TYPE-111 RESOLVER-TO-DIGITAL CONVERTER USING SYNCHRONOUS DEMODULATION
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Abstract— Resolver is an angular position sensor widely used in applications such as electric/hybrid vehicles, CNCs, antennas
and robotics. However, the estimation of the angular position from resolver outputs is more difficult than the analysis of encoder
signals, and it is still an open question. Most algorithms proposed in literature are based on type-I or type-1l angle tracking ob-
servers. Recently, a type-11l observer was proposed, but it requires a high sampling frequency. This paper explores the use of
synchronous demodulation of the resolver outputs to simplify the implementation of a type-11l angle tracking observer. The re-
solver outputs are sampled at the peaks and valleys of the excitation resolver signal, being easy to get sine and cosine of the an-
gular position. The proposed approach reduces the computational cost and the required sampling frequency to implement the
type-111 observer. Simulation and experimental results proves the accuracy of the proposed approach.
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Resumo— O resolver é um sensor amplamente utilizado em aplicagdes como veiculos elétricos/hibridos, CNC, antenas e robo-
tica. Porém, a estimagdo da posigdo angular a partir das saidas do sensor é mais complexa que analisar os sinais de um encoder,
sendo ainda uma questdo aberta. Muitos algoritmos propostos estdo baseados em estimadores de angulo tipo-I e tipo-Il. Recen-
temente, um observador tipo-Ill foi proposto, mas precisa de uma alta taxa de amostragem. O presente artigo explora o uso da
demodulagéo sincrona para simplificar a implementagéo do observador de rastreamento de angulo tipo-11l. As saidas do resolver
sdo amostradas quando o sinal de excitagdo do resolver atinge seus valores maximos e minimos, sendo simples obter o seno e
cosseno da posicdo angular. O sistema proposto reduz o custo computacional e a frequéncia de amostragem necessarios para im-

plementar o observador tipo-Ill. Resultados de simulagdo e experimentais demonstram a exatiddo o observador proposto.

Palavras-chave— Observador de rastreamento de &ngulo, DSP, resolver, conversor resolver a digital, observador tipo-Iil.

1 Introduction

Applications such as CNC, aircrafts, hybrid/electric
vehicles and robotics have to work under harsh con-
ditions: high temperature, shocks and vibrations (Lee
et. al., 1992; Zhang et. al., 2015; Staebler and Verma,
2017). In these kinds of applications, even with the
development of sensorless algorithms, angular posi-
tion sensors are still used to guarantee the robustness
and reliability of the drives, while sensorless tech-
niques are used as backup systems in case of sensor
failure (Cordero et. al., 2017).

Resolver is widely used as absolute angular posi-
tion sensor for harsh environments due to it has more
precision, long operational lifetime and robustness
than encoders (Kaewjinda and Konghirun, 2006). For
example, resolvers resist shocks up to 200G, vibra-
tions up 40G and temperatures up to 220°C, while
most encoders only resists shocks up to 100G, vibra-
tions up to 10G, and temperatures below 120°C (Jin
et. al, 2015).

The resolver outputs are amplitude-modulated
signals which give information about the sine and
cosine of the angular position. Hence, the decoding
of the resolver signals is more difficult than the posi-
tion sensing using encoders. Observers called resolv-
er-to-digital converters (RDCs) are used to get the

angular position and speed from resolver signals
(Staebler and Verma, 2017). Nowadays, most drives
use software-based RDCs which are implemented in
the same digital processor where the control system is
implemented, instead of using an additional external
hardware (Caruso et. al., 2016). Due to the resolver
signal outputs are analog signals, the resolution of the
angle measurement using resolver depends on the
RDC system. Usually, RDCs has a resolution of 10,
12, 14 or 16 bits (Szymczak et. al., 2014).

Most software-based RDCs are based on type-I
or type-Il closed-loop observers (ldkhajine et. al.,
2012; Bergas-Jané et. al., 2012; Qamar et. al., 2015;
Wang et. al., 2015; Caruso et. al., 2016). Some of
them use oversampling of the resolver signals. In
(Bergas-Jané et. al., 2012), it is used a sampling fre-
quency of 288 kHz. On the other hand, some RDCs
are based in undersampling demodulation (Idkhajine,
et. al., 2009): the resolver outputs are sampled at the
peaks and/or valleys of the resolver excitation signal.
This method requires low sampling ratio and it is
simpler to implement. In (Cordero et. al., 2017), it is
proposed a type-lll angle tracking observer (ATO)
which can track the angular position even for con-
stant acceleration. However, that approach also uses
oversampling technique: it is used a sampling fre-
quency of 50 kHz, and the excitation resolver signal
multiplies the resolver output signals.



This paper explores the use of synchronous de-
modulation of the resolver outputs in order to reduce
computational complexity of a type-1ll ATO. The
resolver outputs are demodulated by sampling them
at the peaks and valleys of the excitation resolver
signal. These demodulated signals are used by the
ATO to estimate the angular position. The proposed
approach reduces the required sampling ratio and the
computational cost of the RDC, which is an im-
portant characteristic when an algorithm is imple-
mented in a DSP or FPGA. Simulation and experi-
mental results proves the accuracy of the proposed
observer. Only the proposed algorithm and the re-
search in (Cordero et. al., 2017) explores the use of a
type-111 angle tracking observer for resolver.

In this paper, it is not considered the effect of
phase or amplitude mismatch in the resolver signals.
These problems are the main source of uncertainties
in the angle estimation. For example, considering a
RDC with a resolution of 12 bits, an amplitude mis-
match of 0.3% in the resolver output signals produce
an error of 1 LSB (Szymczak et. al., 2014). However,
it is possible to applied compensation algorithms to
attenuate the mismatches in resolver signals (Bergas-
Jané et. al., 2012; Noori and Khaburi, 2016).

2 Resolver Sensor

2.1 Resolver

Resolver can be modeled as a two-phase machine
with an excitation rotor winding (coupled to the mo-
tor shaft) and two output stator windings, according
to Fig. 1. The excitation winding receive a high-

frequency sinusoidal excitation voltage V(%)
(Idkhajine et. al., 2012):
v, (t) = a, cos(2f 1) 1)

where a, is the excitation amplitude, f, is the excita-
tion frequency (1 to 10 kHz) and t denotes time. The
excitation voltage and the movement of the excitation
winding produce two amplitude-modulated signals
(vs(t) and vc(t)) in the output windings:

v, (t) = k,a, cos(27ft)sin(0) )

v, (t) = k,a, cos(2f,t) cos(6) ®3)

Equations (2) and (3) indicate that the resolver out-
puts are amplitude modulated signals. Phase or am-
plitude mismatch in the resolver signals create uncer-
tainties in the angle estimation. For example, consid-
ering a RDC with a resolution of 12 bits, an ampli-
tude mismatch of 0.3% in the resolver output signals
produces an error of 1 LSB (Szymczak et. al., 2014).

2.2 Synchronous Demodulation

Synchronous demodulation is a simple technique to
estimate the sine and cosine of the angular position
from resolver outputs, as shown in Fig. 2. Data ac-
quisition system is synchronized with the resolver
excitation signal so that resolver outputs are sampled
at the peaks and/or valleys of the resolver excitation
signal, i.e., when cos(2f,) = 1 and/or cos(2f,) = —1.
Thus, according to (1), (2) and (3), we have:
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() = { kesin(0); v (t) = 2 “)
- keae sm(@); Ve (t) =-—a8,
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v, (1) = { Keae cos(@); V. (t) = a, ®)
—keag cos(0); Ve (t) = —a,

Note that synchronous demodulation is an under-
sampling technique. Due to the excitation signal is
generated by the same digital processor used to esti-
mate the angular position, synchronous demodulation
is possible to implement in a digital processor.

3 Proposed Approach

Fig. 3 shows the proposed approach. It is composed
by the synchronous demodulators and the type-I1lI
angle tracking observer (ATO). The integrators (1/s)
are implemented using Backward Euler discretiza-
tion. In this paper, amplitude or phase mismatches
are not considered, due to the objective of this paper
is to develop an improved ATO. Compensation algo-
rithms such the proposed in (Bergas-Jané et. al., 201;,
Noori and Khaburi, 2016) can be used to compensate
mismatch effects.
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Figure 1. Scheme of the resolver angular position sensor.
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Figure 2. Synchronous sampling of the resolver output signals.



3.1 Synchronous Demodulator

Synchronous demodulation takes samples at both the
peaks and the valleys of the resolver excitation, as
illustrated in Fig. 4. The square wave represents the
sampling instants. It is synchronized with ve(t), so
that their positive and negative transitions happen at
the peaks and valleys of ve(t), respectively. If the
samples are acquired when the resolver excitation
signal is negative, then the samples are multiplied by
-1, according to (4) and (5). Thus, the demodulators
give the signals ds and d_:

d =k.a, sin(0) (6)
d, =k,a, cos(9) (7

Observe that, using both the peaks and valleys of
Ve(t), the sampling frequency of the resolver signals
are twice the excitation frequency.

fo=2f (8)

S e

If only the peaks or valleys were used, the sam-
pling frequency would be equal to f..
3.2 Angle Tracking Observer

Fig. 3 shows the angle tracking observer (ATO) used
in this research, which is based on (Cordero et. al.,
2017), but using synchronous demodulation. The
signal g, is calculated as follows:

g, = k.a,sin(d)cos(d,) -
k.a, cos(@)sin(6,)
= k,a,[sin(@) cos(8,) — cos(d) cos(b, )]
=k,a, sin(@ - 6,)
~k.a,(0-46,)

(9)

Equation (9) shows that g, is proportional to the
estimation error e, = @— 6.. On the other hand, in the
oversampling technique (Cordero et. al., 2017), the
same signal g, is obtained as follows:

Synchronous
demodulator

Figure 3. Proposed Observer.
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Figure 4. Proposed synchronous demodulator.

g, =V, (t)[v, (t)cos(b,) — v, (t)sin(6,)]
= keve2 [sin(@) cos(b,) — cos(@) cos(b,)]
= kv’ sin(@-6,)
~ 0.5k a2 [1+ cos(4f )] (0 - 6,)

(10)

In (10), g is composed by two signals: a low-
frequency signal proportional to e, = 8 — &, and a
high-frequency signal proportional to e, cos(4zfet). It
is necessary a low-pass filter (the observer can also
act as a filter) to remove the high-frequency signal, in
order to g, be proportional to the angle estimation
error, as in (9). For that reason, many samples of the
resolver signals must be acquired for the filtering
process, and high sampling frequencies are needed.

Based on (9), the ATO in Fig. 3 can be rede-
signed as in Fig. 5. Note that the ATO is a type-IlI
system, capable to track even parabolic reference
signals. Due to the reference and the output signal of
the ATO is the angular position, a constant waveform
represents a constant position (& = k), a linear wave-
form corresponds to a constant speed (& = «t), while
a parabolic waveform corresponds to constant accel-
eration (6= at).

From Fig. 5, and based on (Bishop and Dorf,
1998; Cordero et. al., 2017), the closed-loop space
state model of the ATO is described as follows:

E =(A-BK)E (11)

where E is the error vector and:

0 000 kea, (12)
-1 000 0
A= ; B=
0100 0
0 010 0
K:[ko -k —ky _ks]



It is possible to use linear control techniques
such as Ackermann formula or linear matrix inequali-
ties (LMI) to set the poles of (11) and adjust the dy-
namics of the ATO. The integrators in Fig. 3 are im-
plemented using Backward Euler discretization.

1tz 1 (13)
s z-1" °  f
3 Results

The proposed angle tracking observer with synchro-
nous demodulation was simulated in
MATLAB/SIMULINK. The parameters of the re-
solver sensor and the gains are listed in Table 1. The
poles of the ATO were set in -40+j40, -40+j40 -35
and -35. The gains of the ATO were set through
Ackermann formula.

The sampling frequency used in synchronous
demodulation and in the discrete integrators is 10
kHz, which is 5 times less than the sampling frequen-
cy in (Cordero et. al., 2017). In (Bergas-Jané et. al.,
2012), the sampling frequency is 288 kHz.

The mechanical speed used in the simulation is
shown in Fig. 6: a constant acceleration from 0 to
100 rad/s in 1s, and a constant speed of 100 rad/s.

Fig. 7 shows the synchronous demodulation for
vy(t). The demodulated signal is a good estimative of
the envelope of the resolver output. The angle estima-
tion error is shown in Fig. 8. The steady-state error
tends to zero, even for constant acceleration. This
result is due to the ATO is a type-111 system.

In order to test the proposed observer, white
noise (zero mean, variance 0.0002) was added to the
resolver outputs. Figs. 9 and 10 show the simulation
results. The steady-state error of the angle estimation
is less than 0.0044 rad, which is the typical error in
industrial applications (Ellis, 2004).
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Figure 5. Simplified structure of the ATO.

Table 1. Parameters of the Resolver and the Angle Observer.

Parameter Value
ae 1
Ke 1
fe 5 kHz
Ko 150
kq 10025
k, 322000
ks 3920000
fi=2.1, 10 kHz (t; = 0.1 ms)

wn, (rad/s)

100

|
|
} » Time (s)
1

Figure 6. Speed curve used in simulation.

The proposed RDC algorithm was experimental-
ly implemented in the DSP DSPACE DS1104. Fol-
lowing the strategy explained in (Sarma et.al., 2008),
the DSP was also used to generate the resolver sig-
nals. This strategy allows defining the angular posi-
tion used in the test, in order to make an adequate
comparison between the real and the estimated angle
(the angular position is known in each instant of
time). Besides, it is possible to test the robustness of
the proposed RDC algorithm by adding noise to the
resolver signals.

The resolver signals were generated using a
sampling frequency of 50 kHz. The sampling fre-
quency used in the synchronous demodulation and
for the discrete integrators in the ATO was set in 10
kHz, which is 5 times less than the switching fre-
quency used in (Cordero et. al., 2017). The experi-
mental setup is shown in Fig. 11. The digital-to-
analog converters (DACs) of the DSP were used to
show the experimental results.
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Figure 7. Simulation result for synchronous demodulation.
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Figure 8. Simulation result for angle estimation error.
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Figure 9. Simulation result for synchronous demodulation with
noise.
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Figure 10. Simulation result for angle estimation error with noise.

Figs. 12 and 13 show the experimental results for
the demodulation process and the angle estimation
error without noise. Due to the angle estimation error
is small, it was necessary to amplify this error signal
before sending it to the DSP DACs. Thus, the vertical
scale of Fig. 13 was 50V/rad. Then, the maximum
angle estimation error is 2.28/50 = 0.0456 rad, which
is similar than the maximum error peak in Fig. 10.

Fig 14 shows the experimental result for angle
estimation adding the same noise (zero mean, vari-
ance 0.0002) than in the simulations. The experi-
mental steady-state error is a bit greater than the val-
ues obtained in simulations, but it is still less than
+0.044 rad. It is important to observe than some elec-
tromagnetic interference is added to the measure-
ments, so the estimation error actually is less than the
values shown in Fig. 13 and 14.

Figure 11. Experimental setup using the DSP DSPACE DS1104
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Figure 12. Experimental result for synchronous demodulation.
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Figure 13. Experimental result for angle estimation error. Vertical
scale: 50V/rad.
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Figure 14. Experimental result for angle estimation error with
noise. Vertical scale: 50V/rad.

4 Conclusion

This paper proposes the use of synchronous demodu-
lation of the resolver output signals with the tracking
capabilities of a type-11l angle tracking observer. The
synchronous demodulation allows working with low
sampling frequencies, without losing accuracy, which
reduces the computational cost of the algorithm. The
steady-state angle estimation error is small, even
when noise is added. Thus, the proposed algorithm



has accuracy, robustness against noise and easy to
implement using a low sampling frequency.
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