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One of the important parameters evaluated in radio-technical systems of trajectory measurements is the dis-
tance to the tracking object. In view of the emergence of highly maneuverable aircrafts, the existing range autose-
lectors cannot effectively track the distance to such objects. Therefore, the work solves the problem of synthesis of a 
multiloop distance measuring device based on the estimation of the higher derivatives of the distance to the object. 
The models of the monitored and controlled processes are considered, the algorithm and the structure of the qua-
sioptimal meter are proposed. 
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Introduction 

One of the important parameters evaluated in ra-
dio-technical systems of trajectory measurements is the 
distance to the tracking object. Due to the fact that the 
operation of the distance measuring devices included in 
the RTS is subject to the influence of various kinds of 
interference (intentional and unintended), they usually 
work in the automatic selection mode by the delay time 
of the signal reflected from the object (range). There-
fore, such measuring devices are often called auto-range 
providers. The essence of the range selection is to 
unlock the radar receiver only at the time of the ex-
pected arrival of the signal reflected from the desired 
object [1–2]. As a result of automatic selection, only the 
signal reflected from the tracking object comes to the 
channel of forming the range estimate. This leads to an 
increase in the efficiency of range estimation compared 
to measuring devices that do not use pre-selection. 

Maneuvering of objects leads to an increase in dy-
namic errors, which in turn can lead to disruption of 
tracking [3]. For an auto-range provider, this means that 
the received signal goes beyond the strobe limits. The 
expansion of the strobe, as a possible solution to this 
problem is not an effective measure, since this reduces 
the signal-to-noise ratio at the input of the radar re-
ceiver, there is the possibility of hitting the strobe sig-
nals reflected from other objects, which, again, can lead 
to the disruption of the tracking. 

The elimination of these drawbacks is possible 
when expanding the vector of estimated system state 
parameters and optimizing algorithms for controlling 
the RTS actuators based on the extended state vector 
[4–5]. 

Existing tracking meters are built on a single-loop 
principle, when a sensing element (discriminator), a 
command generator (regulator, controller) and actuators 
are connected in a loop in series. 

With such a scheme for constructing a measuring 
device, the conditions for achieving high accuracy in 
estimating the parameters of the state of a system con-
tradict the conditions of stability [6]. In addition, the 
basic parameters – range and speed in existing radar 
measuring devices – are estimated based on models of 
uniform or uniformly accelerated motion of an object, 
while modern aircraft can perform spatial evolutions 
leading to the appearance of significant components of 
the second, third, and fourth range derivatives [7] . 

A promising direction to eliminate these disadvan-
tages of single-loop meters is the synthesis of multi-loop 
tracking systems with an expanded composition of 
measured parameters. In a multi-loop meter, the proc-
esses of estimating measured values and generating a 
control signal are carried out separately, which increases 
the stability of the distance measuring device [1; 6]. 

Research Objective 

The aim of the work is to synthesize an optimal 
multiloop regulator (ruler) of the range auto-selector to 
accompany highly maneuverable aircrafts. The subject 
of optimization is the process of generating gating 
pulses of the rangefinder. 

Synthesis of the tracking measuring device will be 
performed by the state space method. At the same time, 
we believe that the evolution of the controlled (required) 
process of changing the range in the rangefinder con-
troller being synthesized (the vector of required states 

Тx


 and measurements Т (t)z


) is given by general equa-

tions of the form: 

Т Т Т Т xТ(t) (t) (t) (t) (t) x A x C ξ
  ,            (1) 

Т Т Т Т(t) (t) (t) (t)  zz H x ξ
 

,                 (2) 

where Т (t)A  - dynamic matrix of the controlled proc-

ess; Т (t)C  - disturbance matrix of the controlled proc-
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ess; Т (t)H  - measurement matrix; Т (t)z


 - measure-

ment vector of the controlled process; xТ (t)ξ


 and 

Т (t)zξ


 - disturbance vectors of the controlled process 

and measurement noise, respectively. 
The controlled process model is given by general 

equations of state. y (t)x


 and measurements y (t)z


 as: 

yy y y y y x(t) (t) (t) (t) (t) (t) (t)  x A x B u C ξ
   ,    (3) 

yy y y(t) (t) (t) (t)  zz H x ξ
 

,                   (4) 

where y (t)A  - dynamic matrix of the controlled proc-

ess; y (t)B  - control matrix; y (t)C  - disturbance matrix 

of the controlled process; (t)u


 - control vector; y (t)H  - 

measurement matrix; 
yx (t)ξ


 and 

y
(t)zξ


 - respectively, 

vectors of disturbances and noise measurements of a 
controlled process. 

The task of synthesis is to determine the optimal 
algorithm for calculating the vector of control actions 
based on the results of observations Т (t)z


 and y (t)z


 

constituent vectors Тx


 and y (t)x


, which would allow 

the best (optimal) way to form a controlled state y (t)x


 

at the output of the controller (regulator). 
The synthesis of the tracking part of the distance 

measuring device and its derivatives will be carried out 
based on the following assumptions and assumptions: 

1)  the tracking object is detected and the meter 
operates in the automatic tracking mode; 

2)  at the input of the optimal regulator from the 
temporal discriminator tracking measuring device, op-
timal estimates of higher derivatives of the range are 
received. Algorithms for the formation of such estimates 
are described in [5]; 

3) when describing the accelerated movement of 
the object of tracking, we restrict ourselves to the fourth 
derivative of the range [7]. 

Synthesis of optimal multiloop regulator 

Process models: Limiting ourselves to considering 
the fourth derivative of the range in the synthesis of the 
optimal measuring device, the model of the controlled 
(required) process system can be represented by the 
equation of accelerated motion: 

2
(1) (2)

от от от

3 4
(3) (4)
от от

t
D (t) D (t) t D (t)

2!

t t
D (t) D (t) ,

3! 4!

   

   


                (5) 

where отD (t)  – tracked distance; 

(1)
от от отD (t) D (t) V (t)   – controlled speed; 

(2)
от от от отD D (t) V (t) a (t)     – tracked acceleration; 

(3)
от от от от отD (t) D (t) V (t) a (t) j (t)       – tracked 

inversion (derivative of acceleration; rate of change of 

acceleration); (4)
от от от отD (t) D (t) j (t) w (t)    – 

tracked rate of change of the inversion; 
n 2

(n) от от от
от от отn 2

dD dD dD
D ;   D (t) ;   D (t) ;

dt dt dt
      

3 4
от от

от от3

dD dD
 D (t) ;   D (t)

dt dt
  

4
 - differentiation op-

erators. 
Let's rewrite equation (5) as: 

4 3

от от от

от от

t t
Д (t) Д (t) Д (t)

24 6 2

Д (t) t Д (t) 0

2t
    

   

  




 (6) 

and divide by 
4t

24
: 

от от от2

от от3 4

4 12
Д (t) Д (t) Д (t)

t t
24 24

Д (t) Д (t) 0.
t t

   

    

  


                 (7) 

Equation (7) can be rewritten as: 

от 3 от 2 от

1 от 0 от

Д (t) a (t)Д (t) a (t) Д (t)

a (t) Д (t) a (t) Д (t) 0,

  

    

  



 (8) 

where 0 4

24
a (t)

t
  , 1 3

24
a (t)

t
 , 2 2

12
a (t)

t
 , 

3
4

a (t)
t

 . 

The equation (8), as normal, describes the model 
of the process being controlled. Let's transform the 
third-order differential equation into a form represent-
able in the state space, that is, we reduce it to form (1). 
To do this, let's introduce the notations: 

от от1Д (t) Д (t) ; 

от1 от2Д (t) Д (t) ; 

от2 от3Д (t) Д (t) ; 

от3 от4Д (t) Д (t) ; 

от4 3 от 2 от

1 от 0 от

Д (t) a (t) Д (t) a (t) Д (t)

a (t) Д (t) a (t) Д (t).

    

   

  



 

Taking into account the introduced notation, a 
fourth-order differential equation (8) can be represented 
as a system of first-order equations written in vector-
matrix form: 

от1 от1

от2 от2

от3от3

0 1 2 3 от4от4

Д (t) Д (t)0 1 0 0

Д (t) Д (t)0 0 1 0

0 0 0 1 Д (t)Д (t)
a (t) a (t) a (t) a (t) Д (t)Д (t)

 

   






(9) 

or                     от от отД (t) (t) Д (t) A
  ,                  (10) 

http://www.hups.mil.gov.ua/periodic-app/journal/nitps/2018/4


Розвиток, бойове застосування та озброєння радіотехнічних військ 

 71

where Т
от от от от отД (t) [Д (t)  Д (t)  Д (t)  Д (t)]
     - 

state vector of the controlled process (vector of phase 
coordinates). 

The controlled process takes place against the 
background of noise exposure (measurement noise, ex-
ternal disturbances affecting the aircraft), therefore, the 
noise component must be included in equation (10). 
Moreover, when solving a problem in a Gaussian for-
mulation, (10) is converted to the form: 

от от от от ДотД (t) (t) Д (t) (t) (t)   A C ξ
  ,     (11) 

where Т
Дот от1 от2 от3 от4(t) [ (t)  (t)  (t)  (t)]    ξ


 - 

disturbance and noise vector of measurements of the 
controlled process, described by centered Gaussian 
noises with a known matrix of single-sided spectral den-

sities отG ; T
от (t) [1 1 1 1]C  - disturbance matrix of 

the controlled process 4х1 . 
The model of the controlled process of the synthe-

sized regulator must ensure the stable control of the 
actuators. For linear stationary systems or processes (3) 

in which control signals iu  ( i 1, r ) do not exceed 

some acceptable values доп iU  the criterion of control-

lability is determined by the relation [8]: 
2 n 1

у у у у у у уrank ... n 
B A B A B A B 


,     (12) 

where n  - dimension of the state vector уx


 systems 

(number of controlled phase coordinates). 
Criterion (12) allows determining the minimum set 

of control signals for targeted change of all system state 
variable To fulfill condition (12), it is necessary that in 
all groups of functionally related phase coordinates at 
least the highest derivative be controlled [8]. In the fu-
ture, the framework for using this assumption should be 
checked at the stage of modeling the operation of the 
synthesized controller. 

For the range measurer, the control device is the 
gate arrangement device. The delay time of the strobe 
relative to the probe pulse is determined by the expected 
delay time of arrival of the reflected pulse. With these 
comments, the model of the controlled process can be 
represented by the equation: 

2 3
(1) (2) (3)

у у у у

4
(4)
у j j

t t
Д (t) Д (t) t Д (t) Д (t)

2! 3!

t
Д (t) b (t) u (t),

4!

     

   


      (13) 

where ju (t)  - loop actuating signal; jb (t)  - efficiency 

factor of control signal. Here, the index "y" denotes the 
controlled range and its derivatives. 

By analogy with the controlled, the controlled 
process model can also be reduced to the form (3) state-
space description: 

у у у у Ду у ДуД (t) (t) Д (t) (t) U (t) (t) (t)     A B C ξ
   ,(14) 

where Т
у у у у уД (t) [Д (t)  Д (t)  Д (t)  Д (t)]
     - state 

vector of the controlled process; 

у

0 1 2 3

0 1 0 0

0 0 1 0
(t)

0 0 0 1

a (t) a (t) a (t) a (t)



   

A  - dynamic 

matrix of the controlled process; 
Т

Ду wU (t) [0  0  0  u (t)]


 - control vector; 

у

w

0

0
(t)

0

b (t)

B  - control matrix; 

Т
Ду у1 у2 у3 у4(t) [ (t)  (t)  (t)  (t)]    ξ


 - vector of 

disturbances and noise measurements of a controlled 
process, described by centered Gaussian noises with a 
known matrix of single-sided spectral densities уG ; 

T
у (t) [1 1 1 1]C  - disturbance matrix of a controlled 

process 4х1 . 
The general form of the equations of observation 

for monitored and controlled processes, in the case of 
Gaussian disturbances, corresponds to (2; 4). With the 
selected models of the state of the monitored and con-
trolled processes, measurements should ensure obser-
vance of observability criteria [8–10], analysis of which 
shows [11] that, in general, with an increase in the num-
ber of gauges (observers), observability improves. Sup-
pose that in both the controlled and the controlled proc-
esses all phase coordinates are observed independently. 
Then the processes are absolutely observable, and the 
measurement matrices in equations (2; 4) take the form 
of diagonal unit matrices: 

у от

1 0 0 0

0 1 0 0
(t) (t)

0 0 1 0

0 0 0 1

 H H .                (15) 

Evaluation of the state vector of the controlled 

process отД (t)


 generates a discriminator, and informa-

tion about the state vector of the controlled process 

уД (t)


 can be obtained at the output of the range finder. 

The final form of the observation equations for the 
controlled process: 

от от от иот иотz (t) (t) Д (t) (t) (t)   H C ξ
 

 ,      (16) 

and controlled process: 

у у у иу иуz (t) (t) Д (t) (t) (t)   H C ξ
 

 ,         (17) 

where Т
иот иот1 иот2 иот3 иот4(t) [ (t)  (t)  (t)  (t)]    ξ


, 

Т
иу иу1 иу2 иу3 иу4(t) [ (t)  (t)  (t)  (t)]    ξ


 - the 
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measurement noise vectors of the monitored and con-
trolled processes described by centered Gaussian noises 
with known matrices of single-sided spectral densities 

иотG  and иуG , respectively; 

T
иот иу(t) (t) [1 1 1 1] C C  - disturbance matrix of the 

monitored and controlled processes 4х1 , respectively. 
 
Compensator design. 
 
Let's assume the state of the synthesized regulator 

as generalized state vector Т Т
от уД(t) [Д (t)  Д (t)]

   Т . 

Then his model in the state space will be described by 
the matrix equation: 

Д(t) (t) Д(t) (t) U(t) (t) (t)     A B C ξ
   , (18) 

where 
от 1

2 у


A O
A

O A
, 

3

у


O
B

Β
, 

от

у


 


, 

от 4

5 у

С O

С
O С

, iO  - zero matrices of the correspond-

ing dimensions i 1,5 . Hereinafter, to simplify re-

cording, time dependence is omitted. 
In [8], it was shown that for the system described 

by (18) when optimizing for the minimum of the local 
quadratic quality functional, the optimal control algo-
rithm should give the following value of the control 
vector: 

1 Т
у отˆ ˆU [    K B Q x x


у ] .             (19) 

where 

11 12 13 14

21 22 23 24
w u

31 32 33 34

41 42 43 44

q q q q

q q q q
U u ,  k ,  

q q q q

q q q q

  K Q


, 

n  mq  - penalty coefficients for tracking accuracy on the 

corresponding phase coordinate ( n, m 1, 4 ); uk  - pen-

alty factor for the amount of control signal. 

Given that Т
у у у у у уˆ Д [Д   Д   Д   Д ] x

    , 

Т
от от от от от отˆ Д [Д   Д   Д   Д ] x

     and substituting 

everything in (19) we get: 

w 41 w 42
w от у от у

u u

w 43 w 44
от у от у

u u

Д Д Д Д

b q b q ˆ ˆˆ ˆu [Д Д ] [Д Д ]
k k

b q b qˆ ˆ ˆ ˆ[Д Д ] [Д Д ]
k k

K Д K Д K Д K Д,

   

   

       
  

 

   

  



    (20) 

where от у
ˆ ˆД Д Д   , от у

ˆ ˆД Д Д     , 

от у
ˆ ˆД Д Д     , от у

ˆ ˆД Д Д      - tracking error in 

range and corresponding range derivative; ДK , ДK


, 
ДK


, ДK


 - the gains of the corresponding errors. 
From (20) it is clear that for the functioning of the 

synthesized regulator, optimal estimates of the vectors 

are needed отД


, уД


. The first vector estimates are 

generated by the discriminator measuring device. To 

obtain vector estimates уД


 need to synthesize a sepa-

rate filter. 
To evaluate the process given by equation (14) in 

the presence of observations (17), in practice, the Kal-
man estimator optimal linear filtering is often used. 

Kalman estimator allows you to form an optimal 
estimate by the criterion of minimum variance 

T
у у у у

ˆ ˆM{(Д Д )(Д Д ) } 
   

 according to the algorithm 

[8; 12]: 

у у у у Ду у у у
ˆ ˆ ˆД Д U (z Д )      A B К Η
    , (21) 

T 1
у 2 иу


К RΗ G , (22) 

T T 1
у у иу

0

2 0

(0) ,


    



R A R RA RΗ G ΗR G

R R


у,5 ,

 (23) 

where R  - covariance matrix of filtering errors, which 
determines the potential accuracy of estimation. 

The block diagram of the measuring device (fig. 1) 
is obtained on the basis of the initial equations of the 
monitored and controlled processes, the law of optimal 
control and the optimal estimation of phase coordinates 
during optimization by the quadratic criterion. In the 
picture: ПРМ – receiver; Д – discriminator; УРС – gate 
arrangement device. 

ПРМU

уД

СТU

ПРДU

ДK

ˆ
отД

ДK

ˆ
отД

ДK

ˆ
отД

ДK

ˆ
отД

wu

wb



(0)Д(0)Д (0)Д(0)Д

Дуξ 

ˆ
уД

ˆ
уД

ˆ
уД

ˆ
уД

уД

уД

уД

уД

(0)уД


(0)R уG

 
 

Fig. 1. Multiloop block diagram of a quasi-optimal 
tracking distance measuring device 
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The synthesized distance measuring device is a 
multidimensional non-stationary multiloop system. 
Multidimensionality is due to the use of several meas-
ured system state variables. Some state variables are 

passed to the user (Д , Д and part is used only to form 

the control signal (

 отA  

73

), 

Д ,Д , Д ) T  nonstationarity of the 

system is due to the use of variable gain factors in the 

Kalman filter 

. he

уК  of siduals  re уz  Η


lue of 

which can vary from the highest values (for testing the 
initial discrepancy) to the smallest (to ensure maximum 
accuracy of estimation), as well as the non-stationarity 

уД̂


, the va

of the coefficients ices trackedof dynamic matr

and controlled уA  processes. 

Conclusion

A quasi-optimal distance measuring device was 
synth

ator), the con-
trol loop (controller - ruler - gate device - Kalman esti-
mator - regulator) and the loop of controlled phase co-
ordinate estimation (Kalman estimator). 

esized in the paper, which takes into account the 
appearance of higher derivatives of a range of inten-
sively maneuvering aircraft. 

To increase stability in the meter used multi-circuit 
design principle. Separately synthesized are the phase 
coordinate measurement loop (discrimin
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БАГАТОКОНТУРНИЙ СЛІДКУВАЛЬНИЙ ВИМІРЮВАЧ ДАЛЬНОСТІ РАДІОТЕХНІЧНОЇ СИСТЕМИ 
СУПРОВОДУ ВИСОКОМАНЕВРЕНИХ ЛІТАЛЬНИХ АПАРАТІВ

 Радван Мухамед Жавад Кадім 

Одним з важливих параметрів, які оцінюються в радіотехнічних системах траєкторних вимірювань, є дальність 
до супроводжуваного об'єкта. У зв'язку з появою високоманеврених літальних апаратів існуючі автоселектори 
дальності не можуть ефективно відстежувати дальність до таких об'єктів. Тому в роботі вирішується завдання 
синтезу багатоконтурного вимірювача дальності на основі оцінювання вищих похідних зміни дальності до об'єкта. 
Розглянуто моделі відслідковуємого і керованого процесів, запропонований алгоритм і структура квазіоптимального 
вимірювача. 

Ключові слова: високоманеврені літальні апарати, вимірювач дальності, що слідкує, автоселектор дальності, 
синтез регулятора вимірювача дальності. 

МНОГОКОНТУРНЫЙ СЛЕДЯЩИЙ ИЗМЕРИТЕЛЬ ДАЛЬНОСТИ РАДИОТЕХНИЧЕСКОЙ СИСТЕМЫ 
СОПРОВОЖДЕНИЯ ВЫСОКОМАНЕВРЕННЫХ ЛЕТАТЕЛЬНЫХ АППАРАТОВ 

Радван Мухамед Жавад Кадим 

Одним из важных параметров, оцениваемых в радиотехнических системах траекторных измерений, является 
дальность до сопровождаемого объекта. В связи с появлением высокоманевренных летательных аппаратов 
существующие автоселекторы дальности не могут эффективно отслеживать дальность до таких объектов. 
Поэтому в работе решается задача синтеза многоконтурного измерителя дальности на основе оценивания высших 
производных изменения дальности до объекта. Рассмотрены модели отслеживаемого и управляемого процессов, 
предложен алгоритм и структура квазиоптимального измерителя. 

Ключевые слова: высокоманевренные летательные аппараты, следящий измеритель дальности, автоселектор 
дальности, синтез регулятора измерителя дальности. 
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