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One possible approach to pitch control of an air-breathing reusable launch vehicle is differential throttling
of opposite engines mounted on the conical lifting body. The vehicle must operate over a large range of flight
regimes. The problem is aggravated by the relatively large angle of attack, which produces nonsymmetrical engine
operation. The dynamics of controlling supersonic compression inlets also requires very rapid response times. A
pitch controller architecture is proposed based on the sliding mode control (SMC) approach. SMC is a robust,
nonlinear control technique characterized by its total insensitivity to matched disturbances and its perfect rejection
of unmatched disturbances. The pitch control of a conical reusable launch vehicle by opposite engines operating
in ramjet mode is simulated. In response to pitch-induced disturbances, the SMC controller accurately tracks
the prescribed nominal moment through generation of required engine thrust profiles. The control occurs in a

minimum settling time with no chatter.

Introduction

HE use of rocket-based combined cycle (RBCC) propulsion

systems in reusable launch vehicles (RLVs) has received con-
siderableattentionin recentyears. A 1992 workshop' recommended
that a systems-level study be conducted to quantify the benefits and
costs associated with RBCC systems and to define propulsion and
vehicletechnologyrequirements. Earlier studies had defined a base-
line conical lifting body and specified the various engine configu-
rations and their modes of operation according to the portion of the
flight segment flown.? These studies also recommended installing
the engineson the maximumdiameter of the vehicleand using differ-
ential throttling as the preferred control mechanism. Engine control,
specifically throttling and the control of air intake, was recognized
as a primary technical challenge that needed to be addressed. An
RBCC engine must operate over a wide range of operating condi-
tions from launch to orbit. Without loss of generality, this article
concentrates on an ejector scramjet operating in ramjet mode.

As shown in Fig. 1, the compression of the incoming airflow oc-
curs in two steps. The first step is performed by the oblique forebody
shock wave, which sets the inlet conditions for the second step. The
second stage is assumed to be a supersonic compression inlet. The
typical RLV flight profile requires a relatively large angle of attack.
This produces reduced forebody compression on the upper surface
and much stronger compression on the lower surface. The upper
and lower engines must operate under very different input condi-
tions satisfying the local flight condition, that is, the local pressure,
Mach number, angle of attack, and oblique shock conditions.

Effective use of differential throttling of opposing engines as a
pitch or yaw actuator requires the ability to create significant thrust
variations with a relatively high characteristic frequency® The con-
troller must asymptotically track the thrust profile of each engine
required to produce a desired pitching moment. The controller must
also regulate the operation of the air intakes. Two control param-
eters are used: the cross-sectional area of the air intakes and the
fuel/air mixture ratio. The moment created by differential throttling
of the engines modifies the vehicle angle of attack and, hence, the
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asymmetrical shocks on the upper and lower sides of the forebody.
Therefore, there is a strong coupling between the vehicle aerody-
namics, engine performance, and vehicle control. The control of
engine thrust and the regulation of the air intakes must be decou-
pled. The control problem posed is nonlinear and largely uncertain,
with a large variation of operating conditions. The proposed con-
troller must be insensitive to, or otherwise must be able to reject,
any disturbances.

Previous researchers have proposed using u controllers? Sliding
mode control (SMC) is an alternative nonlinear, robust control tech-
nique. When the uncertain terms are in the range space of the input
matrix, this control approach is totally insensitive to matched dis-
turbances and, otherwise, perfectly rejects unmatched disturbances.
An estimation of the disturbancesis not required, only the bounds of
their uncertainty*~7 This makes the SMC technique ideal for solv-
ing a multiple input/multiple output (MIMO), nonlinear,and largely
uncertain control problem. Application of the SMC technique for
controllinghigh-performanceaircrafthas been demonstratedin pre-
vious studies.”®

This paper discusses the use of differential throttling of opposing
RLV engines to produce a desired pitching moment. A pitch con-
trol design methodology is proposed based on the SMC technique.
First, the steady-state equations used to model the nominal flight
performance of the upper and lower engines are presented. Next,
simplified differential equations describing the dynamic response
of the engines to changesin the control parameters are derived. The
control model state differential equations are then presented, fol-
lowed by the SMC controller design and architecture. Finally, the
suitability of the SMC controller is demonstrated through simula-
tion of the pitch control of a typical RLV by differential throttling
of opposing ramjet engines.

Ramjet Engine Model

Forebody Compression

The proposed SMC solution is demonstrated through simula-
tion of the pitch control of a typical ramjet-powered RLV shown
schematicallyin Fig. 1. In the subsequentderivations the indices U
and L are used to designate upper and lower surface flow variables,
respectively. Also shown in Fig. 1, variable indices are likewise
associated with the following engine flow path regions: oo in the
freestream flow before the oblique shock, 1 aft of the oblique shock,
2 at the inlet section, m in the minimum area throat section, 3/4
before and after the internal shock, 5/6 at the beginning and end of
combustion, and 7 in the nozzle exit section. A nominal cruising
flight condition at a Mach number of 5, an altitude of 80 kft, and an
angle of attack o of 6 deg is assumed.

Assuming a conical forebody half-angle of 8 deg, the upper sur-
face will compressively turn the freestream flow by an angle of



410 TOURNES ET AL.

UPPER ENGINE

normal shock

fuel injector assembly
Thermal choke

Az

Inlet

MY

mixer/diffuser /
\<\ > / Exit
A3/4 As As A7

/ Variable intake

NS

1

v S
/P
M
a

e

M<l Combustor y ﬂ\r
é < —
e N\,

Fig.1 Schematic of RLV forebody and propulsion system configuration.

2 deg, whereas the lower surface flow will be deflected 14 deg.
The conical forebody shock is approximated by a two-dimensional
oblique shock. Property changes across the oblique shock are de-
termined by the normal component of the Mach number defined
by M, = M, sin 8, where B is the oblique shock wave angle.9
Based on the assumed Mach number and altitude, the freestream
static pressure and temperatureare 2376 Pa and 220 K, respectively.
The stagnation pressure and temperature are 1.5 MPa and 1326 K,
respectively. The upper oblique shock wave angle is f; = 13 deg.
The Mach number behind the upper shock wave is MY = 4.76, and
the compression efficiency, i.e., the stagnation pressure ratio across
the shock, is ngo/l = PY/Py = 0.998. For the lower oblique
shock the corresponding values are 8, = 24 deg, M} = 3.6, and
nk, =0.74.

Air Inlet Operation

AsshowninFig. 1, theramjethasa variableinletarea A,. The flow
is compressed as the area converges from A, to the minimum area
A, at the throat section. The area then diverges with a normal shock
occurringat section Aj,. It is assumed that A,, can also be adjusted
to maintain M,, = M3/1.2. This prevents minor variations in the
choking conditions driving the normal shock from the diverging to
the converging side of the throat. The area of sections m and 3/4
are, thus, related to the inlet area A, by

A A ZMLD My
X (M>) X (M,)
where
D(M) = (1/M){12/(y + DI+[(y = 1)/ (y + D]- M2} D/120=D)
()

Here, y is the local ratio of specific heats.
In ramjet mode, the conditions in section 5 at the entrance to the
combustor are given by

Ms = £7'(Z5), s = As/Ay - Ty Mt - T (M, y3) ()
and

Ps = P; - ntvier - T(M3, v3), Ts=T=T 4)

where 7! is the inverse function of ¥, i is frictional pressure

loss,and w (M, y) is the efficiency, i.e., the stagnation pressureratio,
of the upstream normal shock wave.’ Fuel injectionin section 5 in-
creases the stagnation temperature, whereas the stagnation pressure
decreases as a consequence of thermal choking. The steady-state

combustion stagnation temperature T required to achieve choking
(that is, for Mg = 1) is given by

My M{1 —1)/2]- M?)03
T6=T5[¢< a] gy = MUy — D21 M%)
¢ (Ms) l+y-M

(5)
The stagnation pressure loss resulting from thermal choking 1.y is
given by
AM. 1 M?
X = -
A(Ms) {1+ [y —D/21M2}r/ =D

Nech (6)

The stagnation pressure ratio through the combustion section is a
function of 7, and the frictional pressure losses, or

Ps/Ps = nenirict 7

Using the specific combustionenergy of hydrogen gas,'® the com-
bustion efficiency 7comb, and an approximate relation for enthalpy,
H =[R-y/(y — DIT, the relative hydrogen mass flow required
to obtain the desired temperature 75 is

e — 1.02 - [ys/(ve — D1Ts — [ys/(ys — DIT5
o 491.7 - eomp

®)

The total mass flow rate m,. is calculated from the air mass flow rate
1, by

k(y.e) Ps- Ay

i, =ity - (14 &) = e ©)
where
y 0.5
k(y. e) =
. e |:287.04~(1 —9e)+462-£i|
—(y+1/12-(y=D]

|

« [%} (10)

In Egs. (9) and (10) a constant combustion section area of Ay =
Ay = As = 1 m? is assumed.

Nozzle

The need to operate over an extremely large range of flight con-
ditions precludes the use of an adaptive nozzle, the dimensions of
which would also be prohibitive. Using a control volume approach,
the thrust F is calculated as the difference between the exit static
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Table1 General engine characteristics

Variable Value Variable Value Variable Value

Poo 1.5 MPa Too 132K As=A¢ 1m?
Nnozzle 0.95 Ncomb 0.95 Nfric 0.95
Ps/Py 0.95 or 250rad/s Aq 7 m?
Nch 0.79 ws 55 rad/s M; 3.2

Table2 Upper and lower engine nominal operating conditions

Variable Upper Lower Variable Upper Lower
M, 4.76 3.63 Ay 7.0 m? 3.7 m?
M, 1.79 1.34 Ap 0.49m?>  0.53m?
Ms 2.15 1.64 Az 0.65m?>  0.62m?
M, 0.55 0.66 Py/Ps 0.65 0.88

Mg 0.34 0.36 Ty 453kg/s  480kg/s
Ty 3,000 K 2,800 K £ 0.02 0.018

7 16,820Pa  12,510Pa Iy 2,950 3,150s

pressure force and momentum and the input static pressure force
and momentum:

F=m,-[(1+¢) -V; = Vsl+ A7 p7— A - Po an

A()S =

growth, £ = —0.1, was chosen to illustrate the capability of the
controller to control unstable plants.

Choking Dynamics

Thermal choking in section 6 produces a static pressure rise,
whichpropagatesas a sonic wave forward to section4. The risein the
static pressure reduces the Mach number and, hence, the mass flow.
The propagation velocity is the speed of sound, which depends on
the local static temperature. The propagationalso takes place within
a variable Mach number flow M (x). The calculation of the forward
propagationtime constant A4 can only be solved numerically. The
numerical integration of the propagation time is decomposed into
two segments based on the assumed temperature variation.

In the segment from section 6 to 5, the stagnation temperature
T (x) is assumed to vary exponentially according to

T(x) =T, — (T — Ts) - exp (j f"’) (14)
6 — A5

The variation of the local Mach number is determined from the
thermal choking condition as

M) = ¢ oo - [T(0)/T6]°%) (15)

The corresponding propagation time constant within this segment
is calculated using Egs. (14) and (15) and the relation

dx

An arbitrary expansion area ratio of 62 is chosen, which yields a
corresponding Mach number at the exit section 7 of M7 = 3.2. The
resultant specific impulse is calculated by

F
= —— 12
P 0,981 -¢ (12)

Nominal Conditions

Table 1 lists general engine characteristics. Table 2 shows val-
ues for various upper and lower engine parameters under nominal
operating conditions. These values were chosen to satisfy the fol-
lowing criteria: first, the need to have identical upper and lower
engine thrusts with different inlet stagnation pressures and Mach
numbers and, second, the need to achieve adequate values for spe-
cific impulse. A zero static margin was also assumed for conveni-
ence.

Engine Response Dynamics

The engine performance equations presented to this point are for
steady-state operation and do not include derivatives of time. There
are no closed-formsolutions of unsteady aerothermodynamic prob-
lems, and applicable numerical methods are still largely in their
infancy. Therefore, the dynamic response of the engines is approx-
imated as follows.

Hydrogen Combustion

Combustion is unsteady and can be stable or unstable. The com-
bustion temperature in section 6 is, therefore, modeled as a transfer
function:

_ (Qun,/Cpe)e + (Cps/Cpe) - Ts
° (s + rcomb)[sz +2& - wrs + (1 — 52)“)27]

(13)

The real eigenvalue 7., = 2000 rad/s represents the ignition and
reaction time constant.!” The imaginary conjugatedeigenvaluesare
assumed to have a characteristicfrequency of wy; = 250 rad/s. This
value was chosen to representone of the tangential acoustic modes,
which is considered to be the most difficult to control, particularly
in cylindrical chambers."® The unstable value of the exponential

|
w6 (M) =11 [y Rarsmo -

(16)

0.5

T{1+[(y — 1)/2IM (x)2}!]

In the segment from section 5 up to the normal shock wave at
section 4 the stagnation temperature is constant, 7, = T,,. The
sectional area variation must be designed to provide a smooth and
slow Mach number variation. This variation can be approximated
in the calculation of the propagationtime of the pressure wave by a
linear variation of the local Mach number given by

X — X4
M(x) = My — (My — Ms) - ( ) a7

X5 — Xy

The resultant time constant associated with the forward movement
of the choking condition within this segment is calculated using
Eq. (17) and

Asy =

w dx
/ (M)~ 1] (y - Rye - Ty - {1+ [y — D/21M(0)2)1)
(18)

As the pressure wave generated by thermal choking propagates
forward to section 4, the local Mach number and, hence, the position
and efficiency of the normal shock wave are modified. The resultant
response of X5 to a changein T is approximated by

%, ¢! [d6 - (Tn/T6)*%]}
Ags + Asy Ags + Asy

Y5 = (19)

where Ms = ¥71(Z5).

Mechanical Area Variation
The areas of the inlet section 2 and of the throat section m are
variable. This variation is assumed to be performed using hydraulic
jacks. Similar to Ref. 3, their response functions are represented
by
Ay =—1l4wspA; + w,zu(—Az + As_com)
(20)

Am = _1-4wA2Am + w,zqz(_Am + Am_com)
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The assumed characteristic frequency of w4, = 50 rad/s is compa-
rable to current hydraulic jacks used in aviation. Although A,, is
not a control variable per se, it must be adjustedin conjunction with
A, to provide a sufficient safety margin guaranteeing sonic throat
conditions.

Control Model

State Variables

The dynamics of the upper and lower engines are weakly cou-
pled. The behaviorof each engineis describedby the following state
variables: the value of the Mach function at the beginning of com-
bustion ¥s(Ms, ys), the combustion stagnation temperature 7, and
the engineinletarea A,. Equations(21-23) describe the engine state
variables. State equation (21) describesthe time derivative of 75 and
is derived from Eq. (13). The higher frequency real eigenvalue is
two orders of magnitude larger than the characteristic frequency of
the sliding surface and is stable. It is, therefore, acceptable to not
include it in the design of the controller, although retaining it in
the simulation. State equation (22) describing the time derivative
of the Mach function X5 is derived from Eq. (19). It uses the results
of the numerical integration of Eqs. (14-18). State equation (23)
governing the response of the engine inlet area is repeated from
Eq. (20) for completeness,

Te=50-Ts+a- (-Ts+p-(1+d)-e+v-Ty) (21)

D5 = —wsTs + s - (S{p 71 [0.4767 - (T Te)** |} + dx) (22)

Ay = —14wmAs + 0a(—As + As_com + dy) (23)

Controls and Outputs

The hydrogen/air mixture ratio ¢ and the prescribed inlet area
A, om are used as controls. Normalized engine thrust f and nor-
mal shock wave efficiency 73,4 are the system outputs. Equation
(24) for the normalized thrust is derived from Eq. (11). The nor-
mal shock wave efficiency, calculated by Eq. (25), is obtained using
conservation of mass between sections 2 and 5:

f=F/Fom=a-Ay-(1+8) T +b-Ay+c-Ay- %, (24)

na=d-A;-2s(1+d,) (25)

NN

Although Egs. (21-25) apply to both engines, their coefficients are
different. The various coefficients used in these equations for the
upper and lower engines are specified in Table 3.

Disturbances

The state equations (21-23) and output equation (25) also include
disturbance terms. Equation (21) includes a disturbance affecting
combustion effectiveness. As discussed in Ref. 10, the combustion
effectiveness varies with the intensity of combustion. In the range
of this study d, ~ —0.1. The variable dy. in Eq. (22) represents the
uncertaintiesin the calculations of internal flow aerothermodynam-
ics, in particular the uncertainty in the value of y. In Eq. (23), the
variable d, is an area disturbance that represents imperfections in
the variable inlet and throat. The variable dn in Eq. (25) represents
a disturbance in the internal shock efficiency. This could be caused
by phenomena such as shock/boundary-layerinteractions.

Table3 Coefficients of the system

equations
Variable Upper engine Lower engine
a 0.00836 0.0169
b —0.364 —0.727
¢ 0.024 0.047
d 0.051 0.0136
o 61,875 61,875
B 87,670 88,080
v 0.92 0.91

Problem Formulation

The control problemis brokeninto three segments: filtering of the
prescribedmoment command, thrust tracking, and shock regulation.

Moment Command
The flight control system generates a pitching moment command
M*(t). The correspondingnormalized thrust profile for each engine
is given by
1LEM*(t)/2 res
3+ 1.75ws?* +2.15w?2 - s + w3

f L*/U = (26)
where r,.¢ represents the vehicle reference radius. Output tracking
SMC requiresthe output andits derivativesincludedin the switching
surface to be smooth. Therefore, the prescribed input generated by
the flight control system must be smoothed. This is done by a third-
order filter that minimizes the integral of the product of time and
absolute error (an ITAE filter). The actuator’s bandwidth is defined
by choosing the characteristic frequency of the filter. As proposed
by other researchers® a value of @ = 30 rad/s was chosen. The
control must also be able to augment or reduce the thrust of either
engine by up to 20%.

Thrust Tracking

The control must asymptotically track the prescribed normal-
ized values of the upper and lower engine thrusts. The behavior of
the tracking error is defined by the switching surface design. The
asymptotic tracking is given by

ff@Vi=U.L,  lime=1lim |ff—f]|=0 @7

11— 00 1 — 00
A switching surface characteristicfrequency of 60 rad/s was chosen
as double the characteristic frequency of the filter generating the
signal to track.

Shock Regulation
The control must also track the prescribedefficiency of the shocks

occurring in the internal compression inlets of the upper and lower

engines. The asymptotic tracking relation is governed by

ny — .

3 3
7 7

lim ¢; = lim =0 28)

t— 00 t— 00

ny (Vi =U, L,
4

The prescribed values vary slowly according to the flight profile.
The tracking error’s behavior is defined by the switching surface.
Its characteristic frequency is also 60 rad/s.

To provide a high-accuracyrobust tracking of the prescribed mo-
ment, the following problems must be solved’:

1) For each flight condition, nominal thrust and the nominal effi-
ciency of the internal shocks corresponding to an equilibrium con-
dition must be calculated.

2) The command inputs must be filtered to smooth the prescribed
thrust profiles and to introduce the desired response dynamics.

3) Controllers that track the prescribed thrust values and regulate
the efficiencies of the internal shocks need to be designed. The
controllersmust provide the desired behaviorof the thrustand shock
efficiency tracking errors. They must also allow the system state to
reach the switching surface in finite time and govern the motion of
the system in this surface thereafter.

4) Because engine thrust is not measurable, a thrust estimator is
required. There are two approachesfor the design of such an estima-
tor. The first approach is a nonlinear observer using measurements
of, or deducing from measurements, the engine state variables. The
second approach is based on estimating the pitching moment from
inertial measurements of the pitch angle, the flight-path angle, and
the pitchrate. The precisionof this type of estimatoris contingenton
the accuracy of the aerodynamic model, current mass, and moments
of inertia. The design of an engine thrust estimator is a challenging
problem, which mustbe viewed in the contextof solving the broader
problem of pitch and yaw rate controller design. This broader prob-
lem will be addressed in future work.

In this study, thrust values used in the calculationof the switching
surfaceare calculatedby Eq. (24). This assumes an exactknowledge



TOURNES ET AL. 413

Desired moment
Limits

J

Upper engine cont

~ U
Ul M3/4

Filter
=1_| U
fu i thrust cont | €
*U
3/4 A5 4
condition
*L
M3/4
f1 Lower engine cont
—>

P

Fig.2 Control architecture.

of the corresponding variables. The objective of this initial work is
to show that it is possible to use differential engine throttling as a
pitch and yaw actuator. The next step will be to show that differential
throttling can be used to control pitch and yaw rates.

Control Architecture

The proposed control architecture is shown in Fig. 2. The de-
sired steady-state pitching moment is M yegieq- This moment must
be created by the difference in the thrusts of the opposing engines.
The filter generates the normalized prescribed thrust profiles f;; and
f; as represented by Eq. (26). The other command inputs are the
desired values of the efficiencies of the normal shocks in the inlets
n;‘% and n;‘/L4, The prescribed efficiencies are necessarily different
for the upper and lower engines.

For each engine, it is necessary to track the desired thrust and to
regulate the efficiency of the internal shock. The thrustis controlled
by the fuel mixture ratio ¢ and the inlet section area command
A, om- The shockefficiencyis regulated using only the inlet section
area command.

SMC Design

Although the upper and lower engines are not totally decoupled,
we assume here that they can be controlled separately. Their de-
signs are, thus, identical, but with different operating parameters
corresponding to different nominal conditions. The equations rep-
resenting the upper or lower engine are

x=fx,O+Afx,t)+[Bx,6)+ABx,Hlu  y=hx) (29)
The matrix x = {Ts, =5, A,}" includes the combustion stagnation
temperature, the ratio of the area of section 6 to the corresponding
critical area, and the inlet section area. The matrix y = {f, n3/4}"
includes the engine thrust and internal shock efficiency. The matrix
u = {e, Ay_.om}” includes the fuel/air mixture ratio and the inlet
section area command.

The systems considered are nonlinear MIMO systems, where
x € R® and y € R?. The functions f(x, f) and Af(x, t) and the col-
umn matrices B(x, £) and AB(x, t) are smooth vector fields. Here,
Af(x,t) and A B(x, t) representuncertain functions that arise from
the uncertainty in the local value of y. Such disturbances appear in
the exponents of the functions X (M, y) and Z(M, ).

The various efficiency coefficient values used in this study are
based on engineering approximations. Also, the models for com-
bustion and the forward propagation of the choking conditions are
based on relatively simplistic assumptions. Any imperfectionin the
tracking of the angle of attack will result in forebody shock con-
ditions different from the nominal mode. The nominal system is
obtained when Af(x, ?) and AB(x,t) = 0. Having defined refer-
ence trajectories f* and 134, the problem is to design a control
function, u (e, Az_com), such that in the closed loop the output y
tracks the prescribed output reference trajectories, or

lim ¢; = lim [y7 (1) — y,()] =0 (30)

t—00

The SMC controller design consists of the following three

steps.=°

1) Design the switching surface. The switching surfaces for thrust
and shock efficiency are chosen such that the system’s motion
exhibits the desired output tracking errors:

d t
G'f: <E+14wf+a)§/(; df)(f*—f)=0

wy = 60rad/s (31)

d ' .
o, = <E+ 1.4&),7 +a)$/(; df)(}’}% —}’}%) =0

w, =60rad/s (32)

Again, the characteristicfrequency of 60 rad/s is chosen as twice the
characteristic frequency of the filter generating the signal to track.

The systemof Eq. (29) is transformedto a normal form with track-
ing variables f and 13 ,4. Twice differentiatingthe two outputvectors
along the trajectory yields Eq. (33) for each engine. The terms L? f
and L?7;,, represent the second trajectory derivatives with respect
to the state variables. The design of the controller does not require
their calculation, only the upper bound of their magnitudes. The
second 2 X 2 matrix on the right-handside of Eq. (33) represents the
second trajectory derivativesrelative to the state variables and to the
controls. This matrix is nonsingular. The applicationof Lyapunov’s
linearization method to Eq. (22) shows that the internal dynamics
variable X5 in Eq. (34) is asymptotically stable to the equilibrium
position:

f L*f
iia - L’ns

1+e
.\ |:0.5aA2W(xﬁ a(l+ )T + b+ czs} . [ e }

0 d¥s0?, Ar-com
(33)
Bs = —wsZs + s - (B{¢7'[0.4767 - (T / T6)** ]} +d3)  (34)

2) Design the controller. The discontinuous control law is de-
signed to allow the system state to reach the switching surface in
finite time and govern the system’s motion in this surface thereafter.
The motion of the system on the switching surface is defined as a
sliding mode. The conditions required to obtain these motions are
referred to as the existence conditions of sliding mode or the attrac-
tivity conditions. A Lyapunov-based design approach is used to
derive the control law. Defining ¢; ,, -, = 1Vi = 1, m, the desired
motion of the system of Egs. (33) and (34) in o spaceis governed by

a_iTa'_i — Za_icij—l(y;k[/] _ yl‘[/]) <0 (35)
j=1

Equation (35) can be rewritten in matrix notation as

al.Tr'fi =o' {®dY*")—L-JU} <0 (36)
where
2 2 T
(D(Y*) — i1 f*[j] i ln*[j]i| 37)
f ’ 2
and

j=1 j=1

T
2 2
L=|:ch.j_lef,Zcij_len%:| (38)

Different types of control laws may be used to achieve global
asymptoticstability of the equilibriumpointo = 0 and a finitereach-
ing time.*~" The control law chosen in this study is represented by

u=u.,— pJ 'SIGNo, pii >0 (39)

where u.q =J'[®X*) — L] is an equivalent control providing
6 =0, and SIGN o = {signo, ..., signo,}’. Plant uncertainties
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preclude the exact computation of an equivalent control and its re-
placement by an estimated value. The corresponding controllers
are represented by Egs. (40) and (41). Matrix p is a diagonal ma-
trix. The values of p; =40,000 and p,,,, =400 are introduced in
the calculation of these equations to obtain finite and acceptable
reaching times of the surface by the system. These values also ac-
count for the errors in the estimation of u.q, whether such errors
arise from model uncertainties or from disturbances. This means
that p;; > |lileq,, — U, |I. Here we use the nominal values of &
and A, and & and A, for estimated equivalentcontrol:

gV 0.02 0.0034 —0.004] [signay 40)
AV T 0 1.28 | |signo!

et 0.018 0.003  —0.0035 | [ sign afL. 1)
AL 17| 34 0 0.47 signo !

3) Implement the controllers. The implementation of a high-
frequency relay controller is not possible in mechanical applica-
tions such as the vehicle of this study.” Therefore, a boundary layer
is introduced in the switching control® to avoid applying a discon-
tinuous control. The switching element sign o; can be replacedby a
saturation function sat(o; /3;), where §; representsthe ith switching
element boundary-layer thickness. Such controller design reduces
the controlactivity and provides a smoother operation. But the price
paid for this is an eventual steady-stateerror while the controllerop-
erates linearly and a loss of robustness within the boundary layer.
When the controller operates linearly, it is simply a state linear con-
troller designed using nonlinear techniques. But, outside the bound-
ary layer, it providesa finitereachingtime and a relatively significant
robustness that pure linear controllers do not provide. Introducing

the integral term in Eqs. (31) and (32) eliminates the steady-state
output tracking errors. The final controller design is given by

e’ =0.02+0.0135sat(o} ) — 0.016sat(c”)

(42)
el =0.018+0.012sat(c}) + 0.015sat(o}")
and
AY o =T+5.125at(a)), AL =37+ 1.88sat(o))

(43)

The amplitudes of the saturation functions are designed to take into
account the amplitude of the control authority available.

It should also be noted that the ii.q valuesin Egs. (42) and (43) are
estimated by the nominal values of ¢ and of A,. Such estimationsby
constantterms are very crude, and as a consequence, the amplitudes
of the p; values in Eq. (39) need to be relatively large.

Remark: The robustness of the control law given by Egs. (42)
and (43) arises from the selection of the control amplitudes on the
basis of inequalities. The only quantitative knowledge of the plant
required is the magnitude range of the components of the uncertain
vectors A f(x, ) and AB(x, ).

Simulation Results

The pitching moment is normalized by the nominal thrust. In the
following simulation, the maximum normalized amplitude of the
prescribed moment equals 0.2. This value correspondsto a 10% en-
gine thrustreductionor augmentation. The shock efficienciesof both
enginesare simply regulatedat their nominal values. The simulation
models the pitch control response of the vehicle in the presence of
four imposed disturbances. Figure 3 shows the normalized pitching
moment and the total net thrust. Figure 4 shows the tracking of the
prescribed upper and lower engine thrusts. Figure 5 shows the error
between the desired and actual moment. Figure 6 is a plot of the vari-
ation of stagnation combustion temperature and the corresponding
fuel/air mixture ratio relative to stoichiometric conditions. Finally,
Figs. 7 and 8 show the internal shock efficiencies and the variation
of the inlet section area, respectively.

The response of the system to the four imposed disturbances is
as follows:

—=—Normalized pitching moment
195 -=-Normalized net thrust

Pitching moment & total thrust
—
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Fig.3 Normalized pitching moment and total net thrust.
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Fig.4 Tracking of the prescribed upper and lower engine thrusts.

4
3 L —=Pitch moment error
->- Combustion efficiency disturbance

= 2 —e Inlet / shock efficiency disturbances
E 1L ——Internal aerodynamics disturbance
%0 .-..-J\---....lh“\_.. lli\
& bt R M "
g L | Lo
2.1 L
o
m .2k

Y

_‘4 | | | | | | | |

Time (sec)

Fig.5 Error between desired and actual pitching moment and effects
of imposed disturbances.

1) The first disturbance reduces the combustion efficiency of the
upper engine by 10% from t =3 to 3.5 s. This is in the range space
of the input matrix and is, thus, a matched disturbance. Figure 4
shows that the effects on the thrust are negligible. Figure 6 shows
that temperature is not affected, but the fuel/air mixture ratio is
increased by 10%.

2) The second disturbanceincreasesthe effective area of section 2
of the lower engine by 10% from ¢t =5 to 5.5 s. This is also a
matched disturbance. However, unlike the preceding case, it affects
both outputs as shown by Eqgs. (23-25). Therefore, this disturbance
also behaves as an unmatched disturbance. As shown in Fig. 7, the
disturbance causes a small transient error in the regulation of the
shock efficiency. The peak amplitude of this transienterroris 0.016
and its settling time is 0.15 s. Figure 8 shows that the disturbance
causes a small, essentially negligible transient modification of the
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Fig.6 Variationin combustion temperature and fuel/air mixture ratio
relative to stoichiometric conditions.
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Fig. 7 Internal engine shock efficiencies.
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Fig. 8 Variation in inlet section area A, for the upper and lower
engines.

inlet cross-sectional area. As seen in Figs. 4 and 5, the disturbance
also induces a transient error on the tracking of prescribed thrust
with a peak amplitude of 0.035 and a settling time of 0.15 s. The
duration of the transient correspondsto the characteristic frequency
of the sliding surfaces defined by Egs. (31) and (32).

3) A third disturbancein the internal aerodynamics of the upper
engine decreases the value of X5 by 0.1 from 7 =7 to 7.5 s. This
unmatcheddisturbancedirectly affects the internalengine dynamics
representedby Eq. (22). As a consequence, the fuel/air mixtureratio
(Fig. 6) and inlet cross-sectionalarea (Fig. 8) of the upperengine are
modified. As shown in Fig. 5, this causes a transient thrust tracking
error with peak amplitude of 0.25 and a settling time of 0.25s. A
transient error in the regulation of shock efficiency (Fig. 7) is also
induced with peak amplitude of 0.014 and a settling time of 0.005s.

4) A fourthdisturbancein the shockefficiency of the upperengine
is introducedfrom # =9 to0 9.5 s. As shown in Fig. 7, the regulation
of the shock efficiency rejects this disturbance. Its effect on the
tracking of the prescribed thrust is shown in Fig. 4. The amplitude
of the peak erroris 0.023 with a settling time 0of 0.15 s. Althoughnot
shown, the differential throttling also modifies the engine specific
impulses by 5%.

As seen in Fig. 5, the imposed disturbances do not introduce
steady-state tracking errors. The error between the desired moment
and the actual moment is relatively small. The results presented
indicate that the trackingis accurate with a settling time of approxi-
mately 0.2s. Theresponseofall variablesis smooth, and the controls
do not chatter.

Conclusions

This paper addresses the control of the pitching moment of a
reusable launch vehicle through differential throttling of opposing
engines. The MIMO nonlinear control design is based on the SMC
technique. The control architecture developed comprises a genera-
tion of the desired thrust profiles of the upper and lower engines.
The thrust profiles are tracked by locally decoupled sliding mode
controllers. The efficiencies of the normal shocks in the supersonic
compression inlets of both engines are regulated to specific values
corresponding to the nominal flight condition and in particular to
the nominal angle of attack.

It is assumed that the vehicle is powered by RBCC engines op-
erating in ramjet mode. An analytical model of the nominal flight
performance of the engines and their dynamic response to changes
in the control parametersis derived. Although simplistic, this model
provides enough realism to support a first evaluation of the control
architecture.Detailed numerical simulations of combustion dynam-
ics could be conducted to provide a more refined model.

The suitability of the SMC controller is demonstrated through
simulation of the pitch control response of the vehicle in the pres-
ence of four imposed disturbances. The matched and unmatched
disturbances do not introduce steady-state tracking errors. The er-
ror between the desired moment and the actual moment is relatively
small. The tracking is accurate with a minimal settling time. The
response of all variables is smooth, and the controls do not chatter.

The feasibility of this differential throttling control should be
furtherevaluated within the contextof a full flight mechanics model.
The capabilities should also be evaluated for other flight conditions
and operating modes.
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