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This paper proposes a design method for micromechanical inertial sensors with force feedback
electromechanical loop with delta-sigma modulator. Development of such sensors requires
application of modern design methods, including modeling at system level, model refinement
based on results of finite element modeling and modeling of individual electronic blocks at circuit
level, as well as implementation of a digital twin based on results of an experimental study of
sensors samples. Such a complex approach to sensor design is caused by high requirements to
sensor characteristics (both in terms of dynamic range and accuracy), the need to consider the
impact of external factors and the various physics to describe the processes, the impossibility of
rapid prototyping, the influence of technological process parameters on sensor characteristics, etc.
In this regard, this paper proposes a comprehensive method for the design of micromechanical
sensors based on the construction of the system model. This paper represents the results of an
experimental study of the force feedback type sensor using the proposed method.
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METOAUKA NMPOEKTUPOBAHUA MUKPOMEXAHUYECKOIO
AATYUKA HA OCHOBE KOMIMJTIEKCHOU CUCTEMHOU MOZE/IN

A.T. Tynae6, A.B. CmsaxkuHa, A.C. Ko3n106, 5.B. benseG

UHWN «3nekTponpubopy,
CaHKT-MeTepbypr, Poccuitickas Pepepaumn

IIpennoxeHa MeToauka MPOESKTUPOBAHUS MUKPOMEXaHUYECKUX WHEPUUATbHBIX NaTYMKOB
KOMIIEHCAIIMOHHOTO TUIIA, B KOHTYPE YIPABICHUS KOTOPBIX MPUMEHEH JeIbTa-CUTMa MOIYJISITOP.
Pa3paboTka Takux 1aTYNKOB TPEOYET COBPEMEHHBIX METOJOB MPOEKTUPOBAHU S, BKITIOYAOIIUX MO-
JIeJIMPOBAHUE HA CUCTEMHOM YPOBHE, YTOYHEHME MOJIEIIH 110 Pe3yJIbTaTaM KOHEYHO-3JIEMEHTHOTO
MOJIEJIMPOBAHUS Y MOJEIUPOBAHMS OTIENbHBIX OJJOKOB KOHTYpa YIIPaBJICHUs HA CXEMOTEXHUYE-
CKOM YpOBHE, a TaKXKe peain3alnio HMdPOBOTo ABOMHUKA MO pe3yIbTaTaM 3KCIEPUMEHTAIBHOTO
uccienoBaHus 00pa3oB. Takoil KOMIUIEKCHBIN MOIXO/ K TPOSKTUPOBAHUIO OOYCIOBIIEH BBICOKH-
MU TpeOOBAHUSIMU K XapaKTEPUCTUKAM JaTYMKa (KaK B YaCTU TMHAMUYECKOTO AMAIa3oHa, Tak U
B 9aCTH TOUHOCTHBIX XapaKTEePUCTUK), HEOOXOMUMOCTBIO YUeTa pa3nnuHbIX (DU3NK IJIsT OMTUCAHUS
MPOLIECCOB, HEOOXOAUMOCTBIO OLICHKU BIUSIHUSI BHEITHUX BO3IEUCTBYIOIIMX (haKTOPOB, HEBO3-
MOXHOCTbBIO MPOBENEHUST OBICTPOr0 MaKEeTUPOBAHUSI, HEOOXOIUMOCTBIO yyeTa BIAUSHUS Ha Xa-
PaKTEepUCTUKHU JaTYMKa MapaMeTPOB TEXHOJIOIMYECKOTO Mpoliecca U ap. B ¢Bsi3u ¢ 3TUM B cTaThe
MpeUIoKeHa KOMITJIEKCHAs! METOJAMKA MPOEKTUPOBAHUS MUKPOMEXaHUYECKUX AAaTYMKOB Ha OC-
HOBe cucTeMHOU Monenu. [IpuBeaeHbI pe3yabTaThl SKCIIEPUMEHTATBHOTO UCCIEIOBAHUS TaTYMKa
KOMTIEHCAIIMOHHOTO TUTIA C TPUMEHEHUEM TPEIJIOXKEHHON METOINKH.
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Introduction

Due to their small size and power consumption, as well as their low cost in mass production, micro-
electromechanical sensors (MEMS) are an integral part of modern small-size navigation and motion
control systems [1, 2]. Inertial MEMS include micromechanical accelerometers (MMA) and gyro-
scopes (MMG), designed to determine the linear acceleration and angular velocity of the object, re-
spectively. The use in navigation and motion control systems imposes strict requirements on MMAs and
MMGs [1, 2]:
wide measurement range from & 200 to + 7000°/s — for MMG and from * 2 to * 50g — for MMA,;
low non-linearity of the sensor output — at level of 0.01 %;
wide dynamic range — more than 100 dB;
high temporal stability of output signal — at 5°/h for MMG and 0.01 mg for MMA
robustness to external influences (temperature variations from minus 60 to plus 85°C, impact and
vibration, etc.) — at 100°/h for MMG and 1 mg for MMA.

Such requirements can be achieved by applying comprehensive solutions at the design level:

- by using multiple proof mass sensing elements [3—6];

- by utilizing specialized integrated circuits, in particular compensation circuits with a delta-sigma
modulator in the control loop [7—17];

- by using temperature stabilization systems, etc.

Complication of inertial MEMS architecture, impossibility of fast prototyping, necessity of simulta-
neous modelling of blocks of integrated circuit and sensing element, the need to consider influence of
external influencing factors and different physics for describing processes, as well as influence of tech-
nological process parameters require to design MEMS based on an accurate mathematical model. The
existing design methodologies and mathematical models of inertial MEMS they are based on [18, 19] have
a number of drawbacks:

- the electronic blocks processing output signal are not considered at all or considered in a simplified
manner;

- the sensing element is represented by lumped parameters (elastic rigid suspension stiffness, electrode
structure capacitance), determined separately analytically or by finite element analysis;

- the model does not take into account experimental data.

In this regard, this paper proposes a comprehensive methodology for designing capacitive inertial
MEMS based on the system model that takes into account the main electronic blocks of output signal
processing, the results of coupled finite-element modelling of the sensing element and the results of
experimental studies. Thus, a prototype of a digital twin sensor is implemented in the course of the design,
which allows increasing its accuracy. The methodology is considered on the example of MMA and MMG
developed by CSRI Elektropribor, JSC.

Object of study

The main parts of capacitive MMA and MMG are:
- asensing element (SE), designed to convert the input acceleration into a change in capacitance;
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- application-specific integrated circuit (ASIC) designed to convert the capacitance change into digi-
tal data and control the SE in case of the compensation operating mode of sensor.
The SE can be described by second order transfer function based on system of equations:
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where x, y and z — displacement of proof mass along the axes OX, OY, OZ respectively; a, 3, Y — rotation
angles of proof mass around the axes OX, OY, OZ respectively; J — inertia matrix; m — proof mass; d and
D — linear and angular damping matrices; k and K — linear and angular stiffness matrix; /' and M — matrix
of forces and moments, acting on the proof mass.

For the case of translational motion of the proof mass along one axis, in the absence of electrical and
mechanical connections along the other axes, system (1) can be transformed into the following form:

mi+d 5+kx=F, )

where dy — damping factor along the axis OY; ky — stiffness along the axis QY; Fy — the projection of the
acting forces on the axis OY.

In order to convert the proof mass displacement into a change in capacitance and to create the elec-
trostatic force that provides the compensation mode SE includes an electrode structure characterized by
a capacitance-displacement relationship C(x) and electrostatic force from electrode voltage relationship
F(x, U).

The further conversion of capacitance to voltage is done in the IC. In order to achieve low noise, wide
dynamic range and low non-linearity [7], an electronic feedback control loop based on digital delta-sigma
modulator that forms an electromechanical loop with SE is implemented. Together with the implemen-
tation of time division multiplexing of sensing and driving signals, this reduces the influence of undesira-
ble nonlinear mechanical effects, nonlinearities in the capacitive electrode structure, and the mechanical
and electrical parasitic interactions caused by the use of silicon-on-insulator manufacture technology of
the SE.

Ideally, equation (2) can be used to describe a uniaxial SE of MMA with the sensitivity axis directed
along the OX axis.

The difference between MMG and MMA is that its principle of operation is based on conversion of
vibrational energy of SE on the primary axis into vibrational energy orthogonal to it secondary axis. The
oscillations along the secondary axis contain information about the measured angular velocity acting on
the proof mass of the MMG along the sensitivity axis orthogonal to the first two axes.

In ideal case, the behavior of single axis RR-type MMG SE (Fig. 1) can be described by the following
equation:

Jyy+Dyy+Kyy =M,,, )
Jo+Do+K a=M,,
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Fig. 1. Schematic diagram of MMG SE developed by CSRI Elektropribor, JSC

where v, o — angular displacement of the proof mass along the primary and secondary axes respectively;
Dy, D — damping coefficients of the proof mass along the primary and secondary axes; Ky, K — coeffi-
cients of angular stiffness along the primary and secondary axes; Qy — projection of angular velocity of SE
to sensitivity axis; Jy, J(1 — moment of inertia of the proof mass relative to the primary and secondary axes;
M, ,— electrostatic moment acting on the proof mass; M, =—2J,Q ﬂ — Coriolis moment.

Regarding this, the control system of the MM G working in the compensation mode, in addition to the
circuit with secondary axis feedback, must have a circuit for excitation and stabilization of the primary
oscillations. In this case, the accuracy of primary oscillation amplitude directly affects the accuracy of the

Sensor.
Design methodology of the inertial MEMS

The design methodology is shown in Fig. 2 in the form of block diagram.

The methodology is split into several steps. The first step is to build a linear system model of the force
feedback sensor. The objectives of this stage are:

- estimate the initial parameters of the mechanical part of the SE, such as stiffness and damping coef-
ficients;

- estimate the conversion coefficients of displacement into change in capacitance and of electrode
voltage into electrostatic force, characterizing the electrode structure of the SE;

- parameter estimation of main integrated circuit (IC) blocks: capacitance-to-voltage converter
(CVC), low-pass filter (LPF), analog-to-digital converter (ADC) and electronic blocks of delta-sigma
modulator (ZA-M).

In the second stage, the developed system model is refined taking into account the features of SE and
IC, such as the type of electrode structure, parasitic electrostatic forces arising between the sensing elec-
trodes, sensing and excitation method of SE, noise level of SE and IC [19]. This stage allows estimating
the impact of the parameters due to a certain SE and IC architecture on the device behavior embedded in
the linear model. In the third stage, the nonlinear behavioral system model is complemented by the results
of finite element modelling of the SE [20] and schematic-level simulation of the output signal processing
circuit [21]. At this stage, the parameters of the developed SE are verified and corrected: parameters of the
elastic rigid suspension and electrode structure, as well as damping coefficient are specified, parasitic ca-
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Fig. 2. Block diagram of design methodology

pacitances are added. In addition, the characteristics of the electronic blocks in the IC are specified based
on the results of simulation for particular blocks.

In the final design stage, the model is further improved on the basis of experimentally obtained charac-
teristics, such as temperature dependencies, thus implementing the digital twin concept.

General linearized system model

The control unit for a MMG with the characteristics given in the introduction must comply with the
following requirements:

- form a time division multiplexing of sensing and driving signals;

- provide a defined level of non-linearity, due to the electrostatic force generated in the presence of
voltage on the SE electrodes;

- provide the required dynamic range and noise level.

The requirements described above determine the design of the control unit based on a sigma-delta
modulator (XA-M). Required dynamic range is achieved by oversampling and filtering that shifts quanti-
zation noise into the higher frequency band (Noise-shaping) [7]. So, the 4™ order XA-M realizes dynamic
range of more than 100dB.

The proof mass of the SE, captured by electrostatic feedback, allows the mechanical transfer function
of the SE to act as a part of the XA-M and increases the order of the delta-sigma modulator by 2 without
implementing additional integration units [7—15].

The possibility of designing an electromechanical XA-M emerges from the equivalence of the noise
transfer functions of an all-electronic 4™ order XA-M and an electromechanical XA-M formed by a SE
and a 2" order XA-M. Fig. 3 shows the output spectrum of a XA-M with identical noise transfer func-
tions of an all-electronic and a 4™ order electromechanical ZA-M. The figure shows the equivalence
of the spectrum of the electrical and electromechanical delta-sigma modulator output signals, which
indicates that the electronic part of the electromechanical delta-sigma modulator is properly tuned to
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Fig. 4. Block diagram of the secondary oscillation loop

a certain eigenfrequency of the SE. Fig. 4 is obtained at a sampling rate of 400 kHz and a frequency
resolution of 1 Hz.

In accordance with the methodology, a linear system model of the MMG was designed. The block
diagram of the secondary oscillation loop is shown in Fig. 4.

The model consists of the following main elements:

1) Sensing element

The transfer functions formed by equation (3) are used to describe the SE. The values of stiffness and
damping coefficients correspond to eigenfrequencies of primary and secondary oscillation modes of 8 and
8.2 kHz, respectively; quality factors are 80000 and 3000. Moments of inertia with respect to the primary
and secondary axes are 6.77-10-'3 and 4.3-10~* kg-m?.

Electrode structure of an RR-type SE is described by coefficients of conversion of angular displace-
ment into change of capacitance and conversion of electrode voltage into torque. Values of coefficients for
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primary axis electrode structure are 7.2:10~'' F/rad and 1.8:10~"" V>m/N and for secondary axis electrode
structure are 1.98-10~° F/rad and 1.74-10~'° Vm/N.

2) Capacitance-to-voltage converter

We chose a switched capacitor circuit CVC because it utilizes the following features:

- adjustment of the conversion coefficient by means of control registers;

- implementation of the required values of resistors and capacitors with limited area;

- use of bias compensation techniques to improve the parameters.

In addition, such circuit has a low sensitivity to temperature changes and a reduced noise level.

In accordance with the SE model, the CVC must be able to operate with a static capacitance of
(4+2) pF with a detectable capacitance variation of +2 pF, the range of conversion factors is 0.5 to
0.95 V/pE. The characteristics of CVC heavily depend on the operational amplifier’s performance. For
the 400 kHz clock frequency case, the amplifier gain-bandwidth product must exceed 2 MHz [16, 17].
The DC gain must exceed 80 dB. The required signal-to-noise ratio and non-linear distortion must be
at least 80 dB.

Based on these requirements, we designed a fully-differential folded cascode operational amplifier with
a complementary input pair and a class AB output stage. Complementary pair at the input of the amplifier
allows operation with input voltages that have an amplitude from ground to power supply. The class AB
output amplifier stage provides a large current, which in turn allows the operational amplifier to operate
with a resistive load or with a large capacitive load. A continuous time common-mode feedback circuit has
been implemented to stabilize the amplifier’s operating point. The designed amplifier has the following
characteristics: DC gain 108 dB, phase margin 64 degrees, 70 MHz gain bandwidth, signal-to-noise and
nonlinear distortion ratio 92 dB, current consumption 1.1 mA.

3) Low-pass filter with programmable gain

A low-pass filter (LPF) is required to suppress unwanted signals in the high-frequency band before the
signal can be digitized. This is also called an anti-aliasing filter.

CMOS technology utilizes active RC filters or switched-capacitor filters. Switched-capacitor filters
have low sensitivity to process variations because the filter characteristics are determined by the ratio of ca-
pacitors’ values and the characteristics of the operational amplifier. However, the proper operation of such
filters requires operational amplifiers with a sufficiently wide bandwidth and high gain. The characteristics
of the operational amplifier developed for CVC, meet these requirements. In this regard, LPF is also based
on this amplifier. In this paper, a first order filter is used. The bandwidth of the LPF can be adjusted by the
control register within 5.4—25 kHz and the gain within §—32 dB.

4) Analog-to-digital converter

An ADC with at least 13-bit resolution, a conversion rate of 500 ksps and a low phase delay is required
for a MMG with these characteristics. Successive-approximation ADC satisfies these requirements. The
schematic implementation of the successive-approximation ADC utilizes a differential capacitive digi-
tal-to-analog converter. The successive-approximation register is implemented using synchronous digital
circuitry.

Nonlinear behavioral model

At this stage, the model takes into account nonlinear dependencies to describe the “gap-closing” elec-
trode structure of the secondary SE axis:
- displacement to capacitance conversion

€,
=G ar,
p

where o0 — angular displacement of the moving mass on the secondary axis; S — electrode overlap area;
g, = 8.854e""> F/m — vacuum permittivity; d — electrode spacing;

“)
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- electrode voltage to electrostatic torque conversion
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where U — electrode voltage.

In addition, the model is enhanced by a detailed description of the sensing and driving methods. Time
division is taken into account (Fig. 5), as well as the parasitic electrostatic moment acting on the sensing
electrodes.

Since the sensor operates in the compensation mode in the zero point region, the nonlinear harmonics
in the output signal must also tend to zero.

Refined system model with regard to the results of FEM-analysis of SE design

In order to further improve the parameters of the SE, in particular to take into account the full, unsim-
plified geometry, boundary effects, parasitic effects, technological errors, as well as high-frequency har-
monics caused by natural vibrations of the electrodes, we performed a finite-element analysis of the entire
structure and its individual elements in the COMSOL Multiphysics [20]. The results were transferred to
system model (Fig. 6).

1
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et i Electronic part of ZA-M !
Mechanical noise v Low-pass filter v : :
: : i | Ditgitatl :
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| 1
Readout interface Analog to digital 1 Electronic  Compensation  Quantizer :
— . converter ! filter network |
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voltage to electrostatic
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Fig. 6. Refined system model with regard to the results of FEM-analysis of SE design
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Simulation results

Fig. 7 and 8 show the spectrum of the output signal of the delta-sigma modulator and its enlarged frag-
ment, showing the area around the frequency of 8 kHz, obtained by simulation of the refined system model
in Matlab/Simulink.
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Fig. 7. Output spectrum of delta-sigma force feedback gyroscope including additional effects
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Fig. 8. Enlarged area of the output spectrum around the 8 kHz frequency
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The output signal spectrum corresponds to the spectrum of the output signal for the electromechanical
delta-sigma modulator with the 8 kHz eigenfrequency of the SE, presented in Fig. 3 and obtained for the
refined system model. The spectrum shows nonlinear distortions at multiples of harmonics and the effect
of the electronic blocks transfer functions on the noise spectrum. A signal-to-noise ratio of more than
80 dB is achieved for a bandwidth of 100 Hz. Fig. 7 and 8 are obtained at a sampling rate of 400 kHz and
a frequency resolution of 1 Hz.

Test results

Fig. 9 shows a block diagram of the corresponding to the testbench. The analog part of the prototype
(CVC, LPF and ADC blocks) is implemented in the form of an integrated circuit, manufactured at the
X-FAB factory using XHO018 technology. Due to the complexity of the control system algorithms and re-
quirement for flexible adjustment of analog and digital blocks, taking into account the parameters of the
real SE, the digital part of the processing circuit is implemented using FPGA. Based on the system model,
the optimal values of the system parameters were obtained, in particular, the shape of the control pulses,
the coefficients of forward and backward connections in the XA-M, the coefficients of digital filters, the
amplification coefficients and the value of phase delay, etc. We used the interface board and LabVIEW
software to support data processing and analysis on a personal computer (PC). It is also possible to use the
SPI interface to work with the register memory of the IC and the FPGA, to write data from the output of
each block and to perform real-time testing and configuration. The output signals of each digital block can
be analyzed in time and frequency domain.

As a SE, we employed the RR-type MMG SE developed at Concern CSRI Elektropribor, JSC.

Fig. 10 shows the measured electromechanical XA-M output signal of force-feedback MMG. The
output spectrum shape corresponds with that shown in Fig. 8. For the assembled prototype, the eigen-
frequency of the particular gyroscope SE sample is 8.8 kHz. We configured the electronic part of the
2A-M, so that the maximum signal-to-noise ratio is achieved at the specified eigenfrequency of the
particular SE. For the implemented prototype, the signal-to-noise ratio was experimentally obtained at
60 dB at the least, which may be due to the inaccuracy of coefficient transfer in digital form, as well as
extra unaccounted system parameters when setting the coefficients.

Microassembly

Integrated circuit
(Analog part)

—_———— e —_——_ b — —_ —a

FPGA DE2-115

NI-8451 >
PC ¥ abviewssel [€ % (Digitalpart)

>

Analog amplifier
circuit

ZA-M Output

Fig. 9. Testbench block diagram
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Fig. 10. Spectrum of electromechanical XA-M output obtained from testbench

Conclusion

The paper proposes a methodology for the design of inertial MEMS based on a system model. We de-
veloped a system model taking into account real parameters of SE, such as nonlinear effects and parasitic
dependences, feedback structure architecture, parameters of analog and digital processing blocks, as well
as experimental data. Designed system model allows to develop requirements for the IC blocks, and to
evaluate the performance of individual blocks and the entire gyroscope.

The addition of experimental data, SE and IC parameters of the system model allow the implementa-
tion of the digital twin concept to improve design results.

The assembled IC prototype, which includes the analog part, with the digital part on the FPGA allowed
us to perform an additional study of MMG and verify the inherent engineering decisions with the minimi-
zation of risks in the development of the specialized IC.

Following the results of prototype studies, we introduced the digital part on the FPGA into the special-
ized IC and launched its manufacturing.
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