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DEVELOPMENT OF THE ACCELERATION MEASURING METHOD

The existing acceleration measuring methods are analyzed in the article. An overview of modern research on this topic is also
provided. A new method of measuring acceleration in the form of an electrical circuit using a stable frequency generator is deve-
loped. Among the already known methods, the following three groups are highlighted in the analysis: methods based on compen-
satory accelerometers with discrete output; methods based on accelerometers with the analog-to-digital converter; measurement
techniques, which use mounted elements. The main difference between the proposed method and the existing ones is the use of
circuits of two resonant circles with built-in capacitance sensors, developed according to microelectromechanical system techno-
logies. The principle of operation of the acceleration measuring device is described in the article, and its structural diagrams are
provided. The peculiarities of the functioning of its components are analyzed. The main advantages of using the proposed method
are highlighted. It is described the technical difference of this method from those already implemented ones, which also lies in
the presence of an additional transformer. Based on the proposed method of measuring acceleration in the form of an electrical
circuit, the operating frequency characteristics of the device are investigated. The stages of conversion of accelerometer signals
are described in the article as well as the forms of input and output signals. The use of two resonant circles within built capacity
sensors and the stable frequencies generator in the scheme of acceleration measuring device allows for measurement of the freq-
uency characteristics changes in resonant circuits with minimum capacity changes in sensors. The resulting frequency value is li-
near in the range of the accelerometer frequency due to the frequency characteristics of the first and second resonance circles,
which are reversed and symmetrical about the horizontal axis. A feature of the developed new measurement method is the possi-
bility of using this scheme at very low input voltages. Due to the proposed method, it is possible to increase the accuracy of acce-
leration measurement and expand the working capabilities of the device. In its turn, it allows applying this device in vibration and
position variation conditions.

Keywords: method; resonant circuit; built-in capacitors; microelectromechanical systems; measurement; acceleration; accele-
rometer; electrical circuit.

The acceleration sensors are used for getting accurate
acceleration values in real time [9], [10], [11], [12]. Such
sensors have different shapes and sizes and are based on
different acceleration measuring methods [13], [14], [15].
These devices also have different requirements: measuring
accuracy, speed, sustainability, high sensitivity, possibility
to be developed using group technologies. The vibrating be-
am MEMS accelerometers can be employed for measure-
ments requiring high levels of stability and resolution with
wider implications for precision measurement employing
other resonant-output MEMS devices such as gyroscopes
and magnetometers [13]. Apart from the mentioned require-
ments, there are different methods groups for processing

Introduction / Bctyn

Nowadays, several new scientific and technological are-
as, which allow the creation of fundamentally new and
improvement of existing technological systems, are develo-
ping. Microelectromechanical systems [1], [2] are widely
used in various fields of science and technology, namely:
medicine [3], military techniques [4], outer space [5], do-
mestic technologies [6], acoustic systems [7] and others,
they are one of the representatives. The microelectromecha-
nical systems (MEMS) technologies usage enables signifi-
cant improvement of the developed technical product out-
put settings since MEMS devices have high reliability, low

cost and weight, bulk production technology etc. MEMS
are used for backend technical devices manufacturing as
well as for systems components development: sensors, ac-
tuators, microdevices etc. Accelerometers [8], which are re-
ferred to as acceleration sensors, have the most significant
percentage of such microdevices.

signals from sensors and, actually, acceleration measuring.
Accordingly, the development of new methods and
improvement of the existing ones with higher acceleration
measurement accuracy is the actual task nowadays.
The object of research is the measurement process in
the acceleration sensors.
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The subject of research is a method of constructing a
device for measuring acceleration.

The purpose of the research is to develop a new method
of measuring acceleration in the form of an electric circuit
with built-in capacitive sensors, developed using the
technologies of a microelectromechanical system, as well
as using a stable frequency generator.

To achieve this purpose, the following main research
objectives are identified:

e analysis of existing methods of measuring accelerations and
highlighting the main advantages and disadvantages;

e description of the technical side of the developed method;

¢ research of the main characteristics of the device (in particu-
lar, signal processing);

e analysis of device capabilities.

Analysis of recent research and publications. During
analysis of the existing methods the three following accele-
ration measuring methods groups can be distinguished: 1)
methods based on compensatory accelerometers with
discrete output [16], [17]; 2) methods based on accelerome-
ters with the analog-to-digital converter [18], [19], [20]; 3)
measurement techniques which use mounted elements [21].

In the first group of methods, the accelerometer sensor
contains the sensitive element with strength and displace-
ment sensors, the reversed connection amplifier and the in-
tegration current in the frequency converter [16], [17]. Mo-
reover, the reversed connection amplifier inlet is joined
with the displacement sensor. In addition, this block is eq-
uipped with inductance and the capacitor, which are con-
nected in series between each other, and in parallel with the
integration converter inlet. Between the inductance capaci-
tor and one of the input amplifier's terminals connection po-
ints, there is a switched resistor. The disadvantage of this
method is the limited scope of use in the Microsystems fi-
eld, which is due to a pendulum-type sensor, which requires
significant sizes of the pendulum, and the pendulum devi-
ation countdown mechanism. The other reason is the im-
possibility to measure small accelerations.

Methods, based on accelerometers with the analog-to-
digital converter (ADC) [18], [20], improve linear accelera-
tions measurement, using compensatory accelerometers
with analog-to-digital converters with incoming integration
capacitor [19] by enhancing its output discreteness via addi-
tional incoming converter's comparators while improving
sustainability with the help of RC-filter, which is located
between accelerometer's analog part output and converter's
analog-to-digital input. The impulse of referenced dischar-
geable current is given to the capacitor's input when the
voltage value became equal to the ratio of referenced current
and referenced time product to the electrical capacities of the
analog-to-digital converter's input integration capacitor, and
the capacitor's RC-filter sum. While the additional informa-
tion impulses are formed, the input capacitor has a part of
mentioned voltage proportional to the additional comparator
serial number to the total comparators' number ratio.

The disadvantage of this method is the high measure-
ment error level due to the device's insensibility to small ac-
celerations, and the force impact on the moving device's
mechanical elements. The other drawbacks are concentrated
in gauge and are caused by the irregularity of additional
comparators triggering level settings. The presence of such
items as capacitors for signals transmission in RC filters,

integration and separating circles prevent micro sizes of
such devices.

Measurement techniques, which use mounted elements,
are based on the device consisting of two electrodes-capaci-
ties, located on both sides along one measuring body axis.
Each electrode is connected through a resistor with a power
source, and through the according transistor with the gro-
und. The electrodes are also switched to two inputs of a dif-
ferential amplifier, which output through the sampling. And
the storage device is combined with the output of the me-
asuring device [21]. The conductive impulse voltage is pro-
vided to the transistors' basis. In the case of transistors
openness, the voltage on the electrodes is equal to zero, or
closeness — the voltage on electrodes grows according to
the exponential low.

The main disadvantage of the moving bodies measure-
ment method is significant measurement error, caused by
the device's insensibility to small accelerations, which af-
fects measurement accuracy. Additionally, the above-men-
tioned device's body is conventionally grounded, and there-
fore there is possible potential displacement. The other mi-
nus is body movement, stipulated by friction, e.g., with the
air. As an outcome, the parasitic electrical charge can oc-
cur, decreasing measurement accuracy and operational ca-
pabilities.

Materials and methods of research. In comparison to
existing approaches, the technical essence of the developed
method is the presence of a transformer additional. Primary
transformer winding is connected to a generator outlet-stab-
le frequency generator, and secondary winding outlets are
linked with two consistently joint acceleration capacity sen-
sors. Besides, the peculiarity of the method's practical reali-
zation is that every capacity sensor is parallel connected to
the appropriate section of transformer secondary winding
and the first inlets of the oncoming connected peak detec-
tors, secondary inlets through a joint point between accele-
ration capacity sensors are coupled to the middle point of
secondary transformer winding.

Research results and their discussion / Pe3ysb-
TaTH AOCJIiA>)KEeHHsA Ta iX 06roBOpeHHA

There is a well-known device for body acceleration me-
asuring, which contains two capacitive electrodes. Each of
them is connected to the power supply via the appropriate
resistor and with the ground through the corresponding
transistor. Besides, the electrodes are tied with two inlets of
the differential amplifier, where the outlet is connected with
the device outlet through sampling and storage construction.

The disadvantage of this device for measuring body mo-
vement is the scheme's complexity and limited operational
capacity due to the need for measured body grounding.

Development of the acceleration measurement method.
The acceleration measuring device [21], which contains a
generator, two capacitive acceleration sensors and two peak
detectors, with the outlets that are the device outlets, are the
closest in technical case to the proposed one.

Capacity values, formed on the electrodes are very
small, the range: 10°+10™"* F. Accordingly, complicated
transformation schemes should be used for their measure-
ment. For instance, to ensure the optimal signal conversion
options, the impulses generator should create signals with
the following period 1+107 sec.
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The method is based upon the challenge to improve ac-
celeration measurement devices. It should be reached by the
scheme constructing with two capacitive sensors usage.
They are consistently connected with two resonance circles,
which are joined with the counter-connected peak detectors,
and stable frequency generator. It will measure frequency
characteristics changes in resonant circuits with minimum
capacity changes in capacity sensors. Additionally, it will
increase acceleration measurement accuracy, and expand
the device's operational capabilities.

The problem is solved by using the additional transfor-
mer in the acceleration measurement device, with the gene-
rator, two capacitive acceleration sensors and two peak de-
tectors. Their outlets are the device outlets. The transfor-
mer's primary winding is connected to the generator outlet,
used as a stable frequency generator. The secondary win-
ding outlets are linked with two consistently joined accele-
ration capacitive sensors and with the first counter-connec-
ted peak detectors, whose second outlets are connected with
the middle point of the transformer secondary winding via
the joint point of two consistently connected acceleration
capacity sensors.

The use of two resonant circles within built capacity
sensors and the stable frequencies generator in the accelera-
tion measuring device diagram enables measuring freq-
uency characteristics changes in resonant circuits with mi-
nimum capacity changes in capacitive sensors. That incre-
ases acceleration measurement accuracy extends the device
usability, and allows applying it in vibration and position
variation conditions.

Figure 1 demonstrates the structure of the acceleration-
measuring device. Figure 2 presents the acceleration me-
asuring device circuit diagram. Figure 3 depicts frequency
characteristics.
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Fig. 1. Acceleration measuring device diagram / Cxema mpucTporo
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7 }ig ket

Dlimk sensor |
| AU

Gen. e pa——— .

I Second semor' Ir T t]
|
| I—I—l | | I I >

| Reson. circle

Fig. 2. The device's electric circuit dlagram / EnektpuuHa cxema
HPUCTPOIO

The acceleration measuring device (fig. 1) has a stable
frequency generator (1) with outlets, connected to the
transformer (2) primary winding, and the secondary win-
ding outfits, tied with two consistently joined acceleration

capacity sensors (3, 4). Therefore, each of the capacitive
sensors is connected in parallel to the corresponding section
of the transformer (2) secondary winding. Moreover, the
first inlets of the counter are linked to peak detectors (5, 6)
with the second outlets, connected with the middle point of
the transformer (2). The secondary winding via the joint po-
int of two consistently is linked to acceleration capacity
sensors (3, 4).

The acceleration measuring device has the following
workflow: two capacity sensors, located on the investigated
object, are used to measure the acceleration. The signal
from the stable frequencies generator (1) is given to the
transformer (2) primary winding. And subsequently to the
first resonant circuit, formed by the transformer (2) secon-
dary winding and the acceleration capacitive sensor (3), and
to the second resonant circuit, formed by the transformer
(2) secondary winding, and the second acceleration capaci-
tive sensor (4). In the case of acceleration — the first accele-
ration sensor (3) capacity increases, and the capacity of the
second one (4) — decreases. When the acceleration direction
changes, the first acceleration sensor (3) capacity decreases,
and the second one — increases. In case of additional accele-
ration, both circuits change their settings due to the capacity
value variation (fig. 3,a). When there is positive accelerati-
on, capacity increases on both acceleration sensors (3, 4)
(i—Af, fr—Af), where f; is the first circuit's oscillations freq-
uency; f is the second circuit's own oscillations frequency;
Afis the frequency change magnitude value.

As a result, the frequency value is shifted to the right
(fig. 3,b). When the acceleration vector changes, capacity
decreases on both sensors (3, 4) (fi—Af, L-Af).

Thereby, the frequency value is moved to the left
(fig. 3,¢). It should be taken into account that in both cases
one should use such acceleration sensor capacities in the
first and second resonant circuits. In the case of the accele-
ration vector both increase, and on the opposite vector —
decrease.

If the acceleration is absent, the device's resulting freq-
uency will be as shown in fig. 3,d. The characteristic has
zero value at the point /= f;. Resonant frequencies f; and f,
are equally distanced from the frequency fi, and, when cir-
cuits' parameters are equal, the resulting frequency is
symmetric in relation to the point f'=f, and U,,, = 0. If the-
re is the acceleration vector, which causes capacities reduc-
tion on both sensors (3, 4), frequency characteristics of the
resonant circuits are displaced in relation to their initial po-
sition on Af value, as it is shown in fig. 3,b. The resulting
device frequency value is evenly shifted on Af value to the
right. Since the frequency sensor device outlet obtains the
stable frequency generator signal, there will be —~AU volta-
ge, formed on the device outlet, fig. 3,b. If an acceleration
vector is present, the frequency characteristics of the reso-
nant circuits are displaced in relation to their initial position
on the Af value (fig. 3,¢), which causes capacities' increase
on both sensors (3, 4). The resulting device frequency value
is evenly shifted on Af value to the right. Since the freq-
uency sensor device outlet gets the stable frequency genera-
tor signal, there will be +AU voltage formed on the device
outlet (fig. 3,c).

The accelerometer signals converting scheme. The di-
rect current amplifier (DCA) with MDM channel [22], [23]
was used for the signals processing scheme in the develo-
ped accelerometers.
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Fig. 3. The device performance frequency characteristics based on the

suggested acceleration measuring method / YacToTHI XapaKTepUCTHKA

POOOTH MPUCTPOIO Ha MMi/ICTaBi 3aIPOIIOHOBAHOTO METO/Iy BUMIpPIOBAHHS IPHIIIBHUIIICHHS

This channel is used for amplifying the input voltage,
which is less than a hundred microvolts. The amplifier
block diagram is presented in fig. 4. The main principle is
described by slowly changing signal voltage, which is
transformed into the alternating current voltage with ampli-
tude varying proportionally to the input signal changes. The
AC amplifiers amplify the converted signal. The amplifier
outlet has a rectifier, which straightens the signal that is
amplified according to the input signal polarity. The input
signal to the alternating current voltage conversion is made
by the frequency transducer-modulator usage.

It should be taken into account that the signal, which ar-
rived from the capacitive sensor, is already modulated by
the frequency vibration. The modulator block can be elimi-
nated from the block diagram, and replaced with the diffe-
rential amplifier. In this case, the scheme will be as shown
in fig. 5.

The AC signal is converted into the output signal by the
frequency sensor rectifier-demodulator at the amplifier out-

let. The demodulator obtains the rectangular voltage, called
reference or carrier frequency voltage. The Low-frequency
filter (LFF) at the demodulator outlet selects the useful sig-
nal range and does not pass the side transformation pro-
ducts, which lie above the highest output signal frequency.
To ensure the conversion settings stability DCA has the re-
versed connection. At the LFF the output signal is integra-
ted and supplied to the read-only memory storage device in-
let, which is the analog signal fixation block (ASFB)

(fig. 6).

Discussion of research results. The output signal U, is
a measured capacity dependency function on the applied
acceleration: the vibration amplitude is converted into a di-
rect current voltage (fig. 7). At the AC the amplifier U

subs,
signal has the same shape as the input signal. At the integ-
rator output the U, signal takes a pulverized shape, and is
fixed in the read-only memory storage device U, with the
following capture delay T

el Modulator — fee DCA —pp»| Demodulator fip! LFF | S
Input Output
|
Management
device

Fig. 4. The DCA with MDM block diagram / biok-cxema DCA 3 MDM
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Since the first and second resonant circles' frequency
characteristics are inverse and symmetrical related to the
horizontal axis, the resulting frequency value is linear in
the accelerometer frequencies range.
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Fig. 7. Form of input and output signals / ®opma BXigHux i Bu-
X1IHUX CUTHAIIB

The feature of the developed new method of measu-
ring accelerations is the possibility to use this scheme
with very low input voltages: below one hundred micro-
volts. It is performed by the direct current amplifier im-
pact with the differential amplifier, which handles sig-
nals from the micro accelerometer.

So, based on the results of the work performed, it is
possible to formulate the following scientific novelty and
practical significance of the research results.

The scientific novelty of the obtained research re-
sults — a new method is developed for measuring accele-
ration in the form of an electrical circuit using a stable
frequency generator.

The practical significance of the research results —
the proposed method will allow to increase in the accu-
racy of acceleration measurement and expand the wor-
king capabilities of the device, which enables applying
this device in vibration and position variation conditions.

Conclusions / BUCHOBOK

The article describes the development of the first ac-
celeration measuring method, which differs from the
existing ones. In its diagram, the two resonance circles
are used with included capacity microsensors, construc-
ted with the help of MEMS technologies, and also the
stable frequency generator is applied. Thereby, that al-
lows measuring frequency characteristics change in reso-
nant circuits with minimum sensor capacity changes. As
an outcome, acceleration measurement accuracy incre-
ases, the integrated device performance possibilities are
extended, and the working process in vibration and posi-
tion variation conditions is enabled. In addition, the sig-
nals converting scheme for the capacitive type accelero-
meter was developed. The scheme's peculiarity is its pos-
sibility to work with very low input voltages: below a
hundred microvolts. It is performed by the direct current
amplifier impact with the differential amplifier, which
handles signals from the micro accelerometer. This fe-
ature has great importance in the microelectromechanical
systems' design.
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PO3POBJIEHHA METOAY BUMIPIOBAHHA NPUIIBUAIIEHD

IIpoananizoBaHO HasBHI METOAM BUMIPIOBaHHS MPUIIBHUAIICHD, HABEACHO CYYacHI IOCTIHKEHHS 3 JaHOI TEMAaTHUKH Ta PO3-
pobiIeHO HOBHIT METOJ] y BUIIISAL €NEKTPUYHOI CXEMH 3 BHKOPHCTaHHSAM reHepaTropa cTabinbHOI dacToTH. Cepex yxke BiJOMHX
METOJIiB BUAIJIEHO TPH TaKi IPpyNH — Ha MiJCTaBI KOMIIEHCAIIMHIX aKCeIepOMETPiB 3 TUCKPETHUM BHXOJIOM, HA ITiJICTaBi aKcee-
POMETpIB 3 aHAIOTO-IU(POBUM IEPETBOPIOBAYEM Ta METOIM BHUMIPIOBaHHS 3 BUKOPHCTAHHSIM HaBiCHHX eJeMeHTIB. OCHOBHOIO
BIZIMIHHICTIO 3aIIPOIIOHOBAHOTO METOJY BiJl HASIBHUX € BUKOPUCTAHHS B HOr0 CXeMi JJBOX PE30HAHCHHX KOHTYPIB i3 BOYIOBaHH-
MH JaBadi EMHOCTI, PO3POOJICHUX 33 TEXHOJOTISIMH MiKpoeleKTpoMexaHiqHoi cuctemu. OMUcaHo MPUHLKUI POOOTH HPHCTPOIO
BUMIPIOBaHHS ITPUILBH/IILICHHS, HABEICHO HOTro CTPYKTYPHI CXEMH Ta MPOaHai30BaHO 0COOIMBOCTI QYHKI[IOHYBaHHS HOTO CKia-
noBuX. HaBeneHO OCHOBHI mepeBaru 3acTOCYBaHHS 3alIPOIIOHOBAHOTO METOIY Ta ONMMCAHO HOTO TEXHIYHY BIIMIHHICTB BiJ yXke
BITPOBAKEHUX, IO TOJISATAa€E TAKOXK Y BUKOPHCTaHHI JOJATKOBOTO TpaHcdopmaropa. Ha migcTaBi 3anmponoHOBaHOTO METOAY BH-
MipIOBaHHS NPUIIBUALICHHS y BUIIIAI €IEKTPUYHOI CXEMH JTOCTIHKEHO po00Yi YaCTOTHI XapaKTEPHCTHKH MPUCTPOIO, OMUCAHO
eTarny NepeTBOPEHHS CHIHAJIIB aKceJIepoMeTpa Ta HaBeIeHO (GOpPMH BXIHHX 1 BUXiJHUX CHI'HaJIiB. BUKOPHCTaHHS IBOX PE30HAH-
CHHX KiJl y BOY/IOBaHHX JaBa4aX IOTY)XHOCTI Ta reHepaTopa cTabiIbHUX YacTOT Y CXeMi MpUiIa/ly BUMIPIOBAHHS PHIIBHIICHHS
Jae 3MOry BU3HAYaTH 3MIHM YaCTOTHUX XapaKTEPUCTHK y PE30HAHCHUX KOHTYpaxX 3 MIHIMaJbHUMH 3MiHAMHU ITOTYXKHOCTI B
eMHICHUX naBayax. OcTaTo4yHe 3HaYEHHS YacTOTH € JIHIIHUM B Jiala3oHi YacTOT aKcelepOMeTpa, OCKUIBKH YacTOTHI XapakKTe-
PHUCTHKHU TEPLIOro i JPYroro pe3oHaHCHUX Kil € 3BOPOTHUMHU | CHMETPUYHHUMH BiJIHOCHO TOPHU3OHTAIBHOI oci. OcOOIHUBICTIO
PO3pO0IICHOr0 HOBOI'O METO/y BUMIPIOBaHHS MPHIIBUJILICHb € MOXKJIMBICTh BUKOPUCTAHHS L€l CXEMHU NPH Ay’Ke HU3bKHX BXiJ-
HHX Hampyrax. 3aBIsKd 3alPOIIOHOBAHOMY METOJY MOJKHA JIOCSITH ITi/IBUIICHHS TOYHOCTI BUMIPIOBaHHS NPHIIBHILICHHS, PO3-
LIHPEeHHS poOOYNX MOXKIMBOCTEI caMOro MPUCTPOIO, a IIe JJa€ 3MOTY 3aCTOCOBYBATH HOTO B YMOBax BiOparlii Ta 3MiHH HOJI0KEH-
HSL.

Kniouosi cnoea: Meron; pe3oHAHCHHI KOHTYp; BOyIOBaHI JaBadi €MHOCTI; MIKpOEJIEKTPOMEXaHIYHI CHCTEMH; aKCeIepo-

METP; CJICKTPHUYIHE KOJIO.
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