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The work is devoted to the peculiarities of the construction of amplitude converters of type
“angle-parameter-code”, in which arctangent function transformation is used when converting output
signals of a resolver into a digital equivalent of movement. The features of the construction of brush-
less classical resolvers and varieties of their variable reluctance, in Russia known as reductosin, are
considered. It allows to realize an electrical reduction, at which the sensor accuracy increases con-
siderably. The principle of operation of the resolver, output signals of which contain reliable infor-
mation about components of displacement of the rotor, is found out. Resolver-to-Digital Converter
(RDC) corresponds to the postulate of the general theory of relativity on communication of space
and time.

A special place among one-component “angle-parameter-code” converters is held by the struc-
tures using arctg-conversion, at which quadrant or octant range splitting of the transformation of an-
gular displacement is used. In the first case, angular transformation is implemented by the digital
signal processor (DSP) or microcontroller, and in the second one — by ROM with arctg insertion.

The structure and ratios necessary for calculation of movement by software and tabular imple-
mentation of arctangent function transformation. An original version of the analog-to-digital conver-
ter with arctg ROM is presented. Its capacity at identical length of the output code is four times less
than the capacity of traditionally used ROM with a sine-cosine firmware. Octant representation of
a full range transformation of the angle of rotation allows to generate an additional high order digit
of the output code in comparison with a traditional quadrant band splitting. This not only improves
the resolution of the conversion twice, but also simplifies coordination of samples at application of
an electrical reduction with the reductosin.

Keywords: resolver-to-digital converters, classical and variable reluctance resolvers (reduc-
tosin), pulsewidth modulation, brushless motors, arctangent function transformation, ADC voltage
ratios, read-only memory.

Introduction

The scope of work is actual as it is devoted to energy informatics (energoinformational interac-
tion) [1] of the electric drive [2] and mechartonic systems (MS) [3]. The analysis of publications de-
voted to the development, research and implementation of a dateware of the process of the conversion of
energy in the functional movement of the working mechanism, possessing property of a chronotope,
provides the following tasks:

— features of the resolver functioning and its construction [4—10];

— formation of the Common Dateware on the basis of the conversion corresponding to the general
theory of relativity in terms of the postulate of time and space communication [11-16];

— as sensors at Common Dateware are used inductive [17], optical [18] and magnetic-field [19] sen-
sors. Most widely used are Synhros and Resolvers (R), possessing remarkable properties and high per-
formance criteria [2, 7].

Resolver is a 2-phase micromachine

Resolvers are brushless type (Fig. 1) that is, the rotor excitation is ring transformer (RT) coupled
to the shaft rotor winding. Many resolver applications operate with high speeds where the velocity error
is significant source of measurement errors. Also, the signals of resolver are affected by the switching
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noise due to pulse width modulation (PWM) of the motor inverter [3, 4]. Paper represents a solution
for measuring the resolver signals for electric drive application without being affected by the speed and
the switching noise due to PWM of motor inverter.

Stator winding of RT
Winding of stator phases

R1
VRT
Rotor winding
R2 Rotor winding of RT

Fig. 1. The brushless classical resolver company Clifton Precision

The RT stator of brushless resolver (Fig. 1) is supplied from AC voltage Vgr = Vgrmsin (Qqt + @,)
of variable frequency Q, and phase shift of ¢,. The RT stator and rotor currents are I;pr and
Lerr = Lrrrmsin (Q,t), respectively. Resolver is a 2-phase AC machine. So, the electrical equations for
stator windings of this machine are:

Vi = RIy + Lsl; + S[(Ly,COS Pres®Ome) Lrrr] =

= Rll + LSIl _LmIrRT preste sin pres®me + Lm(COS pres®me)(SIrRT) ; (1)
Vi = RI; + Lsl; + S[(LySIN Pres®Ome) Lipr] =
= RIZ + LSIZ + LmIrRT preste cos presG)me + Lm (Sin pres®me)(51rRT)r (2)

where Q. is the mechanical speed; ®,,, is the mechanical angle; p,.s is the resolver number of poles;
Vi, Vo; 14, I, are the voltages and currents of stator 1 and 2 windings; R is the stator winding resistance;
L is the stator winding inductance; L,, is the amplitude of mutual inductance of stator windings and rotor
winding; s = d/dt.

In the no-load condition (high impedance of measuring circuits), for stator windings there will be no
current and the current derivatives will be also zero (I; = I, = sI; = sl, = 0). So, the equations (1) and
(2) will be:

Vl = Lm (COS pres®me)(SIrRT) - LmIrRT preste (Sln pres®me) ) (3)

VZ = LmIrRT preste (COS pres®me) + Lm(SIn pres®me)(SIrRT)- (4)

The voltages (3) and (4) have two components: the first one (back-EMF) depends of excitation fre-
quency Q. (because I,gpr = Lgrrm Sin Qt), speed (Qy,.) and position o5 = PresOme, the second one
(EMF of transformation) depends of frequency Q, (because Slpr = Lprm€2.C0s Q.t) and position
Ores = PresOme. This property of the signals V; and V, allows to eliminate errors due to the speed
Q.. In the case of synchronous sampling of both signals V; and V, when sin Q,t = 0 and cosQ,t =1,
the current I.zr = 0 and its derivative is maximal: SIgr = L rrm2eC0S Qot = L-prm 2. So, in (3) and
(4), the back-EMF components will be absent and EMFs of transformation will be only position dependent
with maximal amplitude V;;, = L, [ rrmQe:

Vi = Lin(c0S Pres®Ome) lrrrm Qe; (5)

V2 = Lin(SIn Pres®Ome) rrrim Qe (6)

From (5) and (6), the angle ®,,, = ©,.s/Pres may be calculated using standard software decisions.

Variable reluctance resolvers (VRR) have no windings on the rotor. Their primary and secondary

windings are all on the stator, but the saliency (exposed poles) of the rotor couples the sinusoidal varia-
tion in the secondary with the angular position Fig. 2) [5, 6].
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Fig. 2. Variable reluctance resolver (reductosin)

The structure of the RDC with digital signal processor

Converter realising the proposed method by DSP comprises (Fig. 3): exciting generator £G, DAC
and analog voltage inverter AV for R excitation; differential amplifiers DAl and DA2 conditioning re-
solver output signals; ADC for converting of analog signals V; and V, into digital form D; and D,; de-
coder software DSW for calculating of resolver angle @5 = O _pres from Dy and D,.

RDC (Fig. 3) is capable of outputting a good resolver signals two times per excitation period with-
out being affected by the motor speed and by the switching noise due to a PWM signal of an inverter.
In the tested system, the 14-bit AD converter for data conversion was used. That means
(4V/5V)-16392=13113 bit resolution for peak-to-peak of the measured signal. There are 360x60x60"
(arc seconds) in the 32 periods (2 times peak-to-peak) of the resolver with 32 poles signal. So, one bit
(resolution) of the ADC corresponds to 1,544 (arc seconds).

Vv,
3V, 5kHz | ADC | Dsw SN
DAD D2
V,
A TS
10kHz EG DAC
PWMSYNC

Fig. 3. Structure of the RDC with digital signal processor

An experiment has been set-up in order to validate the proposed solution. In this experiment, the
modulation signal VRT and PWM noise were completely disappeared from the digital signals D; and
D,. For what concerns the accuracy of the position measurement, a comparison between the processed
resolver data and the incremental encoder data has been performed. The tests were done with mechani-
cal speeds of 0,01 rad-s™' and 50 rad's ' respectively. Very small differences between the two measure-
ments were achieved. An off line calculation allowed to evaluate that the overall measurement error of
the proposed RDC was contained within the 12 bit ADC error (6 arc seconds of the rotating angle) and
was speed independent.

The resolver and RDC working principle of is as follows Fig. 4.
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The two output signals are modulated by the sine and cosine of the shaft angle. A graphical repre-
sentation of the excitation signal and the sine and cosine output signals is shown in Fig. 4a. The sine
signal has maximum amplitude at 90° and 270° and the cosine signal has maximum amplitude at 0°
and 180°.

On the Fig. 4b the excitation current derivative s/,zr , the PWM synchronism signal (PWMSYNC),
sampling signal periods Tj, cosine signal of position cospres 0,,, output voltage V; and digital signal D,
of 32-pole pair resolver after AD conversion by the motor speed of 937RPM and 7, = 100 pus.

CoS(Prpy By} Dy = Lo Lipre 1 cos(pyefip,) PWMSYNC

A
T

shipr

ar
L

R1-R2
(EXC)

S$2-S4
(COs)

$3-51
(SIN)

0* 90° 180° 270°
a) b)

Fig. 4. Resolver and RDC working principle

The important feature RDC with digital signal processor

The first important feature of the used method is tuning of excitation voltage Vyr zero in the sam-
pling period (7,) of DSP for getting the maximal amplitude of resolver output signals V; and ¥, in
the sampling moments 7,. This tuning is done by the phase shift of };r in the sampling period of
the DSP during slow rotation of the motor. Tuning is finished by the maximum amplitude of signals V;
and V; in the sampling moments 7. Such procedure gives in the sampling moment the extremum of de-
rivative of resolver rotor current s/,.z7, zero of resolver rotor current (1,zr=0) and zero back-EMFs in V;
and V;, — see (3) and (4).

The second important feature of the used method is synchronisation of PWM synchronism signal
PWMSYNC with founded moment of resolver excitation. The PWM synchronism signal leading edge is
tuned to get the minimal noise of measured signals. So, the system measures the resolver signals without
being affected by the switching noise of inverter PWM. This phasing avoids the PWM interference on
the resolver signals.

The third important feature of the used method is double sampling per excitation period. Position

data D, and D, are read each sampling period at the time moments when the output signals amplitude is

maximal. By the next sampling, the position data D, and D, are read as — V; and — V5. So, digital sig-

nals D, and D, after conversion will have the amplitude modulated waveform of the exciting signal cor-
responding to the rotating angle ©,o5 = ©_ Pres of the resolver as shown in Fig. 4b.

It is possible to calculate the angle, using a large number of known algorithms and various
hardware [2, 3]. The simplest of these algorithms is a four-quadrant arctan signal conversion:

OmePres = arctg, (V1 /V5).
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Calculation of the function arctg(p) by algorithmic and tabular methods
The series expansion of the function arctg(f) is carried out on [17]:

arctg(B) = 3 (-1)° - /(2K +1).

In the range of angles from 0 to 45 degrees for resolution of 20 bits 5 first members of a row are
enough, taken with a 32-bit accuracy. Thus, after the measurement with the ADC, the calculation of
the angle and its representation in the form of 0 to 1 for values from 0 to 2x takes 2 operations of
normalization, one division, 5 multiplications, up to 8 additions and to 7 logical transitions on a short
address. In total, no more than 40 cycles of a processor such as ARM Cortex-M3. For reduction of
calculations Heron's formula is used. The calculations are integer (32 bits) with the normalization of
up to 16 bits.

At calculation by the tabular method, the oktant with a required angle is determined by measured
values of Vsin and Vcos and on the relation of values |Vsin| and |Vcos| the required angle is calculated by
one of formulas [17]:

to Vsin > 0 and Vcos > 0 and |Vsin| <|Vcos|, then ¢ = f3,

to Vsin > 0 and Vcos > 0 and |Vsin| > |Vcos|, then ¢ =1/2 — B,
to Vsin <0 and Vcos > 0 and |Vsin| > |Vcos|, then ¢ =— 3,

to Vsin > 0 and Vcos > 0 and |Vsin| <|Vcos|, then ¢ =—m/2 + B,
to Vsin > 0 and Vcos <0 and |Vsin| > |Vcos|, then ¢ = /2 + B,
to Vsin > 0 and Vcos <0 and |Vsin| <|Vcos|, then ¢ =1 —f,

to Vsin <0 and Vcos <0 and |Vsin| < |Vcos|, then ¢ =—n + 3,
to Vsin <0 and Vcos <0 and |Vsin| > |Vcos|, then ¢ = —-m/2 + B,

where  — an angle in the range of 0...45 degrees (0...71/4).

Further the value of tg(B) = |Vsin|/|Vcos| is calculated and according to the table, depending on
tg(B1), the value of B1 is found, where tg(f1) — the nearest smaller tabular value of a tangent of angle,
and a required angle

B =(tg(B) - tg(BDY(CO + C1-p1 + C2-B1),

where CO, C1, C2 — correction coefficients of correction of the algorithm error function. Such method
provides resolution of 16 bits at the table size in 256 values.

Resolver-to-Digital Converter with arctangent ROM

Application of DSC (Fig. 3) or ARM to evaluate the function  =arctg  within an octant in the al-
gorithmic or tabular way leads to the reduction of the converting rate. Therefore, RDC with ROM
should be preferred in high-speed MS. In MS, where “autophasing” [2] is not required, information on
movement for self-switching of the electric motor can use the simplified algorithm of converting with
arctg ROM. The offered [10] actantial representation of a full range of transformation, instead of a qua-
drant, at an equal speed allows to form additionally 3 highest weight discharge angles ®.This is impor-
tant in case of creation of a two-speed RDC, in which an additional bit is used for the matching of fine
and coarse reading of MS. Speed of the conversion of output signals of resolvers to the digital equivalent
of movement is also defined by speed of ADC of the relation of segments of tension in an octant.

In the scheme shown in Fig. 5 in the first stage output signals of resolver R are converted to a code
of a tangent of angle tg B = V/V,, where B — the angle of rotation ®, given in the first octant. Simulta-

neously, the formation of three high-order digits of the angle ®g is carried out. RDC works as follows.
Two signals, proportional to the current value of sinS and cos C of the angle ®, arrive on inputs of
the analog switchboard and the detector of octants DO.

Their preliminary conversion is carried out either by individual demodulators DM of output signals
of the resolver R or by peak detectors of the “memory access” type [10]. Three high-order digits of
the code of the angle ® are formed from the number of the octant. By comparison of output signals of
the resolver R with each other and with a zero-level number of the octant is defined, which contains

BecTHuk HOYplY. Cepus «<KomnbioTepHble TEXHONOrMK, ynpaBreHue, PaauoaneKkTPoHUKay. 87
2016. T. 16, Ne 3. C. 83-92



NMpubopocTpoeHue, MeTponorus

the angle of rotation of a shaft of the resolver R. The octant in which sin®>0, cos®>0, and
sin ® <cos ® is accepted to be the first. Number of the octant increases counterclockwise. According to
the known number of the octant signals, proportional to sin and cos of the angle ® in the first octant, are
determined:

sin B = |sin®|, cos B = |cos ®| inthe 1, 4, 5 and 8th octants;

sin B = |cos O], cos B = |sin ®| —in the 2, 3, 6 and 7th octants.

By linear analogue-to-digital conversion the code of the tangent of an angle f is defined, while as
a reference signal in ADC is used a signal proportional to cos B, and as a measuring signal — sin 3.

FCT t
0 Y anc 28] rom
|
| . h Y '
| Vsin 3 Veos B B
| —Y v VsinO : '
: Vecos0 : Dy
EG | DO AC I XOR CHR +—
| 1-3pdy |
| » |
| |
| |
|

Fig. 5. Structure of the RDC with arctangent ROM

Construction of F'CT on integrated circuits is considered in [12]. From the output ADC the code of
tgP arrives to address inputs of the read-only memory ROM, programmed under the law of the arctan-
gent in the range of corners 0 — w/4. ROM provides functional transformation of the input value
arctg (tg B) = B, i.e. outputs the code of the angle B. A maximum code of the angle B corresponds to a
zero input code tgp Mp,q = 2/ — 1, where j — a digit capacity of ROM. The code of the tangent of a

given angle 3 arrives at the address inputs of the ROM, which is used in a conversion device of the code

tg B to the parameter code f3.
The code of the angle B is inputs to the EXCLUSIVE OR scheme (XOR), the other input of which

is controlled by the least significant digit code of octants. Thus, in odd octants with the least significant
digit code of octants equal to zero, XOR outputs the true code of the angle3, and in even octants with

the least significant digit code of octants equal to one, it outputs the inverse code of the angle 3, sup-
plementing the angle Bton/4, i.e. equal to (n/4—p). From the output of XOR the code of the angle
Bor (n/4—PB) goes to one of the inputs of the code holding registers CHR (see Fig. 5), to the other in-

put of witch comes the code of octants from DO. As a result of the summation of codes CHR outputs the
code of the angle @g.

More than two-fold increase in conversion accuracy is achieved at simultaneous simplification of its
circuit construction. Reducing of an instrumental error component by eliminating the additional code
converter — the voltage gives an increase in the accuracy not less than in two times, and the exclusion of
methodological error component allows further increasing of the conversion accuracy.

From the point of view of simplification the use of the one ADC and application of only standard
integrated circuits is important, which reduces its cost. A significant advantage of such construction is
its feasibility on standard electronic elements without the use of additional correcting ROM logic devic-
es, which leads to the simplification of the device and improves the technological effectiveness of its
production. An important factor is also the economy of ROM capacity, which at the same digit capacity
of the output code is not less than 25% in comparison with sine-cosine RDC. At pulse powering of
ROM the power consumption reduces, thereby implementing the device as a module based on the inte-
grated or hybrid technology.
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Conclusion

The progress in the sphere of RDC is caused by the improvement of technological processes and
the development of new circuit solutions. The creation of integrated devices working at high speed and
resolving power gives a number of advantages, including the reduction of the cost of products and
the expansion of their functionality [7, 10].

Formation of digital equivalents of components of movement and its speed by the known RDC al-
lows to give to the mechatronic system advantages of adaptation and self-organization [11], artificial
intelligence, optimization of movement on time. To implement a modal [2], robust [6] and profile [2, 4]
control it is necessary to increase the efficiency of MS energyinformatics.

Replacement of the elementary differential link which is traditionally used in all structures of auto-
matic regulation to the more “intelligent” statistical link of a mathematical regression analysis of pre-
vious values is recommended. Ideologically differing from the well-known Kalman filter, link of this
type allows to form in real time the current value of a control error by means of the mathematical regres-
sion analysis of all of its previous values, and thereby eliminate the influence of random fluctuations of
signals in a feedback loop on the conversion accuracy. The synthesized digital tracking algorithm with a
statistical link of regression processing allows to authentically receive up to 20 bits of the binary code of
the angle measured by the angle-component solver [9]. The options of converting presented in the work
indicate that modern microelectronics along with a sensor, having properties of a chronotope, fall within
the postulate on spatio-temporal relation of the general theory of relativity, which was announced in
1916 by Albert Einstein [20].
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NMPEOBPA3OBATEIJIN «YI'OJ1-TNMAPAMETP — KO»
C APKTAHITEHCHbIM ®YHKLUUWOHAJIbHbIM NPEOBPA3OBAHUEM

A.l. Bankoeoli', E.B. Opacoea?, 0.C. CMupHog?

" Mockosckuti sHepaemuyeckuli uHcmumym, 2. Mocksa,
2 OxHO-Ypanbckuli 20cydapcmeeHHbill yHusepcumem, 2. YensabuHck

PaboTa mocBsIeHa pacCMOTPEHUIO OCOOCHHOCTEN MOCTPOCHUS aMIUIMTYAHBIX TIpeoOpa3oBare-
JeH «yroj—IapaMeTp —Koa», B KOTOPHIX NMPH KOHBEPTAIlMM BBIXOAHBIX CHTHAJIOB PE30JbBEPA B
1(poBOIi SKBUBANICHT NMEpPEMEIICHHs NPUMEHIETCS apKTaHTeHCHOe (pyHKIMOHaIbHOE Ipeodpaso-
BaHHE. PaccMOTpeHBI 0COOEHHOCTH MOCTPOSHHS KJIACCHYECKOTO OECKOHTAKTHOTO Pe30jbBEpa U €ro
Pa3sHOBUIHOCTH — PEIYKTOCHHA, KOTOPBIE MO3BOJISIOT PEaln30BaTh 3EKTPUIECKYI0 PEAYKIHIO, Cy-
IIECTBEHHO ITOBBIIIAIONIYI0 TOYHOCTH CEHCOpa. PacKphIT MpHHIMIT AEHCTBUS pe30JIbBEpPa, BHIXOHbIE
CUTHAJIBI KOTOPOTO COAEP)KaT JOCTOBEPHYIO HHPOPMAIIUIO O COCTABIIAIOMINX MEpEeMEIeHHs poTopa.
IIpeobpa3oBartens «yrosa—mapaMmeTp—KoI» COOTBETCTBYET IOCTYNATy OOIIeH TEOPHH OTHOCHTENb-
HOCTH O CBSI3M IIPOCTPAHCTBA U BPEMEHH.

Ocoboe MecTo cpeiu OJHOKOMIOHEHTHBIX IpeoOpa3oBaTeneil «yros—mapaMmerp —Kom» 3a-
HUMAIOT CTPYKTYPBI, UCIIOJIb3YIOIINE apKTaHTeHCHOe (DYyHKIIMOHATIbHOE MpeoOpa3oBaHue, MpH Ko-
TOPOM HCIIOJIb3YETCSl KBaJIpaHTHOE WJIM OKTaHTHOE pa30HeHne nuanazoHa npeoOpa3oBaHUs yrilo-
BOTO IepeMelIeHHs. B nepBoM cirydae TpUrOHOMETpHUiecKoe mpeoOpa3oBaHue peannsyercs nud-
POBBIM CHTHAJIBHBIM IIPOLIECCOPOM I MUKPOKOHTPOJUIEPOM, a BO BTOpOM — mocpenctoM 113V ¢
apKTaHTeHCHOHM mpommuBKoW. IIpuBesieHa CTpyKTypa U COOTHOLICHHUS, HEOOXOIUMBIE Il BBIYHC-
JIeHUs! IepEeMEIIeHHs IyTeM NMPOTPaMMHOM M TaOJIMYHOM pean3aniy apKTaHICHCHOW (QyHKIHH.
[IpencraBieH OpUTHHANBHBIN BapHaHT aHAIOTO-IU(GPOBOTrO Mpeodpa3oBaTeist ¢ apKTaHTCHCHOI
[13VY. Ero eMKOCTh IIpH OAMHAKOBOH Pa3psiIHOCTH BBIXOAHOTO KOJa B YETHIPE pa3a MEHbIIE €MKO-
CTH TpaJULOUOHHO Hcnosb3dyeMoro II3V ¢ cuHycHO-koCMHYCHOH mpomuBKoi. OKTaHTHOE Hpen-
CTaBJICHHE TOJIHOTO JWara3oHa mpeoOpa3oBaHuUs yria MoBOpOTA, HO3BOJISIET CHOPMUPOBATH J10-
MOJTHUTENIBHBIM CTapIInil pa3psii BEIXOAHOTO KOJa 110 CPAaBHEHUIO C TPAJUIIMOHHBIM KBaJIPAHTHBIM
paz0OueHueM auama3oHa. JTO IO3BOJISICT HE TOJIBKO MOBBICHTH pa3pelieHHe NpeoOpa3oBaHUA
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Bankoeol A.l., Opacoea E.B., lMpeo6bpa3oeamenu «y20s1— napamemp — KOO»
CmupHoe 10.C. C apKkmaH2eHCHbIM (byHKUUOHaIbHbIM NNpeobpa3oeaHuemM

B 2 pasa, HO W YIPOCTUTH COTJIACOBAHUE OTCUYETOB NMPH NMPUMEHEHHH 3JIEKTPUUECKOH peIyKInuu ¢
PEaYKTOCHHOM.

Kniouesvie cnosa: npeobpaszosamenv «y2on—napamemp —Koo», KIACCUYECKUU U 6EPHbEPHBIIL
Pe301b8ep pe30abeepbl, WUPOMHO-UMNYIbCHAS MOOYIAYUSL, APKMAHLEHCHOE QYHKYUOHATbHOE Npeod-
pasosanue, ALII omHoweHus HANPAACEHUI, NOCMOAHHOE 3ANOMUHAIOUiee YCHPOLICMEBO.
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