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Dynamic compensation and its application of
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Abstract; In order to correct the test error caused by the dynamic characteristics of pressure sensor and avoid the influence of

the error of sensor’s dynamic model on compensation results, a dynamic compensation method of the pressure sensor is presen-

ted, which is based on quantum-behaved particle swarm optimization (QPSO) algorithm and the mean square error (MSE). By

using this method. the inverse model of the sensor is built and optimized and then the coefficients of the optimal compensator

are got. This method is verified by the dynamic calibration with shock tube and the dynamic characteristics of the sensor before

and after compensation are analyzed in time domain and frequency domain. The results show that the working bandwidth of the

sensor is extended effectively. This method can reduce dynamic measuring error and improve test accuracy in actual measure-

ment experiments.
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Shock wave is an important part of the damage
effects of projectiles and shock wave pressure test can
provide scientific basis for evaluating the power of

weapons .,

The shock wave propagation is a high-
speed changing process with wide frequency spec-
trum, therefore the pressure sensor should have suf-
ficiently high frequency response to reflect the change
of the pressure accurately™. Due to limitations of
fabrication process, the working bandwidth of the
existing sensors can not completely cover the effec-
tive bandwidth of the shock wave signal, resulting in
a distortion between the input and output of the test

B3] In actual measurement, test signal has a

system
large overshoot, which will bring greate dynamic er-
ror if the maximum peak of the test data is regarded
as the peak pressure of shock wave directly''. To
meet the dynamic test requirement and make the test
results more accurate, it is necessary to compensate

the dynamic characteristics for the sensor so as to im-
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prove the response speed and expand the band-
width"!,

Conventional methods of dynamic compensation in-
clude zero-pole redisposing, neural network algo-
rithm, particle swarm optimization (PSO) and so on.
Zero-pole redisposing based dynamic compensation is
difficult to determine the mathematical model of the
sensor, which introduces the error of the sensor’s
dynamic model"!. The global searching ability of the
neural network algorithm is poor and it is easy to fall
into local extremum to get the coefficients of dynamic
compensation filtert”. The PSO algorithm can not
search the global optimal solution with probability
100% and the results of the optimization are greatly
influenced by the order of the sensor’s model™,
Therefore, to solve the above problems, a dynamic
compensation method based on quantum-behaved

particle swarm optimization (QPSO) algorithm and

the mean square error(MSE) is presented in this pa-
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per. Using the proposed QPSO algorithm, the in-
verse model of the sensor is built and optimized to get
the coefficients of the compensator whose orders are
given, and then the optimal order of the compensator
is determined by the mean-square error. The whole
process can be completed without establishing the dy-
namic model of the sensor in advance, which can a-
void the error of sensor’s dynamic modeling further.
This method is verified by dynamic calibration and
the working bandwidth of the sensor is extended ef-
fectively. It meets the dynamic test requirement and
makes the test results more accurate in actual meas-

urement experiments.

1 Principle of QPSO algorithm

PSO is a global optimization algorithm based on
swarm intelligence, using the particle swarm inclu-
ding M particles to search for the optimum solution
in the search space of D-dimensional target™. The
basic idea of PSO is to initialize a group of random

particles and then to find the optimal extremum by

updating their position and velocity in each itera-
tion"". However, considering PSO algorithm can
not search for the global optimal solution with proba-
bility 100%™, the QPSO algorithm proposed from
quanta mechanical angle is no longer described by
particle velocity and position, and the evolution equa-
tion of particle state for each dimension can be got

through the wave function, that ist'71%

pa(t) = (D ps() + (A — o)) p (), (D
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where py(t) is the historical optimal value of the i-th
particle position, p, () is the global optimal value of
all particle current positions, py(¢) is reappraisal op-
’ Xll) )

is the present position of the ith particle, ¢ and u are

timal center attract position. X; = (a1, , X5 **

all the random numbers which are uniformly distribu-
ted on the [0,1]. L(#) can be evaluated by the intro-
duction of an average optimal position and it can be

expressed as
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where ¢ is the only parameter called compression-ex-
pansion factor which requires to be certain in the QP-

SO algorithm.

2 Design of dynamic compensation fil-
ter based on QPSO algorithm

At present, the method of dynamic compensation
of pressure sensor is to connect a compensator in se-

ries after the output of the sensort™, as shown in

Fig. 1.
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Fig. 1 Dynamic compensation principle of sensor

The original signal x(z) got by the sensor is con-
verted to the output signal y(¢) which has a large dy-
namic test error because of delayed response of the

sensor. To improve the test accuracy, the sensor

output y(z) passes through a compensator, so that
the sensor output y(¢) is replaced by the compensator
output y(z) so as to correct the dynamic error in this
way.

To avoid building the dynamic model of the sen-
sor, this paper directly designs a dynamic compensa-
tor with the experimental data., converting the dy-
namic compensator design into identification of com-
pensator parameters. The specific principles are as
follows.

In actual applications, the dynamic compensator of

sensor can be described by variable differential equa-

tion as

vy (ay tarz '+ taz") =

y() by + by 4o+ 0,27, (5)
where 2! is delay operator; m and n are the orders of

compensator; and e(z) denotes output noise.

Eq. (5) can be expressed in a vector form as
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y(i) = "X, +0b, (6)

W = (—al’...’

where b is a constant,

—a,bosb; a"‘abm>T’

X, = [Z ]5/<[)7"'9Z ”5/(t>9y(l)92 ]y(t)q"'az '"_’y(Z)]T.

The design principle of the dynamic compensation
filter based on QPSO algorithm is as follows: firstly,
the actual measured excitation signal x (¢) and re-
sponse signal sequence y(7) are got by shock tube dy-
namic calibration experiment. Then, the signal y'(z)
is designed to meet the requirement of dynamic per-
formance according to x (¢). Finally, by using the
QPSO algorithm, dynamic compensation filter coeffi-
cients are got with y (¢) and y" (). The specific
method of dynamic compensation of sensor based on
QPSO algorithm is shown in Fig. 2.
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Fig.2 Principle of dynamic compensation of sensor based on

QPSO algorithm

3 Selection of optimal order of dynamic
compensation filter

As the order of dynamic compensation filter is
higher, it will increase the calculation work and make
the hardware implementation more difficult, as a re-
sult, the effect of corresponding compensation is lim-
ited”™. Therefore, to determine the structure of the
compensation filter accurately, it is necessary to veri-
fy how to select the optimal order of the compensa-
tor. In the actual identification of system, the sam-
pling groups of the input and output are significantly
more than the number of the parameters of identifica-
tion. In this case, with the increase of the model or-
der, the error value will decrease obviously. Howev-
er, when the order number of the model is larger

than the order of the real system, the prominent de-

cline of the error will stop, so that the optimal order
of the model can be determined in this way"'?’. In
this paper, by means of the shock tube dynamic cali-
bration experiment, the mean square error between
the compensated data and the actual step signal can

be got by

N
s = min = /2 (5 — ¥ (),
N i—1

where N is the number of data, y’ is the actual step
signal; and y(z) is the compensated data. Therefore,
the optimal order of compensation filter can be deter-
mined based on the relationship between the mean
square error and the different order of compensation

filter.

4 Dynamic calibration experiment

In the dynamic calibration experiment, the shock
tube can generate a standard step pressure to act on
the measured pressure sensor, and thus the actual
working capacity of the sensor is analyzed by the out-
put response of the sensor. The actual response

curve of the pressure sensor in the dynamic calibra-

tion experiment is drawn in Fig. 3.
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Fig. 3 Compensation results of sensor

Using the QPSO algorithm, the inverse model of
the sensor is built and optimized to get the coeffi-

cients of the compensator. The output of the sensor
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can be equivalent to the input of the compensation
system and the input signal can be equivalent to the
output of the compensation system. In this paper,
curve 1 is the input of the compensation system and
the output of the reference model is the ideal step sig-
nal.

By means of the optimization of the QPSO algo-
rithm, the coefficients of the compensator whose or-
ders are given in advance will be got as long as the
mean square error reaches the minimum. The rela-
tionship between the mean square error and the dif-
ferent orders of compensation filter is shown in
Fig. 4.
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Fig. 4 Relationship between mean square error and order
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It can be known that the error curve of the com-
pensated data decreases gradually with the increase of
the filter’s order, but the decrease amplitude obvi-
ously becomes small from the sixth order. According
to the proposed principle, the optimal order of the
compensation filter is 6 and the coefficients of the dy-

namic compensation filter @ and 6 are shown in

Table 1.

Table 1
and b

Coefficients of optimal dynamic compensation filters a

Parameter a Parameter b

ap=1.515 6 by=0.9519
a1 =—0.206 6 b1=—0.147 8
a;=0.248 9 by==0.998 8
a3;=1.2367 b3=0.216 7
a;= —0.106 1 by =0.539 2
a;=0.072 5 b;=0.183 5
as=0.007 4 b;=0.041 6

And then the transfer function of this dynamic

compensation filter can be got by

_0.951 9—0.147 82 +0.998 82* +0.216 72° +0.539 227" +0.183 527° + 0. 041 62°°

Fig. 3 shows the compensation result, the response
time is 10 ps and the overshoot volume is 10% after
the compensation, which achieve the technical index
requirements.

To verify the effects of the compensation further,
the amplitude-frequency characteristics of the system
before and after the compensation are analyzed. The
sensor’ model can be set up with the same method.
The amplitude response, the amplitude-frequency
characteristic of the dynamic compensation filter and
the amplitude-frequency curve after dynamic compen-
sation are shown in Fig. 5. It can be seen that the
sensor has a flat working band below 75 kHz, but a
big amplitude error appears around the resonant fre-
quency of 250 kHz. By using dynamic compensation

13

filter, the “straight section” can be extended to 350
kHz. It can be concluded that the method of the dy-

namic compensation has expanded the effective work-

© 1.5156—0.206 62 ' +0.248 9z 2 +1.236 7= ° —0.106 1z ' +0.072 5z ° 4 0.007 4z *

ing band of the sensor largely.
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Fig.5 Comparison of amplitude-frequency characteristics be-

fore and after compensation

S Application in actual test

After the test system is established. the dynamic

calibration of each shock wave’s pressure sensor is
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carried out and the corresponding compensation filter
is designed. The arrangement of measuring points in
the static burst power test for a certain warhead is

shown in Fig. 6.
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Fig. 6 Site layout of measuring points

The actual shock wave curve measured by the
measuring point 7 £ and its corresponding curve after

dynamic compensation is shown in Fig. 7.
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Fig.7 Actual shock wave curve and modified curve
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Fig. 8 Magnification of rising edge

The rising edges of the curves are partially en-
larged as shown in Fig. 8.

It can be seen that the measured overpressure peak
of shock wave is 101. 13 kPa and the modified value
after dynamic compensation is 89. 78 kPa. Peak pres-
sure is decreased by 11.22% and the peak time is de-
layed for 3. 0 ps by correction. The measured over-
pressure and the result after compensation of each

measuring point are shown in Table 2.

Table 2 Measured data and results after compensation

Measuring Measuring Measured Modified Dynamic
distance (1) point overpressure value error
(kPa) (kPa) 0
1+ 96. 25 89.96 6.53
2# 103.2 95. 38 7.58
34 101. 62 95.94 5.99
44 98.92 90. 15 8. 86
25 5% 97.52 91.37 6.31
6 = 98. 56 89. 35 9.34
74 101. 13 89.78 11. 22
8+ 99. 65 91.74 7.94
9+ 98. 43 92.08 6.45

6 Conclusion

The method of dynamic compensation of pressure
sensor based on QPSO algorithm and mean square er-
ror is proposed in this paper. The parameters of the
optimal dynamic compensation filter are got with the
input and output of press sensor through the optimi-
zation and calculation in the dynamic calibration ex-
periment instead of setting up dynamic model of sen-
sors, which avoids the influence of modeling errors
on dynamic compensation. In time domain and fre-
quency domain, the performance of the sensor before
and after the compensation is analyzed. The results
show that the effective working band of the sensor
has been widened. It reduces the error of dynamic
test and improves the accuracy of the test by applying
in the actual measurement. In addition, according to
the parameters of dynamic compensation filter, the
corresponding filter can be constructed by software
programming in the appropriate microprocessor and
then the filter is solidified into the acquisition system
to realize the real-time processing of the data. The
proposed method can also be used to solve the dy-

namic test problem of other sensors or test systems.
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