction of a math model and simulation for the TVC system is the subject of the
second chapter. The simulation is benchmarked against actual test data from hard-
ware at Edwards Air Force Base, CA. The nonlinear simulation was implemented
both on an IBM compatible DOS personal computer using ACSL [48], and on a VMS
Digital VAX using MATRIX-X [49]. (2) The development of appropriate linearizing
approximations to facilitate classical controller design is the topic of the third chap-
ter. Transfer functions are derived, and Bode analysis of the current controller design
is presented. The linear analysis was performed on an X-Windows SUN Workstation
using Matlab [50].(3) The design of a nonlinear controller using feedback lineariza-
tion and pole placement techniques is shown in the fourth chapter. The nonlinear
controller has the potential for offering improved performance at the cost of increased
complexity. Results comparing the performance of the classical and nonlinear con-
trollers are presented. _

The thesis is divided into three main chapters, one for each topic. Within each
chapter are sections discussing the modeling of the major components of the TVC

system: nozzle torques, piston movement and pressure. fluid flow, supply pressure,

12



servovalve, and controller. The nonlincar math models of the sccond chapter contain
the most detail. The models used in the analysis of the present classical controller,

and in the development of the nonlinear controller are somewhat simplified.

13



Chapter 2

The Titan IV SRMU TVC System

The Titan IV Solid Rocket Motor Upgrade (SRMU) Thrust Vector Control (TVC)
system is a dual electrohydraulic servomechanism which pivots the exhaust nozzle at
the end of the SRMU in order to steer the vehicle [9, 13, 19, 12, 18]. See Figure 2-1.
As shown in Figure 2-2, two actuators placed 90 degrees apart extend and retract
hydraulically in order to point the exhaust in the desired direction. The actuators are
placed along the tilt and rock directions. Nozzle gimbal commands are issued along
the pitch and yaw directions; the coordinate transformation is performed by the con-
trol electronics. Four sensors, or Nozzle Position Transducers (NPT), placed around
the nozzle measure the gimbal angle and provide feedback to the control electronics, or
Loop Closure Unit (LCU). For increased sensitivity, gimbal angle measurement along
a single axis requires the participation of two NPT's. As depicted in Figure 2-3, the
nozzle sits and pivots on a compliant ring known as flexseal. and two 154 horsepower
turbine/pump assemblies pressurize the hydraulic fluid.

The hydraulic circuit is depicted in Figure 2-4. The flow of pressurized fluid to
each of the actuators is determined by an electrical current controlled servovalve. The
polarity of the servovalve current determines which side of the piston the flow enters,
thus controlling the extension and retraction of the actuator. The magnitude of the
servovalve current detsrmines the magnitude of the hydraulic flow. The current is
input to three torque motors which position three hydraulic jet deflectors in order to

position the servovalve spool, which is the hydraulic gate to the actuator chambers.

1
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Figure 2-1: Titan IV Includes Core Vebicle with Two Upgraded Solid Rocket Motors
(SRMU). Ligure is Not Drawn to Scale.
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A single torque motor/jet deflector combination can position the servovalve spool if
necessary, but with degraded performance. Other examples of redundancy include
three differential pressure transducers per actuator, three linear variable differential
transformers (LVDT) per nozzle position transducer (NPT), and a pressure selector
valve which allows one of the hydraulic pumps to power both actuators should the
other fail.

From a control systems perspective, a single axis of the TVC system can be rep-
resented in a block diagram form as shown in Figure 2-5. The servovalve controls the
flow of fluid to the actuator which positions the nozzle. Actuator differential pressure
and nozzle angle are fed back to the analog electronic controller, or Loop Closure
Unit (LCU), which includes compensation for low frequency system resonances.

This chapter describes the construction of a nonlinear model.

2.1 Nozzle Torques

The TVC system must counteract the following nozzle torques: internal aerotorque,
external aerotorque, heat shield torque, and flexseal torque. The TVC system must

accelerate the nozzle inertia quickly with minimal overshoot and a fast settling time.

4
T,— > Ti=Jb (2.1)
k=1
T = Internal Aerotorque
T, = External Aerotorque

Ts = Heat Shield Torque

Ty = Flexseal Torque

T. = Hydraulic Actuator Torque
J = Nozzle Inertia

60 = Nozzle Angle

18
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2.1.1 Internal Aerotorque

The internal aerotorque is the torque upon the nozzle due to exhaust flow turning.
Its expected profile as a function of time is shown in Figure 2-6 [45, 9, 42]. During
the first 56 seconds after ignition, the internal aerotorque is expected to change from
approximately 183,300 in - lbs per degree of nozzle angle to about -38,000 in - lbs
per degree of nozzle angle. In other words, the internal aerotorque is expected to
start out as a centering torque opposing large nozzle gimbal angles, and then become
an outward torque encouraging large nozzle gimbal angles. After 120 seconds, the
internal aerotorque is expected to become negligible.

At ignition, various transient forces can be generated which will increase the in-
ternal aerotorque. One of these is due to asymmetric flow separation, which exists
until the nozzle chamber to ambient pressure ratio rises to a value for which the noz-
zle flows full. The phenomenon is not well understood, but extremely large nozzle
torques can be generated, and a considerable amount of engineering effort is involved
in mitigating its effects. Early estimates of nozzle torque due to asymmetric flow
separation were as high as § million in - Ibs [23]. These estimates generated serious
‘concerns about the ability of the nozzle structure to survive [21]. At present, for the
SRMU, a peak moment of 3.6 million in - Ibs from flow separation is believed possible
[5]. Figure 2-7 shows that if it occurs, it is expected to be some randomly directed
triangular torque pulse occurring 100 milliseconds (ms) after ignition, and lasting 100

ms.

2.1.2 External Aerotorque

The external aerotorque is the torque upon the nozzle of earth’s atmosphere rushing
by the vehicle [45, 9, 42). While it is a function of many variables, for TVC modeling
purposes, it is approximated as shown in Figure 2-8. The moment can be as high
as 2.3 million in - lbs or as low as 52.000 in - lbs. It shifts between two boundaries
of the nozzle angle versus nozzle moment plane, as a function of motor action time.

The upper boundary is reached at 56 seconds. The external aerotorque characteristic
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Figure 2-6: Expected Profile of Internal Aerotorque as a Function of Time [45, 9, 42)
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begins at the iower boundary and returns there after 126 seconds. Note the external
aerotorque is centering if the nozzle gimbal angle is positive, but is outward if the
nozzle gimbal angle is negative. This imbalance is due to the acrodynamic shielding

effect of the core vehicle between the two SRMU'’s.

2.1.3 Heat Shield Torque

The heat shield torque is created by a pressure differential between the areas separated
by the shield. Figure 2-9 shows the torque reaching its peak of 119,600 in - lbs per

degree of nozzle angle at 56 seconds of motor action time [29].

2.1.4 Flexseal Torque

The nozzle sits and pivots on a compliant ring known as flexseal. The flexseal torque
includes a spring rate and a Dahl solid friction component [6]. The solid friction
torque can reach a maximum of T, in - lbs, and is a function of nozzle rate. It is

described by the following first order nonlinear differential equation:

dT, _ do T, 2
dt dt
where:
6 = Nozzle Angle
Tw = Dahl Solid Friction Torque Component
o = Maximum Rate of Change
T. = Maximum Torque
a; = SIGN %“3)
a; = SIGN(1 - 02%)
The total flexseal torque is described by the following equation, where I\, is the
spring rate.

Ty =Th+ K0 (2.3)

The flexseal spring rate decreases under the pressure of the rocket exhaust flow [44].
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The unpressurized flexseal spring rate can be as high as 309,000 in - lbs per degree of
nozzle angle. The nominal pressurized flexseal spring rate is approximately 195,000
in-Ibs per degree. The pressurized flexseal spring rate can be as low as 128,000 in - Ibs
per degree.

The flexseal torque in response to step and sinusoidal motion of the nozzle is shown
in Figures 2-10 through 2-12. Figure 2-10 is actual measured sinusoidal data at an
amplitude of 6.14 degrees and a frequency of 1.64 Hz [40, 38]. The test was conducted
under pressurized conditions on a preliminary development and characterization unit.
Figure 2-11 is the simulated torque under the same conditions using the Dahl model.
Figure 2-12 shows the simulated flexseal torque for nozzle steps from 0 degree to 0.3
degree and then back to 0 degree under nominal pressurized conditions.

Prior to the acceptance of the Dahl model, a variable damping coefficient, com-
bined with a coulomb friction parameter T., was used to describe the friction portion
of the flexseal torque [28]. The model indicated that for commanded nozzle deflec-
tions of greater than 1.2 degrees, a constant damping coefficient. BV3 in - lbs seconds

per degree nozzle angle, was to be used.
By, = BV3 (2.4)

For commanded nozzle deflections less than 1.2 degrees, the damping coefficient was

to be calculated on the basis of the following equation:

_ BV1.]4|
62 + BV2

—~
o
ot

S’

flx

where:
BV1 = 28,000 in-lbs

BV2 = 1.2 deg? per sec?
BV3 = 12,000 in - Ibs seconds per degree
T.; = 4000 in-lbs

N>
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Figure 2-10: Measured Flexseal Torque in Response to Sinusoidal Nozzle Motion at
an Amplitude of 6.14 Degrees and a Frequency of 1.6+ Hz [40. 33]
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Figure 2-11: Simulated Flexseal Torque in Response to Sinusoidal Nozzle Motion at
an Amplitude of 6.14 Degrees and a Frequency of 1.64 Hz.
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Figure 2-12: Simulated Flexseal Torque in Response to 0.3 Degree Nozzle Steps. (6]
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Thus the total flexsecal torque was described by the following:
T.‘ = B!lzé + Tc! + [\’30 (2-6)

Figures 2-13 and 2-14 compares the performance of the two models for a 6.14 degree
sinusoid and a 0.3 degree step under nominal pressurized conditions. The figures
indicate that the solid friction characteristic is not very well predicted by the variable

damping coefficient/coulomb friction model.

2.1.5 Hydraulic Actuator Torque

The hydraulic actuator torque is transmitted to the no..... through a series of com-
pliant structures. The compliance parameters include the nozzle stiffness at the ac-
tuator attachment point K;, the rocket aft skirt stiffness K3, and the actuator rod
stiffness K4. Figure 2-15 illustrates these parameters. If the mass of the piston can

be neglected, then the torque is proportional to the displacement of the compliant

structures.
- I(3X3 = I(4(X4 - Xl) = I\’I(Xl - LO) = % (27)
where:

K; = Nozzle Stiffness
K3 = Aft Skirt Stiffness
K; = Actuator Rod Stiffness
L = Effective Moment Arm Length

Note that the rozzle stiffness and the actuator rod stiffness are in series, and can be
combined into a single stiffness term K. The standard formula for K. is well known,

but it can be easily derived from Equation 2.7.

c rr , - . . - . . Ta
IX]I\q(.X.g - .\1) + ]\41\1(.\1 - L0) = (1\[ + 1\4)T

I\’ll\’q » o , _ Ta
m(.\.' - L0) = l\,:(.\.l L0) = I (

o
(o]
S—
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Figure 2-13: Comparison of Flexseal Torque Predictions Using Dahl Solid Friction
Model and Variable Damping Coefficients for 6.14 Degree Sinusoidal Nozzle Motion
at 1.64 Hz



x104 Flexseal Torque for 0.3 Nozzle Steps
10 ; : ; i !

- = CID Model

in-lbs
S
!

seconds

Figure 2-14: Comparison of Flexseal Torque Predictions Using Dahl Solid Friction
Model and Variable Damping Coefficients for 0.3 Degree Nozzle Steps

33



Combining Equations 2.7 and 2.8 yields th.: following:

—K K3X3 + K3k (X, - LO) = (K. + I\'g)%

K. T,
e?3 —Xa) =L ==2
K.+ K4 (X = Xs) — LO] L
K\ K K5 T, .
K, + K4 + K> (X4 = X3) — L6] = L (2.9)

Note that the amount of actuator extension is {X; — X3) which is equivalent to the
actuator piston position X,. Also note that all the stiffnesses now appear in a single
series term which can be called the combined compliance, K.. Thus, the equation

used to describe the hydraulic actuator torque is:

KKK .
To= Ly s (X = L6) = LK.(X, — L6) | (2.10)

The geometry of the system is such that the pivot point is not stationary and the
effective moment arm length is not constant. Both vary as the shape of the flexseal
changes under different nozzle conditions. Figure 2-16 illustrates the geometry. The
actuator aft skirt attachment point is a radial distance of ATY, and an axial distance
of ATX from the pivot point. The actuator nozzle attachment point is a radial distance
of ARY, and an axial distance of ARX from the pivot point. The effective moment arm

length is calculated as follows:

L = Zn cos(ama + am — g) (2.11)
Zmi = \/ARX? + ARY? (2.12)
Qmy = arctan(%%) (2.13)

Qm1 = arctan(-:—:—:—:—ﬁ%) (2.14)
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For zero motor pressure (SRMU not firing) and zero nozzle angle, for example [28):

ATY = 545in
ATX = 0.7
ARY = 46.11
ARX = 51.38

For this particular case, L = 53.883 in. [13] indicates a maximum L = 54.435 in, a

minimum L = 52.910 in, and an average L = 53.82 in.

2.2 Piston Movement and Pressure

A second order differential equation for piston position can be constructed based on
the simplified representation of the TVC servo arrangement depicted in Figure 2-17.

K. is the combined compliance derived in the previous section.

X,
i

— AP — Py) - K.(X, — L8) - B 222 _ F, (2.15)

M, dt

where:
A, = Piston Facial Area

By, = Piston Viscous Damping Coefficient

F., = Piston Coulomb Friction

M, = Mass of Piston

P, = Pressure in Actuator Chamber 1
P, = Pressure in Actuator Chamber 2

The actuator chamber pressures are determined by the fluid bulk modulus and
the volume of fluid in the chamber. The bulk modulus is slightly decreased by a 2%
air entrainment factor. The fluid volumes are based upon the total actuator linear
displacement XTS, and the piston facial area A,. The actuator volume is increased by

an additional 10% to account for the volume of the hydraulic lines.
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dPl - AE - ﬂe Il.\’

& = V)@ = CembPi = Cinl Py = P2) = Ap=E] (2.16)
d;:z = &E('X%I—Qz =~ CemPr + Cin(P, - P2) + A,,%] (2.17)
Vi(X,) = Axv(l—'l';(j + Xp) (2.18)

VX, = AL :?xrs _x,) 219)

where:
AE = 2% Air Entrainment Factor

B. = Fluid Bulk Modulus
Cem = | Actuator External Leakage Coefficient
Cim = Actuator Internal Leakage Coefficient
@1 = Fluid Flow into Chamber 1
@2 = Fluid Flow out of Chamber 2
Vi(X;) = Volume of Actuator Chamber 1
Va(X,) = Volume of Actuator Chamber 2

2.3 Fluid Flow

The flow of fluid through the servovalve to and from the actuator is described by the
equation for flow through an orifice, which is derived from the Navier-Stokes equations

on the basis of incompressible flow (33, 41, 32, 14].

Q = CO- WS - ,,/2(Pyo — Pro) (2.

o
3]
S
N
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where:

Q = Either Flow from Servovalve to Actuator or Vice Versa
co = C.,\/E
- Cq = Discharge Coefficient
p = Fluid Mass Density
WS = Area Gradient
z,y = Valve Spool Displacement
Pyo = High Pressure Side of Flow

Pro = Low Pressure Side of Flow

If flow from the hydraulic supply, through the servovalve, to chamber 1 of the
actuator is being described, then Py is the supply pressure, and Ppo is the pressure in
chamber 1. There is also flow from chamber 2 of the actuator, through the servovalve,
to the hydraulic reservoir.' Equation 2.20 also describes this, with Pyo being the
pressure in chamber 2, and Pro being the pressure in the hydraulic reservoir. In the
alternative situation, the servovalve spool has opened in the other direction, and z,,
is negative. In this case, Equation 2.20 describes the flow from the hydraulic supply,
through the servovalve, to chamber 2 of the actuator; Pyo is the supply pressure,
and Ppo is the pressure in chamber 2. In addition, there is flow from chamber 1 of
the actuator, through the servovalve, to the hydraulic reservoir. Equation 2.20 also
describes this, with Pyo being the pressure in chamber 1, and Pro being the pressure
in the hydraulic reservoir. Thus, a description of the flows in a servoactuation system
generally requires four different forms of Equation 2.20. See [33].

To account for pressure losses in the hydraulic lines and in the servovalve, Equa-
tion 2.20 must be modified [19]. Both types of losses have an apparent effect on the

supply pressure. Line losses vary quadratically with flow:

Pyo = Py —RF - Q* (2.21)
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where:
Py = Pressure at Beginning of Line of Flow

RF = Line Loss Coefficient

Substituting Equation 2.21 in Equation 2.20 and solving for Q yields the following:

0~ CO - WS - 2,,\/2(Py — Pro) (2.22)

~ 1+2-RF(CO-¥s - z,,)?

Valve losses are measured with the servovalve fully open and expressed in the

orifice equation as a proportional loss.

Qm = FQ-CO - WS - XSL\/2(Py — Pro) (2.23)

where:
Qm = Measured Volumetric Flow Rate

FQ = Valve Loss Ratio
XSL = Maximum Valve Spool Displacement

For convenience sake, the valve losses can be expressed with a quadratic loss coefficient

" analogous to RF. The following trial equation can be written:

Qm = CO- WS- XSLy/2(Py — RV- Q2 — Pro) (2.24)
where:
RV = Valve loss coefficient to be solved for

Solving for @,, just as in Equation 2.22 yields the following:

_ C0-WS-XSLy/2(Py — Pro) (2.25)

\/1+2-RV(CO- WS - XSL)?

m

Setting Equation 2.25 equal to Equation 2.23 and solving for RV yields the following:

|
___F@
(CO - WS - XSL)?

(2.26)
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RF and RV can be combined into a single loss coefficient:
RCW = 2(RF + RV)(CO - WS)? (2.27)

Analogous with the formulation of Equation 2.22 and Equation 2.25, Equation 2.20

with valve and line losses becomes [19]:

WS - z,1/2(Py —
Q= CO-WS-z,, (PH Pro) (2.28)

\/1+RCW. 22

A description of the actuator flows in the hydraulic TVC system requires four different

forms of Equation 2.28.

2.4 Supply Pressure

Hydraulic power for the fiight TVC configuration is provided by a warm gas driven
turbine-centrifugal pump for each piston actuator. See Figure 2-4. Each pump has
its own heat exchanger and gas generator. Redundant supply and return lines allow
one of the Hydraulic Power Units {(HPU) to feed botn actuators should the other fail.
The pressure selector valves manage the HPU redundancy automatically.

Figure 2-18 depicts the supply pressure characteristic as a functicii of flow demand.
Each HPU is capable of roughly 154 hydraulic horsepower or 1 million psi-cis (pounds
per square inch - psi) (cubic inches per second - cis) [45]. A pressure relief valve near
the pump output is designed to regulate the pressure at no greater than a nominal
P, = 3200 psi. The relief valve is a two-stage pilot operated unit which is capable of
bleeding up to 577 cis of flow. Under worst case conditions, the relief valve may allow
3580 psi of pressure to build [10]. For modeling purposes however, it is assumed te be
an ideal, instantaneous regulating device. If flow output is less than QOG = 396 cis,
the supply pressure remains constant. If flow output exceeds QOG, then the supply
pressure varies linearly with supply flow.

The variation of supply pressure with flow introduces another modification to



Equations 2.20 and 2.28 for supply flow. If the slope of the supply flow versus supply
pressure curve is SPQ, and this slope is constant up to a flow QG and a pressurc PG,

then [19]:

Q = K, - CO- WS - 2,,1/2[SPQ(Q + Q4 — QG) + PG — Pro] (2.29)

1

K, =
©l+ReH- 2,

(2.30)

@4+ is any additional flow required from the pump, such as jet deflector pilot stage

flows. Solving for @ in Equation 2.25 yields a quadratic equation in Q.
Q*+BQ+C=0 (2.31)

Therefore, the supply flow is as follows:

_-B+VB*—4C

2.32

Q 5 (2.32)

B = —2(K,-C0-WS-z,)® SPQ (2.33)

C = —2(K,-C0-WS-z,,)*[SPQ(Q4+ — QG) + PG — Pro] (2.34)

2.5 Servovalve

The servovalve controlling the flow into the actuator is a two-stage single inlet jet
deflector type unit [8]. See Figure 2-19. In tue first-stage, three redundant deflector
jet hydraulic amplifiers are mechanically controlled by three torque motors, as shown
in Figure 2-20. Figure 2-21 illustrates the output of the deflector jet amplifiers driving
a second-stage sliding spool, the hydraulic gate to the actuator. Three cantilever
springs feed back spool position as a torque on the motor armatures.

The fluidic amplifier consists of a disc with a “stick man" shape cutout which
forms a single pressure jet and two receiver ports. A movable deflector sits across
the “arms” of the “stick man.” The jet of fluid from the pressure nozzle normally

impinges directly between the two receiver ports, resulting in equal pressure from

+3



HPU Flow-Pressure Characteristics
3500 : 5 j j " !

3000
2500

psi

1500
1000 - S T S — B I—

00 o S— S S— H— 3 l

0 100 200 300 400 500 600 700

cis

Figure 2-18: Approximate Flow-Pressure Characteristics of Hyvdraulic Power Unit
(HPU) [45]
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both. Moving the deflector to one side changes the presure balance, thus affecting
the position of the spool.

A block diagram of the math model [43] of the servovalve is shown in Figure 2-22.
The input current drives the three torque motor/fluidic amplifiers. The first-stage
flow is described by the following first-order differential equation:

dQ. _ IK; — Q.
dt ~ T

|Qal S Qal

where:
I' = Effective Input Current Due to Feedback Spring

K, = PFirst Stage Flow Gain
T = First Stage Time Constant .

Qa = First Stage Flow Limit
The “stlckman” ;haée irs“l71‘<r)t a perfectAanrlpliﬁer; a small flow threshold of @, =
0.004 cis exists to.the spool. The fluidic amplifier flow is integrated and divided by
the spool drive area A; = 0.3608 in? to obtain spool position. The feedback spring
has the effect of increasing spool drive fluid pressure on the spool (as does the mass
of the spool), due to increased resistance to motion. Increased fluid pressures at
the same flow rate is approximately equivalent to decreased flow rates at the same
pressure. For simplicity, in order to avoid a second-order model just for the motion
of the spool, the latter is how the pressure effect of the spring is modeled. Thus the

motion of the spool is described by a first-order differential equation:

dz,, _NTM. Qa — Qrosy P
dt Ay (2.36)

|4y! < XSL



where:
A; = Spool Drive Area

NTM = Number of Torque Motors
Q! = First Stage Flow Minus Threshold

Qo = Pressure Coefficient
XSL = Maximum Valve Spool Displacement
zsyy = Servovalve Spool Position

Torque never enters explicitly into the equations either, so there is not a second-
order model for just the fluidic amplifiers. The purpose of the feedback spring is to
offset some of the torque from the torque motors. The offsetting of torque from the

torque motors is effectively equivalent to a decrease in current:
; = Ic - I\’vlzsy (2.37)

where:
K,1 = Valve Feedback Gain

I. = Servovalve Input Current

2.6 Flight Loop Closure Unit and Interim Loop

Closure Unit

The analog electronic Flight Loop Closure Unit (FLCU) receives nozzle vectoring
commands along the pitch and yaw axes and translates them into appropriate tilt
and rock actuator servovalve currents. The FLCU receives nozzle position feedback
from the nozzle position transducers (NPT) and actuator pressure feedback from the
actuator differential pressure transducers. The output of the pressure transducers is
differentiated by a high pass filter to provide nozzle rate feedback. The effect of this
inner loop compensation is essentially an overall closed loop system with increased
damping and bandwidth. This is referred to as dynamic pressure feedback (DPF)
(15, 41].
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For development and initial testing purposes, an Interim Loop Closure Unit (ILCU)
without DPF is used [2, 16]. A block diagram for the TVC system with appropriate
filters and compensation in the ILCU is shown in Figure 2-23. The linearized TVC
hydraulic hardware transfer functions are derived in the next chapter. Compensation
includes a second order notch filter in the forward path and a second order lead filter
in the feedback path. The notch is irtended to cancel the nozzle assembly natural
frequency, and is located at 8.64 Hz. The notch numerator has a damping ratio of
0.05, and the notch denominator has a damping ratio of 0.6. The frequency response
of the notch filter is shown in Figure 2-24. The lead zero is at 7 Hz, and the lead pole
is at 30 Hz. The lead numerator has a damping ratio of 0.03, and the lead denom-
inator has a damping ratio of 0.6. The frequency response of the lead is shown in
Figure 2-25. A feedback information demodulation filter is also included in the loop.
The demodulation filter is a second order low pass filter with poles at 120 Hz and a
damping ratio of 0.6. The frequency response of the demodulation filter is shown in
Figure 2-26.

The frequency response of the linearized TVC system open position loop with
ILCU is shown in Figure 2-27. The uncompensated open loop curve, without the
notch and lead filters, is also shc;wn. Note that the notch is not very effective in con-
cealing the underdamped nozzle assembly mode. Approximately 7 dB of gain margin,
and 60 degrees of phase margin result. The frequency response of the linearized TVC

system closed position loop with ILCU is shown in Figure 2-28.

2.7 Model Performance with Interim Loop Clo-
sure Unit

Figures 2-30 through 2-35 show the correlation between measuced data from Prelim-
inary Qualification Motor (PQM-1) Pathfinder Phase III tests [43, 27] and simulated
results using nonlinear hydraulic equations [22, 20]. These tests consisted of a series
of TVC vectoring excercises using the idle (not firing) SRMU on the test stand at
Phillips Laboratory, Edwards Air Force Base, September 5-6. 1990. The test config-
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uration included: (1) the ILCU; (2) a nozzle with a 227,233 in - Ibs - sec? moment of
inertia [17, 44]; and (3) the decreased flow capacity of the Electric Hydraulic Power
Unit (EHPU), which is functionally equivalent to the Ground Hydraulic Unit (GHU).
The supply pressure characteristics as a function of flow demand for each GHU is de-
picted in Figure 2-29. A maximum of only Q0G’ = 135 cis is available at P, 26, 16].
Because of the shortage of flow capacity, an accumulator has been added to the ground
supply system. An accumulator is the hydraulic equivalent of an electric capacitor.
No model of the accumulator/GHU supply system has been developed to date, and it
is believed that the dynamic characteristics of the accumulator have affected the test
results slightly. For the torque equations, the best match with measured data was ob-
tained assuming the maximum value of unpressurized flexseal stiffness, i, = 309, 000
in - lbs per degree, and the maximum value for the combined compliance for the test
configuration, K, = 388,000 lbs per in [44].

Figures 2-30 through 2-32 depict TVC response to one-half Hz and one Hz sine
waves in the tilt direction. Three system variables are plotted: nozzle position, actu-
ator pressure, and servovalve current. The model is quite good, but there is a slight
offset in Pathfinder current levels, shown in Figure 2-32. The large current indicated
by the Pathfinder data at zero nozzle velocity is probably due to a Bias in the data
acquisition system.

Figures 2-33 through 2-35 depict TVC response to a one-half Hz square wave
in the tilt direction. Again the correlation is quite good except the simulated tilt
position in Figure 2-33 starts to lag just slightly behind the Pathfinder tilt position

after a short slew.

2.8 Flight System Performance Requirements

The TVC design is required to meet the following requirements as of May 2, 1990
[28]. For step responses of less than 1.5 degrees, the performance must be consistent
with the frequency response criteria defined by a bounded region of the Bode plot

shown in Figure 2-36. For step responses larger than 1.5 degrees, the TVC system
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Figure 2-30: Comparison of Simulated (22, 20} and Measured {43] Nozzle Position in
Response to One-Half and One Hz Sine Waves in the Tilt Direction Using the ILCU.
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must reach ten percent of the commanded deflection in 100 ms. It must vector from
ten to ninety percent of the commanded deflection at an average rate no less than
7.5 degrees per second. And it must vector from ninety to ninety-nine percent of the
commanded deflection in 150 ms. Overshoot must be within the bounds shown in
Figure 2-37. The response must settle to with +2% of the final angle 0.2 seconds after
reaching ninety percent of the commanded deflection. The overall position accuracy

needs to be £0.23 degrees.
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Chapter 3

Linearization and Classical

Control

The development of appropriate linearizing approximations to facilitate classical con-
troller design for the SRMU TVC is the topic of this chapter. Transfer functions are

derived, and classical Bode analysis of the current controller design is presented.

3.1 Nozzle Torques

For SRMU test configuration analyses, it is valid to assume zero internal and external
aerotorques as well as zero heat shield torque.

The flexseal torque is the only other external torque on the systen:, and only its
stiffness component is included in the linear model. For small nozzle deflections, the
effect of the Dahl solid friction model is an apparent increase in stiffness, so this
can be taken into consideration in the linearization by increasing the spring constant
appropriately. Some attempts at flexseal linearization have used a constant damping
coefficient derived frem the variable damping coefficient of the alternative flexseal solid
friction model used prior to the Dahl model. The analysis of the previous chapter

has shown that the alternative model does not adequately describe the flexseal, so no
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flexseal damping is included in this lincarization.

K,=K,+ Ky, (3.1)
B,=0 (3.2)
where:
K;4, = Apparent Increase in Flexseal Stiffness

Due to Small Nozzle Deflections

K, = Linearized External Torque Spring Constant
K, = Flexseal Spring Constant
B, = Linearized External Torque Damping Coefficient

3.2 Piston Movement ana Pressure

The equation for piston movement, Equat.on 2.15, is almost linear, except for the
coulomb friction, which is neglected. The equations for pressure gradients, Equa-
tions 2.16 and 2.17, are almost linear, except for the volumes in the denominator,
which are a function of piston position. The assumption that the piston is close to
center positica is made so the volumes are set constant and equal to half tne total

displacement of the piston:
_11-XTS- 4,
="

-

Ve (3.3)

The two pressure gradient equations are also cendensed into a single equation for
the change in load pressure, P, = P, -- P,. The individual pressures cannot be
used in a linearized model because their differential equations require individual flow
equations, which require inequalities based on the servovalve spool position. Using
the load pressure technique allows the use of the average flow, @, also referred to as

the load flow.

dPy,, _ 2.AE- . . Cem Pz d.\'p
a1 (Qr = CinPr 2 A

) (3.4)

Note that a differential equation for load force can be obtained simply by multi-
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plying Equation 3.4 by the piston area Ap:

dFy _4-AE-ﬂ¢°Ap &_C.'MPL_

CemPL  dX,
dt = 11.XTs A, A, 24,

) (3.5)

The integral of Equation 3.5 is an expression in the form of Hooke’s Law. Thus, the

approximate equivalent stiffness of the oil in the actuator chambers is:

4. AE-B.- A
I' — e 14
12 1.1- 4TS

3.3 Fluid Flow

The four equations for flow to/from each piston chamber, Equation 2.28, can be

condensed into a single equation [33]. If the load pressure is defined as:
.PL = P1 — Pg (37)

and the following assumption (which is true for incompressible fluid) is made:

P.+P =P+ P, (3.8)
then it follows that:
P,+ P + P
P~ w (3.10)

Defining the load flow as the average flow:

QEQ%QZ (3.11)



then the four forms of Equation 2.28 can be approximated by the following single

equation for load flow:

CO-WS - zyy,/P, — =L PL)

Z sy

\/1 +RCH- 22,

Qu= (3.12)

Linearization of the hydraulic flow characteristics is completed by the definition

of the valve coefficients. The flow gain is defined by:

. _0QL
Kk, = B2sy (3.13)
while the flow-pressure coefficient is defined by:
. 0QL
K. =- 8PL (314)
Therefore,
0QL =~ Kybz,, — K 6P (3.15)

The linearized analysis of the TVC hydraulic servo must assume perturbations

‘around the equilibrium point z,, = 0, P = 0 where:
K,~co-us\/P, (3.16)

K.=~0 (3.17)

Linearization around points z,, = 0, P # 0 is impossible because Equation 3.12 is
discontinuous. Use of the usual linear time-invariant (LTI) stability analysis methods
around points z,, # 0 is invalid because these are not equilibrium points, and linear

time-varying systems are derived from such linearizations.
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3.4 Supply Pressure

Supply pressure must be assumed constant in order to maintain linearity.

P,=P, (3.18)

3.5 Servovaive

The second-order servovalve model presented in the previous chapter is nearly linear
except for three components, which are simply neglected in the linearization. These
include first-stage flow saturation, first-stage flow threshold, and spool displacement
saturation. The servovalve model then reduces to a second-order system with a
natural frequency of w, /27 = 51.7 Hz, a damping ratio { of 0.667, and a steady state

gain of 0.00148 inches per milliamp.

To(s) _ 0.00148
I(s) S4+ioy

(3.19)

Figure 3-1 shows the frequency response of the linearized servovalve.

3.6 Flight Loop Closure Unit

A linear system with constant coefficients is typically described by the standard state-
space equations [30, 25]:
X = A X + By, (3.20)

Y =CoueX + Dyl (3.21)
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Figure 3-1: Frequency Response of Linearized TVC Jet Deflector Servovalve



The linearized TVC model in this chapter can be represented in standard state-space

form with the following substitutions:

[ p, ]
dX,
XP
X=1 df
0
Qa
L X’ A
K G2 0 0 0
0 1 0 0 0
Ape=1| 0 EIJ:.Q KL —(B,.IJ.’+B°) -(K,L;-m )
0 0 0 1 0
0 0 0 0 0
| 0 0 0 0 0
o
0
0
Bur=10
0
Kq
L O J
Coit = Cpm}_[O 00O
Chir2 1 000
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'
—

& -

>

Ee)

w0
L’:

3

Y
h-L

(3.22)

(3.23)

(3.24)

(3.25)



Dy =0 (3.26)

The FLCU contains two feedback loops, an inner pressure feedback loop, and an
outer position feedback loop. Input-output transfer functions for the two loops can
be derived from the above state space equations. If the transfer function H;(s) such

that

Hy(s) = I;CL((:)) (3.27)

is desired, it can be easily determined from Equations 3.20 and 3.21 that

Hy(s) = 07;‘2 [sI — Apue)™ Byt + Dt (3.28)

p

And similarly, the transfer function for 8(s)/I.(s) is:

0(s)

H(s) =146

= Cz;tl [s] - Aplt]-prlt + Dy, (3.29)

The block diagram for the linearized TVC system with appropriate filters and
compensation in the FLCU is shown in Figure 3-2 [45]. The frequency response of
the dynamic pressure feedback filter, which includes a differentiator and a pole at 3
Hz, is shown in Figure 3-3. The frequency response of the pressure transducer filter,
which includes poles 2t 167 Hz and 169 Hz, is shown in Figure 3-4. The frequency
response of the valve driver, which is a second-order low-pass filter with poles at 395
Hz and a damping ratio of 1.581, is shown in Figure 3-5. The frequency response of
the open pressure loop with filters is shown in Figure 3-6. Approximately 9 dB of
gain margin and 50 degrees of phase margin are evident.

The frequency response of the closed pressure loop with filters is shown in Figure 3-
7. The closed pressure loop with filters is appended with the transfer function for
0(s)/ PL(s) as well as the transfer function for a feedback information demodulation
filter. The demodulation filter is a second order low pass filter with poles at 120 Hz
and a damping ratio of 0.6. The frequency response of the demodulation filter, which

is the same filter used in the ILCU, is shown in Figure 2-26. The outer position loop
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(with: (1) demodulation filter, and (2) closed innecr or pressure loop with filters) is
in turn compensated with a second order lead filter. The lead zeros are located at.
10.46 Hz with a damping ratio of 0.759. The lead poles are located at 29.77 Hz with a
damping ratio of 0.866. The frequency response of the lead compensator is shown in
Figure 3-8. The frequency response of the open position loop (with (1) demodulation
filter (2) closed inner or pressure loop with filters, and (3) lead compensation) is shown '
in Figure 3-9. The frequency response without (3) is also shown. Approximately 7 dB
of gain margin and 48 degrees of phase margin are evident with compensation. The
frequency response of the compensated closed position loop is shown in Figure 3-10.
Referring to Figures 3-23 and 3-24, the linearized model demonstrates approximately

7 Hz more bandwidth than the nonlinear model.

3.7 Model Performance with Flight Loop Closure
Unit

Figures 3-11 through 3-16 show the correlation between measured data from TVC
checkout tests for Preliminary Qualification Motor One Prime (PQM-1’) [46] and
simulated results using the nonilinear hydraulic equations of Chapter 2 [24]. These
tests consisted of a series of TVC vectoring excercises using the idle (not firing) SRMU
on the test stand at Phillips Laboratory, Edwards Air Force Base, May 29, 1992. The
test configuration included: (1) a nozzle with moment of inertia of close to the nominal
193,000 in - 1bs - sec?; (2) the Ground Hydraulic Unit with an accumulator, providing
unknown flow capacity at a pressure of 3800 psi (the model used to match this partic-
ular set of test data assumed unlimited flow capacity); (3) the higher bandwidth (as
compared to the ILCU) of the FLCU with dynamic pressure feedback. Recall that
the ILCU uses a notch filter to cancel the nozzle natural frequency instead of DPF.
For the torque equations, the best match with measured data was obtained assum-
ing the maximum value of unpressurized flexseal stiffness, A’y = 309,000 in - lbs per
degree, and the maximum value for combined compliance for the test configuration,

K. = 388,000 lbs per in [44].
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Figures 3-11 through 3-16 depict TVC response to a 0.36 degree commanded
rock sinusoid at 10 Hz, and a 0.3 degree commanded rock step. Pitch position,
rock servovalve current, and rock actuator differential pressure are shown. In general
the correlation is good except for some 27 Hz rock actuator current oscillations in
the measured data of Figure 3-13 which the simulation was unable to duplicate.
Oscillations at 27 Hz were also noticed in recent static firing tests and may indicate a
potential SRMU structural/TVC instability in the system which is unmodeled (4, 31].
Measured data also indicates significant variations in the accumulator/GHU supply
system between 3100 psi and 4200 psi. Figures 3-17 and 3-18 show the variations in
supply pressure for the sinusoid and the step respectively [46]. This may be another

source of discrepancies between simulated and measured data.

3.8 System Performance with Flight Loop Clo-
sure Unit

The natural frequency of the linearized TVC nozzle assembly is approximately [19]:

1 L2 1S0K, 1 )
fn__\l(‘i-"'i'—l"-*- T )7 (‘3°30)

The above equation is derived using a second-order approximation with the nozzle
inertia and significant stiffness parameters.

The TVC system with the FLCU as defined in this chapter meets all contrac-
tors step and frequency response requirements if no external torques other than the
flexseal are assumed. The step and frequency response requirements were outlined in
Section 2.8. Figures 3-19 through 3-22 show 0.3, 1.0, 4.5, and 6.0 degree simulated
step responses. Figures 3-23 and 3-24 show approximated frequency response curves
from nonlinear simulations at discrete frequencies at amplitudes of 0.25 degree and 0.5
degree. These frequency response curves show approximately 7 Hz lower closed-loop

bandwidth in the nonlinear system than Figure 3-10 shows in the linear svstem.
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Chapter 4

Feedback Linearization

The design of a nonlinear controller for the TVC system using feedback linearization
and pole placement techniques is outlined in this chapter. The nonlinear controller has
the potential for offering improved performance at the cost of increased complexity.
Results comparing the performance of the present classical controller and the author’s
nonlinear controller are presented.

Feedback linearization is a state-space model transformation technique which al-
lows the design of linear controllers for nonlinear systems [37]. Implementation re-
quires the availability of state measurements, and since the TV C system has only two
types of transducers, nozzle position transducers and actuator pressure transducers,
the rest of the state vector must be estimated using an observer. The technique also
requires the plant to be linear in control. The system equations of such a plant, if it
is single-input single-output, can be expressed in the following form, called controlla-

bility canonical form:

2™ = f(Z,) + b(2,)1. (4.1)
where:
I. = Input
Z, = State Vector [z{*~V...z]T
z{® = nth Derivative of State of Interest

The goal of feedback linearization is to transform the system model into a simpler



form. Basically, for a controllability canonical system, the control problem can be
reduced to that of controlling the lincar system z{*) = v, by implementation of the

following control law:

Vs — f(é)
b(Z,)

when b(Z,) # 0. This, of course, assumes that f(Z,) and b(Z,) are known.

I = (4.2)

4.1 Nozzle Torques

For the sake of simplicity, the nozzle torques will be considered linear for the design
of the nonlinear controller. The linear pole placement formulation also requires that
the external torques have a linear form. Thus the assumptions made in Equations 3.1

and 3.2 are retained.

4.2 Pressure and Fluid Flow

The four forms of Equation 2.28 are restated as the following two equations:
Ql = Fl(PlaP%Ps)msy (43)

Q2 = FZ(PIQP21P3)1'3y (44)
And Equations 2.16 and 2.17 are rewritten:

ap,

5 = Gi(P, P, dX,) + Ey(X,)Q: (4.5)
dP. .
d—: = Go Py, P dX,) + Ex(X,)Q2 (4.6)

Subtracting Equation 4.6 from Equation 4.5, and substituting Equations 4.3 and 4.4

vields a differential equation for Pp as a function of (P, P,. P,.dX,, X,) and z,,.

dP
d_tL = (Gl - GZ) + (EIFI - E2F2)-ray (47)
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This equation is linear in the control input z,,.

4.3 Supply Pressure

For simplicity, the supply pressure is assumed constant in the derivation of this non-

linear controller. The assumption of Equation 3.18 is retained.

4.4 Servovalve

If the servovalve is sufficiently “fast” such that its dynamics can be neglected, then the
Equation 4.7 is adequate for feedback linearization. It is then apparent from Equa-
tion 3.19 that only the following simple proportional relation needs to be substituted
into Equation 4.7.

T4y = 0.00148 - I, (4.8)

If the servovalve is “slow” however, there are two choices. The first is to place a lead
compensator before the servovalve, to increase high frequency gain, and continue to
assume Equation 4.8 is a good enough approximation. This is relatively simple, but
may not be sufficient if the servovalve is too slow. In the second method, Equation 4.7

can be differentiated twice to obtain an expression in i,,.

&Py
dt3

. o d? ood o
= (G] - GQ) + (z,y-@- + stya + .‘L‘,y)(Elpl -~ EQF‘Z) (49)

The servovalve transfer function (Equation 3.19) can then be restated as a second-
order differential equation and subsituted into Equation 4.9 to give a description of
the third derivative of load pressure which is still linear in control. Unfortunately,
the equations for (; and G, become very complex. Thus the author chooses to use
a first-order lead compensator before the servovalve with a zero at 500 rad/sec (= 30
Hz) and a pole at 5000 rad/sec (=~ 800 Hz). Since the servovalve response begins to
drop off around the 50 Hz region (see Section 3.5, the lead compensator was designed

to begin amplifying servovalve inputs at frequencies just above that region.
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4.5 Nonlinear Controller

The TVC controller designed by the author has three major components, including
the feedback linearization described above. State feedback of the nozzle angle and its
first four derivatives is used to create a pole placement controller in conjunction with
the feedback linearization. A reduced order observer is used to construct the feedback
states and to calculate the feedback linearization parameters. A block diagram of the
controller is shown in Figure 4-1.

The system is now only fifth order because the servovalve with lead compensation
has been assumed to be sufficiently fast to be considered a zerc-order gain in the

system. The input to the system is now considered the derivative of load pressure.

. ; dP,
X = Apug.\ + Bplgzd—tL (410)
where: ) )
)
dt
430
dt
dé
dt
0
Aml Am2 0
Apuz = Am3 0 0 (412)
[ 0 00 ] 1 0
-B, (—l\'.,—L’I\'. _ _Ig‘_) -K.By
J J Mp JMp
Am = 1 0 0 (413)
0 1 0
=K.k,
JM,
Am=| 0 (4.14)
0



Ams=[0 0 1] (4.15)

(4.16)

Bu=| 0 (4.17)

Note that Ay, contains a column of zeros, indicating that a pure integrator is in

the system. The system is still controllable in the sense that

2 4
[Bplt21 Aplt2Bplt2a ApltZBp“21 ceen Aplt2Bplt2]

has rank 5 [30]. The reduced order observer requires only three states because nozzle
angle and load pressures are directly measured. The design of the observer begins

with the definition of a new state vector V":

V =w-FE#f (4.18)

where E is yet to be specified. Therefore the reduced order plant model can be

described as follows:
V =(Am — EAm3)V + (AmE — EAnsE + An2)0 + BmP,  (4.19)
The observer is formed by merely copying this system.

Z = (Am — EAn3)Z + (AmiE — EApsE + An2)0 + B P (4.20)
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Subtracting Equation 4.19 from Equation 4.20 yields the following:
Z-V=(Am - EA)Z-V) . (4.21)

Thus the observer state Z will tend to track the plant state V' at a rate determined
by the eigenvalues of (Am1 — EAms). E is chosen by the author such that the observer
poles are real and located at 200, 250, and 300 Hz.

The desired observer output, an estimate of [d*8, d%0, d%@, d6, )7, is constructed
from the observer state Z as follows. The hat symbol is used in the following text
to distinguish the estimated system state from the actual system state. According to
Equation 4.18:

&0
20| =Z+E8 (4.22)
df

e
I

The only other state variable required from the observer is d'0 because 8 is a mea-
surement. d*0 is linearly related to the observer inputs Pr and 8, as well as w. Thus,
the coefficient matrices C,;, and D,;, can be constructed to create an estimate of the

system state vector from the observer state Z.

X
&b
d20 | = CobsZ + Dops PL} (4.23)
7 0
! ¢ |
Am
Cobs = Ams (4.24)
[0 0 0]
Doy, = [ Dobsmi Dibsm2 ] (4.25)
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Bml

Dobsml = 0 (426)
0
Am2 Aml-E
Dobsm2 = 0 + Ang (427)
1 0

The feedback linearization requires estimates of the parameters Pj, P, Ps,dX,,
and X,. P, and P, are assumed to be measured directly (although the present hard-
ware configuration measures P, — P,), and P, is assumed constant. cf)?p and 5(\,, must

be calculated from the observer output as follows:

_ J&0 + B,d8 + (K, + L*K.)d

X, i (4.28)
—— 730 726 ¢ 2 ¢
iX, = J&B + B,d%0 + (K, + L*K,)dd (£29)

LK,

With the feedback linearization and the observer design complete, the final step
is to implement the pole placement controller using the output of the observer. The
system matrices A2 and By, are defined in Equations 4.12 through 4.17. The input

dPp/dt is set equal to some linear combination Cpa. of the observer output X which

tracks the actual state X.
X ~ (Aplt2 + Bplt2Cplace)-¥ (430)

Thus the proper chcice of Cpiqace allows one to place the poles of the closed loop system
arbitrarily. The author has chosen a pair of poles at 10 Hz with a damping ratio of

0.707, and the other three poles are real and located at 100. 200, and 500 Hz.



4.6 Nonlinear Controller Performance

Figures 4-2 through 4-5 compare the simulated performance of the feedback lincarized
pole placement controller with the classical FLCU controller. Shown are simulated
nozzie position responses to steps of 0.3, 1.0, 4.5, and 6.0 degrees. The nonlinear
hydraulic equations of Chapter 2 were used, including the limited flow capacity of
the HPU. As Figures 4-2 and 4-3 show, the feedback linearized controller achieves
the desired nozzle position for small angle deflections with greater speed and less
overshoot. It is a more efficient nozzle positioning controller. However, for the larger
angles, as shown in Figures 4-4 and 4-5, there is a small steady state error, even though
the nozzle still reaches its final position with greater speed. The additional stiffness
Ky4, used to approximate the increased flexseal stiffiness at small nozzle angles in
Equation 3.1 is no longer valid for the large nozzle angles. Thus the observer does a
poor job estimating the state of the system. The steady state error is easily removed
by adjusting K4, as is also shown in Figures 4-4 and 4-5.

The solution to the problem of small steady state errors for large nozzle angles
might be an adaptive controller which can automatically adjust Ky4y. Since the TVC
system is linear in control, it is conceivable that an adaptation law can be constructed
as described in [37]. Nevertheless, the nonlinear controller as described above is more
efficient in reaching its final state than is the classical controller. And the steady

state error is within the +0.23 degree requirement.
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Figure 4-1: Block Diagram of TVC System with Feedback Linearized Pole Placement

Controller
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Comparison of 0.3 deg Step Responses
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Figure 4-2: Comparison of Simulated Nozzle Position in Response to 0.3 Degree Step
Using Feedback Linearized Controller and FLCU Classical Controller
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Comparison of 1.0 deg Step Responses
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Figure 4-3: Comparison of Simulated Nozzle Position in Response to 1.0 Degree Step
Using Feedback Linearized Controller and FLCU Classical Controller




Comparison of 4.5 deg Step Responses
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Figure 4-4: Comparison of Simulated Nozzle Position in Response to 4.5 Degree Step
Using Feedback Linearized Controller and FLCU Classical Controller.
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Comparison of 6.0 deg Step Responses
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Figure 4-5: Comparison of Simulated Nozzle Position in Response to 6.0 Degree Step

Using Feedback Linearized Controller and FLCU Classical Controller.
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Chapter 5

Conclusion

As an excercise in the modeling and design of an electrohydraulic rocket TVC system,
this thesis demonstrates the following results. (1) The nonlinear hydraulic equations
developed in Chapter 2 describe the performance of the overall TVC system quite
well. It is suspected that structural bending characteristics of the nozzle need to be
included in the model in order to match some of the higher frequency components
of the measured data. (2) The linearization of the hydraulic model presented in
Chapter 3 does not describe the performance of the overall TVC system well. In
particular, while the frequency response of the closed-loop nonlinear system rolls off
sharply after 10 Hz, the closed-loop linear system remains close to 0 dB, resulting in
approximately 7 Hz more bandwidth. Still, the analysis showed that the linearization
is a useful design tool for compensation ior the TVC system. This compentation,
however, cannot be optimal because it is based upon a loose model. (3) The feedback
linearization and pole placement methods used in Chapter 4 can successfully mitigate
the controller design problems associated with the traditional methods of Chapter 3.
The nonlinear controller developed in this thesis performs more efficiently than the
TVC system’s present classical controller. The steady state accuracy of the nonlinear

controller could be improved, but it does perform within specification limits.
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Appendix A

Titan IV SRMU TVC Parameters

This appendix lists parameter values for the Titan IV SRMU TVC system [45, 44, 9].

English units are used.

cis = Cubic Inches Per Second

deg = Degrees

ft = Foot

in = Inches
ma = Milliamperes
Ibs = Pounds

psi = Pounds Per Square Inch

sec = Seconds
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A.1 Nozzle Torques

K, =

K,
I&'a

I\'.|

198,000 in - lbs - sec/deg
147,000 in - lbs/deg
Unpressurized, Maximum
309,000 in - Ibs/deg
Unpressurized, Minimum
261,000 in - Ibs/deg
Pressurized, Maximum
195,000 in - Ibs/deg
Pressurized, Nominal
128,000 in - Ibs/deg
Pressurized, Minimum

202,000 in - Ibs

= 193,000 in - Ibs - sec?
= 500,000 lbs/in

= 2,690,000 lbs/in

— 3,085,000 lbs/in

= 53.82 in, average



A.2 Piston and Flow

B.

XTS

| A.3 Servovalve

112,840 psi at 350 Fahrenheit
24.6 in?

0.983

60 lbs - sec/deg

0 cis/psi

0.000695 cis/psi

73.9 in/sec - \/psi

4 lbs
1
0.5208 slug - ft/in
0.0028 psi/cis?
1.569 in
13.358 in
T = 0.0025 sec
A, = 0.3068 in?
K,, = 590 ma/in
K, = 0.04 cis/ma
NTM = 3;
Qua = 0475cis
Q. = 0.004 cis
Qzo = 10.68 cis/in
XSL = 0.063 in
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