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Abstract

A practical scheme for induction motor modelling and speed control based on field
oriented control is presented in this paper. Simplified model of the induction motor is
constructed for simulations, which is time-saving and very suitable for controller design in
Matlab/Simulink. Actual rotor speed signal is measured to modify the original rotor flux
observer, which cannot perform well at low speeds, and conventional proportional-integral
controllers are used in both speed and current loops for a desired speed. Comparative
simulations and experimental results demonstrate the effectiveness of the proposed scheme,
and the induction motor performs well at both high and low speeds.

Keywords: induction motor; speed control; rotor flux observer; field oriented control;
simulation model.

1. Introduction

In modern industry, the majority of industrial applications use induction motors due
to their high reliability, high efficiency and low prices [1]. Typical applications are
robots, manufacturing automation, automobiles and so on [2, 3]. However, the control
of induction motors is a challenging task because of their complex mathematical
models, coupled torque and flux, and nonlinear behavior influenced by the working
environment, such as external disturbances and parameter variations[4, 5].

Field oriented control (FOC), also called vector control, is the most widely used
alternating current (AC) machine control method in high performance industrial
applications [6]. FOC of an induction motor provides the decoupling between the torque
and flux in the similar way as in a direct current (DC) machine. However, as the key
component in FOC, the rotor flux is usually estimated by a flux observer, which
requires accurate motor model [7]. Any parameter variation will lead to flux estimation
error, and therefore the control performance decreases [8].

There are many types of flux estimate models, which usually are classified in terms
of the input signals used, such as current model and voltage model observers [9, 10].
Since these flux models are very sensitive to motor parameters changes, advanced
observer technique and adaptive control algorithm can be used [11]. An adaptive sliding
rotor-flux observer was presented in [12], which was provided with an adaptive
mechanism of rotor resistance. Simple and effective design criteria of rotor flux
reduced-order observers for induction motors were proposed in [13], and a sensitivity
analysis was carried out in the presence of variations of all the motor parameters.
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Numerous methods for induction machine online and offline parameter estimation
were reviewed in [14], and parameter sensitivity analyses of full-order flux observers
were given in [15]. Online estimation of states and parameters of an induction motor
with Kalman filter was presented in [16], and a suitable methodology was proposed to
ensure a good level of estimation accuracy. Parallel identification schemes for both
speed and stator resistance were implemented in [17], and a sliding-mode current
observer was combined with Popov’s hyperstability theory in the estimation algorithm.

In most cases, the motor speed is the important variable, which usually needs to be
maintained at a given constant, no matter whether the disturbance exists. Therefore,
more and more advanced speed controllers based on modern control theory have been
applied to induction motors, such as optimal control, adaptive control, variable
structure control, neural network control and so on [18]. A synthesized method for
speed control of induction motors based on optimal preview control system theory was
implemented in [19]. A robust output feedback controller based on sliding modes and
indirect adaptive control can be also applied to induction motor speed control, which
has remarkable stability properties and offers a straightforward and intuitive tuning of
its parameters [20].

In consideration of the possibility of existing speed sensor noise, maintenance and
cost, the trend is to substitute computational solutions for speed sensors. Various speed
sensorless controllers of induction motors have been researched, which can operate in a
wide speed region [21].

A practical scheme for induction motor modelling and speed control is presented in
this paper. Since the operating efficiency of the original asynchronous machine model
in Matlab/Simulink software is not very high, a simple and efficient model of the
induction motor has been constructed for simulation. Proportional-integral (PI) speed
controller together with a modified rotor flux observer (MRFO) is implemented for both
high and low speed operation. Comparative simulation and experimental results indicate
the effectiveness of the proposed scheme.

2. Mathematical Model of the Induction Motor

The equivalent mathematical model of the induction motor in a two-phase stationary
reference frame (a-B), under assumptions of linear magnetic circuits and balanced
operating conditions, is presented as the following.

Phase voltage equations are

Usg = Ry “lsq +dgg, /0t

Usg = Ry i +dogg /dt

Urg =Ry iy + O +dgy, /dt ,
Up =R irg — @ - g +d¢rﬁ/dt

1)

where (R, R/) represent the stator resistance and rotor resistance. (Usq, Usg), (isq, Isp) and (@,
osp) are the stator voltages, currents and fluxes respectively. (Urq, Urg), (iro Irg) aNd (@, @1p)
are the rotor voltages, currents and fluxes respectively. ay is the electrical rotor speed.

The flux equations are
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Pso. = Ls sq + L "l

Psp = Ls 'isﬁ + Lm 'irB @)

Pra = Ly g + L “lsy

@ =Ly -l + Lin -isp
where L, is the mutual inductance, Ls and L, are the total stator and rotor inductances, which

are the sums of the mutual inductance and leakage inductances (L, L) respectively.
Torque and motion equations are

Te=p (g5 'isB — @5 “Asg)

9 L -Th-Fw) 3)
a J ¢ " ’
Oy = pa)

where T, is the electromagnetic torque, p is the number of pole pairs, wis the

mechanical rotor speed, T, is the shaft mechanical torque, J is the load inertia and F is

the viscous friction coefficient.
It can be seen from equations (1)-(3) that the induction motor is a highly coupled,
nonlinear and complex system.

3. Scheme for Induction Motor Modelling and Speed Control

3.1. Modelling details

According to equations (1)-(3), simulation model of induction motors in
Matlab/Simulink can be constructed as follows. Total topology of the model is shown in
Figure 1.
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Figure 1. Total topology of the induction motor model

On the basis of following equations
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Ls = Ls + L
LI’ :|_—|I’ + Lm - , (4)
Pma = I-m : (Isa + Ira)
Pmp = L '(isﬁ + irB)
equation (2) can be rewritten as
Psq = Lis *Is + Pmo
Psp = Lis 'isB + Omp
Pra = Lir “irq T Pma
O = Ly ‘irB + Omp
®)

z[@Jr&]'

I—Is, I—Ir
[1 1 1] ((05[3 (/’rﬁj

Pmp - —_—t—t— = —+—
I—Is I—m I-Ir Lls I—Ir

Therefore, the stator and rotor dynamics are modelled in Figure 2.
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Figure 2. Dynamic model of induction motors (a) Stator (b) Rotor
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Other modules in the induction motor model, such as the torque generation,
mechanics, and mutual fluxes modules, are very simple to construct based on equations
(3) and (5).

3.2. Speed control system design

The practical speed control system of the induction motor is illustrated in Figure 3,
which consists of rotor flux observer, current and speed loops.
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I controller d controller
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Figure 3. Practical speed control system of the induction motor

The rotor flux observer is modified based on [22], the goal of which is to provide
actual rotor flux angle for Park transformation. The MRFO in stationary reference
frame can be discretized as follows.

() =l (k-1 4T (Lm R -@(k)—%-wmk—1)—wr(k)-wiﬁ(k—1>j
r r , 6
LR R, ©

wﬁﬁ(k)=wﬁﬁ<k—1)+T( -isB(k)—r-wﬁﬁ(k—1)+wr(k>-wﬁa(k—1)]

r r

where k represents the kth sampling instant; (k - 1) represents the (k - 1)th sampling
instant; T is the sampling period; (yxﬁa, 1//;[3) are stationary a-axis and p-axis rotor

fluxes in current model.
Since the current model cannot work very well at higher speed, the voltage model of
the rotor flux is presented to guarantee better accuracy:

W (K) = —(%:"Lmj g (K) + LL—;-W:(,«)

L—Ly-L L ’ ")
W (K) =—[w]-gﬁ )+ v ()

Lm m
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where (., W) are stationary a-axis and g-axis rotor fluxes in voltage model, (g,

!//s\fs) are stationary a-axis and p-axis stator fluxes, which are discretized by using
trapezoidal approximation as

w;,(k)=w:a(k—1)+%-[em(k)+em(k—1>]

T
wsvg(k)=wsvs(k—1)+§-[esg(k)+esﬁ(k—1)], (8)
€0 (K) = Usy (K) = Rs -5, (K) + Ugomp, ra (K)
esB (k) =Usp (k) -Rs- isB (k) + Ucomp, rp (k)

where (e, , &g ) are the back electromotive forces, ( Ucomp rq » Ucomp, p ) are the

compensation voltages designed by the PI controller, which are given as follows:

Ucom, ra (K) = Kp - 9k (k) = 972 (K) | + Ucomp, 1 (K =1)
Ucomp, 5 (K) = Ko - i (K) = (K) |+ Ueomp, s, i (k1)
Usomp, a1 (K) = Uoomp, a1 (6 =)+ Ky T [k ()~ pa (k) |
Ucom, 5, () = Ucomp, 1. 1 (K =)+ Ky T+ yrfp (K) =y ()|

where Ugomp, r, i (K—1) and Ucomp, rp,i(k —1) are integral components, Kp and K, are the

proportional and integral gains respectively.
Therefore, the rotor flux angle 6, is finally computed as

O, (k) =tan™" [%J : (10)

Well-tuned PI controllers are used in speed and current loops respectively. Here,
classical Pl controller is adopted which can be designed as follows.

e(k) = yq (k) - y(k)

u(k) =K -e(k) + K; -ie(j)-T
i=1

9)

’ (11)

where y, is the desired speed or current, y is the actual speed or current, e is the error
between desired and actual values, K, and K; are controller parameters, and u is the
control input.

4. Comparative Simulations

4.1. Modelling comparisons

To indicate the correctness of the constructed induction motor model, comparative
simulations with the original asynchronous machine block in Matlab/Simulink are
illustrated in Figure 4. The given stator voltages are ug, =375sin(120~zt +0.57) (V) and

Usg = 375sin(1207t) (V) . Parameter values of the induction motor are given in Table 1.
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Figure 4. Comparative simulations between the constructed induction motor
model and the original block

Table 1. Parameter values of the induction motor

Items Values

Stator resistance (Rs) 11.050Q

Rotor resistance (R,) 6.11Q

Mutual inductance (L) 0.293939 H
Stator inductance (L) 0.316423 H
Rotor inductance (L;) 0.316423 H
Number of pole pairs (p) 2

Load inertia (J) 0.0006 kg-m?

Viscous friction coefficient (F) 0.0008 (N -m)/(rad/s)

It can be seen from Figure 4 that two rotor speeds coincide with each other very well,
which indicates that these two models are the same. Moreover, running the constructed
induction motor model in Matlab/Simulink is time-saving when compared with the
original one, which is very suitable for controller design.

4.2. Control system comparisons

The performance of the proposed scheme for controlling induction motors will be
tested in comparison with another rotor flux observer, in which the rotor speed signal is
not used. The following two control systems are compared in detail.

(1) PI + MRFO: the same as that described in Section 3.2.

(2) PI + RFO: differences between these two observers are the signal used and the
compensation voltage calculation method. In MRFO, the measured speed signal and
rotor flux modelling error are used, while in RFO, the stator flux modelling error is
used without speed signal. The stationary a-axis and g-axis stator fluxes in the voltage

model (g, , 'VSVB) are expressed in equation (8). In the current model, the stator flux is
given as
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wéa(k)=(%j-im(k)+t—m-w£a(k)
; L —rL L |_r . 12
w;B(k)=[%“L—Mj-isﬁ(k)+L—T~w;B(k)
(wia, wis) are established from
V1o (K) =975 (K) - cOS(8, (K)) @)

Wi (k) = w8 (K)-sin(B,r (K))

where 7 (k) is the total rotor flux linkage which is aligned into the d-axis in
synchronously rotating reference frame. The oriented rotor flux dynamics are

ey = — ek R T e
m(k)—[LﬁRrTjwr(k 1>+(Lr+Rr.T] (k). (14)

where i is the d-axis stator current in synchronously rotating reference frame.

According to the tuning methods presented in [23], final controller parameter values
are determined by trial and error. PI gains in the speed loop are K, = 2, K; = 0.002, T =
0.0001, and PI gains in the current loop are K, = 1, K; = 0.025, T = 0.0001. In addition,
Pl gains in the rotor flux observer are Kp = 2.8, K, = 6.2, and the sampling period T is
0.0001 s.

Desired speeds are given as 1080 r/min, 1800 r/min, 72 r/min, and 3.6 r/min
respectively to test the controller performance at both high and low speeds.
Comparative simulation results between the two aforementioned controllers are
illustrated in Figure 5.
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Figure 5. Comparative simulation results at different speeds

It can be seen from Figure 5 that both controllers perform well at high speeds. There
is a relative big tracking error at low speeds in the RFO based control system, while
MRFO based control system can achieve good performance at both high and low
speeds.
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5. Experimental Results

5.1. Experimental setup

To test the performance of the proposed scheme in practice, experiments were carried
out on an induction motor with the same parameters given in Table 1. Experimental
setup of the induction motor control system is shown in Figure 6, which is based on a
high voltage motor control developers kit produced by Texas Instruments Company.
Sampling periods of current and position loops are both 0.0001 s. Experimental data are
captured for display and analysis via a graph tool in the code composer studio (CCS).
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Figure 6. Experimental setup of the induction motor control system (a)
Actual (b) Schematic

5.2. Results and discussion
Experimental results are given in Figure 7.
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Figure 7. Experimental results at different speeds

It can be seen from Figure 7 that the induction motor tracks the desired speeds well
in a wide range, which demonstrates the effectiveness of the proposed scheme. Step
response in experimental results is not as fast as that in simulations due to the actual
complex system and unmodelled dynamics. Moreover, a small overshoot exists at the
beginning of the step response curve owing to the simple motion controller.

6. Conclusions

Simplified models and speed control of induction motors based on modified rotor
flux observer are explored in this paper. Simulations based on simplified models of
induction motors are very time-saving, which benefit the controller design especially.
Furthermore, actual rotor speed signal is used in the rotor flux observer to obtain
excellent performance at both high and low speeds. The limitation of this method is that
the rotor speed must be measured for rotor flux observer and speed control, so it is not
suitable for sensorless system. Comparative simulations and experimental results
indicate the effectiveness of the proposed scheme, and the induction motor can realize
the desired motion well. Consequently, the simplified model and modified rotor flux
observer provide a new practical solution for high-performance speed control of
induction motors. In future work, advanced motion control algorithms can be combined
with the MRFO to achieve better performance.
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