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lntrouuctJon 

Linear mathematical models providing functional representations of rotorcraft dy­
namics are commonly used for stability and control or handling qualities applications. 
Such linear models are either obtained numerically from simulations using physically 
based nonlinear math models or identified directly from flight test data. The former 
approach is far less costly than the latter but requires that the physically based non­
linear math model first be validated across the required flight envelope. While such 
a validation effort is far more difficult than direct identification of linear functional 
models from flight test data, it can conceivably be accomplished with fewer test points 
and thereby reduce the cost of the required flight test program. It would also provide 
a systematic approach for correlation of theoretical and experimental results obtained 
from a variety of rotorcraft investigations. 

Under the Technical Cooperation Program (TTCP), an international effort has 
been initiated to evaluate the use of state-of-the-art system identification methodology 
for validating and/or upgrading physically based mathematical models used in compre­
hensive rotorcraft simulations. A recent Workshop in this program was held in Bedford, 
England in March 1988 with the specific objective of using modern system identification 
methods to validate a physically based model of coupled rotor cyclic flapping/first har­
monic inflow dynamics from Puma flight test data provided by the Royal Aeronautical 
Establishment (RAE). This paper describes the results obtained by Advanced Rotor­
craft Technology, Inc. in supporting the TTCP-HTP 6 System Identification Workshop 
in Bedford. 

Objectives 

The primary objective of this study was to evaluate the use of modern system 
identification methodology to validate physically based mathematical models from ex­
perimental flight test data. Most recent work in helicopter parameter identification has 
concentrated on the identification of stability and control derivatives of a linear model 
of specified order. This is essentially a curve fitting problem in which a functional rep­
resentation of input/output data is specified and the parameter values that provide the 
best match to experimental data is determined. The validation of a physically based 
math model is far more difficult since both the model structure and the parameters 
must be determined. The physical model chosen to evaluate this methodology is a cou­
pled rotor flapping/inflow dynamics model. The baseline structure of this model was 
taken from the literature [Ref. 1 and 2] and is representative of the technology used 
in nonlinear flight simulations for stability and control and handling qualities work. A 
secondary objective of this study is to validate the structure of this model and estimate 
values for the parameters of the model. 

Approach 

The following steps were carried out to accomplish the objectives of this study. 

1) Establish structure of baseline math model. After reviewing the literature, a base­
line model was chosen to reflect generally accepted technology. The rotor dynamics 
model was based on the work of Chen [Ref.1] with modifications made to account 
for the French rotation of the Puma Helicopter and the inclusion of first harmonic 
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[Ref.2] with a Glauert model of the quasistatic, velocity dependent first harmonic 
inflow. 

2) Perform consistency tests on flight test data. Since the test data was to be used 
to validate the math model, it was essential that the data be consistent. A series 
of comparisons of redundant sensors and sensors that can be compared through 
known kinematic relationships was used to eliminate sensor biases and isolate faulty 
measurements. 

3) Establish consistency of model structure with flight test data. Having established 
the consistency of the flight test data, the validity of the baseline model structure 
was tested by examining the equation error resulting from applying the test data 
to the baseline model for a nominal set of model parameter values. The baseline 
model structure was then extended as required to assure consistency. 

4) Ident1[y parameters of model from flight test data. An output error parameter 
identification method was used to identify selected parameters of the validated 
model structure. The technique was first tested using simulated data generated 
from the baseline model. It was then applied to the lateral maneuver at 130 knots 
and a set of ten parameters were identified. These parameters were then used with 
the model to predict the response for the longitudinal maneuver and the results 
were compared with flight test data to validate the parameters. 

Cyclic Flapping/First Harmonic Inflow Math Model 

It was decided to use an isolated model of coupled rotor /inflow dynamics rather 
than a fully coupled rotor fuselage dynamics model. This approach of dealing with 
isolated subsets of the total system allows for a systematic validation of each subsys­
tem independently and reduces the complexity of each model to a manageable level. 
In order to isolate the mathematical model of a subsystem, the variables involved in 
cross coupling with other subsystems are treated as measured inputs to the isolated 
subsystem. 

The cyclic flapping model is bas.ed on Chen's work [Ref. 1]. It is a two degree of 
freedom model with second order dynamics and has been modified to account for the 
French rotation of the Puma and to include first harmonic inflow components. The 
dynamics of the longitudinal and lateral flapping states (a1• and b18 ) are driven by 
the longitudinal and lateral cyclic pitch controls (B1 and A!), dynamic first harmonic 
inflow (Pi and qi) and a quasistatic first harmonic inflow based on advance ratios (J.i,x 
and Jl,y). The cyclic inflow dynamics is also driven by the roll and pitch rates (p and q) 
and nonlinear functions (ua and ILb) of coning angle and coning angle rate (ao and ao), 
uniform inflow (.he), collective pitch (Oo), and advance ratio (J.i,). The baseline model 
has the form: 

[ t::] + F1 [ t::] + F2 [ ~::] = G1 [ ~:] + G2 [ ~:] + +G3 [:] + [ ::] (1) 

where 
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and 

bfl2(B43- B32E1 + ~(JLi- JL~)B21)) 
Ef'fl 2 

- ~')'11 2 JLxJLyBn 

(3) 

The uncertain parameters are the Lock Number (1), and the Tip Loss Factor, (B), 
where 

and e is defined as the nondimensional hinge offset. 

The inflow model is based on the work of Peters [Ref. 2]. It is a two degree of 
freedom model with first order dynamics and is given by: 

where 

(5) 

The uncertain parameters are the inflow time constant ( r), and the gain on the 
forcing ·function (k). The equations are linearized about the trimmed condition to 
further simplify the rPlationship. This results in the elimination of the nonlinear forcing 
functions (ua and ub) since there is little variation in their variables. Equations 1) 
through 5) otherwise remain the same except that the states are now interpreted as 
perturbations from the trim condition. 

Consistency Tests of Flight Test Data 

The flight test data utilized was provided by the Royal Aeronautical Establishment 
(RAE) and consisted of longitudinal and lateral doublets for the Puma helicopter at 
130 knots. The longitudinal maneuver was used for identification since it provided 
significantly more excitation in both axes than the lateral maneuver. Available sensors 
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velocity sensors, rates and attitudes. Harmonic analysis was applied to the flapping 
data from each blade to obtain redundant estimates of the longitudinal and lateral 
tip path plane angles and the coning angle. The data windows for harmonic analysis 
were sufficiently short that the rotor dynamics could be accurately tracked. Figure 1 
shows a comparison of the time histories of longitudinal and lateral flapping dynamics as 
obtained from harmonic analysis of different blades. The close comparison demonstrates 
the consistency of the data. Figure 2 shows a comparison of measured pitch attitude 
with the integral of pitch rate. This kinematic constraint demonstrates the presence of a 
bias in the pitch rate measurement. The third curve in Figure 2 shows that the integral 
of pitch rate with the estimated bias removed matches the pitch attitude well. Figure 
3 shows time histories of control inputs, body rates, velocity components, coning angle 
and coning angle rate for the longitudinal doublet maneuver. These variables are all 
inputs to the isolated model of coupled cyclic flapping /first harmonic inflow dynamics. 

Consistency of Model with Flight Test Data 

Having validated the test data, the validity of the baseline model structure is next 
evaluated. It is essential to validate the model structure prior to identifying parameters. 
If the model structure is incorrect, parameters may still be identified that track the 
data accurately, but the parameter values will be physically meaningless. The inflow 
equation is first integrated, using nominal parameter values and the measured time 
histories of forcing functions. The resulting inflow time history is then used in the 
flapping equation with nominal parameters and measured values of the other states 
and controls and the correlation between the homogeneous equation and each forcing 
function is evaluated. The homogeneous equation was found to be most correlated 
with controls and body rates, so the coefficients of the controls and body rates that 
minimize the error between the homogeneous equation and the corresponding forcing 
functions were identified by regression. The resulting forcing functions are compared 
with the homogeneous equations in Figure 4. The poor comparison indicates that 
the model structure is incomplete. The remaining error appeared to be correlated 
with both the velocity time histories and a bias in the flapping azimuth reference. A 
mathematical representation of the error in cyclic flapping and feathering due to biases 
in the blade azimuth references is given in Figure 5. In order to be completely general, 
separate biases were assumed for the blade azimuths associated with both flapping 
and feathering measurements. The velocity dependence is most likely related to the 
quasistatic ( Glauert) component of first harmonic inflow so a matrix of coefficients 
relating these velocities to the homogeneous equation was also added to the model 
structure. Regression was then used to determine preliminary values for the velocity 
coefficients and the azimuth biases and the resulting forcing functions are compared 
with the homogeneous equations in Figure 6. This fit has improved significantly over 
that of Figure 4 and indicates that the model structure is reasonably close since the 
resulting parameters identified by the regression are close to the nominal values and 
are therefore physically meaningful. 
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System Equations and Parameters 

Having determined the modifications to the model structure required to assure con­
sistency with the test data for physically reasonable values of the model parameters, 
the final step in the system identification process is to identify values for selected pa­
rameters. Ten parameters were selected based on the results of the model structure 
determination process and an understanding of which parameters had well defined val­
ues and which were uncertain. The parameters to be identified were the Lock Number 
('y), the tip loss factor (B), the inflow time constant (r), the inflow gain (k) which was 
related to the deficiency function, biases on the zero azimuth reference for both the 
flapping and feathering measurements (~I and ~2 ), and a matrix of four coefficients 
relating longitudinal and lateral velocity perturbations to the two first harmonic inflow 
components (ki, k2 , k3 , k4). The estimates of the system states (ai., bi., Pi, <li) for 
specified values of the parameter set (Op) are then given by the following equations. 

[ ~l•] +FI(Op) r~~·] +Fz(Op) [~1B] =Gr(Op)TT(~2 ) [~Im] +Ga(8p) [P] 
b1s bis Is Im q 

+Gz(Bp) ([::] + [~~ ~:] [~:]) (6) 

[~;]+Fa(Op) [:;] =G4 (/Jp){[:J- [~ ~] (TT(~2 ) [~~:]- [!~:]) + [~~:]} 
where 

/Jp = ['"I,B,r,k]T 

As shown in Figure 5, the cyclic flapping measurements (a Ism, b1sm) are related 
to the actual flapping states through the coordinate transformation 

sin~I ]- [ai•] = T(~r) [ai•] 
cos ~I bis bis 

(7) 

where ~I represents the bias on the zero azimuth reference point associated with the 
flapping measurement. 

Parameter Identification Methodology 

There are three basic methods for parameter identification; the Equation Error method, 
the Output Error method and the Maximum Likelihood method [Ref. 3]. The simplest 
is the Equation Error method. This approach finds the parameters, /Jp, of the system 
that minimize some error function, g, based on the model, given the measurements, z, 
and inputs, Uc: 

(8) 

It is simple to implement if the equations are linear in the parameters, and can also 
be used for the model structure determination. The Equation Error method requires 
measurements of all states and controls, and gives biased parameter estimates in the 
presence of significant measurement noise. 
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dynamic equations for a given set of parameter values, fJp, and a given input history, 

(9) 

In this approach, the parameters are iteratively adjusted by a second order gradient 
technique to minimize an error function, g, in the outputs, z, the system states, x, the 
controls, uc, and the parameters, fJP: 

(10) 

This method would give biased estimates if the model structure has significant error. It 
does not require that all states be measured, however, since it produces state histories 
from the dynamic model. 

The third method for parameter identification is Maximum Likelihood. In this 
case the state and output equations are combined in an Extended Kalman Filter. The 
states estimates are then obtained from the equation 

(ll) 

and the parameters are again iteratively adjusted by a second order gradient method to 
minimize the error function, g(x, uc, z, Op)· Maximum Likelihood also does not require 
all states to be measured. It is the most general identification method since it gives 
unbiased estimates in the presence of both process and measurement noise. However, 
the Kalman gains reduce the sensitivity of measurement errors to parameter changes 
and result in slower convergence. 

While the Equation Error method is the simplest, it could not be used in this 
application because there were two unmeasured states (the first harmonic inflow com­
ponents). Of the remaining candidates, the Output Error method is the simplest, but 
its application requires that there is no significant process noise. The model structure 
validation work had demonstrated that the data could be reasonably well matched with 
the selected model, indicating a low level of process noise, so the Output Error method 
was selected. 

Application of Output Error Method to Simulated Test Data 

The formulation of the Output Error methodology was tested by using the vali­
dated model structure (Eq. 6) with selected parameter values to generate output data 
for the measured input variables (A 1 , B 1 , p, q). The time histories for these input vari­
ables were taken from the longitudinal doublet maneuver at 130 knots and are shown 
in Figure 4. The Output Error method was then used to estimate the values of the 
model parameters from the simulated output data. The data was generated with no 
azimuth bias and no velocity coupling and the model used in the identification prob­
lem was configured accordingly. The parameters to be identified were then the Lock 
Number (1), the Tip Loss Factor (B), the inflow time constant (r) and the gain on 
the inflow forcing function ( k). The results of the identification are shown in Figure 
7. The problem is highly nonlinear in the selected parameters and fourteen iterations 
were required to reach convergence on all four parameters. The cost represents the 
integral of the sum of the squares of the difference between the cyclic flapping output 
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and control derivatives over a wide range of flight conditions from computer simula­
tions, thereby reducing the number of flight tests required. The potential benefits of 
system identification technology and the strong probability of success observed in the 
studies presented at the Bedford Workshop should make further research in this area 
a strong priority. 
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Figure 3: Measured Inputs 
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Parameter Initial Final Error% 

B 0.9 0.98 0.2 
'Y 9.5 9.1 0.9 
-I/< -2.0 -1.1 7.0 
k 2.0 0.34 6.5 
ljJj 0.0 18. go 3.3 
lf/z 0.0 21 2° 3.1 
k1 0.0 0.042 17.0 
k2 0.0 0.37 2.1 
k3 0.0 -0.23 4.3 
k4 0.0 0.28 2.7 

Table 1: Identified Parameters 

-55- 16-



 
 
    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 1 to page 1
     Mask co-ordinates: Left bottom (16.77 82.91) Right top (54.97 755.60) points
      

        
     0
     16.7707 82.9101 54.9705 755.5997 
            
                
         1
         SubDoc
         1
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     14
     0
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 2 to page 2
     Mask co-ordinates: Left bottom (561.88 108.66) Right top (584.17 745.77) points
      

        
     0
     561.8831 108.661 584.1727 745.7714 
            
                
         2
         SubDoc
         2
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     14
     1
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 3 to page 3
     Mask co-ordinates: Left bottom (14.00 98.94) Right top (47.60 756.97) points
      

        
     0
     14.0006 98.942 47.6021 756.9714 
            
                
         3
         SubDoc
         3
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     14
     2
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 4 to page 4
     Mask co-ordinates: Left bottom (0.00 539.50) Right top (15.87 793.37) points
      

        
     0
     0 539.4951 15.8674 793.373 
            
                
         4
         SubDoc
         4
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     14
     3
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 4 to page 4
     Mask co-ordinates: Left bottom (552.56 16.81) Right top (610.43 761.64) points
      

        
     0
     552.558 16.805 610.4273 761.6383 
            
                
         4
         SubDoc
         4
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     14
     3
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 5 to page 5
     Mask co-ordinates: Left bottom (1.86 90.13) Right top (46.46 764.69) points
      

        
     0
     1.8583 90.1286 46.4577 764.6942 
            
                
         5
         SubDoc
         5
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     14
     4
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 6 to page 6
     Mask co-ordinates: Left bottom (-5.58 138.57) Right top (19.53 794.22) points
      

        
     0
     -5.58 138.5709 19.53 794.2192 
            
                
         6
         SubDoc
         6
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     14
     5
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 6 to page 6
     Mask co-ordinates: Left bottom (349.68 784.92) Right top (467.79 791.43) points
      

        
     0
     349.6791 784.9193 467.7888 791.4293 
            
                
         6
         SubDoc
         6
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     14
     5
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 6 to page 6
     Mask co-ordinates: Left bottom (559.86 26.04) Right top (603.57 753.30) points
      

        
     0
     559.8586 26.0412 603.5685 753.2994 
            
                
         6
         SubDoc
         6
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     14
     5
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 7 to page 7
     Mask co-ordinates: Left bottom (7.43 91.99) Right top (44.60 762.84) points
      

        
     0
     7.4332 91.9869 44.5994 762.8358 
            
                
         7
         SubDoc
         7
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     14
     6
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 8 to page 8
     Mask co-ordinates: Left bottom (555.38 69.65) Right top (589.75 756.92) points
      

        
     0
     555.382 69.6542 589.7451 756.9162 
            
                
         8
         SubDoc
         8
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     14
     7
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 9 to page 9
     Mask co-ordinates: Left bottom (4.64 78.01) Right top (63.15 753.20) points
      

        
     0
     4.6437 78.0128 63.1538 753.2013 
            
                
         9
         SubDoc
         9
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     14
     8
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 10 to page 10
     Mask co-ordinates: Left bottom (43.91 555.87) Right top (699.75 593.24) points
      

        
     0
     43.9093 555.8728 699.7457 593.2424 
            
                
         10
         SubDoc
         10
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     14
     9
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 11 to page 11
     Mask co-ordinates: Left bottom (40.12 7.46) Right top (729.59 61.58) points
      

        
     0
     40.118 7.4638 729.5876 61.5764 
            
                
         11
         SubDoc
         11
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     14
     10
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 12 to page 12
     Mask co-ordinates: Left bottom (556.05 92.35) Right top (598.04 759.43) points
      

        
     0
     556.054 92.3482 598.0379 759.4263 
            
                
         12
         SubDoc
         12
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     14
     11
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 12 to page 12
     Mask co-ordinates: Left bottom (145.54 27.97) Right top (544.86 70.89) points
      

        
     0
     145.5443 27.9728 544.8582 70.8898 
            
                
         12
         SubDoc
         12
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     14
     11
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 12 to page 12
     Mask co-ordinates: Left bottom (-0.93 239.76) Right top (29.86 795.81) points
      

        
     0
     -0.933 239.7585 29.8552 795.8124 
            
                
         12
         SubDoc
         12
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     14
     11
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 13 to page 13
     Mask co-ordinates: Left bottom (1.87 84.01) Right top (49.47 769.11) points
      

        
     0
     1.8667 84.008 49.4689 769.1053 
            
                
         13
         SubDoc
         13
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     14
     12
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 14 to page 14
     Mask co-ordinates: Left bottom (33.54 360.56) Right top (113.67 406.21) points
      

        
     0
     33.5413 360.5576 113.6678 406.2111 
            
                
         14
         SubDoc
         14
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     14
     13
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 14 to page 14
     Mask co-ordinates: Left bottom (82.92 18.62) Right top (598.15 67.07) points
      

        
     0
     82.9216 18.6225 598.1534 67.0711 
            
                
         14
         SubDoc
         14
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     14
     13
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 14 to page 14
     Mask co-ordinates: Left bottom (549.70 112.72) Right top (617.72 754.67) points
      

        
     0
     549.7048 112.7246 617.7192 754.668 
            
                
         14
         SubDoc
         14
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     14
     13
     1
      

   1
  

 HistoryList_V1
 qi2base



