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Abstract

As a speed control device for motor control, optical encoders are frequently employed,
while resolvers are used when mounting of the encoder onto a motor is structurally
difficult. Although the resolvers are disadvantageous in the price aspect compared with
the encoders, they are useful in the case of control based on the positions of stimulus as
absolute positions of the rotor are detected. For an encoder attached to a motor,
magnetic detection method is used primarily in comparison with encoders of general
optical method. When the controller controls based on positions of the rotor as in
synchronous motors, position information is a very important element. Therefore, since a
technique for accurate estimation of the rotor position should be used in the case of using
an encoder of low resolution when a synchronous motor is used as a structure of directly
connecting a traction motor to the wheel, the resolver has been employed in the present
study. Thus, in the present article, the minimum hardware of filter was used as a method
to detect rotary speed of the motor according to the resolver, and a speed detector by
digital method according to a program has been presented.
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1. Introduction

Resolver and encoder can be differentiated by the fundamental difference of possibility
status in the direct detection function for absolute positions. Resolver calculates rotary
direction and rotary speed according to position changes of the rotor by direct detection of
rotor's absolute positions. Encoder should calculate relative positions according to
detection of the rotating direction by 2-phase pulse and to the number of pulses counted
from the moment of reference pulse. That is why an encoder with addition of 3 separate
encoder tracks is used to provide information on absolute positions of the rotor in control
of AC servo, etc. using an encoder.

For estimation of speeds, methods of using an observer are known. While there are
excellent characteristics in the range of estimation by the observer even if there is an error
of various integers, problems occur in the case of inertia of the object system applied or
great variation of loads.

For position detection in motors, encoders of optical method are mainly used in general,
while encoders or resolvers employing a magnetic method are being used when vibration,
etc. are severe. Traction motor for driving vehicles is connected to a truck supporting
wheels, requiring solid mechanical characteristics for the encoder to detect speeds under
operation conditions such as vibration, etc. Thus, magnetic detection method is mainly
used for the encoders attached to motors in comparison with encoders of general optical
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methods. When the controller controls on the basis of rotor positions as in a synchronous
motor, the position information is a very important element. Since a technique for
accurate estimation of the rotor position should be used in the case of using an encoder of
low resolution when a synchronous motor is used as a structure for directly connecting a
traction motor to the wheel, the resolver was employed in the present study.

Input for the resolver is the excitation current for signal output, with coupling in the
structure of a rotary transformer. Also, in the case of resolver employed, signals of
10[kHz] are supposed to be used, and the position information as an output signal is also
outputting the signals modulated to the frequency of inputted excitation current. Therefore,
positions should be calculated by demodulation to cosine and sine waveforms of 2-phase
output as position information for the rotor and by removing noise included in these
waveforms.

In the present article, an observer for estimation of position and speed was employed,
and the interface for the resolver employed to measure position and speed was comprised
of an oscillator to excite the resolver and analog amplifier, signal-generating circuit to
drive the sampler, a filter circuit for resolver signals, a sampling circuit, and a block
having functions of transmission of analog signals and A/D conversion for digital
observation system.

Also, as a process for calculation of fundamental waves by using DFT, the rotor
positions were directly calculated according to the demodulated 2-phase signals, and a
resolving power of more than 12 bits has been obtained for the speed estimated by Pl
controller.

2. Estimation of Speed and Observer

All printed material, including text, illustrations, and charts, must be kept within the
parameters of the 8 15/16-inch (53.75 picas) column length and 5 15/16-inch (36 picas)
column width. Please do not write or print outside of the column parameters. Margins are
3.3cm on the left side, 3.65cm on the right, 2.03cm on the top, and 3.05cm on the bottom.
Paper orientation in all pages should be in portrait style.

To estimate speed, position and load of the rotor when controlling the motor, equations
of motion for the motor are used. When the motor has a rotary inertia load, the
relationship between turning effect of the motor and load torque, rotary speed of the
rotating body as well as position of the rotor are as shown in the equation (1).

da
— =0
dt
do 1
—==(T-Ty)
de J (1)

In the motor, accelerations defined by a difference between turning effect and load
torque as a function of load inertia are determined. Since positions of the rotor are
detected, the observer to observe position and speed of the rotor may be obtained as in the
equation (2).

Ly —Cx) = Hj(e— &) )

When the position error is made to converge to the detected position by feedback,
observation of speeds is possible. Equation (3) is obtained by the equation (1) and the

equation (2). _ G+ 16— B
ﬂzkmgl ‘ﬂ]
Lu ;7 ThE-9) 3)

The observer of the equation (3) is represented by the block diagram as shown in
Figure 1.
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Figure 1. Estimation of Rotary Speed and Rotor Position

The dotted line part in Figurel shows an acceleration block for estimating speeds
T-T,

where the acceleration becomes ( L}H. As it is determined by torque and load inertia

of the motor, the block is changed more slowly as the inertia is increased. Unless this

block has the relationship between torque and load torque of the motor equivalent to the

actual system, normal errors for the position come to exist. Position error for the rotor
gives rise to the equation (4).

6=6-16
(4)
I, I,

Where, the extent of position errors is related to ~ when ~ is proportionately
controlled so as to control performance of the observer. To eliminate errors of the
equation (4) in the steady state, the equation (5) can be obtained by using PI controller

instead of 2 so that the observer converges to the rotor position detected in Figure 1.

i: = E'P + ﬁ
(5)
From the equation (5), the block diagram of Figure 2 can be produced.
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Figure 2. Observer Equipped with Pl Controller
When the observer of Figure 2 is assumed to converge to the system, the output of the
Ta/]
integration controller ( ) may be considered as the physical output having the opposite

L
sign from that of deceleration component () since there is no position error of the
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rotor in the steady state. Load torque of the motor may have a load as shown by the
equation (6).
T, =T, +aw
(6)
dig

In the equation (6), is the general load torque as a physical quantity proportional to

speeds, i is a physical quantity unrelated to speeds and may be considered to correspond
to torque due to the gradient of road or rail in the case of traction motor for driving
vehicles. Since the equation (7) as shown in Figure 2 becomes the equation (8), the
equation (9) may be obtained by substituting the equation (8) for the equation (3).

To _.T
J J (7
L [
—==—==1,(68-68
i) i )
-~ T g o
=-+2+1,(6-6
=TT ol ) (8)
g1 o 1 o]l o7, [ A
?=001§J+1]+3?(e—a}
= 0 0 ofl|2 0 L;

)
For the observer according to Figure 2 and the equation (9), measurements of speed
and position become possible even if the acceleration block for estimation of speeds is not
the same as the actual system. However, when the speed estimator becomes accurately
equivalent to the actual system, estimation of load torque is also possible in the
accelerated state. In the load-free state, the acceleration characteristics are determined by
load inertia and torque of the motor. Therefore, the actual system can be depicted if the
acceleration block is controlled in the state without position errors when the method of
Figure 2 is used. Since the equation (9) may be represented by the equation (10), the
characteristic equation of an observer such as the equation (11) becomes the equation (11)
and the equation (12).
=A%+ Bu+L(y—C%)

(10)
A+, -1 0
A—(A-LO|=| k, 4 -1]=0
k; 0 A
(11)
AB+ LA+, A+ k=0
(12)

Considering the equation (13) to obtain the root for the characteristic equation, gain for
the state feedback becomes the equation (14).
(.]n. + ﬂ-l}(..-l + ﬂ-:}(.-l"‘ ﬂ-a} = ﬂ

(13)
51 =4 + sz + 3
k'p = (ﬂiﬂz + Aailg + ﬂiﬂa}
ki = ajaza;
(14)

3. Motion Equation of Rotating Body

Considering motion equation for the motor in the relationship for the equation (9) and
the equation (10), the equation (15) is obtained.
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The original system for the observer of the equation (9) may be considered as the
system shown in the equation (16).

y=1[1 0 0]

4. Design of Detector

¢ [ﬂ 1 ﬂ] o]
il il
ol=1o o 1]|%
Il lo o oll?

L I

(15)
0 T
+ (1 ]
0
ra
(o
Tg
W (16)

Since excitation voltages are to use sine waves, sine waves are generated by Wien
bridge, which are amplified to be used as excitation voltages. Since the detector(resolver)
is attached to the motor driven by a power converter to output signals including noise
caused by leakage flux, etc. the use of filter and differential input circuit to remove the
noise is essential. Therefore, the excited signals and the output signals will have a phase
lag, and the maximum output voltages should be sampled irrespective of transfer function
of the filter. However, in the present study, a circuit operated for the fixed filter was
designed by using the block as shown in Figure 3.

Wien bridge

Excitation .

oscillator &
Amplifier

Resolver

Phase shifter
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Figure 4. Lag of Filter and Sampling

Figure 4 describes a method of demodulating outputs of the resolver by the sampling
method. If the maximum values are to be sampled in the delayed signals by using a filter,
sampling pulse considering lag of the filter is required as shown in Figure 4. When the
excitation voltage is made as a reference, output signals of the resolver after filter become
a delayed waveform as shown in Figure 4. Used for generation of sampling pulses is the
analog method of moving the phase of waveform for excitation voltage up to the point of
sampling pulse generated. Figure 8 shows a block diagram for detection processing of
rotor position and speed.

___________________________________________________________

DSP Controller
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0= tan"(—) i
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Figure 5. Detection of Rotor Positions and Speeds
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5. Estimation Position and Speed

The waveforms of cosine and sine obtained from the resolver are inputted in the
controller as digital signals, with position and rotary speed of the rotor being calculated by
the program. Position of the rotor is calculated as shown by the equation (17).

_ —q [sinf
6 = tan (cﬂsﬂ) (17)

Since the noise is included in the rotor position according to the equation (17),
inaccuracy in position information cannot be excluded. Since a method for estimation of
positions becomes necessary from here, motion equations for the motor are considered.
The rotating body with inertia is represented by the equation (18).

dg
E —
d e 1
= =-(T-T,
de ] ( v) (18)

Since the measurable variable in the equation (18) is the rotor position calculated by

the equation (17), the whole-dimension observer for the system of the equation (18) is

represented by the equation (19).
dé -
Pl + gi(8 —8)
do 1 et
The second speed equation in the equation (18) and the equation (19), respectively,
includes inertia of the rotating body, torque of the motor and load torque, while the
information on these cannot be included in the detector. Therefore, to erase the terms
related to inertia and torque, position and rotary speed are estimated by using the PI

controller for the state feedback as in the equation (20).

Z—S= i+ gi(ﬂ—éj
riET.l_ gi -
Z=(0+%)e-9 (20)

Considering the equation (21) on the right side of the second equation of the equation
(20), the equation (23) is obtained.

G=gi(6-6) (21)
=0+ 006
§i§+%m—ﬂ

f: Qi(e_é} (22)

G in the equation (22) becomes acceleration related to inertia and turning effect of the
rotary system. When acceleration is not accurately estimated even if the rotor position
converges to the actual system in the steady state, there can exist the cases where errors
are accompanied in the states of acceleration and deceleration with rotary speeds being
varied. Consequently, feedback gains of the equation (22) need to be determined by
repeated experiments.

The observer of the detector for estimation of rotor position and rotary speed according
to the equation (20) or the equation (22) is represented by the block diagram as shown in
Figure 6.
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Figure 6. Detection of Position and Speed of Rotor

5. Adjustment and Measurement of Gain for Estimator

Figure 7 shows measurement of PWM outputs and excited signals applied to the
resolver after filter. Sampling was conducted at 10[us], and frequency of excited signals
set at 10[kHz]. To adjust Pl gains of the speed estimator, responses were observed by

varying rotor positions. Speed and position were measured for the maximum value of
5[V].

Stopped N
CH1=5V  : CH2=5v¥ : GH3=5v . ; . 20us/div
DC 10:1 DC 10:1 DE 10:1 ¢ (20us/div)
: E ¢ : NORMSDMS /s

Resolver ™ : : ; _ : : ; :
Excited .|l R ioaffalpomadiosme s ooyl
Signal * : : : , , . : :

Figure 7. Excited Signal for Resolver
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Figure 8. Step Response

Figure 8 shows the response of the estimator for step changes in speed with the
measurement range of £1200[rpm], while Figure 9 shows the measurement for estimation
of speed and position upon acceleration and deceleration. Figure 10 shows the observation
of precision in the stopped state. In 16-bit data, the lower 6 bit was measured for speed,
and the lower 4 bit for position. Speed shows the precision of 12 bit, while position
estimation for the rotor shows the precision of about 15 bit.
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Figure 10. Output when Rotor is Stopped

According to the experimental results, the precision was observed to be improved,
although responsiveness was lowered with a decrease in the gain of the estimator.

Figure 11 shows the measurement of excitation voltages and output waveforms when
the excitation frequency of the resolver was made to be 11[KHz]. The bottom figure

shows a magnification for a part of the top figure.
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Figure 11. Excitation Voltage and Output of Resolver
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Figure 12. Position Estimation in the Case of Forward Rotation

Coefficients of the equation (22) were determined through repeated experiments, and

“o was set to be 2/3 of the excitation voltage frequency. The waveforms demodulated by
the method proposed in Figure 3 are two waveforms on the top in Fig, 12 and Figure 13,
and the rotor positions calculated from these two waveforms were measured for the third
waveform. The lowest waveform shows the estimated rotor position, and errors for the
calculated values and the estimated values could not be determined. Figure 12
corresponds to the case of forward rotation, while Figure 13 corresponds to the case of
reverse rotation, showing the waveforms measured for two cases where the rotary speed is
high and low.

3 Stopped {
CHIEV © CHEN
DC 11 : DG LA

Stopped
CHIs2v

T CHEN . 2ims/dv
DC 11 (2ms/dv)
... NORMEOKS /s

N\ NORMAKS/5.

i

Figure 13. Position Estimation in the Case of Reverse Rotation

Based on the measured waveforms of Figure 12 and Figure 13, it is affirmed that the

Copyright © 2017 SERSC 251



International Journal of Control and Automation
Vol.10, No.3 (2017)

use as position information is also possible by processing of analog signals and by direct
calculation of angle(fan™*). When the position calculated by transmitted analog signals
and the estimated position were magnified, the measurements as shown in Figure 14 were
obtained. According to the observer, removal of noise can be confirmed.

Stopped I
CH1=200mV: _ CH2=200mV: i : E T 10ms/div

AC 11 : AC 11 : £ : : ¢ (10ms /div)
: : : - : : NORM:100kS /s

Figure 14. Calculated Position and Estimated Position

6. Conclusion

As a method for varying the speeds by the program in a controller, step response was
measured. While the response was being observed, gains of the Pl controller as a speed
estimator were determined. To the gain of the speed estimator, responsiveness and
precision are related. Although it was used as a part of the motor control program, further
improvement of precision will be possible if the sampling intervals can be shortened as in
the case of dedicated use of the speed detector. According to the experimental results, the
stability having a wide range of feedback gain and the feature of rapid convergence as a
speed estimator have been confirmed.

Fundamental waves were obtained by DFT for AD-converted data, and from
calculation according to which a precision higher than 12 bit was obtained for the position
accuracy. Since speed estimation is not related to load conditions, the method is
applicable to universal speed detectors or devices with variation in load and inertia.
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