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Abstract

This work describes about the design and implementation of a double closed-
loop control system for MEMS vibratory gyroscope using sixth-order and
eighth-order continuous time band-pass sigma-delta modulator. A gyroscope
is a device based on the principles of angular momentum for measuring the
orientation. MEMS (Micro-electro-mechanical Systems) refer to devices or
systems integrated with electrical and mechanical components in the scale of
microns. There are two orthogonal modes: drive and sense mode, and these
modes has corresponding control loops. The sense mode is controlled by
sixth-order continuous- time force-feedback band-pass sigma-delta modulator.
Here we choose the band-pass sigma-delta modulator so that only less
sampling frequency is required. The principle of operation is based on
Coriolis force, it transfers energy from drive mode to sense mode. By giving
the input angular rate, the proof mass displacement and Coriolis force takes
place. Delta-sigma (AXY) or sigma-delta(£A) modulation is a digital signal
processing, or DSP method for converting analog signals into digital signals
as found in an ADC. It is also used to move higher-resolution digital signals
into lower-resolution digital signals as part of the process to convert digital
signals into analog. By using this double closed-loop control system, the
bandwidth and linearity is maintained. The parameters of both control loops
can be optimized by genetic algorithm (GA) as a future work.

Index Terms— MEMS, gyroscope, sigma-delta modulator, bandpass, genetic
algorithm (GA)

I. INTRODUCTION

Micro-electro-mechanical-system (MEMS) vibratory gyroscopes. It is based on
Coriolis force. The Coriolis Effect is a deflection of moving objects when they are
viewed in a rotating reference frame. There are two orthogonal vibration modes: drive
and sense mode, with two corresponding control loops. The topology of gyroscope



20546 Reshma Jayaprakash, P.K. Senthil Kumar

L3GD20 has been designed. Sense mode is controlled by a sixth-order continuous-
time force-feedback band-pass sigma-delta modulator (BP-Y> AM). Genetic algorithm
is used for the optimization of double closed loop control system.The operation
principle of the vibratory gyroscope is the transfer of energy between the drive mode
and the sense mode caused by Coriolis acceleration [1,2]; the output signal is
amplitude modulated at the drive frequency. The sensing element should be in high
sensitivity so that to increase the sensitivity, the quality factor of the sensing element
must be high. A high-order bandpass sigma-delta modulator can provide better noise
shaping than the second-order. A low-pass Y AM requires high sampling frequency.
Here the sense mode is controlled by a sixth-order continuous-time band-pass > AM.
Mapping the sense mode of a MEMS vibratory gyroscope in a high-order
sigma-delta modulator gives many advantages like increased bias stability, linearity
and direct digital output [3-11]. A sigma-delta modulator of closed-loop control
systems are striking due to the fact that force feedback can increase the linearity,
bandwidth, dynamic range of the sensor.Yufeng Dong et al described a
micromachined vibratory gyroscopes controlled by a high-order bandpass sigma-delta
modulator [9]. So far, most systems are designed using low-pass > AM. The output
characteristics of vibratory gyroscopes are narrowband amplitude modulated signal.
Since, a bandpass) AM is more applicable than lowpass) AM [9]. J. Raman et al
described a closed-loop digitally controlled MEMS gyroscope with unconstrained
sigma-delta force-feedback [10]. This work report structural design and model

measurement of a MEMS gyroscope system with a resolution of 0.025°/s///Hz. The
design makes wide use of control loops, the two modes; primary and secondary. The
amplitude and resonance frequency are tracked and controlled. In a fourth-order low-
pass > AM [3,4]; two electronic integrators were cascaded whereas in the case of a
bandpassd) AM, the sensing element were cascaded with electronic
resonators.Rodjegard et al described a digitally controlled MEMS gyroscope with 3.2
deg/Hr stability [7], operated in vaccum using fifth-order low-pass > AM. These
architectures all requires high sampling frequency compared to the bandwidth of the
gyroscope. As reported in [9] electronic integrators of a low-pass Y AM are replaced
by electronic resonators. The sampling frequency of the bandpass) AM control system
can be reduced by the complex pairs of zeros generated in the quantization noise
transfer function (QNTF) of the closed loop system. It produces notches in the
frequency response further controlling quantization noise. Power dissipation of the
interface electronics can be reduced by the low sampling frequency. The work
described in [11] implemented a sixth-order bandpass continuous-time > AM in a PCB
circuit. The power spectral density (PSD) of the output bitstream attained a noise floor
of -90dBV/Hz"?,

Work represented in this paper explains about the performance of the
gyroscope, the sense mode is controlled by the sixth-order continuous-time band-pass
> AM using two digital to analogue converters (DACSs); half retuen zero (HRZ) and
return zero (RZ) [12] and also without using DACs. The input angular rate is
converted to 16 bit integer by adding a scale factor. The design is implemented in two
different methods, and the design of eight-order bandpass) AM is also shown as a
future work. In order to enhance the output of the design optimization [13,14] can be



Development Of A MEMS Vibratory Gyroscope 20547

done using genetic algorithm (GA) and Monte Carlo simulation. The goal for
optimizing is to minimize the proof mass displacement in the sense mode, maximize
the signal noise ratio (SNR) of the output bitstream and to minimize the settling time
of the self-oscillation in the drive mode. The model is designed using MATLAB
Simulink.

Il. SENSE MODE AND DRIVE MODE CONTROL LOOPS
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Fig. 1. Block diagram representation of sense mode and drive mode

Fig. 1 shows a block diagram of a closed-loop control system of vibratory
gyroscope. It consist of a drive mode and sense mode control loops. The drive mode
control-loop is shown in fig. 2.

A. Drive Mode Control-Loop

The main function of the drive mode control loop is to keep the drive oscillation at
constant amplitude (X,) and frequency (wy). The transfer function of the sensing
element in the sense direction is given by,

— 1 — Ym
Mm(s) = ms2 405tk 524 s 4 (1)
oy "y

Where m is the mass of the sensing element, b is the damping coefficient, k is

the spring stiffness, wy = \/k/m is the resonant frequency, and Qy = Vmk/b is the
quality factor of the sense mode. Vibrating proof mass motion can be described as x =
Xo sin (wyt). The Coriolis force is acted on y-axis when the sensor is rotated around
the z-axis with an angular rate Q,. Coriolis force is given by,

Feoriolis= Zm% Q, = 2mXoWy Qz cos (Wit). (2)
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Fig. 2. Design of a drive mode control loop

B. Sixth-Order Continuous-time Band-pass Sigma-delta Modulator using DACs
The block diagram shown in fig. 3 represents Simulink model of a sixth-order
continuous-time band-pass electromechanical sigma-delta modulator for the sense
mode control loop. The sensor is represented by a transfer function as given in
equation (1). The architecture includes a pick off circuit with gain K, boost
amplificationwith gain Kyg, compensator, local feedbacks of gains KK, K, Kss, 1
bit quantizer, zero-order-hold and electrostatic force feedback arrangement. The
mechanical parameters are listed in Table 1.

TABLE | PARAMETERS OF GYROSCOPE

Parameter Drive Mode | Sense Mode
Mass of proof mass 2x10%kg | 2x107 kg
Quality Factor 119 114
Resonance Frequency 4.304 kHz | 4.338 kHz
Input angular rate signal frequency 2" Hz 2" Hz
Maximum input angular rate 100 deg/sec | 100 deg/sec

The proof mass is activated by electrostatic driving force Fqy(t) along x-

direction (drive mode). Thus electrostatic drivinf force can be written as,

Fa(t) = Fo cos wit

(3)
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Where, F is the constant driving force and wy is the driving frequency. When
the object rotates around the z-axis with an angular velocity of Q;, thus the Coriolis
force is acted upon the y-axis. Therefore the system is driven into vibration in the y-
axis with a frequency of wy.

A mass (m) with velocity v(t) along x-direction with an angular rate along z-
axis will experience a Coriolis force along the y-direction. It is given as,

Fe(t) = 2mv(t) Q, 4)

Fig. 3. Topology of a sixth-order continuous-time force feedback band-pass
sigma-delta modulator

An electrostatic force feedback circuit is designed in the sigma-delta
modulator. The electrostatic force is based on columbs law. It can be represented as,

F= q14>2 (5)

- 4Teyr2

q1q;are two charges and €, is an electric constant. Electrostatic force is
directly proportional to the product of two charges and inversely proportional to

€o = 8.854x10712F/m

Electronic resonators can be described as,

SWy

R1(s) = Ra(s) = k (6)

res
52+ w,,2

Transfer functions of different noises are signal transfer function (STF),
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electronic noise transfer function (ENTF) and quantization noise transfer function
(QNTF) [10]. These transfer functions can be described as,

2mwyM(s)Cp(s)R1(S)R2 (S)KpstKpoKq

STF(s) = ) (7
ENTR(5) = 2t oty (8)
QNTF(S) =775 ©)
L(s) = K4 [R2(8)(Krs — Kpa) + 1321 Ri(8) (K1 — Kp2)
+M(s)Cp () [Ti=1 Ri(S)KpstKpo] (10)

Two DAC’s are used in the sense mode control-loop; Half return zero (HRZ)
and return zero (RZ). For the conversion from proof mass displacement to voltage,
pick-off circuit is used with gain ky, and boost gain kys and four local feedback gains
are used for HRZ and RZ.

[ 05 06
Mormalized Frequency (<2 rad/samgie)

Fig. 5. Bitstream output of the sigma-delta modulator
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Fig. 6. Force feedback loop output

Fig. 7. Sensor output of sigma-delta modulator

C. Sixth-order Continuous-time Band-pass Sigma-delta Modulator without using
DACs

Here we can see the architecture of the MEMS motion sensor L3GD20. It is a low
power three axis angular rate sensor. The input is in angular rate and the output is in
counts; 16 bit integer. In order to convert angular rate to counts a gain is added which
is a scale factor. A MEMS gyroscope has small vibrating mass. When the sensor is
rotated that mass experience a Coriolis force which displaces the vibrating mass from
its original path. The gyroscope uses capacitance to sense this displacement and the
output of proportional number of counts. If we rotate the gyroscope back and forth
faster than the natural frequency, output will experience a drop in gain and some
phase lag. Natural frequency will be in KHz range, gyroscopes are suggested to state
bias and sensor noise. The state bias is the average output when the gyroscope is not
rotating. The noise will be modelled as a band limited white noise; which means the
noise has equal power at all frequencies.
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Fig. 9. Bitstream output of double closed-loop control system

The model of L3GD20 has shown in fig. 11. The band limited noise and
sensitivity of the gyroscope has obtained from the datasheet. It is embedded in the
sense mode control-loop. The output of zero angular rate and bitstream output in
power spectral density is shown and the signal-to-noise ratio has been calibrated.
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Fig. 10. (a) Output of resonator 1. (b) Output of resonator 2. (c) Output of
resonator 3. (d) Output of resonator 4.
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Fig. 11. Architecture of a closed loop control system controlled by a sixth-order
continuous-time force-feedback band-pass sigma-delta modulator
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Fig. 12. Sensor output of the drive mode control loop

D. Eighth-order Continuous-time Band-pass Sigma-delta Modulator without using
DACs

Eighth-order design is almost similar to the sixth-order, when order increases gain
also increases. Therefore number of gain and resonators increased in the case of
eighth-order when compared to sixth-order; the block diagram is shown in fig. 14.
The bitstream output of the given block is shown in fig. 13. It consist of six gains and
resonators. As same as the sixth-order, the sense mode has been embedded with
L3GD20. The resonator outputs are shown. Here also HRZ and RZ digital to analogue
converters are not used. The parameters of L3GD20 is as same as in the sixth-order
sigma-delta modulator. The specifications and parameters values are taken from the
gyroscope datasheet.
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Fig. 13. Bitstream output of eighth-order sigma-delta modulator

Fig. 14. Architecture of a closed loop control system controlled by an eight-order
continuous-time force-feedback band-pass sigma-delta modulator
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Fig. 15. Output of resonators 4,5 and 6

I11.  EXPERIMENTAL RESULTS AND FUTURE SCOPE

A double closed-loop control system has been implemented controlled by a sixth-
order continuous-time force-feedback band-pass sigma-delta modulator. In fig. 3
topology of a sense mode control loop has shown. The architecture has been
implemented using HRZ and RZ digital to analogue converter. Fig. 4 shows the
output of the DAC, power spectral density (PSD) shows a deep notch in the output at
0.5rad/s; the magnitude ranges from -70dB to 50dB. At the drive mode
frequencyw,4.304kHz; the magnitude is -50dB and at the sense mode frequency wy
4.338kHz; the magnitude is -98dB. In fig. 5 bitstream output is shown; for 0.425rad/s
the magnitude is -55dB and for 0.46rad/s magnitude is -31dB. Force-feedback loop
output is shown in fig. 6 and fig. 7 is the sensor output. Fig. 11 shows the model of
the closed-loop control system without using HRZ and RZ DAC. Fig. 8 shows the
output of zero angular rate input and fig. 9 is the bitstream output of the sense mode
control loop. Fig. 10 shows the output of resonatorl, resonator 2, resonator 3,
resonator 4; in resonator 4, 0.65rad/s gives -90dB and 0.69rad/s gives -70dB. For
0.15rad/s it gives -60dB and 0.16rad/s gives -43dB. Fig. 12 shows the output of the
sensor in the drive mode control loop. Fig. 14 shows the MATLAB Simulink model
of an eighth-order continuous-time band-pass sigma-delta modulator. Fig. 13 shows
the output bitstream; for 0.38rad/s it gives -29dB and for 0.5rad/s it gives -9dB. In
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Fig. 15 (a) 0.15rad/s gives -70dB and 0.16rad/s gives -40dB; 0.65rad/s gives -55dB
and 0.67rad/s gives -55dB. In fig. (b) 0.14rad/s gives -68dB and 0.15rad/s gives -
42dB. In fig. (c) 0.14rad/s gives -62dB and 0.15rad/s gives -42dB.

The parameters can be optimized by using genetic algorithm (GA) and Monte
Carlo simulation. The work describes about high-order and band-pass Y AM. The
reason for using high-order and band-pass has discussed earlier. Hence future work
can be done by implementing the architecture of eight-order continuous-time band-
pass Y AM. Bandwidth can be maximized for better performance; the drive mode and
sense mode should have a matching resonance frequency [15]. Structural
imperfections reduced the performance of the device, resulting in a frequency of
oscillation mismatch between two modes. This design could overcome the problems
by adjusting the resonance frequency of both modes. For the autonomous control of
phase and frequency, a phase locked loop (PLL) configuration can be implemented
[16]. To generate a control signal for phase error regulation the phase difference
between the drive and sense mode at the resonant frequency can be used.

I1l. CONCLUSION

This paper describes about the performance of MEMS vibratory gyroscope by using
high-order band-pass sigma-delta modulator. Here we designed a sixth-order
continuous-time band-pass sigma-delta modulator. It has been done in MATLAB
Simulink. By selecting band-pass instead of low-pass only less sampling frequency is
required and by choosing a high-order system, signal-to-noise ratio (SNR) and
bandwidth has been increased and non-linearities has got reduced.
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