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Abstract - Non-linear effects are interactive and hence play essential role in redefining oscillation modes of each dominant 
structural part particularly in dynamic mode of operation. Computer model that accounts for interactive non-linearity effects 
during dynamic operation of 3DOF system is presented in this paper. A mathematical model of the electro-mechanical system of 
AEW radar scanner assembly, based on State Space method has been used. The model updates parameters and variables to include 
possible non-linearity, which otherwise could have not been possible. The choice of numerical integration with variable step-length 
offers a unique solution. The article highlights existence of interactive non-linearity and method to effective inclusion of the same. 
Simulation results are compared with test results to validate mathematical approach. 
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I. INTRODUCTION 
 

 AEW Radar Scanner Assembly, Fig [1], constitutes 
complex mechanical gimbals for elevation and azimuth 
modes. Azimuth Gimbals supports Elevation Gimbals 
through Cross Strut and Back plate as shown in the Fig 
[1].  Elevation mode rotates through gears between Cross 
Strut and Back plate.  Both have rotors of different sizes 
and support structures to rotate a heavy assembly of 
Aerial. Structural non-linearity, flexible coupling and 
backlash due to rotation-reversal add further complexity 
in terms of its accurate analysis. There is no way that such 
a system could be analyzed by lumping parameters 
together and using simple transfer function to determine 
dominant mode of oscillations.  
 A mathematical model based on State Space method 
is exercised using conventional control loops. The major 
task is to visualize an appropriate cascading of control 
loops for a realistic variable flow-link. Fig [2] shows 
simple block representation of the system to realize 
interaction between such blocks. Table 1 depicts 
variables, disturbance sources and non-linearity elements 
among all these blocks. Such interactions need to be 
included in the mathematical model [1]. 
 The model is described in relation to different 
practical modules that represent separate entity in the 
system; i.e.  Drive unit, Back plate, Cross Strut, Elevation 
Gimbals, Azimuth Gimbals, an Aerial etc; and can be 
spotted in Fig [1].  The drive is mounted on the Back 
Plate while crescent shape gear on the Cross Strut 
engaged with the shaft of the drive enables Elevation 
Gimbals and the Back plate to rotate about its axis for 
limited angle in elevation.. Gear is represented by N as its 
ratio in the Control Block Fig [2].   Azimuth Gimbals is 
held between two mounting pivots on the support 
structure; while the drive of azimuth is fixed with support 
that drives azimuth into azimuth rotation through semi 

circle gear for 1800 rotation. Its 3DOF nature is explained 
by Fig 3.  
 Torque Equations for each structure shown in Fig1 
were developed and formulated in State-Space method. 
i.e.; [x’] = [A]. [x]+ [B]. [U]. Equations (1), (2), and (3) 
for Elevation Drive and Elevation gimbals are given as  
example while the rest are ignored in context of this 
paper.: 
  
A. Drive Unit 

 . . . ........ 1m m m BV R i L i k 
 

    

Where: 
 Rm is resistance of Elevation Drive (Ohm) 
 Lm is inductance of Elevation Drive (henry) 
 Vm is applied voltage to Elevation Drive (V) 
 i  is instantaneous current of the Drive (A) 
 i’ is rate of change of current  
 kB’ is Back emf constant of the Drive(v/rad/s) 
  and ’ deflection and speed of shaft 

       . . . .... 2e m FF r T J FFC T      

Where: 
F is available force at the Drive shaft (N) 
 r is radius of pinion gear (m) 
 Te is torque due to armature current (N-m) kB’i 
 Jm is Drive rotor Inertia (kg-m2) 
 FFC damping constant of Drive (kg-m2/s) 
 TF is frictional constant of the drive (N-m) 
These two equations are rewritten as 3x3 matrix that is 1st 
cascaded element of overall [A] matrix in Eq. (5): 
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 Note that Equation (3) above has [B’] as combined 
from [B]. [U]. 
 
B. Elevation Gimbals 
 

. . . ( ).( ) .. (4)E EE E E E E E A FEN F r J R M x k F T          

 
Where 
 N gear ratio 
 JE is inertial constant of elevation gimbals 
 RE is Elevation gimbals from its axis (m)  
 ME is mass of elevation gimbals (kg) 
 kE is stiffness of elevation gimbals(n-m/rad) 
 FE is damping constant of elevation gimbals (kg-m2/s) 
   TFE is frictional Torque in elevation gimbals(N-m) 
 A is deflection of cross strut (rad) 
 E is deflection of Elevation Gimbals (rad) 
 xE linear deflection of Cross Strut (m) =REE+ x2 
 
Equation (4) above is represented as 2nd element in overall 
Matrix [A] given in Equation (5). 
 
Interactive Non-Linearity Effects: Matrixes [A] of 13 
by 13 was developed by cascading matrices for all of 
subsystems as in real life by connecting those using 
respective elements and are shown in Equation. (5), that 
shows: 
N: Gear Ratio connecting elevation gimbals to   Elevation 
Drive 
   1:  Unit  as a solid link 
   (R-x)/R:  R is distance of c.g. of Gear from axis      of 
elevation; while x is distance of Cross Strut from axis of 
Elevation …Force and Torque relation 
L/R: L  distance of pinion from the back plate  Force and 
Torque relation 
 
Such connecting elements are also obvious in Control 
Diagram shown in Fig. [1] as elements 4, 17, 23 and 32 

respectively and play major role in transforming torques 
to cascaded structure. Looking 
at the structural elements of the Scanner in Fig [2] and 
keeping operation mode in view, the Cross Strut has 
linear deflection (i.e 12th variable while all other have 
rotational deflections (i.e. from 2nd to 11th) see in 
equation (5). 
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Equation (5) 
 

Variables and their derivatives are given in Equations (6) 
and (7) below: 
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 The system therefore may be represented by State 

Space equations using matrix [B] and [U]:  
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 Where [A] is a parametric/state-variable coefficient 
matrix, [B] is an input coefficient matrix, and [U] 
is a vector of inputs. Equation (8) or similar is easy to 
solve by numerical integration within a given short 
interval of time.  Runge-Kutta-Gill Method of 4th order 
was used to solve these differential equations of AEW 
Radar Scanner. 
 
Backlash: Main cause of Backlash is imperfect mating of 
gear teeth in gear boxes or slackness between the driven 
and driving members of torsional coupling. Once the 
amplitude of oscillating component of the torque is less 
than the mean transmitted torque the gear teeth will 
remain in contact and the backlash does not enter into the 
problem. Experiences have also shown that several 
reversals occur during early part of run-up of any multi-
torsional systems [1]. Limits of dead zone factor and 
transmitted torque will certainly play an important role in 
controlling backlash oscillations [2],[3]. When gear teeth 
are open, the output is offering dead zone. Consequently 
the transmitted torque is equal to zero. In this case motor 
and load side are decoupled. The inertia which affects the 
motor is no longer the sum of all inertias of the drive 
system, but only the inertia of the motor and the 
transmission parts before the backlash. Hence the 
dynamic behavior varies [3]. Even stiffness of gears 
continues changing values dependant upon Torque and 
Level of contact-impact on teeth [5]. 
 

II. OFFSETS AND LIMITS 
 
 A constraint on the output voltage of the power 
amplifier limits the torque developed by the servo motor. 
That in consequence limits the electromagnetic torque of 
the drive unit to certain defined value. That helps in 
avoiding magnetic saturation effects as non-linearity. In 
case of higher motor torques those effects are bound to be 
in the system [1].  Selection of frequency of activation 
source may also be a possible source of torsion 
oscillations if that comes to near resonant frequencies of 
any of the torsion elements, i.e. Aerial, Azimuth, or 
Elevation Gimbals of the system [5]. Lower limit of drive 
current could initiate higher speeds and faster reaching to 
the demand angle and vice versa. 
 Higher limit of the speed could excite wider range of 
frequencies and could cause the system more prone to 
resonant oscillation of multiple subsystems, where as 
lower limit of speed would make it slower and clumsier.  
A compromise has to be reached by taking account of all 
necessary independent factors [1]. 
 Digital encoders are becoming part of digital control 
systems, while their discrete resolution provides multi-
step input source, and could cause similar effects as 
expected from step input; i.e. multi-stage transients. 
Those effects are overshadowed in early part of transient 

phase but may become obvious during steady state 
dynamics of the systems.  In general following limits 
were observed in Radar Scanner Assembly: 
a. Source Voltage 
b. Source Current 
c. Demand Angle 
d. Elevation Angle 
e. Speed Limit 
 
Non-linear Damping: Since the Aerial Assembly is 
installed in an enclose space of Radome, air turbulence 
may have noticeable effects  due to inherit damping force. 
It is normally proportional to v2 or v2.5, where v is the 
velocity of rotation of sub-systems. It is believed that this 
effect is insignificant due to low speed of rotation and air 
flow between radome and inside of the aircraft. 
 Varieties of interactive non-linear effects are 
expected due to couplings of multi-torsion systems and 
are given in Table (1). 
 

III. RESULTS AND DISCUSSION 
 

 Simulated results are shown in Figures [3] to [8]. 
Figure [3] show current in elevation drive that exhibits its 
variation soon after Step input of 0.1 radians is demanded. 
While all other variables, as shown in remaining figures, a 
delay of 0.153 seconds is observed due to backlash. 
Oscillations in Back Plate Fig [6] are reflected in Cross 
Strut Fig. [5] & [8] as well as in drive current Fig [3]. The 
oscillations of Cross Strut differ in mode and amplitude in 
sympathy with Back Plate due to adjoining effects of 
these structures and their proper representation in state-
space equations. Comparisons of all these plots exhibits 
real picture of interactive non-linear effects in this 3DOF 
AEW Radar Scanner. Effect of different dead zones is 
seen by comparing cross strut reflections given in Fig [6] 
& [8], where time gap of dead zone is a function of drive 
speed. The larger value of speed causes smaller time gap 
and vice versa Fig [6] & [8]. 
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Fig 1: AEW Radar Scanner Assembly 
 
 
 

 
 

Fig 2: Control Diagram of AEW Radar Scanner 
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Table 1: Inter Subsystems non-linearity 
 

 
 

 
Fig 3 Elevation Drive Current 

 

 
 

Fig 4 Aerial Response to Step Input   

 
 

 
Fig 5:  Deflection in Cross Strut  

 

 
 

Fig 6: Deflection in Back Plate 
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Fig 7: Measured Values 
 
 

 
 

Fig 8: Deflection in Cross Strut 
 

 


