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COVER LETTER

Dear Associated Editor,

Dear Editorial Staff,

Hereafter we present a paper entitled:

"A DSP-Based Resolver-To-Digital Converter for High Performance Electrical Drives
Applications”

In the last year many topic related papers have been submitted to IEEE Transaction on Industrial
Electronics dealing with resolvers and Resolver to Digital Converters in particular.

The paper we are submitting presents a low cost, simple and highly accurate resolver-to-digital
converter (RDC) for electrical drive applications. In order to validate the proposed system, the
dynamic performance comparison between the RDC and a commercial optical encoder is analyzed
and discussed. For this purpose, an experimental test bench is set up and accurately described. Both
the simulation and experimental tests confirm the high reliability, stability and the good
performances of the system. Moreover, the RDC is almost not affected by noise or external
electromagnetic disturbances.

As a small amount of related papers focuses on high performance at low cost, we hope that our
work may give a contribution to industrial development in the field of high-performance

synchronous motor drives.

Best regards

The Authors
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A DSP-Based Resolver-To-Digital Converter for
High Performance Electrical Drives Applications

Abstract—This paper presents a low cost, simple and highly
accurate resolver-to-digital converter (RDC) for electrical drive
applications. In order to validate the proposed system, the
dynamic performance comparison between the RDC and a
commercial optical encoder is analyzed and discussed. For this
purpose, an experimental test bench is set up and accurately
described. Both the simulation and experimental tests confirm
the high reliability, stability and the good performances of the
system. Moreover, the RDC is almost not affected by noise or
external electromagnetic disturbances.

Index Terms—Electrical Drives, Speed, Position, Resolver,
Tracking Loop.

NOMENCLATURE

Vsin,Ucos  T€solver stator voltages

k resolver stator-to-rotor transformation ratio

Ve excitation voltage signal amplitude

Wy angular frequency of the excitation voltage

t time variable

ts time instant corresponding to the signal sampling

0 resolver shaft absolute angular position

0] estimated resolver angular position

T sampling period

Kp proportional gain of the PI controller

Kr integral gain of the PI controller

Fpr transfer function of the PI controller in the z-
domain

Fy open-loop transfer function in the z-domain

F, input/output position error transfer function in the
z-domain

(C] input position signal in the z-domain

P output position signal in the z-domain

¢ damping factor of the system

Wn characteristic frequency of the system

wo IPMSM rated speed

a acceleration constant

v speed constant

fref reference frequency of the input position signal

Ores sinusoidal time-varying reference position signal

0. amplitude of the sinusoidal reference position
signal

I. INTRODUCTION

ANY SYNCHRONOUS electric motors require a very
Maccurate position sensor compatible with a sinusoidal
control. The purpose of such a control is to enable an efficient
and smooth operation enhancing the comfort by limiting
vibrations. In some cases related to mechanical constraints, we
have to deal with through-shaft design [1]-[3]. One can quote,
for example, power drives for Electric or Hybrid Electric

Vehicles as well as for Electric Power Steering motor. More
generally, these sensors need to keep a simple and robust
design and a restricted number of parts as they are submitted
to high vibration levels, a wide temperature range and speeds
of several krpm.

Resolvers have been highly investigated in the technical
literature [4], [5], especially from the signal conditioning and
signal integration point of view in the whole control system
[6]-[8]. In particular [9] have proposed low-cost method for
converting the amplitudes of the sine/cosine transducer signals
into a measure of the input angle without using look-up
tables, also avoiding a poor precision in the comparison of
the signals around their highly nonlinear peak regions, by
using a simple technique that relies only on the alternating
pseudo-linear segments of the signals. In [10] improves the
software approach of transduction using the resolver-to-digital
conversion, as the original approach takes sample at positive
peak values of excitation signal which increases the system’s
complexity. Their paper applies an approach conceived to get
information by taking sample at other positions in an excitation
period.

The paper [11] focalizes instead on the typical faults of the
sine-cosine resolvers and proposed a fault model based on the
Mallat algorithm proposing then a processing circuit with a
higher accuracy and reliability.

The paper [12] focalizes on a new technique to get the
angular position with the help of an artificial neural network.
As brushless drive performance may be conditioned by the
high number of A/D converters and sensors with different
bandwidth [13] propose a method for the reduction of such
converter getting as a result a cheaper and reliable installation
as confirmed by their experimental results on PSMS vector
controlled drive.

The problems of self calibration and high accuracy in re-
solver to digital conversion (RDC) are the object of the papers
[14] and [15] respectively. The second paper in particular
considers an interesting combination of classical resolver and a
second order decoupled double synchronous reference frame-
based phase-locked loop (DSRF-PLL). Despite the apparent
initial mathematical difficulty, Using the combined techniques
and a standard DSP with a 12-bit analog-to-digital converter,
a resolutions of up to 14 bits can be achieved with a small
computation cost amounting about the 13% of the total (100
MIPs) [16].

[17] concentrate their investigations on the classical de-
modulation (or the one based on Chebishev Polynomials [18])
problem focusing on the integration technique starting from
the zero crossing detection of the signals. The result of such
investigation is the obtainment of actual envelopes of the
signal waveforms by utilizing the phase relationship of the
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integrated waveforms with the delayed carrier so that the noise
and disturbance effects are averaged out and the achievable
accuracy is improved without applying filters.

In this paper the Authors focus mainly on high accuracy
rotor position estimation of electrical drives.

It is well known that industrial servo drive applications
require a high accuracy estimation of the rotor position. This
is particularly relevant in the fields of robotics and numerically
controlled machine tools, in aerospace, satellite and military
applications (i.e. in all those applications that involve transfor-
mations between rotational analog and digital information) in
which little errors in rotor position estimation decay the servo
drive position performance [19]-[21]. In these cases precise
angle transducers, like absolute and incremental encoders or
resolvers, are mechanically coupled to the shaft of the motors
and quite often of the permanent magnet synchronous motors
(PMSM). Resolvers, particularly, are angular speed and angle
transducers well suited for applications requiring mechanical
robustness and reliability over extremely long operational
lifetimes [20]. Many advantages characterize these transducers
such as: operation under severe atmospheric conditions, ability
to work at high angular speed and acceleration, high accuracy,
high noise immunity when used with integrated RDC, good
immunity with respect to mechanical stresses and vibrations,
possibility to transmit the output data over a long distance,
and so on [19], [22]. The accuracy of the shaft angular
speed and position measurement is fundamentally based on
the assumption that ideal analog resolver signals are supplied
to the RDC converter and on the high resolution of RDCs.
Unfortunately high resolution RDCs are very expensive and
many efforts were made in past works in order to simplify the
converter topologies and to reduce its costs [23], [24].

An alternative solution for a RDC, based on a software
approach, is proposed in this paper. The software can be
implemented in a commercial digital signal processor (DSP)
commonly used for servo drive control systems; the necessary
hardware is limited to a few low-cost components that can
be easily located on the power converter control board saving
space on it. Main features of the software based RDC here
presented are: high accuracy, simple set up, high reliability and
stability and good performances. The experimental results by
the comparison of the software based RDC output with that
one of an precision encoder have shown that the accuracy
of the digital speed and position measurement system is
maintained and that this high accuracy can be reached reducing
the costs, by using the alternative solution here proposed.

More in detail, this paper is structured as follows: Section
IT summarizes the problem statement. Section III describes the
RDC software application with details about the control loop
design. Section V presents both simulations and experimental
results to demonstrate the effectiveness of the proposed solu-
tion. Finally Section VI summarizes conclusions.

II. PROBLEM STATEMENT

A resolver is a transducer commonly used in electrical
drives in order to measure the absolute angular position
(referred e.g. to the magnetic axis of one of its two stator
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Figure 1. Simplified electrical scheme of the resolver.

Figure 2. Schematic of a traditional resolver to digital converter.

windings) of the motor shaft. Thus, it is used to calculate
the angular speed of the motor itself. The analog output sine
and cosine modulated signals of the resolver are demodulated
and, then, converted to a digital position signal and an analog
speed signal by using a RDC. Basically, this converter is an
integrated circuit (IC), which is usually mounted on the control
board of the electric drive power converter [24].

The resolver is equipped with an excitation winding on its
rotor, and with a two-phase winding on its stator and whose
magnetic axes are 90° displaced each other [11], [25], [26]. A
coupling transformer is used to supply (from an external power
source) the resolver rotor winding with a sinusoidal excitation
current. The simplified electrical scheme of a resolver is shown
in Fig. 1. Its output consists of two sine wave voltage signals,
whose amplitudes are modulated according to the sine and
cosine of the shaft absolute position. The two signals are
expressed in the time domain [24], [27]-[30] as follows:

Vsin = kv, |sinf cos (w.t) + wi % cos fsin (w,t)
- (D
Veos = Kkve |cOs 0 cos (wyt) + wi % sin #sin (wet)
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If w, is high enough with respect to the maximum rotor
angular speed df/dt (in our case for w, =2 -7-f =2 -7
5000 = 31415 rad/s and % maz = 400 rad/s), the second
term of sum in expressions (1) can be neglected, leading to
the following approximated equation:

{ Vsin = kv, [sin 6 cos (w;t)] @)
Veos = kv, [cos 0 cos (wyt)]

Each of the signals of (2) must be conditioned through
a differential amplifier in order to refer them to a common
ground. This allows to amplify the signals and to reject pos-
sible existing common mode noise components. Both signals
are, then, sent to the analog inputs of the R/D converter, which
demodulate and processes them giving the angular position
of the shaft as a digital output and its angular speed as an
analog out. Figure 2 shows the simplified block diagram of
the traditional position estimation system using the integrated
RDC. In order to summarize the traditional R/D conversion,
it is assumed that the current position output is ¢ (see Fig.
2). The input signals vg;, and v.,s are multiplied by cos ¢
and sin ¢, respectively, and then subtracted and demodulated.
Thus, the result is proportional to sin Af = sin(6 — ¢) (i.e. to
the sine of the position error). Finally, this error is delivered
to the integrator, which allows to obtaining the speed analog
signal, and the VCO (Voltage Controlled Oscillator) for the
digital position estimation ¢ [24], [27], [31].

The traditional solution previously described results expen-
sive due to the cost of the integrated RDC, which is almost
equal to the cost of the resolver. Furthermore, the dynamic and
static performances of such RDC ICs are fixed or can be set up
by using additional passive components, such as resistors and
capacitors. As a consequence, both stability and performance
of the position tracking loop depend on the stability of these
components.

On the contrary, the proposed high accuracy software-based
RDC presents many advantages in terms of noise immunity,
reliability, stability and simplicity. Another great advantage
is the reduced cost of the RDC, due to the suppression of
the additional discrete components, of the complex electronic
circuit layout in traditional RDCs. In addition, the implemen-
tation on DSPs is very simple, avoiding the need of additional
hardware on the converter’s control board. Moreover, the
flexibility of the entire system is improved thanks to the
tuning of all that parameters on which both the static and
dynamic performances of the position tracking loop depend.
Finally, a significant increase in resolution can be achieved
for the position estimation using the over sampling technique
and avoiding the use of high performance analog to digital
converters (ADC) [19], [32].

III. DESCRIPTION OF THE SOFTWARE BASED RESOLVER
TO DIGITAL CONVERTER

In this section, the software RDC system and its operation
are presented and extensively described. In addition, several
test results are hereafter reported and discussed.

3

A. Analog Signal Conditioning Network

The electronic analogue interface scheme and the block
diagram of the proposed software based RDC are shown in
Fig. 3 and Fig. 4, respectively. The 5 kHz sinusoidal excitation
(carrier) signal for the resolver is generated by the dSPACE®
board through a PWM generator operating at 40 kHz. The
carrier signal is then sent to an electronic conditioning network
which is composed by a 2"¢ order analogue band-pass filter
(BPF). The BPF is centered at 5 kHz with a bandwidth of
2.5 kHz being able to filter the higher harmonics of the
signal generated by the dSPACE® board. In addition, a power
amplifier is used to amplify the sinusoidal signal and to supply
the rotor excitation winding.

The sine and cosine output signals are delivered to a differ-
ential amplifier and passed through an anti-aliasing RC filter.
Finally, the signals are fed to the two 12 bit analog to digital
converters (ADC) of the dSPACE® board (see Appendix for
characteristics).

B. Closed Loop Position Tracking System

The simplified block diagram of the closed loop position
tracking implemented on the dSPACE® control board, is
shown in Fig. 4. This algorithm is based on the oversampling
technique. As a matter of fact, the sine and cosine modulated
resolver outputs are sampled at 8-times the excitation signal
frequency (i.e. 8*5 kHz=40 kHz). The ADC sampling is
also synchronized to the DAC which generates the sinusoidal
excitation signal for the resolver, by using the same interrupt
of the dSPACE® board (see Fig. 4). Each of the digitized sine
and cosine modulated signals are then filtered through a digital
16th order FIR band-pass filter, reducing the signal bandwidth
to 5000£1250 Hz. Afterwards, the downsampling technique
is used reducing the sampling rate to 5 kHz, which is achieved
by selecting only one sample from a group of consecutive 8
samples of the sine - cosine signals. This technique allows
to demodulate the signals, enabling the sine and cosine for
the position and speed closed loop tracking system [24]. With
this decimation, the resolution has been improved of 1.5 bits
[32], [33]. Figure 5 shows an example of the two digitally
demodulated sine and cosine signals at 4000 rpm.

In particular, with the previously mentioned synchronization
and decimation, the output signals of the resolver are always
sampled at the same instant within a period of the carrier
signal, i.e. at:

ts =to + 2171 3)

T

where 7 is an integer number.
Thus, by taking (3) into account, (2) can then be rewritten
as:

Vgin = kv, [sin 8 cos (w,ts)] =
{ Veos = kv, [cos O cos (wpts)] = @
= kv, [sin 0 cos (wyto)] = k' sin @
{ = kv, [cos 0 cos (wytg)] = k' cos @

with kv, cos (w,tg) = k' = const.
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Figure 3. The resolver analog interface.
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Figure 6. Combined effect of the FIR filter delay and the angular speed on
the angle error.
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Figure 7. Simplified block diagram of the closed loop position tracking
system.

The demodulated sine and cosine signals v, and v.,s are
multiplied by cos¢ and sing, respectively, and, then, subtracted
each other. The obtained output signal is proportional to the
sine of the error between the resolver shaft angle 6 and the
estimated angle ¢, as shown by the following equation:

Verr = k' (sinf cos ¢ — cosOsin @) = k' sin (0 — ¢)  (5)

The error signal v, is then processed by the PI controller,
in order to minimize it, obtaining the speed signal. The final
operation, which closes the control loop, consists into the
integration of the PI output signal, in order to make the
estimated angle ¢ available at the output of the RDC.

The time delay introduced by the FIR BPF determines an
error of the estimated angle ¢ with respect to . This error,
which is proportional to the resolver angular speed, can be
graphically explained in Fig. 6. A compensation of this error
is possible in steady state operation (i.e at constant speed), by
delaying the angle ¢ signal by a specified amount of samples.
This fact will be extensively discussed and experimentally
demonstrated in section V.

C. SET-UP OF THE POSITION TRACKING LOOP PARAME-
TERS

When the position error Af = 6 — ¢ is small enough, then
sin (Af) = A6 and the block diagram of the position tracking
loop represented in Fig. 4 can be redrawn in a more simple
manner, as shown in Fig. 7.

By considering the forward Euler integration method, it is
possible to carry out the equations that characterize the RDC
conversion procedure. With reference to Fig. 7 the transfer
function referred to the process P is given by, :

T
P(z) =K — (6)

The proportional and the integral gain of the PI controller
are expressed by:

KP(Z—].)-"-K]T
z—1

The open loop transfer function of the proposed closed loop
control system is expressed in the z-domain as:

Fp](Z) =

(7

5

Kp(Z—l)-‘rK[T
(z—1)?

Fo(z) =KT- ®)

and the input/output error transfer function is given by:

(z 1)
©  (z—1)24+kKTKp(z—1)+KkK;T?
©))
If the input signal is a parabolic ramp, i.e. during acceler-
ation, the steady-state error is:

. T2
e=lim, ,; F.(2) - (;771)2 =

aT? _ a (10)
2124k TKp(z—)+kT2K; — K K1

lim, (

if K7 is high enough with respect to a, then the related error
can be minimized. Therefore, for a fixed error the maximum
acceleration can be calculated by 10. For example, if the
position error ex during a constant acceleration has to be kept
within 1 degree, the maximum acceleration will be:

Uz = € k' - K1 = % 1k - Kp =261 [rad/s?] (11)

If the input signal is a linear ramp, i.e. when the speed
assumes a constant value, the position error is:

e=lim, ;1 Fe(2) - 227 =
o wT(Pz—l) ! -0 (12)
=124+ TKp(z—1)+k'T2K;

hmz%l

Thus, this error is theoretically null. However, the experi-
mental tests of section V will demonstrate that this error is
not null.

The closed-loop RDC transfer function related to the sim-
plified block of Fig. 7 is given by:

TKP(Z - 1) + K]T2
(z— 12+ KKpT(z —1) + K K[T?

)
Fu(z) = g = (13)

By assuming two complex conjugate dominant poles, the
following PI parameters approximated set-up results:

2Cwy,
Kp =2 (14)
2
w
K, = (15)

Therefore, by selecting the most satisfactory values for both
the natural frequency and the damping factor, the RDC can be
set in a very easy and quick way.
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Figure 8. Schematic representation of the test bench.

IV. IPMSM AND RDC TEST BENCH

An experimental test bench has been set up at the SDES
Laboratory of the DEIM (Department of Energy, Information
engineering and Mathematical models, University of Palermo,
Italy) and a schematic representation of the proposed test
bench is shown in Fig. 8.

The IPMSM under test is driven by a three-phase VSI
(Automotion Inc., type DPS 30-A) and it is connected to
a hysteresis brake (Magtrol Inc., type DSP6001), in order
to perform experimental tests at different load conditions. A
three-phase power analyzer (Yokogawa Inc., type PZ 4000) is
used to measure the phase voltages, currents and the electrical
power. In order to measure the motor speed, a two poles
ARTUS resolver (type 26SM19 RX452 CO1F/00) and an
optical incremental encoder (LTN Servotechnik, 1024 ppr, type
G36 W) are connected to the IPMSM shaft, as shown in Fig.
9 and Fig. 10, respectively.

The DPS 30 is connected to a dSPACE® rapid prototyping
control board to drive the IGBT bridge. Furthermore, two cur-
rent sensors are integrated onto the electronic power converter
module and their output signals are sent to the dSPACE®
board. The output signals of the PWM generator are directly
fed by the dSPACE® board to the IGBT driver. The real-time
control of the main drive electrical and mechanical quantities
and its supervision are performed by the dSPACE®-based
electrical drive user interface, which is shown in Fig. 11. The
PI parameters have been chosen to reach a 250 Hz closed loop
bandwidth (see Appendix).

Figure 13 shows a simplified block diagram of the proposed
RDC, while the RDC test bench during the related measure-
ments is shown in Fig. 12.

V. SIMULATIONS, EXPERIMENTAL TESTS AND RESULTS

In this section several simulation and experimental tests for
the validation of the proposed system are summarized and
discussed. These tests were performed in order to experi-
mentally determine the frequency response of the RDC and

Transactions on Industrial Electronics

Figure 10. Optical encoder used during the experimental tests.
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Figure 12. The RDC test bench.
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Figure 13. The RDC simplified block diagram.

compare it with the response obtained from the approximated
mathematical model.

For this purpose a sinusoidal time-varying reference position
signal was fixed, according to the following equation:

Oref(t) = 0, 8in(27 frest) (16)

where 0, has been set to 10°, while f,..; has been varied
from 0.01 Hz to 1000 Hz. In addition, the proportional and
integral PI gains were set to 10 and 1500, respectively. The
output position signal will be approximatively given by :

Dout = G282 freft + p) a7

where p is the phase-shift between the output and the input
signals. The #=/o, ratios and p have been computed for several
frequency values and have been used in order to draw the
frequency response of the non linear RDC closed-loop system.

However, due to the non linearity of the proposed system,
a relevant steady-state position error has occurred during the
experimental tests, produced by the closed-loop RDC (see Fig.
6). This error is strictly dependent on w,, and on the number
of delayed samples. In order to determine the relationship
between the position error speed of the input signal and the
delay, several tests have been carried out by varying the output
delay from z° to =7 at different percentages of the IPMSM
rated speed. With evidence of Fig. 14, which shows the average

7

124 T T T T
10 —e— =0, 7
+(J)=0.5(J)0
8k o)=0.1o)O 4
—A—m=0.01mO
5 6 i
]
o
=]
©
o 4 b
=
2 i
-2 i i i i i i
0 1 2 3 4 5 6 7

delay [samples]

Figure 14. Average position error as function of the number of delayed
samples.

—o—delay 0
—4—delay 1
gl delay 2
—»—delay 3
delay 4
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—v—delay 6
—o—delay 7

average error []

o i i i i i i i i i
20 01 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

speed [p.u.]

Figure 15. Average position error as function of the IPMSM speed.

position error/delayed sample trend at 1%, 10%, 50% and
100% of wy, by increasing the number of delayed samples the
position error decreases almost with a linear trend. However,
for a 277 integer delay the error turns into negative values.
These data can be also analyzed from the graph of Fig. 15,
which shows the error as function of the IPMSM speed and
parametrized for the number of delayed samples. Thus, from
the reported results, a six-step delay block has been introduced
into the RDC system, as shown in Fig. 4 and, therefore, the
position error has been minimized.

The introduction of the six-step delay has not affected
the set-up equations described in section III-C. As a matter
of fact, by comparing the frequency response experimentally
determined with the frequency response computed from the
RDC approximated mathematical model (see Fig. 16a), it
can be noticed that the two frequency responses have an
almost similar shape. Moreover, the phase response has been
compared with the approximated one, as shown in Fig. 16b.
From the plotted characteristics it is evident that the two trends
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Figure 16. Frequency response comparison between the RDC (red) and the
mathematical model (blue): (a) amplitude and (b) phase.

are very close to each other, except for the gap detected in the
frequency range from 20 Hz to 200 Hz, with a maximum phase
difference gap of about 90° at 120 Hz, which is assumed to
be not relevant for the RDC tracking efficiency.

The reliability of the proposed model is confirmed also
for high values of the reference position signal amplitude. In
fact, by setting the amplitude at 90° and by varying the input
position reference frequency from 0.01 Hz to 1000 Hz, the
computed input/output response and the phase response have
been plotted. From the obtained results, shown in Fig. 17a and
17b, it can be noticed that the resonant peak is shifted towards
higher frequencies and its value has been decreased, which is
due to the non linear behavior of the RDC closed-loop system.
Thus, for high variations of the input signal, an improvement
of the signal fidelity is achieved.

In addition, the root locus corresponding to the approx-
imated model above reported is shown in Fig. 18, which
clearly demonstrates that there is a good margin for the
RDC open-loop gain increase, if a higher tracking speed is
needed. Therefore, the proposed simplified model has been

Transactions on Industrial Electronics
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Figure 17. Frequency response phase comparison between the RDC (red)
and the mathematical model (blue) at 90°: (a) amplitude and (b).

successfully validated as for (14) and (15), even with the
introduction of the six-step delay.

Moreover, a dynamic performance comparison between the
RDC and the commercial optical encoder described in sec. IV
has been developed. In particular, Fig. 19a and Fig. 19b show
the trends of the position signals acquired with the resolver
(and the proposed software based resolver to digital converter)
and with the 1024 point per revolution (ppr) optical encoder,
respectively, whereas Fig. 20 shows the error between the
two signals as function of time. These measurements were
carried out during an acceleration test of the motor from 0 to
4000 rpm. In addition, the angular speed measured from both
encoder and resolver has been acquired and plotted in Fig. 21.
From the details reported in the same figure, it can be noticed
that the two trends are coincident, except for the fact that the
encoder output signal is affected by disturbances.

Almost the same results in terms of dynamic performances
and resolution can be noticed during a deceleration test from
4000 rpm to O rpm. The recorded angular speed signals
measured from the RDC and encoder during the above men-
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Figure 18. Root locus of the proposed model.

tioned test are reported in Fig. 22. As mentioned before, the
difference between the two recorded signals isn’t appreciable.
Therefore, the excellent tracking performance of the software
based RDC is demonstrated.

The accuracy of the proposed RDC can be appreciated more
specifically for relatively low speeds. For this purpose, the
motor has been driven with a reference speed of 10 rpm
and the speed output signals coming from both resolver and
encoder have been plotted in Fig. 23. This figure demonstrates
that the performance of the RDC is the same both at low and
at high speed, while the encoder is affected by disturbances
due mainly to quantization, which leads to a change on its
resolution.

Other interesting results are reported in Fig. 24, which
shows the angular speed detected from the RDC at O rpm,
when the motor is disconnected from its power supply. In
addition, the related RDC position output signal is depicted in
Fig. 25. As for the previous low speed test, it can be noticed
that the angular speed signal obtained from the RDC seems
to be quite free from noise.

VI. CONCLUSIONS

This paper has presented a low cost software-based RDC.
The simulation and experimental results have confirmed the
high accuracy of the signal acquisition of both the position
and the angular speed of the resolver shaft. In addition, it has
been demonstrated that the implementation of the RDC in a
digital PMSM drive is very simple (only one DAC, two ADC
and a commercially available DSP are needed), as well as
the position tracking loop algorithm. The software approach
in this algorithm ensures no parameter variations (caused by
temperature variations or component drifts) and the output
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Figure 19. Resolver (a) and encoder (b) position signals during the acceler-
ation test from O to 4000 rpm.
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Figure 20. Error between resolver and encoder position signals during the
acceleration test from 0 to 4000 rpm.
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Figure 21. Angular speed signals detected from the resolver (red) and encoder
(blue) during the acceleration test from O to 4000 rpm.
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Figure 22. Comparison between the speed detected from the RDC (red) and
the optical encoder (blue) during a brake operation from 4000 to O rpm.
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Figure 23. Comparison between the angular speed detected from the RDC
(red) and the optical encoder (blue) with w;.c =10 rpm.
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Figure 24. RDC speed output signals at 0 rpm.
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Figure 25. RDC output position signals at 0 rpm.

signals are almost not affected by noise or external electro-
magnetic disturbances. Moreover, the comparison between the
RDC and a commercial encoder output signals have shown the
high stability and good performances of the proposed system.

APPENDIX

The parameters of the PI controller were chosen in order
to achieve a damping factor ( = 0.614 and a characteristic
frequency w,= 122 rad/s.

The ADCs of the dSPACE® board have a resolution of 12
bit, conversion time of 0.8-10~% s and an input voltage range
of 10 V. The DAGCs, instead, have a resolution of 14 bit,
conversion time of 6-107% s, an output voltage range of 10
V and a maximum output current of +5 mA.

The transformation ratio of the ARTUS resolver is 0.5.
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