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CONCEPT OF CONSTRUCTION
OF A MICROPROCESSOR-
BASED CONTROL SYSTEM FOR
A PIEZOELECTRIC MOTOR

The development of a universal concept for building a
microprocessor control system for a piezoelectric motor is extremely
important due to the high demands on accuracy and efficiency in
controlling such devices. Piezoelectric motors are used in many
fields, including microactuators, precise positioning systems,
medical devices, and nanotechnology. To ensure stable and
accurate operation of these devices, high-tech control systems are
required, capable of implementing complex algorithms for precise
performance in various conditions.

Despite their advantages, such as high speed and small
size, these motors have specific control requirements due to various
factors such as vibrations, temperature fluctuations, or nonlinearity
of characteristics. Creating a universal control system allows for
adapting the technology to various operating conditions and
ensuring efficient operation across different fields.

Moreover, the versatility of the concept enables the creation
of systems that can operate under changing parameters or in
integration with other technologies, which is important for enhancing
the reliability and stability of the systems. The development of such
systems is especially crucial for micro- and nanotechnologies,
where precision and control are decisive factors. This enables the
use of piezoelectric motors in new innovative industries, which in
turn increases the competitiveness of such technologies on the
market.

The article proposes a mathematical model of a
piezoelectric motor that accurately describes its response to control
signals. It suggests a concept for building a microprocessor control
system for a piezoelectric motor, taking into account the limitations
on the range of regulating influences and providing for the
implementation of a multidimensional method of speed control.

Keywords: piezoelectric motor, control system, rotation
speed, positioning, microprocessor system.

Introduction. In instrumentation, automation,
and robotics, high-precision adjustable drives for linear
and rotational motion are required, operating in the
micrometer range with accuracy from hundredths of a
micrometer to tens of micrometers. Traditional rotary
micro-motors, however, typically have insufficient
positioning capabilities, and motors with mechatronic
converters for converting rotational motion to linear
motion fail to provide the required high precision and
speed [1]. The most efficient solution for these purposes
is the use of piezoelectric actuators [2].

The use of piezoelectric motors (PEM) is
extremely relevant due to their unique properties, which
open up new possibilites for technological

advancements. One of the main advantages of
piezoelectric motors is their ability to be miniaturized,
allowing them to be used in compact devices such as
microrobots or medical instruments [3]. With their high
precision and quick response, these motors are
employed in systems where exact positioning is needed,
such as in microscopes or optical systems.

Moreover, piezoelectric motors are
distinguished by their low energy consumption, making
them ideal for portable devices with limited energy
availability. This feature is especially important in fields
like mobile electronics or medical implants [2, 4]. Since
piezoelectric materials have no moving parts, they are
highly reliable and durable, significantly extending the
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lifespan of devices.

Due to their adaptability, piezoelectric motors
are becoming a key component of modern technologies
such as robotics, the Internet of Things (loT), and
integrated control systems. Their characteristics make it
possible to use these motors in challenging conditions
where traditional motors may be ineffective, particularly
in extreme temperatures or vacuum environments. This
makes them particularly relevant for industries such as
aerospace, aviation, and automotive. Given these
advantages, piezoelectric motors are a promising
technology for a wide range of applications in the modern
world. Therefore, the development of a concept for
building modern microprocessor control systems for
these motors is a pressing scientific and practical task.

Analysis of Recent Research and
Publications. In PEM, the conversion of electrical
energy into mechanical energy occurs due to the inverse
piezoelectric effect, and the deformation will be equal to
[4]:
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It has become traditional to use linear PEM for
positioning drives, where relatively large displacement
ranges (up to 10 m) and high stop accuracy (up to 5 -
10° m) are required [5]. Broadband "adaptive" optics and
scanning devices in video equipment are also areas
where linear PEMs are widely used [6]. Linear PEMs are
structurally quite diverse. The simplest linear designs are
tubular and stacked PEM configurations. In stacked
PEMs, the actuators are assembled from individual
piezoelectric elements (PESs) in the form of rods, discs,
or washers, with the number of PEs in a single stack
reaching up to 50 or more [7]. The use of a stacked PEM
configuration is determined by the need to reduce the
control voltage Uy. The allowable electric field strength of
piezoceramics is limited to a certain level, so to decrease
Uy, the thickness of the PEs must be reduced. The stack
is formed by bonding the single-polarity surfaces of
individual PEs (usually with metal foil) of 1 mm thickness
and connecting them mechanically in series and
electrically in parallel [8]. A simplified design of a linear
stacked PEM is shown in Fig. 1.
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Fig. 1. Simplified design of a linear
stacked PEM in the form of parallelepipeds with
electrodes on the side faces

The goal of the research is to develop a
universal concept for building control systems for
piezoelectric motors based on modern microprocessor-
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based components, which has significantly simplified
and accelerated the implementation of such technology
in micromechanical systems for various purposes.
Development of a mathematical model of
PEM. PEM is kinematically linked to various
mechanisms that create displacement. To increase
mechanical strength and rigidity, piezoelectric elements
(PEs) in PEM designs are compressed against each
other using pre-stressed elastic elements (rubber rings,
springs) [5]. The hysteresis dependence of the
displacement of the moving part of the PEM on the
electrical and mechanical stresses is shown in Fig. 2.
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Fig. 2. Hysteresis dependence of
displacement on electrical and mechanical
stresses

In the quasi-static linear regime, the static
characteristic of the PEM can be approximately
described by the expression [9]:

D&, =kyondU, —k, F 1Y, 2)
or by making a number of simplifications with acceptable
accuracy:

Déx ~ k:lxndijuy' (3)

In this case, the equation of the inverse
piezoelectric effect in the general case has the form [5]:

S, =d;E, +s'T,. (4)

where the indices x and ij are determined by the
polarization method of the PE.

In general, when the angle changes, the static
characteristic is nonlinear and exhibits hysteresis loops
(Fig. 2). The values of the static characteristic are
nonlinear variable parameters, with maximum values at
the initial (linear) section of the characteristic, which can
be approximately described by one of the known
analytical expressions for hysteresis loops, for example,
in the form of (longitudinal polarization):

0&] 0 # kU, + kU3 + kU -

du ®)
—kU,,(1-U] /ujm)”’zsignd—ty.
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In this case, the transfer function of the PED, as
a harmonically linearized link, will generally have the
following form:

O iq
W, = jxl =qU,, o) +jq U, 0)=
, (6)
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When U, changes according to the harmonic
law, the first harmonic of complex nonlinear oscillations
arising at the output of the DER, taking into account (6),
will have the form:

1e WU, —qu, + 39
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Development of the concept of a
microprocessor-based PEM control system. The
PEM is a multidimensional, multivariable control object. In
such drives, the use of frequency control is limited by
narrow boundaries of change, as it leads to a deterioration
in PEM characteristics (underutilization of power, speed,
and the emergence of acoustic noise). The operating
frequency corresponding to the desired speed is usually
chosen near the resonance frequency, and the range of
change of the operating frequencies is significantly limited
(up to 1-1.5%) [9].

The use of amplitude control for the PEM speed
also has certain limitations, caused by the specific features
of the PEM operation (variability and nonlinearity of
parameters, etc.). In this case, conditions for maintaining
the balance of amplitudes and phases in the operation of
self-oscillating cascades at the required operating
frequency may be disrupted, making their operation
unstable and potentially leading to noise (such as
squeaks).

As a result, there is low accuracy in speed
stabilization, especially under strong oscillations. Some
mismatch of resonance frequencies, which can be
significant in transient modes, also affects the accuracy.

The emergence of noise is related to the fact that
changes in the self-oscillating circuit can capture a
frequency band larger than the band of silent PEM
operation. This leads to fluctuations in the instantaneous
speed of the PEM (up to 5% or more of the average
speed) and potential excitation of the PEM at the
frequency of a parasitic vibration mode [3].

These disadvantages can be partially eliminated
by complicating the autooperator circuits, for example, by
including various filters in the feedback loop, tuned to the
operating resonance frequency, phase-shifting active and
passive circuits, or devices that perform the corresponding
functions of oscillatory circuits, electromagnetic high-
frequency transformers, and piezoelectric elements (PE).
Therefore, the use of the amplitude control method in
devices with PEMSs is limited. In PEM designs where
friction force is little dependent on speed (PEMs in sliding
mode), the amplitude control method is also not used, as
the rotor speed practically becomes independent of the
supply voltage. The amplitude method can be used
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independently only for more stable PEMs (for example,
PEMs with protruding spacers) or when working with
reduced accuracy, shaft power, efficiency requirements,
and under the influence of weak disturbances [3].

The phase control method for PEM speed does
not have independent significance and is typically used in
conjunction with other methods, i.e., when implementing
dual and multidimensional speed control methods in PEM
devices [3].

In this context, the implementation of output
(end) stages (power modules) in PEM control devices is
of great interest. Power modules are typically frequency
and amplitude-controlled power amplifiers (PAs). The
power amplifier can be made using single-ended, push-
pull (half-bridge), or full-bridge circuits. The output of the
PA is typically connected in the general case through a
corrective link to the input of the PEM directly (without a
transformer output) or through a step-up transformer. A
power module can be designed using a PA with a single-
ended output with an autotransformer oscillatory circuit for
impulse excitation, increasing the voltage by 2.5-3 times.
A twofold increase is achieved in full-bridge PA circuits,
with voltage increase up to approximately 300-400 V. Itis
advisable to use transformers made with ferrite cores [10].
Since, according to (7), the control characteristic of the
PED is linear, the speed of rotation (displacement of the
moving part) of the motor, considering the above-
mentioned limitations on the control range, will be directly
proportional to the voltage applied to the excitation winding
by the control system. In this case, the output voltage of
the DAC, as the main power block of the control system,
depends on the reference voltage source, the resolution
of the DAC, and the number supplied to it:

N .U
U eux L[AIT = % ' (8)

where n— DAC bit resolution;

Nex — input code;

Uor— DAC reference voltage.

Let's consider the features of the DAC operation
using the example of a standard IC type K572PA1A. This
chip is designed to convert a 10-bit direct parallel binary
code, presented at the digital inputs, into a current at the
analog output, which is proportional to the value of the
code and/or the reference voltage. The circuit is
implemented using CMOS technology with polysilicon
gates.

The DAC K572PAl consists of a precision
resistor matrix of the R-2R type, inverters to control
current switches, and two-position current switches, which
are made using CMOS transistors.

For the circuit to operate in a voltage output
mode, an external reference voltage source and an
operational amplifier with a negative feedback loop are
connected to the DAC K572PAL. This ensures current
addition mode.

The values of the main parameters of the
integrated circuit (IC) primarily depend on the accuracy of
implementing the relationships Ro/R =1 and R/2R = 0.5
for all branches of the resistor matrix. Therefore, the
resistors are designed as geometrically identical regions,

102



Ne 1 (116) Bibpauii 8 mexHiui

which are oriented in the same direction relative to the
crystal axes. The reference material used is a thin
polysilicon fim with high resistance stability, which is
grown on the surface of the crystal using vacuum
deposition. The current-switch transistors are designed in
such a way that their resistance in the open state is
sufficiently low and inversely proportional to the through
current.

When operating the DAC K572PA1, a number of
its specific properties related to its CMOS technology
should be taken into account. The current consumed by
the chip from the power supply depends on the digital
signal levels at the input. At certain signal levels between
logical 0 and 1, the current consumption is maximal and
can exceed the rated value by several times.

When operating the DAC, the following
sequence of applying electrical modes is recommended:
ground potential, supply voltage, reference voltage, and
voltage on the digital inputs. The voltage removal
sequence is the reverse of the application sequence. If the
levels of the digital signals do not exceed 5.5 V, the
sequence of mode application can be arbitrary.

To ensure the function of unipolar conversion of
the code into voltage at the output, the circuit shown in Fig.
3 is proposed.
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Fig. 3. DAC connection diagram

According to the schematic (Fig. 3), the
output voltage is formed in the range from 0 to 36
V. To ensure that the accuracy and speed
characteristics of the DAC are not degraded, it is
necessary to correctly choose the external
operational amplifiers (OPs). It is recommended
that the OP's offset voltage does not exceed 5 mV,
and the settling time should not be greater than 2-5
ps. In this circuit, the OP K154UD3 is used, which
has an offset of 8 mV and a settling time of 0.5 ps.

To protect the converter from interference
in the OP's power circuits, capacitors are used. To
protect the DAC outputs from accidental negative
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voltage, it is advisable to ground them or connect
them through Schottky diode limiters (KD514A).

The main element of the overall system
control circuit is the microprocessor. For the
required functions, the microprocessor
K1816VE751 is chosen, which is a complete analog
of the well-known microprocessor K1816VE51, with
the distinction that it has an extended capability for
direct control of a non-volatie memory device
(EPROM) [11]. The package pinout is of the MK51
microcontroller type.

The MK51 requires a single power supply
source of +5 V. Through four programmable
input/output ports, the MK51 interacts with the
environment in the TTL logic standard with three-
state output.

The MK51 package has two pins for
connecting a quartz resonator, four pins for signals
that control the operating mode of the MK, and eight
lines of port 3, which can be programmed by the
user to perform specialized (alternative) functions
for information exchange with the environment.

When the power supply is turned on, the
state of the processor's data memory (RAM) and
control registers is undefined. Random values can
be stored in the registers. Therefore, the program
written in the program memory can start from any
location, as the Program Counter (PC) contains an
arbitrary value. As a result, it is necessary to
organize an automatic reset of the processor when
power is supplied.

The reset of the microchip is performed by
the RST signal (with a high voltage level being
active) if the processor is supplied with an external
synchronization signal or connected to a quartz
resonator. The RST input is the input of an internal
Schmitt trigger.

To ensure that the processor is reliably
reset, the duration of the high-level signal at the
RST input must be at least two machine cycles (24
clock periods of the synchronization frequency). At
a synchronization frequency of 12 MHz, the
external reset signal must last at least 2 ps. Upon
receiving the external reset signal, the
microprocessor generates an internal signal.

The external reset signal is asynchronous
relative to the processor’s internal synchronization.
The state of the RST output is checked during the
S5P2 phase of each machine cycle. After the reset
signal is applied to RST, the processor continues
operating for a period of time between 19 and 31
clock cycles (forming ALE, PME, etc.). After a “0”
signal is applied to the RST input, between 1 and 2
machine cycles pass before the formation of ALE,
PME.

Upon receiving the reset signal, the internal
algorithm of the microprocessor performs the
following actions: it sets the program counter (PC)
and all special function registers (except for the port
latch registers P0-P3, stack pointer SP, and SBUF
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register) to zero; the stack pointer takes the value
of O7H; it disables all interrupt sources,
timer/counter operation, and serial port operation;
selects bank 0 of RAM; prepares ports P0-P3 for
data reception; configures the ALE and PME
outputs as inputs for external synchronization; in
the special function registers PCON, IP, and IE,
reserved bits take arbitrary values, and all other bits
are reset to zero; random values are written to the
SBUF registers; and the port latches for ports PO-
P2 are set.

The reset signal does not affect the internal
data RAM. After power is turned on, the contents of
the internal data RAM cells take random values.

The schematic diagram for connecting the
microcontroller to implement automatic reset upon
power-up is shown in Fig. 4.

For an n-MOS microcontroller, automatic
reset when the power is turned on can be
implemented by connecting the RST input to the
power rail through a 10 yF capacitor and to the
ground rail through an 8.2 kQ resistor. Fora CMOS
microcontroller, this resistor is not necessary, but it
will not cause any harm.
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Fig. 4. Circuit diagram of automatic
processor reset upon power-on

Conclusions and Directions for Further
Research. The proposed mathematical model of
the PEM accurately describes the response of the
piezoelectric motor to control signals. An analytical
expression has been derived for the first harmonic
component of the total loading force on the ceramic
beam, which forms the basis of the motor.

A concept for the development of a
microprocessor-based control system for the
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piezoelectric motor has been proposed. This
system takes into account the limitations on the
range of control influences and provides for the
implementation of a multidimensional speed control
method for the PEM.
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KOHLENUIA NOBYAOBU
MIKPOMPOLIECOPHOI CUICTEMU KEPYBAHHSA
ME30ENEKTPUYHUM OBUTYHOM

Po3pobka yHieepcasnbHoi KoHuenujii
nobydosu MIKponpouecopHoi cucmemMu KepyeaHHS
n'‘ezoenekmpuyHuMm 0su2yHoM € Had3eu4valiHoO
8aXX/1UBOIO Yepe3 8UCOKI 8UMOau 00 moYHOCmi ma
egekmueHOCMIi KepygaHHS makuMu rpucmposiMu.
[Te30enekmpuyHi d8uayHU 3acmoco8ytombsCsi 8
bacambox chepax, 30KpemMa y Mikpoakmyamopax,
cucmemMax IMOYHO20 r03UYiOHY8aHHS, MeOUYHUX
npunadax ma HaHOMEeXHOI102isIX. ns
3abesnevyeHHs1 cmabinbHOI ma moyYyHoi pobomu yux
npucmpois nompibHi B8UCOKOMEXHO02IYHI
cucmeMu KepyeaHHsl, SIKi MOXymb peanidysamu
cknadHi anzopummu 0711 MOYHOI pobomu 8 pi3HUX
ymosax.

Taki deuzyHu, nornpu ceoi nepesazu, SiK
gucoka weudkicmb ma Manul po3mip, Marome
crnieyugpiyHi - 8umoau 00  yrpassliiHHA  4Yepes
pi3HOMaHImHI  ghakmopu, fIK-0m 8ibpauii,
mewmMnepamypHi  KOJIUBAaHHS YU  HeHIHIUHICMb
xapakmepucmuk.  CmeOpeHHs1  yHigepcarsibHOI
cucmeMu KepyeaHHsi 003g0rii€  adarnmyseamu
mexHonoeii rid pisHOMaHImHi ymosu ekcriyamauii
ma 3abesneqyumu egekmusHy pobomy 8 pi3HUX

cpepax.
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Kpim moeo, yHieepcanbHicmb KoHUenuil
da€e 3mMo2y cmeoprogamu cucmemu, siKi MOXXymb
fpayroeamu 8 yMoeax 3MIHI8aHUX napamMempie
abo e iHmMeepauii 3 iHWUMU MEXHoMNo2iamu, Wo
gaxnueo Ons  nidsuweHHs HadilHocmi ma
cmilikocmi cucmem. Po3gumok makux cucmem €
ocobnueo 8aAXITIUBUM onsa MiKpO- ma
HaHomexHonoeziti, 0e mOoYHicmb | KOHMPOIlb
Marmpe eupiwarnbHe 3Ha4yeHHsl. Lle Qoseorise
3acmocosysamu  M’€30€1eKMPUYHi  d8uayHU Y
HoBUX [HHOBaUIUHUX 2any3sX, W0, 8 C80H 4epey,

nidguwye  KOHKYPEeHMOCHPOMOXHICMb — makux
mexHos102il Ha PUHKY.

y cmammi 3arporioHosaHa
mMamemamu4yHa  MoOeslb  M'€30€/1IeKMPUYHO20

dsuzyHa, wo 3 docmamHbOK MOYHICMIO Ornucye

tioeo  peakuito Ha  ynpaenswdi  cusHanu.
3anpornoHosaHo KOHUenuito nobydosu
MiKporpouecopHor cucmemu KepysaHHs
n'ezoenieKmpuyHUM  08U2YHOM, WO B8paxosye

obMexeHHs1 Ha Oiana3oH 3MiHU Pe2ysliorYux

erusie ma nepedbayae peanizauii
6a2amogumipHO20 criocoby ynpaeniHHs
weudkicmio.

Knrwo4voei cnoea: mn'ezoenekmpuyHul
dsuzyH, cucmema  KepyeaHHs,  WeUOKiCMb
obepmaHHsi,  MO3UYJOHY8aHHS,  MIKpPONpPOUeCcopHa
cucmema.
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