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Abstract: In order to improve the bias stability of the micro-
electro mechanical system ( MEMS) gyroscope and reduce the
impact on the bias from environmental temperature, a digital
signal processing method is described for improving the accuracy
of the drive phase in the gyroscope drive mode. Through the
principle of bias signal generation, it can be concluded that the
deviation of the drive phase is the main factor affecting the bias
stability. To fulfill the purpose of precise drive phase control, a
digital signal processing circuit based on the field-programmable
gate array ( FPGA) with the phase-lock closed-loop control
method is described and a demodulation method for phase error
suppression is given. Compared with the analog circuit, the bias
drift is largely reduced in the new digital circuit and the bias
stability is improved from 60 to 19 °/h. The new digital control
method can greatly increase the drive phase accuracy, and thus
improve the bias stability.
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he silicon MEMS gyroscope (SMG) has the advanta-
T ges of small volume, light weight, low cost and batch
fabrication, which makes it a suitable angular-rate sensor. It
is also a basic sensor in the micro inertial measurement unit
(MIMU) and can have both military and civilian uses, such
as in attitude flight control systems, the automobile industry
and so on'"™'. The sensitivity of the MEMS gyroscope has
been greatly improved due to the achievements in vacuum
package technology and the DDSOG (deep dry silicon on
glass) deep etching technology. But the existence of bias
drift has greatly reduced the precision of the gyroscope. For
example, in navigation applications, the attitude signal is
obtained by integration of the angular rate, so the bias drift
error can be accumulated in the integration which leads to
remarkable attitude signal drift errors.

The use of digital signal processing and the advanced al-
gorithm in gyroscope circuits can lead to higher flexibility
and reliability”™ . In this paper, the gyroscope signal is
processed as much as possible in the digital domain.

By analyzing the principle of bias production, we find
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that the drive phase stability is the primary factor affecting
the bias stability. A FPGA-based digital signal processing
circuit with additional drive phase control is presented. Ex-
periments confirm that the improved drive phase control can
greatly improve the bias stability.

1 Factors Affecting Bias Stability

The quadrature error of the sense mode is an unavoidable
mechanical error caused by the coupling from the drive
mode to the sense mode'. It is the main factor affecting
the bias stability. The phase of quadrature error is the same
as the phase of the drive mode vibration(see Fig. 1), so the
drift of the drive phase can lead to a drift in the quadrature
error phase.
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Fig.1 Drive mode bode diagram. (a) Amplitude-frequency re-
sponse curve; (b) Phase-frequency response curve

The output of a gyroscope comes from the phase sensitive
demodulation which is achieved by the multiplication of the
sense mode signal with the drive mode signal. Assume that
the phase of the external drive force is cos(w,t), which is
the same as the phase of the drive signal, then the sense
mode signal can be expressed as K, + K,, where K, =
A,sin(w,t + ¢)is the Coriolis force signal, and K, = A,cos
(w,t + @) is the quadrature error signal.

. W.0q (1)
0. () - wy)

@ = —arctan

where ¢ is the phase of quadrature error, which is the same
as the drive mode displacement signal; w, is the external
drive force frequency; w, and Q, are the resonant frequency
and quality factor of the drive mode; A, is the amplitude of
the Coriolis force signal; and A, is the amplitude of the
quadrature error signal.

When the input angular signal is zero, K, =0. The de-
modulation signal of the sense mode can be expressed as
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The bias signal is obtained after filtering the quadric har-
monic signal,

A? .
Viis = — =SID @ (3)
2
So the bias signal is mainly affected by the amplitude and
the phase of a quadrature error. The amplitude of quadrature
error varies with the fabrication error and its influence on the
bias signal can be expressed as
oV, i
bias sSin ¢ (4)

9A, 2

When the drive mode works near the resonant frequency, the
phase ¢ is small, so sin ¢ should be close to zero. The drift of
the quadrature amplitude has a smaller effect on the bias drift.

1% A

a;‘“ = - ?300349 (5)

But the drift of quadrature phase can cause a much greater
effect on the bias drift. As shown in Eq. (5), the bias signal
is mainly affected by the stability of the phase of quadrature
error. The effect is proportional to the amplitude of the quad-
rature error. As the amplitude of the quadrature is mainly de-
termined by fabrication error, the stability of the quadrature
phase needs to be improved so as to improve the stability of
bias.

2 Digital Closed-Loop Control of Drive Mode with
Additional Phase Optimization Control

2.1 Basic closed-loop control circuit

The silicon MEMS gyroscope with vacuum packaging has
a very high quality factor (above 10*), which means that
the external drive force frequency should be as close as pos-
sible to the resonant frequency of the drive mode to obtain a
large vibration amplitude response with limited driving
force. Besides, the resonant frequency of the drive mode
changes linearly with temperature. When the temperature ri-
ses by 100 C(from —40 C to 60 C), the resonant frequen-
cy accordingly decreases by about 10 Hz. This requires a
closed-loop frequency control system to make sure that the
external drive force frequency follows the change in the res-
onant frequency.

The drive mode control circuit diagram is shown in Fig.
2. The gyroscope mechanical structure and the analog read-
out circuit are simplified in a transfer function. All the con-
trol processing is in the digital domain.

The digitally controlled quadrature oscillator ( DCQO) is
one of the key parts in the control circuit. It produces two
digital orthogonal sine-wave signals with the same frequency
controlled by the phase control loop, which are set as phase
standard to obtain phase and amplitude information of the
drive mode displacement. The principle of the DCQO is
based on complex multiplication'” and the phase precision is
determined by the length of the complex multiplicand. In
this case, the output phase resolution can reach 0. 000 1°.
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Fig.2 Basic diagram of drive mode control circuit

There are two control loops: the phase control loop and
the amplitude control loop. The phase control loop is set to
control the drive force frequency by using the phase-lock
method”™ . The amplitude control loop is set to control the
vibration amplitude of the drive mode with the AGC ( auto-
matic gain control) method.

Suppose that the two orthogonal signals from the DCQO
are cos( w,t) and sin(w,?), and the drive signal has the
same phase as cos(w,t). So the drive mode output signal
should be A cos(w,t + ¢), where A, is the amplitude of the
drive mode vibration, and ¢ is the drive phase. As shown in
Fig. 1, the increase in driving frequency will cause a de-
crease in the drive phase. When the external drive frequency
equals the resonant frequency, the drive phase ¢ = —90°.

The drive phase signal V_ is obtained by filtering the
product of the DCQO cosine signal and the drive mode out-
put with the low pass filter to remove the quadric harmonic
signal. The amplitude of the drive mode output signal may
change and can cause an error to phase detection, so it is
normalized to avoid the error.

cos(2wt + ¢) + cos(¢p)

Vmulp =cos(wyt) cos(wyt + @) = 2 (6)
_cosp _sin(¢ +90°)
Vo= = 2 (7)

When ¢ is near -90°, V_=~(¢ +90°)/2. A PI controller
is introduced to control the voltage signal V_ to zero by ad-
justing the DCQO output signal frequency. When the fre-
quency is equal to the resonant frequency of the drive mode,
¢ should be —-90° and V, be zero.

The acquisition of the drive amplitude also uses the multipli-
cation and the filtering method. The multiplier is a DCQO sine
signal and the multiplicand is the drive mode output signal.

A, [sin(2wt +¢) —sin(¢p) ]
2

®)

Voia =sin(wH A cos(wyt +¢) =

After filtering the quadric harmonic signal, Eq. (8) can
be simplified as V, = — A sinp/2, where ¢ is near —90°,
V,=A,/2. A PI controller is introduced to make the typical
AGC control.

A simulation based on Fig.?2 is done to confirm that the
drive control system works properly. Considering the individ-
ual differences in fabrication, packaging and working temper-
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ature ranges, the maximum error of the resonant frequency
value between the actual and the designed is in the range of
100 Hz. So in the simulation, the initial value between the
drive force frequency and the drive mode resonant frequency
is set to 100 Hz. For example, the initial frequency of the
DCQO is set to 100 Hz higher than the resonant frequency.

The simulation results are shown in Figs.3 to 5. Fig. 3
shows that the DCQO frequency automatically decreases by
100 Hz and meets the resonant frequency. Fig.4 and Fig. 5
show the input and output of the drive mode, respectively.
At first, the drive signal frequency is much higher than the
resonant frequency, so the drive signal saturates to the max-
imal and just obtains a small output. As the drive frequency
approaches the resonant frequency, the output amplitude be-
gins to increase quickly. When the amplitude reaches the
reference value, the drive signal amplitude gets smaller so
that it can reduce the output amplitude. Finally, all the sig-
nals become stable. This simulation indicates that the phase
control loop and amplitude loop can remain stable.
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Fig.3 Simulation result of phase control output
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Fig.5 Simulation result of drive mode output signal

2.2 Phase error by zero-order hold effect and treatment

In the analog-to-digital conversion, the zero-order hold
effect can produce additional phase error. This phase error
changes with the drive frequency and cannot be controlled in
the phase control loop. A phase shift multiplication method
is introduced to correct the error.

f1is the frequency of the drive mode output signal shown as
the analog signal in Fig. 6. f, is the ADC sampling frequency
and f, > 10f. Because of the zero-order hold effect, the sam-
pled signal delays the time of 1/(2f,) than the analog signal.
So the phase between the two signals is f/(2f,) x360°.
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Fig. 6 Diagram of zero-hold effect error

As shown in Eq. (6), a multiplication is introduced to
obtain the phase information. In digital signal processing, it
is in a discrete time form,

Vo (K) = cos(w,t,) cos(w,t, + @) k=1,2,... (9)

As shown in Fig. 7(a), the signal from the DCQO and
the sampled drive mode output signal in the same sample
period makes multiplication. The DCQO signal is a digital
signal, but the drive mode output signal is from the analog
signal being sampled, thus it has a sample phase error. The
phase error can change the production result and affect drive
phase stability.

To correct the phase error, the DCQO signal should delay
the same time of 1/(2f,), then the two signals can make syn-
chronization again. The demodulation method is as follows:
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Fig.7 Multiplication schematic for demodulation. (a) Nor-
mal multiplication; (b) Signal delay in multiplication
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vmulp(k) =
cos(wyt,_,) cos(wyt,_, +¢) +cos(w,t,_,)cos(w,yt, +¢)

2
(10)

As shown in Fig. 7(b), the thick line is the sampled sig-
nal with delay and the thin line is the DCQO signal.

3 Experiments

3.1 Identifying the main factor affecting bias stability

An analog circuit with notable bias drift verifies that the
drive phase is the main factor affecting bias stability. The
bias signal and the sense mode amplitude signal are meas-
ured for 70 min at room temperature after a cool-down time
of more than 10 h.

The result of the bias output signal is shown in Fig. 8.
The bias stability is 60 °/h. The amplitude of the sense
mode signal is shown in Fig.9.
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The drive phase signal can be obtained by calculating the
transformation of Eq. (3), ¢ = arcsin( - 2V, /A;), as
shown in Fig. 10.

As shown in Fig.9 and Fig. 10, both the drive phase and
the amplitude of the sense mode have a significant drift with
time. To identify the primary factor affecting the bias output
signal, two more calculations are given as follows:

1) Make the amplitude of the sense mode signal stable,
for example, A, =0.432, and the drive phase remains un-
changed as shown in Fig.10, so the bias can be calculated
(see Fig. 11).

2) Make the drive phase stable, for example, ¢ =
91.24°, and the amplitude signal remains unchanged as
shown in Fig.9. The bias result is shown in Fig. 11.

As shown in Fig. 11 and Fig. 12, to keep the drive phase

stable has more effect on bias drift than to keep the ampli-
tude of the sense mode stable. However, the stability of the
amplitude of the sense mode signal is important for the scale
factor of the gyroscope, and the details can be seen in Ref.
[7 —8]. So the drive phase is the primary factor affecting
the bias drift.
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Fig. 10 Drive phase signal of analog circuit
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Fig. 11 Bias signal with stable amplitude of sense mode
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Fig.12 Bias signal with stable drive phase

3.2 Experiment of digital circuit bias output

A MEMS gyroscope with a digital control circuit ( see
Fig. 13) is made to verify the phase correction method.
The bias output is measured at room temperature, with a
cool-down time for more than 10 h. The result with phase
correction is shown in Fig. 14. The bias stability is 19 °/h
which is mostly caused by noise and not by the drift. The
drive phase is also calculated and the drift is within 0. 01°,
which is greatly improved compared with Fig. 10. So the
improvement in the drive phase indeed improves the bias
stability.
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ses and experiments prove the effectiveness of the method.

References

[1] George T. Overview of MEMS/NEMS technology develop-
ment for space applications at NASA/JPL[ C]//Proceedings
of SPIE: Smart Sensors, Actuators, and MEMS. Maspal-
omas, Gran Canaria, Spain, 2003: 136 —148.

[2] Brabour N, Schmidt G. Inertial sensor technology trends
[J]1. IEEE Sensors Journal, 2001, 1(4):332 —339.

[3] Raman J, Cretu E, Rombouts P, et al. A closed-loop digit-

Fig.13  Gyroscope and digital control circuit ally controlled MEMS gyroscope with unconstrained sigma-
delta force-feedback [ J]. IEEE Sensors Journal, 2009, 9
-0.52 (3):297 —305.
~0.53 [4] Keymeulen D, Peay C, Food D, et al. Control of MEMS
-0.54 disc resonance gyroscope using a FPGA platform[ C]//2008
Tw Dts IEEE Aerospace Conference. Big Sky, MT, USA, 2008:1 —
. T 8.
€—0.56 [5] Yang Bo. Research on silicon micro gyroscope measurement
X -0.57 and control technology [ D]. Nanjing: School of Instrument
i:% ~0.58 Science and Engineering of Southeast University, 2007. (in
Chinese)
-0.59 [6] Palomaki K, Niittylahti J, Renfors M. Numerical sine and
—0'600 5' 1'0 1'5 2'0 2'5 3'0 35 4'0 4'5 5'0 5'5 6|0 6|5 7'0 cosine synthesis using a complex multiplier [ C]//Proc of

IEEE International Symposium on Circuits and Systems. Or-

Time/min

lando, FL, USA, 1999: 356 —359.
Fig. 14 Bias output of new digital control circuit [7] Zhou Wenwen, Zhang Rong, Zhou Bin. Drive loop design
of single axis gyroscope based on SOPC[J]. Journal of Chi-
4 Conclusion nese Inertial Technology, 2009, 17(1): 67 —70. (in Chi-

nese

The bias stability is greatly related to the quadrature sta- [8] Zh01)1 Bin, Zhang Rong, Chen Zhiyong. Online self-com-
bility. A method of improving the quadrature error stability pensation for enhanced the scale factor stability of a
by improving the driving phase stability is proposed. With micromachined gyroscope[J]. Journal of Physics: Confer-

the method, the bias stability has greatly improved. Analy- ence Series, 2009,188(1): 012043.

729 OK Bh 48 3L 1= 1 L R IR S iR e 12 2 E T 1Y /7 &
ZEAW B Kk EER
(FAHRXFHTBMNES LR FMBAKFTIHELEE T, &% 210096)

HE A T 3R I SR RARAE M R Y L2 B E A Hom AR F TR A ERE T —HRGIK
RS IR AL # T 0 77 k. B TR T AR R, o BRI AL m Z L Hm AR T 2R £, £
AT FPGA . F15 5 A 2 507 XA BRI SR 44 R, FIL T *F IR Sy AR 6y My s 42 ). 2038 T — Fh 3 4
FAAL IR £ 0 FRA 7 k. TR AR A e B8 BT A T b BRARAT M A R T BAR 69 IR A5, RimAS Z M d 60 °/h 3 5 3] 19
°/h. G FIEH T ik RFRZH T IR AL 6 320 B, 1K B T 358 RAp AL T ey B 89,

KGR A AR PSR B AR B AS ; SRS ARAL A4 ; LI 7T %42 11 4 5)

FE 425 U666. 123



