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ABSTRACT

The article presents the results of a study on the effectiveness of various techniques for synchronous reference frame angular
position numerical calculation in flux-torque vector control system of induction motor. Investigation was caried out taking into
account the discrete nature of the angular speed signal obtained using an incremental encoder. In this work for investigation by
simulation used a direct torque vector control system, which, in the presence of an ideal rotor angular speed signal, ensures direct
asymptotic field orientation, asymptotic tracking of torque-flux reference trajectories, as well as asymptotic decoupling torque and
flux subsystems. The parameters of the induction motor and encoder used in the study correspond to those existing in traction
electromechanical systems of city trolleybuses. It is shown that the discrete nature of the angular speed signal, which used in
synchronous reference frame position equation of flux-torque vector control systems, introduces field orientation errors and leads to
current and torque ripples, which in a real system increase acoustic noise and can cause mechanical vibrations and resonance
phenomena. An analysis of possible ways to reduce the influence of the speed signal discreteness on flux-torque control is performed,
and a method for practical implementation of the synchronous reference frame angular position numerical calculation is proposed.
This method allows ensuring conditions for more precise field orientation and, by using an additional filter for the angular speed
signal, reducing the level of current and torque ripples to negligibly small values without affecting the field orientation processes.
The proposed solution can be used in the development of high dynamic flux-torque vector control systems for induction motors using
incremental encoders, including for electric vehicles.
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INTRODUCTION

Vector control systems for induction motors
(IM) with angular speed measurement [1] find wide
application in industry, municipal and agricultural
sectors, electric transportation, and power generation
systems [2], [3].

The most common method of obtaining a signal
about the rotor's angular speed is through the use of
incremental encoders, which can be of the
photoelectric, magnetic, or inductive type [4], [5],
[6]. The advantages of encoders include their high
dimensional characteristics, low inertia, and
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relatively low cost. However, they have a significant
drawback — the signal about the angular speed has a
discrete nature [8], [9]. This property limits the
performances of speed control loops [10] as it leads
to the emergence of additional disturbances in the
vector control system and requires their
consideration  during  real  electric  drives
development.

Reducing the impact of discreteness can be
achieved by increasing the resolution of the encoder,
but this somewhat increases its cost, reduces
reliability, and may not always be feasible,
especially in traction electric drives where sensors of
the inductive type are used, typically with a
resolution of less than 256 p/rev. Overcoming the
problem of increasing speed measurement accuracy
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can be achieved by increasing the time interval for
counting encoder pulses and installing a software
filter at the measurement channel output. However,
such measures add delay to the feedback signal and
additional dynamics in the angular speed
measurement channel introduced by the filter. In
particular, direct input of filtered speed into the
equation of angular position dynamics of the
synchronous reference frame leads to significant
violations of field orientation conditions and,
consequently, to errors in tracking the torque of the
induction motor.

LITERATURE REVIEW

A significant number of methods have been
proposed in the literature to increase the accuracy of
angular speed and position measurements based on
processing quadrature signals from the encoder.

In publications [11, 12], [13], ways to improve
the accuracy of speed measurement using various
types of observers and Kalman filtering are
considered, including the application of an adaptive
extended Kalman observer for estimating low speeds
with low resolution encoders.

In the study [14], a model was developed to
investigate the influence of the discrete nature of the
encoder feedback signal on the coordinate control
loops of the electric drive.

Work [15] is dedicated to speed and
acceleration measurement for traction applications in
the presence of speed sensor defects. It is shown that
the algorithm proposed by the authors for identifying
periodic disturbances effectively eliminates their
negative influence without introducing phase shift,
unlike the results obtained using notch filters.

Various  modifications of methods for
identifying the shaft encoder speed based on
classical methods of processing quadrature signals
are presented in [16, 17], [18, 19], [20, 21], [22],
which allow compensating or reducing measurement
errors, including those caused by lack of
synchronization between output pulses and sampling
periods. In [18], a method for error compensation
based on the use of a sliding mode observer is
proposed. The effectiveness of this method is
experimentally confirmed in vector control system
with permanent magnet synchronous motor.

In publication [23], a two-stage method of
averaging measured values is proposed to reduce
measurement errors of angular speed.

A modification of the speed measurement
method based on determining the time interval
between two adjacent edges of encoder pulses is
discussed in [24]. The use of a timer-counter

variable frequency is proposed to increase the
accuracy of angular speed measurement.

The use of FPGA for combining two classical
methods of encoder signal processing with
automatic switching between them is proposed in the
study [25]. The effectiveness of the proposed
measurement method is confirmed by the results of
experimental studies.

Reducing the negative influence of the encoder
on control processes using fuzzy logic methods is
discussed in [26].

The described solutions have different
effectiveness and  practical  implementation
complexity, but they all are considered from the
perspective of pure speed and angular position
measurement without considering the structure of
vector control systems for induction motors.

The purpose of this study is to analyze the
influence of the discrete nature of the speed signal
measured using quadrature signals from the
incremental encoder on the torque-flux vector
control and to provide recommendations for
configuring the angular speed measurement channel
and the procedure for the computing of synchronous
reference frame angular position.

CONTROLALGORITHM

Based on the concept of direct field orientation,
the control algorithm for torque and flux vector
magnitude is defined by the following equations (see
[27] for the case of constant flux linkage):

— flux controller

=k

Id:

ol (oc\y* - Ky€y — X\u)' @

Xy = kwiew;
— flux observer
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with the synchronous reference frame angular
position dynamics equation

i
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the active resistances and inductances of the stator
and rotor respectively; L, iS magnetizing

inductance; p, — number of pole pairs; iy, i;

excitation current reference and stator torque-
producing current reference; o Iis rotor angular
speed; ugy,u, are components of the stator control

are

q
voltage vector; ey,m, are angular position and

speed of the synchronous (d-q) reference frame
relative to the stationary (a-b);  is estimated rotor

flux; " is rotor flux reference; M™ is torque

reference; iy =iy —iq, I =iq —iy are stator current

errors; e, =\ —y is estimated flux tracking error;

(kw'k\ui
integral components of the flux regulator;
(ki.kii)>0 are coefficients of proportional and

integral components of the current regulators.

The vector control algorithm, defined by
equations (1)-(6), provides: asymptotic field
orientation, asymptotic tracking of the torque and
flux referenced trajectories, asymptotic decoupling
of torque and flux subsystems.

SPEED MEASUREMENT SUBSYSTEM

At the output of the incremental encoder, two
pulse sequences A and B are generated, shifted
relative to each other by a quarter period, as shown
in Fig. 1a. The typical hardware structure of the
microcontroller module, which allows processing
such a quadrature signal, is shown in Fig. 1b.
Initially, the input encoder sequences pass through a
logic circuit that detects the fronts of sequences A

)>0 are coefficients of proportional and

and B and generates the resulting sequence S, which
is directly fed to the counter CT. The counting
direction (shaft rotation) is determined depending on
the relative position of the fronts of signals A and B
with the static state of the opposite signal. The value
at the output of counter Q is passed to the user
program for further processing.

A
t
BI
t
S I 0,
t
a
s -y
A Pulses edge and
B direction detection CT > Q
_> .
schematic DIR.
b

Fig. 1. Quadrature signal processing:
a— pulses; b — measurement channel

structure
Source: compiled by the authors

The simplest methods of measuring angular
speed are either differentiating angular position
based on information about the received number of
pulses over a fixed time, or measuring the time
interval between two consecutive pulses of sequence
S with subsequent conversion into angular speed [3].

Within this study, the first method is
considered, which is formalized as follows:
neli ZTEn
==, 7
P =T TUNT ()

S S

where ®, is calculated value of the actual angular
speed; 6,; is angle through which the encoder shaft
rotates to generate one pulse of the resulting
sequence S; n=Q,; —Qyis number of pulses
received from the encoder over a fixed time interval
T, , where k is the measurement cycle number; N
is encoder resolution.

The main problem with applying (7) in practice
is the high level of discretization of angular speed
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measurement. The maximum error introduced during
direct application of expression (7) is determined as
21

5= : 8
4NT; ®)

For example, when using an encoder with a
resolution of 1000 pulses per revolution and a
measurement time T, =200mxc the speed

measurement channel error will be 7.85 rad/s. In
practice, this means that at a shaft rotation speed of
7.85 rad/s, one pulse of sequence S will be received
from the encoder. In the case of shaft rotation speeds
lower, no pulses will be received for several cycles,
which will be perceived by the control system as
zero speed. Thus, high-frequency step-like
transitions appear in the speed feedback signal, in
the example considered with a magnitude of
7.85 rad/s, which introduce additional disturbances
into the control system and limit the possibilities of
increasing the performances of the speed control
loops [6].

To smooth the speed feedback signal, a simple
first-order low-pass filter can be applied:

o, 1+l

)

where o; is filtered speed value o, ; tis filter time

constant.
The input to this filter is the sequence of
calculated values o, , obtained from expression (7),

and the output is the filtered value of the measured
speed, which can be used in the control algorithm
equations

Another option for reducing the level of angular
speed measurement ripples is to apply averaging of
measured values over a number of recent
measurement cycles according to the following
expression:

-1

> Oe(k-i)

W,y = IZT , (10)

where @, is value o, at the current measurement
cycle; H is number of cycles for averaging.
PROPOSED IMPLEMENTATION SCHEME

Let's consider the dynamics equation of the
synchronous reference frame angular position (3)
and perform integration by splitting the expression
into two components

T T i
g = _[(oodt = _[((Dpn +al, qudt =

i
=0p, + jaLm St
0 v

As seen from (11), the angular position ¢, of

the synchronous reference frame is determined by
two components — the electrical angle 6p, and the

angle obtained by integrating the slip angular speed.
This allows using for ¢, calculation information

about the motor shaft angular position 6 directly
and avoiding additional errors associated with
measuring angular speed and its subsequent
integration.

To account for the time delay in obtaining
information about the rotor position, we modify
expression (11) by adding a component p,o; T, /2

T i
gy =0p, +pn03fTs/2+J.och$th. (12)
0

Adding component p,o; T /2 adjusts the value
of the (d-q) coordinate system position angle by the
amount corresponding to the shaft rotation angle for
half of the quantization cycle T . The feasibility of
such a slight correction is justified by the fact that in
a real control system, the calculation of a new
control action, and particularly the position of the
coordinate system, is carried out over a time interval
that is close to the midpoint of the quantization
cycle. Compensation can also use signal o,, instead

of s .
SIMULATION RESULTS

In the study, the following parameters of the
induction motor 6DTA.002.1U2 were used: rated
power P = 180 kW, rated line voltage 420 V, rated
frequency 50 Hz, rated slip 1.5%, power factor 0.88,
stator resistance R1 = 0.01 Ohm, rotor resistance

R2 = 0.0085 Ohm, stator winding inductance
L1=0.0061 H, rotor winding inductance
L2 =0.0061 H, magnetizing inductance

Lm = 0.0058 H, number of pole pairs p, = 2, total
rotor inertia J = 6 kg-m?, viscous friction coefficient

v=0.15¢c1. The tuning coefficients of the torque
and flux vector control algorithm (1)-(6) are set as
follows: k; =700, k;; =120000, kw =100,
ki =5000. Encoder resolution 256 imp/rev, pulse
counting time T, =200mcs, speed filter time
constant t=1.6 mc.
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Tests were conducted according to the
following sequence of motor control operations
(Fig. 2): during the time interval t = 0-0.5 s the IM is

excited to the value " =0.9 Vb starting from time

t = 0.75 s, the motor is required to track a predefined
torque trajectory, as shown in Fig. 2, which includes
acceleration, coasting, and braking stages, typical for
electric vehicle motion. Upon completion of the
torque trajectory, the motor accelerates to an angular
speed of 60 rad/s and decelerates to zero speed
(Fig.2). The non-discretized angular speed signal
() is shown by the solid red line in Fig. 2. The
signal obtained from the encoder (wenc) USING
equation (7) has a discrete nature, with a
discretization level of approximately 30 rad/s. The
use of a first-order filter with a time constant of
1.6 ms smoothes the signal (see Fig. 2) but does not
eliminate pulsations completely.

Transients during the torque and flux
trajectories tracking in the system with non-
discretized angular speed signal are shown in Fig. 3.

From the analysis of the graphs in Fig. 3, it is
established that the control algorithm (1)-(6) under
idealized conditions of mathematical simulation
provides asymptotic tracking of the torque reference

Torque reference M*, (Nm)

trajectories (the torque error M=M—M" tends to
zero, where M — is the motor torque), as well as
asymptotic rotor flux orientation (y,=0). Since

after completing the field orientation process,
changes in torque do not lead to changes in the rotor
flux vector magnitude, it can be concluded that
asymptotic decoupling of torque and rotor flux
subsystems is also achieved.

Transients in the system, where the angular
speed signal are formed using the incremental
encoder and equation (7) are shown in Fig. 4. As can
be seen from Fig. 4, introducing the encoder into the
system, and consequently, a time delay of 200 ps in
the speed measurement channel, led to the
appearance of flux linkage along the g-axis,
indicating a violation of field orientation conditions,
as well as errors in d-axis flux. Changes in motor
torque started to cause changes in the rotor flux
vector magnitude, indicating a certain level of
coupling between torque and flux subsystems.
Additionally, the discrete nature of the speed signal
led to the appearance of torque-producing current
ripples at a level of 20 A, and correspondingly,
motor torque ripples at level of 50 N-m, constituting
11 % of the reference signal.

Flux reference w*, (Wb)

500
250
0
=250
-500 :
0 0.5 1 1.5 2 25 3 t,s 1 1.5 2 2.5 3 t,s
The ideal angular velocity w, (rad/s)
100 Encoder angular velocity, Wene? (rad/s) % Angular velocity with filter w_,(rad/s)
€nc
801 omega | 60+
60
40+
40+
20l 201
0 : : : : 0 : : : : :
0 0.5 1 1.5 2 2.5 3 t,s 0 0.5 1 1.5 2 2.5 3 t,s
Fig. 2. Control operations sequence and rotor angular speed signals
Source: compiled by the authors
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Torque error M, (Nm) Current error iy (A)
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Fig. 3. Transients when using an ideal speed signal
Source: compiled by the authors

Torque error 1\7[, (Nm) Current error iy (A)
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Fig. 4. Transients when using a speed signal from the encoder
Source: compiled by the authors
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Consider a method to reduce current and torque
ripples by introducing a filter (9) in the speed
measurement channel. Transients for such a system
configuration are shown in Fig. 5. By comparing
Fig. 5 with Fig. 4, it can be seen that introducing a
filter allowed to reduce the level of current
pulsations to 5 A, and torque to 10 N-m. However,
due to the increased resulting delay of the speed
signal, the field orientation conditions deteriorated
further (the maximum deviation of flux linkage
along the g-axis increased from 0.02 Wb to 0.1 Wb),
and a more pronounced coupling between torque and
flux control subsystems was observed. The increase
in flux linkage tracking error, in turn, led to an
increase in torque tracking error to 40 N-m.

To reduce the impact of the speed filter on the
flux control processes, it is proposed to use the
unfiltered angular speed signal in the equation of
synchronous reference frame angular speed
dynamics (2) and the filtered value in the PI-
regulator equation of the stator current torque-
producing component (5). Transients for such a
combined speed measurement channel are shown in
Fig. 6. By comparing Fig. 4, Fig. 5 and Fig. 6, it can

Torque error 1\71, (Nm)

0 0.5 1 L5 2 2.5 3

Flux wd’ (Wb)

2.5 3

0 0.5 1 1.5 2

0.05r

| -0.05}

be concluded that this approach allows maintaining a
level of field orientation similar to Fig. 4 when using
an unfiltered encoder, while reducing the level of
current pulsations to 6 A and torque to 18-20 N-m
compared to Fig. 4. Since the filter no longer affects
the field orientation error, its time constant can be
increased.

The results of the test using the averaged speed
signal with H=8 are shown in Fig. 7. From Fig. 7, it
can be seen that compared to the unfiltered speed
signal, using (10) with H=8 reduces the level of
pulsations by half, albeit with worse field
orientation.

Transient processes in the system obtained
using the calculation algorithm (12) are shown in
Fig. 8. Since the speed filter time constant when
using (12) does not affect the field orientation
processes, in order to reduce ripples, it was
increased to 0.05 s. As can be seen from the graphs
in Fig. 8, simultaneous application of (12) with a
reinforced speed filter allowed reducing torque and
current pulsation levels to negligible values, whiling
ensuring asymptotic field orientation, as lim y, =0.

t—oo

Current error iq, (A)

0 0.5 1 1.5 2 2.5 3

Flux wq, (Wb)

0 0.5 1 1.5 2

Fig. 5. Transients when using a filtered speed signal from the encoder
Source: compiled by the authors
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Torque error M, (Nm) Current error 1 (A)
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Fig. 6. Transients when using signals of filtered encoder speed in the current controller and without

filtration in the flux observer
Source: compiled by the authors
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Fig. 7. Transients when using signals of averaged encoder speed in the current controller

and flux observer
Source: compiled by the authors
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Torque error 1\2, (Nm)

Current error iq, (A)
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Fig. 8. Transients when using calculation algorithm (12) and filtered speed

with a time constant of 0.05 s
Source: compiled by the authors

CONCLUSIONS

The conducted study has determined that the
discrete nature of the speed signal measured using
an encoder significantly influences the vector flux-
torque control of induction motor, leading to slight
deviations from asymptotic convergence of
coordinates and field orientation conditions, as well
as significant ripples in the torgque-producing
component of stator current and motor torque. Direct
application of a simple filter in the form of a first-
order aperiodic link in the speed measurement
channel or averaging speed values over several
cycles reduces the level of current and torque ripples

but leads to further degradation of control
performances. The combined use of unfiltered and
filtered speed signals from the encoder reduces the
level of current and torque ripples while maintaining
control performances at a level comparable to the
system with an unfiltered encoder signal. However,
it does not completely eliminate the violation of
field orientation conditions. The proposed algorithm
for calculating the angular position of the
synchronous reference frame, based on direct use of
rotor angular position information, ensures close to
asymptotic field orientation and negligible small
ripples level in current and torque.
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ABSTRACT

B pobori mpescraBiieHo pe3ylbTaTi JOCTIKEHHS e(peKTHBHOCTI Pi3HUX CIIOCOOIB MPAKTHYHOI peasti3auii piBHSIHHSI AUHAMIKA
KyTOBOT'O IIOJIO)KEHHSI CUHXPOHHOI CHUCTEMH KOOPAMHAT BEKTOPHO-KEPOBAHOIO ACHHXPOHHOIO EJEKTPOIPHBOLY i3 BpaxyBaHHIM
JIMCKPETHOTO XapaKTepy CUTHAILY KyTOBOi LIBHJIKOCTi, OTPMMAHOTO 3 BUKOPUCTAHHSAM 1HKPEMEHTAIBHOro eHkonepa. JlociipkeHHs
BUKOHAHO METOJJOM MaTeMaTH4YHOTO MOJEIOBAHHS ULl CUCTEMH IIPSAMOrO BEKTOPHOIO KEPyBaHHS MOMEHTOM, $IKa, 32 HAsBHOCTI
i€aJIbHOr0 CHUTHATY IPO KYTOBY IIBHJKICTH pOTOpa, 3abesliedye MpsMe acCHMITOTUYHE IIOJCOPIEHTYBAaHHS, ACHMITOTHYHE
BIZINPALIOBaHHS 3aJJaHUX TPAEKTOPIH MOMEHTY Ta MOIYIS BEKTOpa MOTOKO3YEIUIEHHS POTOpa, & TAKOXK ACHUMITOTUYHY PO3B’S3KY
IPOLIECIB KEpYBaHHS MOMEHTOM Ta MOTOKOM. [lapameTpu AaCHHXPOHHOIO JABHIYHA Ta EHKOIEpa, sSKi BHKOPHCTOBYIOTHCS B
JOCII/DKEHHI, BiJIIOBiJalOTh MapamMerpaM, L0 ICHYIOTh B TSATOBHX C€JIEKTPOMEXaHIUYHHMX cucTeMax TposeitdyciB. [lokasano, mio
JMCKPETHUH XapaKTep CUTHAIY KYTOBOi LIBUJKOCTi, SKHH Mae MiClleé B CHCTEMax BEKTOPHOTO KEpyBaHHS KOOpAMHATaMHU
ACHHXPOHHHUX JIBUTYHIB, BHOCUTh HIOXUOKH IOJICOPIEHTYBAHHS, @ TAKOK MPH3BOAUTH 0 BUHUKHEHHS My/IbCalliii CTPyMy i MOMEHTY,
sIKi B peasbHiil CHCTeMi MiJBHIIYIOTh aKYCTHYHHUI IIyM Ta MOKYTh BUKJIMKATH MeXaHiuHi BiOpailii i pe30oHaHCHI siBuIia. BukoHaHO
aHali3 MOXJIMBUX LUISXiB 3MEHIICHHS BIUIMBY JWCKPETHOCTI CHTHAlIy KyTOBOi IIBHJAKOCTI HA TNPOLECH KEpyBaHHSA, Ta
3aIPONIOHOBAHO METOJ MPAKTUYHOI peanizamil PiBHSAHHSA JMHAMIKA KyTOBOTO IIOJIOKCHHS CHHXPOHHOI CHCTEMH KOOPIMHAT, SIKMit
JIO3BOJISIE 3a0€3MEYNTH YMOBH SIKICHOTO TMOJICOPIEHTYBAHHS Ta, 32 PaXyHOK 3aCTOCYBAHHS IONATKOBOrO (ilbTpa CHrHANTy KyTOBOI
LIBUAKOCTi, 3MEHIIMTH pIBEHb MyIbCAllil CTPyMy i MOMEHTY J0 HEXTYBaHO MalHMX 3HaueHb Oe3 BIUIMBY HAa MPOLECH
TIOJIEOPIEHTYBAaHHS. 3alpPOIIOHOBAHE PILIEHHS MOKE BHUKOPHCTOBYBAaTHCS IPH CTBOPEHHI BUCOKOAMHAMIYHHX CHCTEM BEKTOPHOIO
KepyBaHHS MOMEHTOM aCHHXPOHHHUX JIBUTYHIB 3 BHKOPHCTAHHSM iHKPEMEHTAIBHHUX EHKOJEPIB, B TOMY YMCIi I EIEKTPUYHOTO
TPaHCIIOPTY.
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