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Current control for precise positioning control requires accurate current signals. However, current measurement error

including current metering error and quantization error is unavoidable in digital control. In this paper, an approach
of determining the optimal resolution of A/D converter to reduce the quantization effects is presented by taking into
account the statistical properties of the current metering error. The effectiveness of the proposed method is verified by

experiments using a high-precision stage.
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1. Introduction

Precise current measurement is essential for current con-
trol and sensorless control to produce high static and dy-
namic performance of ac motor drive systems. As the cur-
rent measurement error is introduced into the control system
by current sensors and analog-to-digital converters, the real
current signals of a motor are not guaranteed to follow the
reference values even when the measured current can follow
them exactly. This would cause torque ripple and deteriorate
the control performance especially at low load ¥ ). There-
fore, understanding and suppressing the current measure-
ment error have attracted a great deal of attention () (¥ ®),

Current measurement error can be classified into the me-
tering error and the quantization error. The metering error,
which is caused by thermal drift, dc offset and scaling inaccu-
racy, is introduced into control loop by current sensors and
other analog devices in the measuring system. The quan-
tization error arises because the analog current signal may
assume any value within the input range of the A/D con-
verter while the output data is a sequence of finite precision
samples. Quantization error behaves as highly colored noise
and cannot be ignored in many cases. For example, it is re-
ported that quantization error can affect the accuracy of the
motor position estimation for sensorless control when high
frequency signal injection method is used .

It is known that white noise is easier to deal with than
other colored noise because it contains equal power at any
center frequency. Many methods, such as Kalman filter and
LQG controller design methods, are studied based on the as-
sumption that the noises introduced to the system are white.
Motivated by this perspective, in this paper, dithering tech-
niques are applied to analyze the effects of current measure-
ment error. Dither, which is an intentionally applied form
noise, can decorrelate signal-dependent noise, has been ac-
tively researched to suppress the quantization effects on au-
dio or video signal processing ‘® (7. It is indicated that by
treating the current metering error as a sort of dither, the
quantization error can be whitened if a proper resolution of
A/D converter is applied.
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Fig.1. Quantization characteristic. A is the quantization
step.

The remainder of this paper is organized as follows. Sec-
tion 2 presents some important theorems referring to quanti-
zation and dither. The current measurement is analyzed and
the approach of determining the optimal resolution of A/D
converter is presented in Section 3. Section 4 demonstrates
the effectiveness of the approach via experiments. Finally,
conclusion is given in Section 5.

2. Preliminaries

2.1 Quantization An ideal A/D converter is a non-
linear device having a staircase-type I/O relation, as shown
in Fig. 1. The amplitude of an input signal is arbitrary and
the possible amplitude of output signal is countably finite
number of values. Assuming that the input is always within
the measurement range of A/D converters, the converter can
be expressed in terms of the input z and the quantization
step A as

where Q(-) is denoted as the quantizing operation. The
quantization error is defined by

A
g=y-uw
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Fig.2. Example of quantization feature. (a) shows the in-
put signal and its frequency characteristic, (b) shows the
quantized output signal and its frequency characteristic.

S Q(E) — @y e (2)

where y is the output. ¢ is dependent of = unless x satisfies
the so-called band-limited condition, which is also referred to
as the ”Quantization Theorem” *®. The band-limitedness
assumption on the input is not satisfied universally. Gen-
erally, the quantization error is dependent of input z. Al-
though ¢ is usually highly colored, its classical model treats
it as a random process with a probability density function
(pdf)

g ={ &

A A
-3 <E€ S 3
otherwise.

Based on this kind of treatment, the mean and the variance
of the quantization error are ("

This treatment is valid for complex input signals whose
amplitudes are large compared to the quantization step A.
It fails catastrophically for small or simple signals. The quan-
tization feature of an ideal A/D converter with the quanti-
zation step A = 0.5 is shown in Fig. 2. Fig. 2(a) shows
the sine wave input signal (left) and its frequency charac-
teristic (right), and Fig. 2(b) shows the quantized output
signal (left) and its frequency characteristic (right). From
the frequency characteristic of quantized output, it is ob-
served that many sharp peaks fall at multiples of the input
sine wave frequency, indicating a strong correlation between
the quantization error and the system input.

2.2 Dither Dither, which is an intentionally applied
form noise and can decorrelate signal-dependent noise, has
been wildly applied in the past fifty years to suppress the
quantization effects on audio or video signal processing
® MO - There exist two archetypes of dithering systems:
subtractively dithered system and nonsubtractively dithered
system. Schematics of these systems are shown in Fig. 3. In
the subtractively dithered system, the total error is given by

z + f — Y

o
(v

Fig.3. Dithering systems. (a) Subtractively dithered sys-
tem; (b) Nonsubtractively dithered system. z is the system

input, and y is the system output.

e=y—<x

= Q+v)~ (z+v)

where v denotes the dither. As reported in ®, the statisti-
cal properties of the dither » can be chosen to control the
properties of the total error e without increasing its variance.
However, the requirement of synchronous dither subtraction
at the system output cannot always be implementable in
practical situations. It is for such reason, nonsubtractively
dithered technique introduced in the following is of interest.

In the nonsubtractively dithered system, the total error e
can be expressed by

e=y—<x
= Q+v)—a
:q(m+y)+1,_ ................................ (7)

The total error is not simply the quantization error, but also
involves the dither. It is shown that the following result can
be obtained (7:
Theorem: In an nonsubtractive dithering system, E[e|z]
is independent of the distribution of the input = for [ =
1,2,..., M if and only if the characteristic function of the
dither, P,, satisfies the condition that

d'P,

du (u) |u=k/A

=0 for k=41,4£2,4£3,...,------ (8)

where i = 0,1,2,..., M — 1. The characteristic function of a
random variable is the Fourier transform of its probability
density function, which is defined by

P, (u) é /:)o pu(e)e_jzwuede_ .................... (9)

Based on this theorem, the moments of the total error is
shown as follows:

E[e] =E[1/], ............................. (10)

Ele’] = E[V°] + ?_27 ........................... (11)
N Lm/2] m AN 2 E[um*”]

Ele™] = ; (Zl) (5) e (12)

where m =1,2,..., M.
It is shown in ® that triangular-pdf dither of 2-LSB peak-
to-peak amplitude
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Fig.4. The output signal by applying nonsubtractive
dither technique and its frequency characteristic.
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Fig.6. Model of the current measurement: 7 is the meter-

ing error, and ¢ is the quantization error.

az(e+4), —A<e<0
pu(e) = ﬁ(—e-l—A), 0< e A woreennnnn (13)
0, otherwise,

is unique and optimal in the sense that it renders the total
error be spectrally white while minimizing its second mo-
ment error E[e’]. According to calculation, the mean and
the variance of a dither with the triangular-pdf (13) is

Fig. 4 shows the results of applying nonsubtractive dithering
technique. The input signal and the quantization step are
the same as the signal shown in Fig. 2(a). The aforemen-
tioned triangular-pdf dither (13) is used. From the figure
of frequency characteristic, Surprising as it may seem, the
output signal sounds like to be composed of the ideal input
signal and a constant white noise. The results should be
compared with those in Fig. 2.

3. Analysis of Current Measurement

In this section, firstly, the current measurement for digital
current control is analyzed. Then, the dithering techniques
presented in the previous section are applied to determine
the optimal resolution of A/D converters.

Fig. 5 shows the typical path of the current measure-
ment "?. Currents, transduced to the voltage signal by cur-
rent sensors, are transformed into digital values via A/D

Fig.7. The experimental setup.

Table 1. Parameters of stage

Inductance L 6.4 x 1073 H
Resistance R 13.1 Q
Mass M 14.3 kg
Viscosity B 24 N/(m/s)
Thrust coefficient K¢ 26.5 N/A
Bach-EMF constant K. 9.5 V/(m/s)

converters after amplitude amplification and noise filtering.
During this procedure, the metering error and the quantiza-
tion error are introduced to the control system. The block
diagram of current measurement is shown in Fig. 6. The
metering error, denoted by 7, is caused by thermal drift,
dc offset and scaling inaccuracy of the analog devices. The
quantization error arises because of A/D converters is ap-
plied as converting analog signal to digital signal. Without
loss of generality, the real current value is assumed to be
within the measuring range of current sensors, which means
that the metering accuracy is guaranteed. The quantization
step A can be defined by

where the measurement range of current sensor is set as %1,
and N, is the resolution of an A/D converter. Based on the
nonsubtractive dither theory, it is easy to come out that the
metering error should have positive effects on reducing the
quantization effects caused by A/D converters. The follow-
ing Proposition is achieved:
Proposition: Suppose that the metering error 7 is zero-
mean and its probability density function is a triangular-pdf
with the variance of V', the optimal resolution of the corre-
sponding A /D converter in the sense of achieving indepen-
dent measurement error is
Iy

Ny = |:10g2\/W =+ 1],
where [-] means the operation of round-off.

This is easy to be proved from the perspective of adjusting
the quantization step A to ”fit” the metering error 1 so that
the quantization noise can be whitened.

It will be illustrated in next section that the distribution
of the metering error n can be approximated to triangular-
pdf noise in practical situation. In addition, it is reported
in ® that a noise with Gaussian distribution is also effective
on suppressing the quantization effects.

4. Experiments

In this section, the method of determining optimal A/D
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Fig. 10. Position reference.

converters from the viewpoint of dither techniques are ver-
ified via experiments by using a high-precision stage. The
experimental setup is shown in Fig. 7, whose parameters
are shown in Table. 1. The stage is driven by linear mo-
tors and the position information is measured by linear en-
coder with the resolution of 1nm. U-phase and W-phase
currents are measured by FA-050PV with the range of £1p =
+50A. The A/D converters whose resolution is 14-bit is ex-
ploited. VSPTC with SRC method "® is used to design posi-
tion&speed controllers to generate current reference. Vector
control method is applied for current control and pole-zero
cancellation controller is used. The block diagram of control
system is shown in Fig. 8.

Firstly, the metering error is measured by the 14-bit A/D
converter. Its histogram plot is shown in Fig. 9. It is ob-
served that the metering error can be approximated with
triangular-pdf noise. Based on the data, the variance of the
current metering error is V = 1.1218 x 10™*. According to
(19), the optimal resolution of A/D converter is

Ny = [ ] =[11.9123] = 12.

I
log,, NG +1
For comparison, the resolution of the A/D converter is also
dropped to 12-bit and 10-bit by software in the following
experiments.

In the setup, the target trajectory of motion is shown in
Fig. 10. A/D converters with resolution of 10-bit, 12-bit and
14-bit are implemented, respectively. In order to achieve real
current signals, two high-precise current probes (Tektronix
A622) are also used. The experiment results are shown in
Fig. 11~16. In all these figure, the dashed line shows the
results obtained by 10-bit ADC, the solid line shows the re-
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Fig.12. Comparison of the real U-phase currents (upper)
and the current tracking error (lower).

sults obtained by 12-bit ADC, and the dot-dashed line shows
the results obtained by 14-bit one. Fig. 11 shows the com-
parison of U-phase measured current signals: the signals af-
ter the A/D conversion. These signals are used as feedback
signals, respectively. Fig. 12 shows the comparison of real
current signals (upper part) and the current tracking errors
(lower part). The fast-Fourier-transform analysis of the cur-
rent tracking error is shown in Fig. 13. It is observed that
the amplitude of current tracking error is almost the same
over whole range of frequencies, which means that the error
is whitened. The fast Fourier transform analysis of d,q-axis
current are shown in Fig. 14~15. The position tracking er-
rors are shown in Fig. 16. It is observed that the A/D con-
verter with resolution of 12-bit obtained at least the same
performance with 14-bit ADC. The comparison of average
tracking error is shown in Table 2. These results also indicate
that white noise has smaller effects on control performance
compared with other colored noise.

5. Conclusion

In this paper, some significant theorems on quantization
and dithering techniques are reviewed. The current measure-
ment for digital current control is analyzed. It is illustrated
that by the use of A/D converters having a suitably cho-
sen resolution, the quantization noise can be whitened by
the current metering error as well as the variance of total
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measurement error is minimized. Based on the view of this
point, the optimal resolution of A/D converters can be de-
termined. The effectiveness of this perspective is verified by
experiments using a high-precision stage.
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Fig.13. The FFT analysis of the U-phase currents track-
ing error.
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Fig.14. FFT analysis of the d-axis currents error.
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Fig.15. FFT analysis of the g-axis currents error.
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Fig.16. Comparison of the position tracking error.

Table 2. The RMS of tracking error
14-bit  12-bit  10-bit

tracking er-

2.1634 2.1485 2.5265
ror (um)
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