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DOUBLE-OPTIMAL, ANTI-SATURATION, INTEGRATED 
GUIDANCE AND CONTROL OF KINETIC KILL INTERCEPTORS 

 
 

1 COVER SHEET (ON-LINE SHEET) 

2 IDENTIFICATION & SIGNIFICANCE OF THE OPPORTUNITY 
 
The theoretical basis for current guidance, navigation and control (GNC) algorithms 

implemented in interceptors, has evolved from linear control theory for the case of simple 

target maneuvers.   These implementations have suffered from a lack of robustness when 

future-threat target maneuvers are encountered.   Also, the spiraling and chaotic nature of 

ballistic targets in the atmosphere stress current GNC capabilities to derive and execute a 

maneuver with speed and accuracy to effect a direct hit.  

To improve hit rate performance and enhance prototyping, this proposal presents a new 

GNC approach with solutions for the following major technology aspects; 

o An offline Neural Network (NN) identification of a nonlinear kinetic kill 

interceptor model 

o Optimal linearization of the identified nonlinear kinetic kill interceptor model 

o Optimal design of a tracker/controller 

o Acceleration anti-saturation provision 

The proposed overall approach involves the solution of two optimization problems in order 

to design an integrated kinetic kill interceptor guidance and control system. The first 

optimization problem takes a general nonlinear kinetic kill interceptor model and develops 

optimal linear models at each operating point of interest, by minimizing the norm 

difference between the states in the nonlinear system and the set of desired linear systems.   

While the nonlinear model could be either continuous-time or discrete-time, in this case a 

discrete-time nonlinear model is identified using fast-sampled input/output kinetic kill 

interceptor data.   Using neural networks, which are capable of approximating any 
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nonlinear function with arbitrary precision [1], we are able to accurately capture the 

dynamics of the kinetic kill interceptor.  The NN model is then optimally locally linearized, 

thus yielding optimal local linear models that have the exact dynamics of the original 

system, not only at the equilibrium points but also at any operating point of interest, with 

minimum modeling errors in the vicinity of those operating points.    The importance of 

this step is that in a real system with only input/output data available, we are able to 

accurately capture the nonlinear dynamics of the system using NN offline only. 

The second interceptor optimization problem then determines the optimal linear 

controller/tracker that minimizes an appropriate objective function.   The advantage of this 

approach is that a single Jacobian linear model of the kinetic kill interceptor is not used, but 

rather a set of optimal linear models parameterized by kinetic kill interceptor operating 

point conditions are used.  The significance is that the optimal linear models at every 

operating point of interest accurately capture the nonlinearities of the kinetic kill 

interceptor, without assuming steady state or small signal operations of the kinetic kill 

interceptor.   This proposed approach has proved extremely successful in developing 

trackers for systems with chaotic inputs whose dynamics change quite severely in short 

periods [2, 3, 4].    An anti-digital redesign approach newly presented in [2] to estimate the 

parameters of a continuous-time controller from the parameters of a digital controller, 

without directly utilizing a continuous-time model of the kinetic kill interceptor, is also 

proposed.  This is attractive as identification of continuous-time models is more difficult 

than identification of discrete-time models. 

One major concern of kinetic kill interceptor guidance and control design is that of 

acceleration saturation.  In this regard, it is well know that the lack of adequate acceleration 

capability could result in additional miss distance issues.   Acceleration saturation generally 

result due to angle of attack constraints at high altitudes, kinetic kill interceptor structure 

limits at low altitudes in the case of endoatmospheric interceptors, and thrust-to-weight 

ratio limits in the case of exoatmospheric kinetic kill interceptors.   As part of an integrated 

offering, this proposal also presents a digital redesign based anti-saturation scheme that is 

incorporated into the overall kinetic kill interceptor GNC scheme. 
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2.1 Identification of a nonlinear state space model using a 
neural network 

For purposes of phase1, using fast-sampled input-output data from a known kinetic kill 

interceptor model of the form  

 ( ) ( ( )) ( ( )) ( ),x t f x t g x t u t= +  (2.1) 

where ( )x t  is the state vector, ( )u t  the control input and  
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we identify a neural network discrete-time model of the form [2] 

 + = ˆ( k 1) ( ( k ),u( k )),x F x  (2.2) 

where n m nˆ : + →F R R  is the neural network discrete-time model of the system, which 

calculates the state x(k+1) at the sampling time k+1 as a nonlinear function of the state x(k) 

and the input u(k) at the previous sampling time k.   Note that in general, a neural network 

state-space model is nonlinear in both the state and the input.   For the current work, it is 

assumed that the order n of the system is known, and that all states are available.  

2.2 Optimal Linearization of nonlinear systems 
 
The approach of using local models parameterized by operating point conditions is an 

effective way of dealing with nonlinear modeling and control problems.  This is 

particularly attractive as the complete set of well established linear analysis and design 

techniques can be directly applied with this approach.  Unlike Jacobian linearization which 

typically yields affine models  except at system equilibrium points, the proposed optimal 

linearization scheme yields true linear models that are also optimal at every operating point 

of interest. 
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Consider a family of nonlinear system models given by 

 ( ) ( ( )) ( ( )) ( ),x t f x t g x t u t= +  (2.3) 

where ( )x t  is the state vector, ( )u t  the control input and  
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We can develop a local linear model ( , )j jA B  at some operating point of interest 

( , )j jx u , which is not necessarily an equilibrium point of the system.  Let the linearized 

model be given by 

 ( ) ( ) ( ),j jx t A x t B u t= +  (2.4) 

with jA  and jB  constant matrices of appropriate dimensions.   As indicated in [5], these 

constant matrices are given by 

 2
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where 
T
ia  is the 

thi  row of matrix jA .    To illustrate this procedure for an uncoupled 

nonlinear system, consider the chaotic attractor [4] 
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where 35, 3 and 28a b c= = = .   Using the above procedure [4], we have  
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As shown in [3], the above procedure could also be extended to a more general class of 

continuous-time or discrete-time nonlinear system.   This proposal extends the procedure to 

a nn-degree-of-freedom nonlinear kinetic kill interceptor model. 

2.3 Design of an optimal linear tracker/controller 
 
As described before, an optimal local linear model is obtained at each operating point, by 

optimally linearizing the neural network model. Then, a local linear digital controller is 

designed based on this optimal linear model, according to a three-step procedure. First, 

optimal control techniques are utilized to design a fast-rate digital controller.  Then, the 

anti-digital redesign methodology is used to estimate a local continuous-time controller, 

equivalent to the fast-rate digital controller in the state-matching sense. Finally, digital 

redesign is used to design and implement a slow-rate digital controller. Implementation of a 

continuous-time controller by means of a digital controller with a relatively low sampling 

rate offers several advantages, including flexibility to change controller parameters, 
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reduced control gains and providing enough computation time to design and implement 

rather complex control strategies. 

 

2.4 Digital redesign and input saturated systems 
 
Digital redesign offers an important benefit that derives from an inherent characteristic of 

digital systems that can be used to advantage in the design of digital anti-saturation 

schemes. Digital redesign comprises the conversion of a continuous-time controller to an 

equivalent low-sampling rate digital controller, based on an appropriate approximation of 

the continuous input to the system by a piecewise-constant signal. The digitally redesigned 

piecewise-constant controller developed by us is able to make the state of the digitally 

redesigned hybrid system closely match the state of the analogously controlled system, 

therefore yielding much smaller control gains than the corresponding continuous-time 

gains. 

In some cases, the digital redesign gains are such that the control signal is below the input 

saturation limit. In these situations, the control signal can be directly implemented on the 

system without using anti-saturation compensation. However, if this is not the case, an anti-

saturation compensator is required to reduce the input signal to the plant below the 

saturation limit, without significantly degrading the system’s performance. Figure 1(a) 

shows the complete structure of a digitally redesigned sampled-data system with a minor-

loop anti-saturation compensator. The anti-saturation compensator is shown inside the 

dotted rectangle in Figure 1(a). 

The reduction of the control signal below its saturation limit is illustrated in Figure 1(b), 

which shows a typical continuous-time control law ( )u t  and its piece-wise constant 

sampled version ( )du kT , over several sampling intervals. It can be seen that, in any 

sampling interval, the amplitude of the piece-wise constant discrete-time control law 

( )du kT  is always less than or equal to the saturation limit (umax) of the continuous-time 

control law ( )u t . 
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Based on this observation, combined with the optimal linear models proposed in the 

previous section, a conditioning scheme comprising of a slow-rate and fast-rate digital 

controller/tracker combination [3] is proposed to address the acceleration saturation 

problem in kinetic kill interceptors. 

 
(a)

maxu

)(kTud

saturationduringDesired

tT T2 T3fT fT3

)(tu

( )df f fu k T

(b) 
Fig. 1. (a) Digitally redesigned sampled-data system with a minor-loop anti-saturation 

compensator, (b) The control laws of an anti-saturation system 
 



AfriTek, Inc. MDA05-048 B053-048-0757 

Page 10  

3 PHASE 1 - TECHNICAL OBJECTIVE 
The specific questions to be addressed in phase 1 can be summarized in the following; 

• Staring with a known nn-degree-of-freedom model of the form in (2.3), can we 

generate input-output data and use it to identify a discrete nonlinear model of the 

form (2.2)?    

• Given a nonlinear nn-degree-of-freedom discrete-time kinetic kill interceptor model 

of the form in (2.2), how can the proposed optimal linearization technique be 

successfully applied to develop optimal linear models at general operating points of 

interest? 

• Given the above optimal linear models, how can effective integrated 

controllers/trackers based on optimal designs be developed to track a chaotic type 

input or target? 

• How can one adapt the proposed anti-saturation scheme to prevent or correct 

acceleration saturation in a nn-degree-of-freedom system? 

4 PHASE 1 – WORK PLAN 
Phase 1 will be executed in the following major tasks; 

a) Acquire a representative nn-degree-of-freedom kinetic kill interceptor model with 

all appropriate parameters. 

b) Develop the nonlinear discrete-time model in (2.2). 

c) For the above nonlinear discrete-time, nn-degree-of-freedom system model, 

develop analytic expressions for the corresponding and j jA B matrices in (2.4), in 

terms of the general operating point ( , )j jx u , for the corresponding discrete-time 

case. 

d) Confirm the fidelity of the developed optimal linear models. 

e) Develop the optimal tracker parameters  
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f) Digitally redesign the above trackers for both the inner loop and outer loop anti-

saturation scheme 

g) Run simulations to compare hit rate performance with that of other methods 

h) Develop phase 2 commercialization plan 

i) Submit report of findings that also addresses rapid prototyping issues 

5 RELATED WORK 
The principal investigator has done work as part of his PhD dissertation [3], in the 

underlying techniques that form the basis of the proposal.    The primary consultant, Dr. 

Leang Shieh has also done research in these areas as well as work on developing trackers 

for chaotic systems and the space station [4, 6-15].  The software engineer is also currently 

doing work in some of the underlying techniques [2]. 

6 RELATIONSHIP WITH FUTURE RESEARCH OR RESEARCH 
AND DEVELOPMENT 

Current IGC schemes involve linearization of the nonlinear kinetic kill interceptor model 

through perturbation methods that involve numerous parameters, without a consistent 

method for determining those parameters.   Other approaches involve the solution of state 

dependent Riccati equations (SDRE), which are extremely time consuming, particularly for 

online applications.    Success of the proposed approach will provide a simpler alternative 

in which the only tuning parameters would be the selection of the (  and )Q R matrices 

used in optimal control design.   This approach also allows the full nonlinear behavior of 

the systems to be captured via offline NN, which are universal approximators capable of 

capturing nonlinearities to any desired degree of accuracy.   In addition, since an optimal 

linearization scheme is used, the accuracy of the nonlinear behavior captured by the NN is 

not lost.   In fact, this technique has proved very successful in dealing with chaotic systems, 

which are known for their very complex nonlinear behavior.   The phase 1 effort will 

provide the basis for extensive simulation, testing and embedding of the design in a DSP 

chip during phase 2. 
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7 COMMERCIALIZATION STRATEGY 
The potential market for the proposed approach could be sizeable, with anticipated interest 

from the major defense/aerospace companies.   A more detailed commercialization plan 

will be developed as part of the phase 1 effort. 
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electrical and computer engineering at the University of 
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detailed computations, develop Matlab/Simulink code and 
run simulations as necessary.    Mr. Canelon will devote 
about twenty hours a week to the phase 1 effort. 

Experience: Mr. Canelon is an associate professor at the Universidad 
del Zulia, Venezuela. He is currently pursuing a Ph.D. 
degree at the University of Houston as a student of Dr. 
Shieh. As a Ph.D. candidate, he has been conducting 
research in an approach involving neural networks for the 
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two others have been submitted for journal publication. In 
addition, Mr. Canelon has published other journal and 
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