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Abstract. MEMS gyroscopes as a kind of angular rate sensor have been widely used, but their accuracy
tends to be low in practical applications, especially under temperature influence, and they generally re-
quire error compensation. Based on the analysis of gyroscope operating principle, this paper has shown
that the resonant frequency and measuring precision of the gyroscope are dependent on temperature and
temperature gradients. The paper has thus proposed a compensation model based on temperature and
temperature gradients. The experimental results have demonstrated that the thermal drift of zero bias can
be effectively suppressed, and the accuracy can be improved by one order of magnitude after compensa-
tion. Compared with compensation methods only based on temperature, the new method gives significantly
better performance. The new error compensation model has not only integrated the differences under dif-
ferent temperature conditions, but also reduced the repeatability errors. It provides a theoretical basis for
accurate compensation of the gyroscope thermal error in practical applications and is applicable to other
MEMS gyroscopes.
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-- Position loop

In the control systems of airborne photoelectric recon-
naissance devices, in order to realize the targets’ capture,
tracking and measurement, it usually requires keeping the
optical axis of photoelectric sensors facing towards the tar-
gets. The stabilized platform should help solve two prob-
lems: servo tracking and the carrier’s vibration isolation.
Gyroscopes, as the angular velocity measuring device in
space, are the core components of the system. And MEMS
(Micro Electromechanical System) gyroscopes have been
widely used due to its small size, light weight, low power
consumption and low price. Figure 1 shows a commonly
used servo control system, which contains two control
loops, the position loop and the velocity loop, while some
systems perhaps also include the current loop [1].

As the speed sensitive device in the velocity loop,
MEMS gyroscopes also sense the carrier’s vibration in the
inertial space, and output a voltage which is proportional
to the angular velocity, then the controller will produce
a trimming moment which is equal to the disturbance
torque and in the opposite direction to keep the line of
sight (LOS) stable. The feedback control of the velocity
loop can also increase the bandwidth and the speed of re-
sponse of the position loop, thus improving the tracking
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Fig. 1. Servo control system.
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performance. However, in practical applications, the er-
ror caused by inertial device accounts for the main part
of the system error. The noise and drift of gyroscopes re-
duce the signal resolution, especially when the gyroscope
signal is very small. And this results in migration of the
LOS, losing the target and resulting in fuzzy images [2],
and generally leads to higher requirement for the inertial
components. As MEMS gyroscope accuracy is currently
low, it is important to perform the testing and calibration
of the gyroscope including inertial components, accurate
acquisition of relevant data and error compensation to im-
prove the inertial device’s accuracy [3]. Since temperature
is one of the main error sources of MEMS gyroscopes [4,5],
this study aims to establish a new compensation model to
enhance the zero-bias accuracy of MEMS gyroscopes.
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Fig. 2. Schematics of the vibrating mass gyroscope.

2 Structure and operating mechanism

The structure of a z-axis MEMS gyroscope is shown in
Figure 2. It has two perpendicular vibration directions,
zr-axis and y-axis, which correspond to drive mode and
test mode respectively. The y-axis vibration (test mode)
is caused by Coriolis force. When the gyroscope is pow-
ered on, the mass block will vibrate harmonically in z-axis
direction due to periodic electrostatic force. Given an an-
gular velocity along the z-axis, {2, the mass will sense the
Coriolis force in the y-axis. And the angular velocity, (2,
can be calculated through the mass displacement in the
y-direction [6-8].

According to Newton’s second law of motion, it can be
obtained in z-axis and y-axis:

My + Coi + [ke — may (925 + 22)]

—2mg 2.9 + ma 2.0y = fo + M,
myfj + ey + [ky —my (27 +22)] y

F2my$2, & + my 2,2,z = M,

where m; is the mass, ¢; the damping coefficient, k; the
stiffness of the elastic beams and M; the interference force,
all in i-axis direction (i = x or y); fq is the electrostatic
driving force. If f; is ideal and harmonic, its driving equa-
tion can be represented as: fq = fe sinwy.

When the z-axis gyroscope rotates about the z-axis
without any interference force, i.e. {2, = 2, = 0, M, =
M, =0, equation (1) can be written as:

{ Mgl + Cp® + (km — mwﬂz) T —2my 82,y = fq @)

myY + ¢y + (ky — myﬂg) y+2my 2,3 =0

or
§ 4 2ewad + (02— 22w =L 420,y
i+ 28 wyy + (wg — Qz) y=—20.1

where w, = ,/£= is the natural frequency of the drive

- - is the damping ratio of the drive mode;

mode; §; = 55
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:L” is the natural frequency of the test mode;
Y

wy:

&y = QW?’mu is the damping ratio of the test mode.

Since the natural frequencies of drive mode and test
mode are much larger than the angular velocity, {2,, the
latter can be ignored on the left side of equation (3). The
y-axis is governed by a traditional force model, although
the Coriolis force induced by the z-axis should be consid-
ered. In the actual design of closed-loop driving circuit,
the Coriolis force which causes vibration in driving direc-
tion should be cancelled. Thus the above equation can be
further simplified as [8,9]:

F 4 28wt + wiz = n’i—d
{ . (4)

Y+ 26y wyy + (wi — Qg) y = —202,1.

3 Temperature characteristic analysis

Silicon as a kind of thermo-sensitive material is greatly
influenced by temperature. Its properties including struc-
ture, size, elasticity modulus and residual stress, etc. will
change with temperature. The change of its elasticity
modulus is particularly significant as it will cause the
change of system stiffness, resulting in the change of res-
onance frequency. Temperature change will thus lead to
the drift of gyroscope’s resonance frequency [7,8].

Elasticity modulus has an approximate linear relation-
ship with temperature change [7-12]:

E(T) = E(To) — keE (Ty) (T — Tp) (5)

where E(T) and E(Tp) are the elasticity modulus of sili-
con at the temperature of T' and Ty = 300 K; kg is the
temperature coefficient of elasticity modulusof silicon.

Since the MEMS gyroscope system stiffness is propor-
tional to the elasticity modulus, thus we have:

K = Ko — kpKo (T — Tp) (6)

where K and K| are the system stiffness at the tempera-
ture of T and Ty, with a unit of N/mm.

If the temperature T is close to Ts, the two tempera-
ture coefficients are approximately equal and hence:

KQZKl_kEKl (TQ_Tl) (7)

where K5 and K7 are the system stiffness at the tem-
perature of T and T7. The relationship between resonant
frequency and temperature can then be expressed as:

wn (T2) = \/Ka/m = /[Ki —kgK (T, = Ty)] /m (8)

where w,, (T3) is the gyroscope’s resonant frequency at the
temperature of T, m is the weight of the mass block. As
T is close to Ty, equation (8) can be approximated as:

wn (Ta) = wn (T1) [1 = kg (Ta = T1) /2]. 9)

This shows that gyroscope’s resonant frequency is de-
pendent on temperature and temperature gradient. Gy-
roscope compensation mainly deals with scale factor error



Q.J. Tang et al.: Static temperature analysis and compensation of MEMS gyroscopes

—~temperature——p
———Trate—»| I
Signal Filtering & AD
adjustment amplifying acquisition
—~—Tate— >
—temperature——————————————» SPI

v

R

Fig. 3. Schematic diagram of the DAS.

and zero bias error. If the gyroscope is static, the offset of
gyroscope detection sensitivity is mainly zero drift. And
the chief reason for gyroscope zero bias is the offset of its
natural frequency and Q-value [8]. When compensating
for static error (mainly zero bias error), the commonly
used model is based on the built-in temperature sensor,
without considering the temperature gradients and the re-
lationship between environment temperature and internal
temperature [13].

4 Temperature compensation model
and testing procedure

4.1 Temperature compensation model

In practical applications, MEMS gyroscopes only have in-
ternal temperature sensors without any measurement of
the environment temperature. In this paper, the temper-
ature gradient is used to represent the difference between
internal temperature and environment temperature. The
temperature compensation model may be shown as:

F(T)=f(T,AT)+¢ (10)

where F(T') is the zero bias compensation at the temper-
ature of T'; f(T, AT) is the function about temperature
T and temperature gradients AT; £ is the random error
¢ ~ N(0,0?). To simplify the calculation f(T, AT) is ob-
tained by linear regression analysis. A more specific model
used in this paper is:

F(T)=a1T?+ aoT 4 a3 AT + a,TAT + a5 + & (11)

where a1, as, a3, as and a5 are the coefficient constants.

4.2 Data acquisition system

Figure 3 is the schematic diagram of the data acquisition
system, which has two channels of gyroscope input inter-
face, with each including rate and temperature signals.
The signals enter the AD acquisition module after ad-
justment, filtering and amplification. The acquired data
is then transferred to the DSP through the FPGA. Dur-
ing the testing process, the data is sent to the PC from
the DSP through a serial port.
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Fig. 4. The relationship between rate output and temperature
(7th set of data).

4.3 Testing procedure

The data is acquired when the MEMS gyroscope is stable
and at different rates of heating up, with the temperature
changing from —20 °C to 50 °C over seven heating up times
ranging from 5 min to 60 min. The testing procedure is as
follows:

1) Place the MEMS gyroscope in a high-low temperature
chamber. Set the temperature at —20 °C. When the
temperature reaches —20 °C, switch on the gyroscope
and data acquisition system. Wait for 1 h.

2) Set the chamber temperature at 50 °C and heating up
time at 5 min. Start to collect gyroscope data. When
the chamber temperature reaches 50 °C, wait for 1 h.

3) Collect the gyroscope data within one hour time. Then
disconnect the power supply. When the chamber tem-
perature recovers normal temperature, wait for 1 h.

4) Repeat steps 1 ~ 3 and change the heating up time
in step 2 to 10 min, 20 min, 30 min, 40 min, 50 min
or 60 min, respectively.

5 Results and discussion

According to the above testing procedure, 7 sets of data
were obtained. Figure 4 is the 7th set of data, showing a
linear relationship between the zero-bias voltage and the
temperature. Thus the data can be analysed by means of
linear regression analysis.

All the coefficients in equation (11) can be obtained
through the linear regression analysis, as shown in Table 1.

Table 1 illustrates that temperature and temperature
gradients of first degree have much higher significant im-
pacts on the zero bias than the quadratic terms. Taking
an average of these values under different conditions, we
have the final compensation equation:

F (T) = 0.0000030434872 — 0.25259T — 5.13663 AT
+0.000701T AT + 10381.16 (12)
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Table 1. Values of the five coefficients at different heating up times.

Heating
up time ai asz as aq as
(min)

5 0.0000019504876  —0.23537397  —7.4260978  0.00098190674  10315.948
10 0.000002676828  —0.24618153  —3.6553626  0.00044286063  10354.223
20 0.0000041203692  —-0.27028934  -10.03044 0.0013282806 10453.302
30 0.0000038654453  —0.26552597 -5.6036385  0.00076193292 10430.86
40 0.0000021652523  —0.23869247  2.9620516  —0.00037816028  10326.501
50 0.0000024462827  —0.24380525  —3.1428874  0.00039041132 10347.9
60 0.0000040797022  —0.26828756  —9.0600264 0.001377608 10439.366
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Fig. 5. Compensation results. (a) Compensation effect with the new fitting model, (b) comparison of compensation results

using four different models.

Get three other compensation models by polynomial fit-
ting based on the 1st, 6th and 7th set of data which are
based on only temperature, as shown in equation (13).

F(T), = 0.0000006733107T% — 0.2146058T + 10232.25
F(T), = 0.0000002464003T2 — 0.2437495T + 10346.21

F (T), = 0.000000204348872 — 0.23571307 + 10311.63
(13)

Another set of data were acquired for validation, which
has a heating up time of 60 min. The compensation effect
of the new model and the compensation results using the
four models are compared as shown in Figure 5.

The average and mean square residual errors of the
fitting are shown in Table 2.

Figure 5 and Table 2 illustrate that the zero bias of
MEMS gyroscope is well compensated by the four compen-
sation models, with the accuracy improved by one order
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Table 2. Average and mean square errors of the four compen-
sation models.

1st set 6th set 7th set New model
Average error -0.0357 0.0321 -0.0079 0.0014
Mean square error  0.0598 0.0512  0.0482 0.0430
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Fig. 6. Chamber temperature variations during 30 min
and 60 min heating processes.

of magnitude before and after compensation. In Table 2,
the mean square errors are nearly the same, with the new
compensation model giving the minimum value. For av-
erage error, the first two compensation models are based
on 5 min and 50 min heating up time respectively, with
similar magnitudes of the average error. The third com-
pensation model is based on 60 min heating up time, which
is the same as the validation data, giving a much smaller
average error. Using the new compensation model pro-
posed in this paper, the average error is only 0.0014 (°/s).
Due to different weathers and ambient temperatures, the
heating up processes of MEMS gyroscope can vary. In
practical calibration process, actual operating environ-
ment cannot be repeated. The new compensation model
proposed in this paper, which is based on temperature
and temperature gradients, integrates different tempera-
ture variations and consequently achieves better results.
The measurement system accuracy can be affected in a
number of ways. As shown in equation (11), the compen-
sation result is closely related to 7" and AT'. In practical
use, the MEMS gyroscopes tend to be installed in a con-
fined space and the internal temperature will normally in-
crease until a stable temperature is reached. The heating
and cooling processes typically have different responses,
resulting in some degree of hysteresis. In the heating pro-
cess, the control accuracy of the temperature chamber,
the linearity of heating up process and the actual tem-
perature field distribution in the chamber will cause some
errors to the model presented in this paper. According to
the instruction manual, the temperature chamber has a
measuring range of —70 °C to 150 °C, with a tempera-
ture stability of £0.2 °C and a temperature uniformity
of £0.5 °C (-70 °C ~ 80 °C). In the practical measure-
ment, however, it is impossible to measure all the points in
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the chamber, the uniformity will affect the heating linear-
ity, which will cause AT error. Figure 6 shows the temper-
ature variations recorded in the chamber during heating
processes of 30 min and 60 min, respectively. By means of
linear regression analysis on the rising segments, the two
slopes are found as 2.36 °C/min and 1.17 °C/min, and
the standard deviations of the residual errors are 0.84 °C
and 0.57 °C, which are acceptable in this experiment.

Meanwhile, during the operation of the chamber, the
small vibration caused by the air flow will also introduce
measurement error. In addition, with the increase of the
measurement duration, the gyroscope will exhibit errors
associated with the gyroscope’s fundamental characteris-
tics other than temperature, such as angle random walk,
rate random walk, bias instability, Markov noise, etc.,
which can be further compensated for with stochastic er-
ror theories.

6 Conclusions

Based on the analysis of the internal structure and op-
erating principle of the MEMS gyroscopes, this paper-
has discussed their static temperature characteristics and
derived that the gyroscope’s zero bias is dependent on
temperature and temperature gradient. A new compen-
sation model has thus been established. The testing re-
sults indicate that the new model can improve gyroscope’s
accuracy by one order of magnitude after compensa-
tion. Compared with the common compensation meth-
ods only based on temperature, the average error can
be reduced 7 ~ 20 times and the standard deviation has
declined to less than 80%. The new error compensation
model thus not only integrates the different models un-
der different temperature conditions, but also reduces the
repeatability error. It provides theoretic basis for the ac-
curate compensation of the gyroscope in practical appli-
cations and is applicable to other MEMS gyroscopes.
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