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Abstract: The temperature characteristics of a silicon
microgyroscope are studied, and the temperature compensation
method of the silicon microgyroscope is proposed. First, an
open-loop circuit is adopted to test the entire microgyroscope’s
resonant frequency and quality factor variations over temperature,
and the zero bias changing trend over temperature is measured via
a closed-loop circuit. Then, in order to alleviate the temperature
effects on the performance of the microgyroscope, a kind of
temperature compensated method based on the error back
propagation ( BP) neural network is proposed. By the Matlab
simulation, the optimal temperature compensation model based
on the BP neural network is well trained after four steps, and the
objective error of the microgyroscope’s zero bias can achieve
0. 001 in full temperature range. By the experiment, the real time
operation results of the compensation method demonstrate that the
maximum zero bias of the microgyroscope can be decreased from
12.43 to 0.75 (°)/s after compensation when the ambient
temperature varies from —40 to 80 C, which greatly improves
the zero bias stability performance of the microgyroscope.
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ver the past decades, the silicon microgyroscope has

become an emerging kind of inertial sensor, which is
widely applied in the fields of navigation, control and posi-
tioning“%’. Due to the characteristics such as small size,
light weight, high reliability and low costs, it is convenient
to achieve digitalization and intellectualization, and it is
suitable for mass production. However, the resonant fre-
quencies and quality factors in drive and sense modes are
prone to be affected by the ambient temperature, which can
lead to the zero bias fluctuation and further reduce its zero
bias instability.

The temperature error mechanisms of the microgyroscopes
with tuning type and angular vibrating type are investigated
from the aspect of the systematic Brownian noise; however,
the Brownian noise only determines the resolution of the mi-
crogyroscope and has little impact on the zero bias error'*”’ .
The systematic identification is accomplished by some tes-
ting methods, and the temperature error mechanism of the
microgyroscope is mainly analyzed in terms of the structural
resonant frequency variation induced by temperature chan-
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ges'” . The temperature model of the silicon microgyroscope
is deduced according to Seebeck effects of silicon material,
but it only discusses the temperature error caused by
Young’s modulus changes over the temperature varia-
tions'”. The temperature dependent drifts and the noise
characteristics of packaged silicon microgyroscopes are well
investigated. The resonant frequency, quality factor, AGC
voltage and signal drifts are all subjected to various tempera-
ture environments from - 60 to 60 C™'. However, there
are no effective schemes suggested for systematic tempera-
ture compensations.

Theoretically, the spring coefficient of the microgyro-
scope supporting beam changes with the temperature varia-
tion owing to Young’s modulus changing over temperature.
According to the kinetic equation, the resonant frequency of
the microgyroscope is relevant to the sensitivity, stability
and dynamic characteristics; thus, the temperature variation
has significant effects on both the output sensitivity and the
stability as well as the dynamic characteristics of the micro-
gyroscope, resulting in the complex temperature drifts of the
entire system. Therefore, the temperature compensation
method is proposed to improve the overall performance of
the microgyroscope.

1 Temperature Characteristics of Microgyroscope

Fig. 1 shows the temperature characteristics test setup of
the microgyroscope, including the open-loop and the closed-
loop circuits. The waveform generator provides the sinu-
soidal signal to drive the microgyroscope, and the signal
output is recorded by connecting to multimeters, oscillo-
scope and spectrum analyzer, respectively. The temperature
control chamber is used to provide the testing ambient tem-
perature.

First of all, an open-loop driving circuit is adopted to test
the microgyroscope’s resonant frequency and the quality fac-
tor under the circumstance of temperature varying from -40
to 60 C. During the measurement, the microgyroscope and
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Fig. 1 Temperature characteristics test setup of microgyroscope
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the circuit are statically mounted, and the set temperature in
the temperature control chamber varies from - 40 to 60 C
by intervals of 10 C. The temperature at each sampling
point is maintained for 60 min before testing to ensure that
the temperature in the chamber is uniformly distributed and
the microgyroscope is fully heated. Therefore, the lag be-
tween the inner temperature and the outer temperature of the
microgyroscope can be effectively avoided. The testing re-
sults are shown in Fig. 2 to Fig. 5.
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Fig. 5 Trend of quality factor vs. T in sense mode
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According to the data in Fig. 2 and Fig. 4, the resonant
frequencies in drive and sense modes both decrease nearly
linearly when the temperature increases, and their variable
magnitudes are within 10 Hz from -40 to 60 C. It is no-
ticeable from Fig. 3 and Fig. 5 that the quality factor drasti-
cally drops in the range of low temperature, which is much
higher than that of normal temperature. Moreover, its chan-

ging tendency mitigates when the temperature rises higher
than 30 C. The reason is that most of the little residual gas
inside the vacuum-packaged microgyroscope is absorbed un-
der the low temperature, and it is released when the temper-
ature ascends. However, only a little limited gas is absorbed
in the vacuum packaged microgyroscope; therefore, the
quality factor varies slowly since only a little gas is released
when the temperature increases.

Actually, the microgyroscope is tested by using manual
operation via an open-loop circuit to record its intrinsic
structural features. However, to achieve the overall proto-
type realization and track the driving resonant frequency au-
tomatically in accordance with the open-loop situation, a
closed-loop circuit is designed to accomplish the function.
Moreover, the zero bias is closely related to the resonant
frequencies and quality factors in drive and sense modes'”™ .
Though the resonant frequencies and quality factors cannot
be compensated for, the key sensor performance, i.e., the
zero bias output, is effectively compensated for.

The second step is to test the performances of the integrat-
ed microgyroscope by the closed-loop driving circuit. First,
the microgyroscope is still placed in the temperature control
chamber, and its closed-loop driving amplitude and zero bi-
as are measured when the temperature varies from -40 to
60 C with one step of 20 C. Then the temperature is kept
for one hour at each testing point, which can ensure that the
microgyroscope is fully heated and the temperature field in-
side the microgyroscope is homogeneously distributed. At
each temperature point it takes one hour to reach a thermal
balance before the recording of the zero bias of the microgy-
roscope, each temperature point is recorded for about 3 h in
Fig. 6. Then the average output of the microgyroscope at
each temperature point is calculated and fitted by the polyg-
onal line in Fig. 7. Thus the overall trend zero bias over
temperature changes can be clearly exhibited. Data 1, Data
2 and Data 3 are three different groups of tests well indica-
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Fig. 6 Closed-loop test of zero bias of microscope over tem-
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ting an excellent repeatability.

2 Temperature Compensation Method Based on
BP Neural Network

From the above testing experiments, we can acquire some
important temperature characteristics of the microgyroscope
designed in our laboratory, which can provide the useful
proof for compensation.

The adopted BP neural network structure is shown in
Fig. 8. T is the input temperature value for training and pro-
cessing; w,(i=1, 2, ..., 10)is the weight value connecting
the input layer and the hidden layer; b,(i =1, 2, ..., 10) is

Fig. 8 Structure of BP neural network adopted for modeling

the corresponding threshold value; f is the tan-sigmoid
transfer function; v,(j=1, 2, ..., 10)1is the weight value
connecting the hidden layer and the output layer; 6 is the
corresponding threshold value; F is the linear-sigmoid trans-
fer function; and V, is the final output for the zero bias
compensation. Moreover, in order to speed up convergence
and reduce the error, the TRAINLM function is adopted in
the training. In the training, the temperature 7T is the input
value and the corresponding zero bias of the microgyroscope
V.. 1s the output value. Through the reversal Levenberg-
Marquadt algorithm, we set the maximum twelve training
steps and the training target error approaches 0. 001.

In this case, both the input layer and the output layer
have only one neural cell, while the hidden layer has 10
neural cells so as to attain a higher fitting precision and a
forecast precision. Tab.1 summarizes the adopted Matlab
neural network tools, i.e., the recalled functions during the
programming. Tab. 2 records the relationship between the
zero bias and the temperature when the scale factor of the
tested microgyroscope is 8. 774 mV/((°) s,

Tab.1 Neural network Matlab functions

Matlab function

Description

[T,, minT, max7, b,, minb, maxb] = premnmx(7, bias)

net = newff(minmax(7,), [s, 1], {‘tansig’, ‘purelin’}, °trainlm’)

net. trainParam. epochs = 100
net. trainParam. goal =0. 001

net = train(net, 7,, b,)

Normalize the input and output value
Construct BP neural network

Set the maximum training steps

Set the objective error

Start training

Tab.2 Uncompensated zero bias of microgyroscope over temperature

Temperature/C Average voltage Zero biil?/ Temperature/C Average voltage Zero bif‘?/
output/mV ((°)-s™) output/mV ((°)-s™)
80 52.7 6.01 15 88.3 10. 06
75 52.2 5.95 10 94.2 10. 74
70 53.2 6. 06 5 98.4 11.21
65 53.5 6. 10 0 102.7 11.71
60 52.4 5.97 -5 103.5 11.80
55 50.3 5.73 -10 105.7 12.05
50 51.6 5.88 -15 108.9 12.41
45 54.5 6.21 -20 109. 1 12.43
40 60. 6 6.91 -25 108.2 12.33
35 68. 4 7.79 -30 107.5 12.25
30 74. 4 8.48 -35 105.9 12.07
25 79.9 9.11 -40 98.1 11.18
20 85.8 9.77

As shown in Fig. 9(a), the training target error results can
meet the requirement after only four times training. Finally,
all the trained networks’ weights and threshold values are
preserved as constant coefficients, and thus the BP neural
network of the temperature model is successfully built. The
final training simulation result of the model is shown in Fig.
9(b).

After the network model is built up, the current tempera-
ture is used as the input value to obtain the corresponding
zero bias for compensation. Then it is subtracted by the actu-
al output to obtain the compensated zero bias of the micro-
gyroscope. In the Matlab simulation, the original temperature
is substituted to obtain the compensated zero bias curve,

which is obviously near zero and almost becomes a straight
line in Fig.9(b).

In order to verify the effectiveness of the compensating
model, the microgyroscope is put in the thermal control
chamber. The ambient temperature is controlled to increase
from —40 to 80 C at the step of 10 C. At each tempera-
ture point the zero bias is recorded for 30 min; thus, the
compensated zero bias curve is obtained through the on-line
compensating model in the computer. As shown in Fig. 10,
the maximum zero bias decreases remarkably from 12. 43
(°)/s (before compensation) to 0. 75(°)/s (after compen-
sation), which can provide comparable references for other
compensating methods.
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Fig. 9 Training of network and simulation result. (a) BP
neural network training; (b) Zero bias vs. temperature
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Fig. 10  Verification of BP neural network’s compensation
effects. (a) Before compensation; (b) After compensation

3 Conclusion

The performance of the microgyroscope is greatly affect-
ed by temperature variations. In this paper, the temperature
testing results reveal the temperature characteristics of the
microgyroscope. The resonant frequency and quality factor
variations over the temperature can indirectly influence the
zero bias output and its stability. To reduce the
microgyroscope’s zero bias drifts over temperature, the
temperature compensation method is proposed and carried
out, and the experimental results are given.
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