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Abstract. The paper presents an improvement in es-
timating the rotor flux angle using the voltage model of
the field-oriented control (FOC) technique in the induc-
tion motor speed control. The voltage model uses the
inputs including the stator voltage and current signals
to estimate the rotor flux angle for FOC method. How-
ever, the inaccuracy of the stator resistance value can
affect the estimation of the rotor flux angle, leading to
a decline in the performance of the control method. An
adaptive tuning method based on the machine model is
used to estimate the stator resistance to enhance the
accuracy of the rotor flur angle in the FOC method.
Simulations of the induction motor drive (IMD) op-
erating in the case of stator resistance changing will
be performed to verify the effectiveness of the proposed
method.
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1. Introduction

Today, most of the conversion of electrical energy in-
tomechanical energy is employed through the transfor-
mation of the actual drive, with the electric motor play-
ing a central role. Most electric motors operate based
on electromagnetic interaction to provide the electrical
torque on the motor shaft. Electric motors can be di-
vided into three main groups: DC motors, synchronous
motors, and induction motors. DC motors have the
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advantage of large torque and easy speed control, but
their commutator structure generates loud noise and
fire sparks during operation [1,/2]. Synchronous mo-
tors have the advantage of speed being stable and
consistent with the electrical source frequency; how-
ever, the configuration is complex [3,/4], and the cost
is high, especially the synchronous motors using per-
manent magnets being sensitive to high temperature.
With the advantages of size, performance, and dura-
bility, three-phase induction motors are the industry’s
most widely used type of motor [5,6]. Corresponding
to the strong development of power electronics technol-
ogy, modern control algorithms are increasingly widely
applied in the speed control of IMDs. Control algo-
rithms based on appropriate hardware configuration
are used for various control requirements, mainly in-
cluding two branches: scalar control (SC) and vector
control (VC). SC is primarily applied to applications
that require medium-level precision speed control |7,8|.
In contrast, FOC, a typical method belonging to the
VC group, is preferred for use in applications requiring
high precision [9,/10]. This study’s objective focuses
on improving the performance of the FOC method in
precise speed control.

The process of controlling the speed of the motor
is the result of electromagnetic interaction to generate
an appropriate electric torque to the load torque at
the operation point. The electric torque is determined
through the combination of magnetic field and elec-
tric current factors according to the particular char-
acteristics of each motor type. In separately excited
DC motors, torque control can be performed simply
due to the independence between the magnetic field
and armature current on the rotor. On the contrary,
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Fig. 1: Current space vector separation in the FOC technique.

the electromagnetic relationship in an IM is nonlinear;
hence, the typical methods make it difficult to con-
trol the electromagnetic quantities independently. To
overcome the control complexity due to the nonlinear
configuration of IM, space vector control techniques,
typically the FOC method, are researched and applied
to speed control applications. The FOC method based
on the space current vector pretends to the principle
of separate excited DC motors to control the flux and
torque-current factors independently [11412]. The FOC
method converts stator currents in the real-time do-
main into current space vectors based on Clarke and
Park transformations [13}14].

The current space vector is decomposed into two per-
pendicular components, including the x-axis compo-
nent coincident with the rotor flux vector to maintain
the rated value of the flux and the y-axis component
to adapt the electrical torque [15,/16], shown in Fig.
According to the principle of the FOC technique, the
rotor flux angle plays a core role in orienting the current
space vector during motor speed control. Two main
methods for determining the rotor flux angle are di-
rect field-oriented control (DFOC) and indirect fieldori-
ented control (IFOC). DFOC uses sensors to measure
the magnetic flux vector position, while IFOC uses es-
timation techniques to determine the magnetic flux po-
sition [17[18]. Due to cost, structure, and performance
advantages, the IFOC group is the preferred choice in
applying FOC control techniques. Two main types of
models are mainly used for rotor flux estimation, in-
cluding a current model and a voltage model [19H21].
In [22,23], the current model, which is sensitive to the
rotor resistance parameter [24125], uses the stator cur-
rent and rotor speed signals to determine the rotor flux
angle. In contrast, the voltage model, which is sensi-
tive to the stator resistance parameter [26,27], uses
the voltage and current signals for the rotor flux esti-
mation [2§].

Remark 1: During operation, the temperature mo-
tor will increase high, directly affecting the resistance
value, while the inductances are mainly affected by the

(© 2024 ADVANCES IN ELECTRICAL AND ELECTRONIC ENGINEERING

structure and material that is less affected directly by
temperature, so it can be ignored in the estimation.

This research proposes an improved voltage model
in the FOC method by integrating stator resistance
tuning into the rotor flux estimation. The content of
the proposed method is described in the second part.
In the third part, the operations of IMD based on the
FOC method are simulated in the Matlab/Simulink,
and the performance of the proposed method is evalu-
ated through the Integral time absolute error (ITAE)
index [29]. Conclusions and discussions for future re-
search are presented in the final part.

2.  Proposed FOC Method

Applied Voltage Model
Integrating Stator
Resistance Tuning

Part two includes the general control structure of the
drive system applying the FOC control technique for
speed control, the axis transformation methods used
for space vector, and the rotor flux estimation method
in the voltage model.

2.1. The field-oriented control

(FOC) structure in the IMD

The general structure of a motor drive that applies
inverter technology to control speed includes four main
parts: motor connecting load, controller, inverter, and
sensors, as shown in Fig. [2] Depending on various
techniques, the controller generates pulses to switch
the inverter to provide voltage to the motor to meet
control requirements.

In the FOC technique, the controller will transform
electrical quantities in the time domain into space vec-
tors in the stationary coordinate system [a/3] and rotat-
ing coordinate [zy]. The transformations of the space
vector from the time domain to stationary and rotat-
ing coordinates follow the Clarke transformation in Eq.
and the Park transformation in Eq.

Xol [ 1 0 Xa

cld AR e
Xa| [ (cosy) (sin7) Xa

lXJ o [ (—siny) (cosv) } ) lXB] ’ (2)

With: ”+”: rotor flux angle, the ” X;” components of
the electrical quantities, including voltage and current,
according to coordinate systems. The FOC method
uses the rotating coordinate system [xy| to separate
the stator current into two perpendicular components,
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Fig. 3: FOC structure in the IMD.

"isx” is used to control the rotor flux, "i,,” corresponds
to the electric torque component for controlling the
motor speed. The structure of the FOC method in the
form of a block diagram is presented in Fig. [3]

2.2. Proposed voltage model

integrating resistance tuning

The voltage model receives current and voltage quan-
tities as the inputs to estimate the rotor flux vector,
where the voltage signal is modulated from the switch-
ing pulses and voltage DC-link according to |30]. The
components of the rotor flux vector in the [af] coor-
dinate system is estimated as Eq. , Eq. . The
magnitude and angle of the rotor flux vector can be
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Fig. 4: The stator resistance estimation based on MRAS.

determined by Eq. , Eq. @

L, L,L,—L?
T"/(;M = Lo |:/ (Usa - Rsisa) dt — eriga:| ,
3)
L | Lalo— 12
7‘“/BM = L. {/ (usg — Rsisa) dt — srLTZsB] )

2
Yr = vy = \/(?ﬂYaMf + ( ,‘%M) )
wyM
vy = arctg (wVBM> .

In , the motor parameters: L;/L,/L,, are sta-
tor/rotor/magnetizing inductances, and ” R,” is stator
resistance. Inductance parameters change little and
are almost stable during operation, while resistance pa-
rameters due to material factors will vary due to the
influence of temperature during operating conditions.

The parameter ” R,” is estimated using the Model
Reference Adaptive System (MRAS) technique to in-
crease the accuracy of the rotor flux estimation method
using the voltage model. The MRAS includes two mod-
els: a reference model and an adaptive model; these
two models are used to generate the same type of sig-
nal, and then the comparison algorithm is applied to
determine deviation for estimating the required param-
eters. The Block structure based on the MRAS tech-
nique is shown in Fig. [

The voltage model is used as the Adaptive model by
replacing ” Rs” in Eq. and Eq. with "Rs_cs”.

The current model is used as the Reference model to
calculate the rotor flux, as in Eq. , Eq. , Eq. @D

L 1
CM __ m . CM CM
ro _/ {TTZM—TTﬂ’m _pwm’lprﬁ :|dta (7)

|:Lm. . 1

CM __ ~m -
1;& - Tr 158 Tr

rB

Yr—cm = \/W%M)Q + ( SBM)Q’

YEM — pwmwﬁ,M] at, (8)

9)
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Remark 2: The Integration-controller should use
the limitation to remove the drift of DC component on
the estimation the rotor fluz of the models [19].

The deviation of the rotor flux between the two mod-
els f(e) = e.is is corrected through the PI stage to es-
timate the stator resistance value, as in Eq. , Eq.
iui!

(10)
(11)

e= (Yr—vm —Yr—cm),

Revet = Ky f (€) + K / £(e) dt.

The performance of the proposed method is evalu-
ated through the ITAE index for the deviation between
the actual and the reference speed during operation
time, as in Eq. . To minimize the influence of the
transient process. The ITAE index will be evaluated
during a period corresponding to 6 seconds.

ITARE = / tlewm (t)] dt, (12)
0

With: egm(t) = wp — wi

m

3. Results and Discussion

The performance of the IMD system is simulated corre-
sponding to three cases of stator resistance changes in-
cluding: ramp function, step function, and multi-ramp
function. The three-phase induction motor model is
built on the actual motor model corresponding to the
basic parameters presented in Appendix [A]

The IM is set to increase the ref speed from zero
to 150 rpm (corresponding to 10 of rated speed) in a
period of 0.5 s and then maintain operation at this
speed. Three resistance change cases are investigated
with two FOC methods without integration and with
an integrated stator resistance estimator for rotor flux
angle calculation.

Case 1: The motor’s stator resistance is kept at the
initial value of 3.179 Q. At 1.5 s, the motor stator re-
sistance increases in a ramp function to a value 20%
higher in a period of 0.5 s, while the value used to
estimate the rotor flux remains the initial value, Fig.
In the typical FOC method, the determination
of the rotor flux angle will be inaccurate, leading to a
slight fluctuation in the speed characteristic, Fig.
The ITAE index determines the deviation between the
actual operating speed and the reference speed, which
in this case is 0.3225. In the FOC method integrat-
ing stator resistance estimation for the voltage model,
the stator resistance is estimated following the actual
resistance change in the motor, Fig. The speed
control characteristic of the proposed method operates
stably and achieves high efficiency, Fig. the ITAE

(© 2024 ADVANCES IN ELECTRICAL AND ELECTRONIC ENGINEERING

index is smaller than the typical FOC method, with a
value of 0.1150. Evaluation of the speed control effi-
ciency through the ITAE index of the typical FOC and
FOC integrated stator resistance methods is shown in
Tab. [

Tab. 1: ITAE index.

R, Typical FOC | Proposed FOC
+10% 0.2481 0.1153
+20% 0.3225 0.1150
+30% 0.3820 0.1168
+40% 0.4211 0.1185
+50% 0.4894 0.1224

Case 2: In reality, when there is current, the sta-
tor coil will gradually heat up, leading to a change
in resistance according to the material characteristics.
However, to test the ability of the proposed method
for estimating the stator resistance, a sudden change
of the stator resistance as a step function is used to sim-
ulate. Similar to case 1, at 1.5 s, the stator resistance
increases in a step function to a value 20% higher, Fig.
In a typical FOC method, due to a sudden in-
crease in stator resistance, the rotor flux angle changes
suddenly, leading to a strong fluctuation in the speed
characteristics before stabilizing again, Fig. In
the proposed FOC method integrating stator resistance
estimation, the value of estimated stator resistance fol-
lows the actual resistance change in the motor, Fig.
The speed control characteristic of the proposed
method still keep the stable operating, Fig. Be-
cause the oscillation during the transient state is high,
the ITAE index is not suitable for evaluation in this
case.

Case 3: To evaluate the ability of the proposed
method’s stator resistance estimation function, a
multi-ramp change of stator values corresponding to
an increase of 10%, 30% and 50% over a period of 0.2
s are simulated for performance evaluation, Fig. |7(a)
The IMD operates with some slight fluctuation as in
Fig. In Fig. the estimated stator resistance
follows the real resistance according to multi-changing.
The IMD operates stably throughout operation despite
changes in stator resistance of the motor, Fig.

4. Conclusion

The FOC method is a popular method in precision mo-
tor control, in which accurate estimation of the rotor
flux angle plays a decisive role in the performance of
the method. This research has proposed a strategy to
improve the accuracy of the rotor flux estimation in the
voltage model by integrating the stator resistance tun-
ing. Research has shown the effects of stator resistance
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misalignment on the speed characteristics of the IMD. References

The stator resistance estimation method based on the
MRAS technique has demonstrated success through
the estimated resistance values following the change
in the actual resistance of the motor. And the per-
formance improvement of the proposed FOC method
when integrated with stator resistance estimation has
been shown in various simulation cases.
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Appendix A The Basic Machine
Parameters

e Resistances: stator/rotor — 3.179/2.118 €2,
e Inductances: stator/rotor — 0.209/0.209 H,
e Inductances magnetizing — 0.192 H,

e Rated voltage: 380 V,

e Rated current: 4.85 A,

e Rated speed: 1420 rpm,

e Rated torque: 14.8 N.
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