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Abstract. This paper presents an improved ro-
tor fluxz estimation algorithm method based on
current-voltage signals applied to field-oriented
control (FOC) technique in multi-domain mo-
tor speed control. This mathematical model is
designed to accurately determine the rotor flux
vector from the feedback signals of the current
and speed sensors. The two steps of converting
three-phase current signals in the real-time do-
main to create spatial vectors in two domains of
static coordinates and rotating coordinates corre-
sponding to the rotor flux vector will be presented
in detail in the paper. The results are simulated
in MATLAB/Simulink environment to demon-
strate the feasibility of the typical FOC and the
proposed FOC method under different operating
and loading conditions of the induction motor
drive. The simulation results convincingly illus-
trate the effectiveness of the proposed induction
motor control method.

Keywords: Field-oriented control, V/F con-
trol, speed control, rotor flux, rotor flux angle.

1. Introduction

In industrial production and various applica-
tions, motors play an important role. When
DC motors were first introduced, their ability to
precisely regulate speed was widely recognized.
However, DC motors have disadvantages such as
deterioration of charcoal bristles, need for peri-
odic maintenance, environmental impact, com-
plex structure and limited capacity. In contrast,
induction motors (IMs) are powerful, compact,
cost-effective and require little maintenance. In-
duction motor drive (IMD) have overcome the
challenges of complex nonlinear control struc-
tures to become the most popular machine type
and become the first choice in many modern in-
dustries [1].

The design and control of IMD for nonlinear
loads pose many challenges [2-4]. Recent stud-
ies have explored advanced control algorithms
to improve the performance and efficiency of in-
duction motor (IM) speed control 5, 6.

A widely used technique is Voltage /Frequency
(V/F) control, which maintains throughput by
keeping the voltage-to-frequency ratio stable.
The torque speed characteristic of V/F control
shows a wider speed range, a longer stable op-
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erating region for the motor, and a low starting
current [7-9]. Advances in electronic technology
and the development of high speed micropro-
cessors have made field-oriented control (FOC)
theory more feasible. The FOC method ensures
smooth and quiet motor operation, providing a
wider speed range and better dynamic perfor-
mance than the V/F speed control method [10].
The FOC method offers several benefits, includ-
ing precise and efficient management of torque
and speed by controlling output voltage and cur-
rent. FOC systems in IM use current and speed
sensors to provide feedback [11,12]. The typi-
cal FOC method is implemented to regulate the
speed of the motor using two perpendicular com-
ponent vectors used as reference values for flux
control ix.st, allowing speed regulation, and a
component used for torque control iy.st. Inte-
grating data from both sensors is very impor-
tant in the control process when using the FOC
method for the motor control strategy [13,14].
In an IM system powered by an inverter, it is
possible to measure the current frequency and
voltage in the rotor and stator circuits. This al-
lows proposing a simple algorithm to estimate
two coordinates: the flux to shape the system
as a vector and the rotor speed to perform con-
trol [15]. The authors in [16,17] present solutions
to estimate IMs’ speed and rotor current based
on their stability in low-speed regions.

Control signals, predefined parameters such as
flux, rotor speed and control algorithm. When
the reference control signal is converted into a
voltage signal [18], switching pulses are gener-
ated through the sinusoidal pulse width modu-
lation (SPWM) method, thereby controlling the
inverter. This typical FOC controller analyzes
this data and generates signals that ensure pre-
cise control of motor torque and speed, deliv-
ering high performance. However, the problem
of error accumulation from the integration algo-
rithm leads to deviations in the rotor flux angle
and its value can increase indefinitely, causing
some problems when operating the IM feedback
beyond the data limit.

Estimation algorithm methods have recently
been developed to solve the above problem. In
estimators such as observers and Kalman filters,
parameter sensitivity can be controlled using ap-
propriate response coefficient design. However,

limiting their value is difficult due to stability
problems in the closed-loop speed operation of
the vector control system of IM, and it is of-
ten necessary to adjust to the reference speed
value of the motor. In particular, the Kalman
filter algorithm has high computational com-
plexity, posing challenges in practical implemen-
tation, especially when using observers or ex-
tended Kalman filters [19] to reduce rotor flow
and speed estimation errors degree. The un-
scented Kalman filter [20] is a derivative-free
estimator for nonlinear systems that has been
recently used to estimate rotor speed and flux
through the use of current and voltage from sen-
sors. stator, however the method’s performance
is only similar to Extended Kalman Filter when
applying the same model and parameters. An-
other flux estimation technique is to use a slid-
ing mode observer [21] that uses the estimated
speed to correct the flux observation based on
the current error and the rotor flux estimate.
Thus, the rotor flux plays an important role in
the estimation at low speed ranges.

This paper proposes an improved algorithm
for the FOC method using the current model
(CM) for the IMD system to estimate the rotor
flux. This flux estimation method is compared
with the typical FOC method presented in Sec-
tion 2. and Section 3. showing that the rotor
flux angle is a periodic function. The simulation
results are presented and discussed in Section 4.

and Section 5.

Mathematical
modelling of induction
motor

2.

This section concisely explains the mathemati-
cal model and the FOC strategy used for IM.
The mathematical representation of an IM can
be described by a system of differential equa-
tions that depicts the relationship between its
electrical parameters and nonlinear characteris-
tics:

aF - - 4F o

Fra =Us st —Rsls st = —Ryirse+j<h ﬁ1nst
R, _Lni 51 _Luj
s.st—LS s.st Ls r.sts r.st—Lr r.st L, s.st

(1)
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where: ¢ is the rotor speed; iggt,Usst are the
stator current and voltage vectors; F g is the

stator flux vector; F ; 4.1y« is the rotor flux and
the current rotor vectors; Rg,R, are the stator
and rotor resistance. Lg,L,,L,, are the stator,
rotor, and magnetizing inductances. The IM’s
torque can be stated as shown in Eq. 2.

3 ot
Te:Z-p.Im(ls.sh?r.st) (2)

3. The rotor flux

estiamtion

In this section, part 3.1. presents a typical FOC
method. Part 3.2. is to apply the new current
model to the FOC method.

3.1. The typical FOC
framework with the
sinusoidal pulse width

modulation technique

The typical FOC method is implemented to reg-
ulate the speed of the motor using two perpen-
dicular component vectors used as reference val-
ues for flux control ( iy .;), allowing speed regu-
lation, and a component used for torque control
(iy.st ) [12]. Figure 1 illustrates the classic FOC
controller structure. The Clarke transformation

*
i* :
i*x.st cal. Qi) .
Xy
lxst %
% 4
it -

‘EYT Iyst

L Fa Flux cal. 471“‘ Xy

Speed controller

Labe

Fig. 1: The structure of FOC technique.

is applied to convert stator current into a rotat-
ing coordinate system and this process is carried

out as in Eq 3:

xst=73 [la cos(flyy ) +ip.cos(fly —27/3) +ic.cos(fly+27/3)]
2 [iasin(flyy ) +ip-sin(fly —27/3) e sin(fly +27/3)]
(3)
The rotor flux and slip speed of the motor are
expressed in terms of current elements i g and
iy & as follows, with T,=L, /R, is rotor time con-

stant. L.
{ Frt:Lm TTES x st

Qslip:Lm T, Frt

1y st— —

4
-ly.st ( )
The rotor flux angle fl; is calculated based on
the measured rotor speed and slip speed.

ﬂrt: / (p-Qm"i_Qslip)dt (5)
The reference component if ., is estimated from
the rotor flux presented by the formula below:

lx.st:?'Frt (6)
m

The rotor flux and slip speed of the motor are
expressed in terms of current elements iy ¢ and

iy.s¢ as follows, with T,=L, /Ry is rotor time con-

stant.
Frt Lm 1+Ti s lx st
Qslip Lm T, .Frt 1y st

(7)

The rotor flux angle fl,; is calculated based on
the measured rotor speed and slip speed.

ﬁrt: / (p.Qm-l-QSlip)dt (8)

The reference component if ., is estimated from
the rotor flux presented by the formula below:

e 1

_ *
lx.st*L 'Frt
m

(9)
The reference torque component is generated
from comparing the measured speed and the set
speed via the PI controller. The reference cur-
rent iy i is estimated from the rotor torque and
flux as follows:

21 L 1
3meFrt

ok
ly.st*

Te (10)

The estimated currents iy , iy ¢ are compared
with iy g, iy.st to produce an error, this error will
be passed through the PI error corrector to pro-
duce the voltage u} The voltage will be

X.st? yst
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converted to become u}, . The reference phase
stator voltages are converted, shown as:

wi=ug cos(flyy) — ul  sin(fly)

y.s

uf= uf cos(fl;,—28/3) — y.stsin(ﬂrt—Qﬁ/S)
ug= uj g cos(fly+28/3) — ug sin(fly+28/3)
(11)

The reference voltage u},. are converted into
the inverter’s switching impluses Sabc signal se-
quence through sinusoidal pulse width modu-
lation (SPWM) technique. The SPWM tech-
nique compares the reference signal’s value with
that of the 10 kHz triangle waves to generate
the switching impulses for controlling inverter.
This comparison determines the states of open-
ness and closure for the switches in the control
circuit. This process guarantees that the actual
voltage remains within the designated sensitiv-
ity range, as illustrated in Figure 2. The Sy

@
Sa

(D > >
uabc* -
Sb
e
Sc

10kHz

Fig. 2: The switching pulse generation of the SPWM
technique.

signal is fed to the inverter for control and is
used to create a 3-phase voltage corresponding
to the desired frequency.

The rotor flux estimation
by applying a current
model based on the FOC
framework

3.2.

For FOC, estimating the flux linkage space pha-
sor position is essential. Therefore, it is neces-
sary to model the rotor flux linkages for the FOC
technique. A new current model (CM) is applied
in the proposed structure of the FOC technique

100

to determine the rotor flux’s magnitude and ro-
tation angle, as shown in the block diagram of
Figure 3.

Clarke’s transformations convert the stator
voltage in [a, b, c| coordinate system into [, f§]
stationary coordinate system.

. 2. . 1-
{ It st=3la—3lb—3lc

. *
1*X st cal. .
—» _—
® xy SPWM
xsa | .
H o 5 abc
TYCM Sabe
«= P |t Inverter
< abe | Tabe
Flux <+— C“:"d:“ ¢ af DB
= «
cal. 41__— Q i v
Pt § Proposed method f
ﬁ : ®Qm M
PI controller TQ‘

Fig. 3: A New Current Model based on FOC technique.

system are transformed into the rotating coordi-
nate system [z, y] with rotor flux angle by curent
model floy , the Park transformation as bellow:

st =

iy.st =
(13)
The current model block receives the current sig-
nals ig g,if.s¢ and the rotor electrical speed to
estimate the rotor flux in [, 8] the coordinate

system in Eq. 14, where T,=L,/R, is the rotor
time constant.

{ Fla = [ 32—

Flﬁ‘rt: f [Ifiﬂx: if.st—

ig stcos(flem) + ig.sesin(flan)
—ig gsin(flom) + in.stcos(flom)

rI%F/ﬁ'.rt_lertF/ﬁ.rt]dt
TirF/ﬁ‘rt'i_QrtF/ff.rt]dt

(14)
The flux calculation block is used to generate
improved magnetizing current F;t and the rotor
flux angle vonr, by Eq. 15.

Amplitude : F'rtzm

Phaseangle :flcyy= tan—? (%)

(15)
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The estimated rotor flux and rotor flux angle are
used to generate the reference stator current for
the FOC method, as presented in Section 3.1.

4. Simulation results

The parameter of studies selects the following
values for the IM: P, = 3500 W, Vg, = 308
V, npate = 1420 rpm, p =2, ¥y, = 1.23 Wb,
Rs = 3.179 Q, R, = 2.118 Q, L,, = 0.192 H,
Ls = 0.209 H, and L, = 0.209 H. The simula-
tion results included both models’ rotor speed,
electrical torque, stator current, and rotor flux
responses.

The IM simulation model is fully displayed in
Figure 4, and the proposed simulation model is
based on the CM in Figure 5.

nverter

P2

sin_g _gama
lialfa_st] > phialpha_rt iystf—
| —¥{cos gama
cos_gamma
-
=
»| phibeta_rt
fgamma_om]

Current Model

Fig. 5: The current Simulink model.

The IM’s control simulation is shown below.
The IM’s response is displayed in two distinct
cases:

Case study 1: The reference speed of the IM
is kept at a low speed, increased from 0 to 350
rpm (25% of rated value) in 1.5 seconds, then in-
creased to 710 rpm (about 50% of rated value) at
2.0 seconds and remains constant until the end
of the operating cycle. The load torque is main-
tained at 0 Nm. Figure 6 illustrates the perfor-

(© 2024 Journal of Advanced Engineering and Computation (JAEC)

mance of a typical FOC method when the IM is
operating at no load. Figure 6(a) shows that the
motor speed quickly reaches 350 rpm in about
0.5 seconds, and overdrive occurs, after which
the speed remains constant. At 1.5 seconds to
2.0 seconds, the speed increases to about 50%
of the rated value (710 rpm). Although there
is an overspeed phenomenon, the speed quickly
reaches the set value and operates stably until
the end of the cycle. Figure 6(b) shows the bal-
ance between electrical and load torque despite
the strong torque fluctuations produced by the
typical FOC method to ensure system perfor-
mance and stability. Figure 6(c) shows the com-
patibility between the x-axis and y-axis currents
to ensure the performance and stable operation
of the IM. Figure 6(d) depicts the rotor flux an-
gle increasing infinitely due to the integration
algorithm. When the rotor flux angle value ex-
ceeds the data limit, the value may be zero, af-
fecting the IMD’s performance.

The performance of the proposed FOC
method using a current model (CMFOC), op-
erating under the same conditions as a typical
FOC, is shown in Figure 7. Figure 7(a, b, c) de-
picts the proposed method’s speed, torque char-
acteristics, and x, y axis currents. These values
are equivalent to typical FOC. Figure 7d shows
that the rotor flux angle is variable in the range
[—7,7]. Simulation results have demonstrated
the effectiveness of the proposed method.

Case study 2: Perform motor reversal at low
speed; the motor accelerates from 0 to 1/4 of the
rated speed value (355 rpm), and after 1.0 sec-
onds, the motor rotates back at the same speed.
The load torque is maintained at a value of 3
Nm throughout the operation. Figures 8 and 9
show the results when the motor reverses. The
IMD systems both demonstrate stable and reli-
able performance by applying the typical FOC
method and the proposed FOC method. The
motor’s speed, torque, and xy-axis current val-
ues operate as required, strictly following the set
values, as shown in Figure 8(a, b, ¢), 9(a, b, c).
Figures 8(d), and 9(d) show that the magnetic
flux angle also changes direction when the mo-
tion reverses the direction of rotation. The typ-
ical FOC method still shows that the flux angle
is a nonlinear function. It is easy to see that the
rotor flux angle in the proposed FOC method is
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Fig. 6: Performance of typical FOC method at no-load
condition: (a) Reference and real rotor speed,
(b) Torque, (c) Current, (d) Rotor flux angle.

still limited to a limited range that the IM stable
motor operation.

Case study 3: The reference speed of IM
increases as a step function, in the first 0.5 sec-
onds the speed is zero, at 0.5 seconds the motor
speed is 200 rpm, after 1.5 seconds and 2.5 sec-
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Fig. 7: Performance of the proposed FOC method at
no-load condition: (a) Reference and real rotor
speed, (b) Torque, (c) Current, (d) Rotor flux
angle.

onds, the motor speed increases 400 rpm and 600
rpm respectively and kept at this speed until the
end of the process. Load torque is maintained
at 3 Nm. Figures 10 and 11 show the results
of the motor when the speed changes as a step
function. The IMD system both exhibits stable
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and reliable performance by applying the typi-
cal FOC method and the proposed FOC method.
Figures 10(a, b, ¢), 11(a, b, ¢) show the values of
speed, torque and xy axis current of the motor
operating as required. Figures 10(d) and 11(d)
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show different flux angles similar to study case
1.

The simulations illustrated the speed control
of the IM, demonstrating its response in three
specific situations. Simulation results confirm
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the stability and robustness of the proposed IM
control system. In the first case, the motor op-
eration is observed as a step change in both ref-
erence speed. The second case explores the IM’s
response to speed and torque reversals, and case
3 shows that the system remains stable when
speed is a step function.

5. Conclusions

This paper presents an improved method us-
ing a current model to estimate the rotor flux
based on the FOC strategy to control the mo-
tor speed. The effectiveness of this innovative
technique was confirmed using simulations per-
formed under various operating conditions, in-
cluding varying loads. A typical FOC method
is compared with a proposed FOC method us-
ing a current model (CMFOC), which produces
equivalent values of speed, torque, and current.
However, the proposed method has the rotor
flux angle varied within a specific range and has
demonstrated its effectiveness in simulation re-
sults. The main benefit of the proposed method
is reduced fluctuation amplitude and stable op-
eration. In addition, the rotor resistance of the
current model can significantly affect the accu-
racy of prediction and control. This problem
can be solved in the future by using intelligent
and flexible algorithms to adapt to fluctuations
in IM parameters and ensure stable system per-
formance.
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