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Abstract: Attempt has been made in previous works to improve the steady state and dynamic performances of the vector
controlled induction motor drives. The Input-output (I/O) linearization and decoupling technique which are based on the
concepts of differential geometry and vector control has been used in the decoupling of speed or torque from the flux of
induction motor drives. This paper investigates the effects of non-linearity on the performance of field oriented control of
induction motor drive at intermittent loading, Nonlinear control are better seen implemented in large dynamic systems
invoking non linearity. the effects of intermittent loading at no load, full, 10%, 20%, 50% and 80% loading where checked on
the speed and electromagnetic torque of the induction motor being controlled, stator current and rotor current were also
important parameters affected by non-linearity in control under intermittent loading. The results obtained gave a detailed
comparison of the distortions present in motor control when not properly controlled. A comparative study of the system under
loading conditions were checked under control for linear and non-linearity. Matlab/Simulink was used to model the induction
motor drive and also simulate the dynamic performance of the system as load is being varied. The robustness of
Matlab/Simulink was used to enable efficient intermittent loading at various points of the simulation, the data logout tool of
Matlab/Simulink were also used for data collection analysis and comparison.

Keywords: Intermittent Loading FOC, Induction Motor Drive, DQ Axis, Space Pulse Width Modulation

require encountering nonlinearities [1].

The main reasons for the growing interest in nonlinear
control include the improvement of linear control systems,
the analysis of hard nonlinearities; have to deal with model
uncertainties and simple construction [2]. Nonlinear
strategies improve on trivial approaches by accounting for
dynamic forces such as centripetal and Coriolis forces that
vary proportionally to the square of velocity. So the linear
control laws severely limit the speed of movement to achieve
a certain accuracy. However, a simple nonlinear controller
can adequately compensate for the nonlinear forces, thus
achieving high speed over a wide working range. Also hard
non-linearities such as dead zones; Hysteresis, Coulomb
friction, static friction, backlash and saturation do not allow a
linear approximation to real systems. After predicting these

1. Introduction

Real world systems are inherently non-linear, at least
when considered over a wide operating range, although
many of the systems are believed to behave as linear near a
certain operating point at low speeds under certain
assumptions. Many physical processes are represented by
nonlinear models. Examples include; Coulomb friction,
gravitation and electrostatic attraction, voltage-current
characteristics of most electronic systems, and drag on a
moving vehicle [1]. Recently, many researchers from fields
as broad as process control, biomedical engineering,
robotics, aircraft and spacecraft control have shown an
active interest in the design and analysis of nonlinear
control strategies. Therefore, most real problems inevitably
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nonlinearities, nonlinear approaches properly compensate for
them to achieve unmatched performance. In addition, real
systems often exhibit uncertainties in the model parameters,
as a result of sudden or slow change in the values of these
parameters. A non-linear controller can deal with the
consequences through robustness or adaptability model

uncertainties [3].
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Considering a manipulator with six (6) degrees of freedom
(DOF), the overperformance of a nonlinear strategy,
especially in the presence of a perturbation, is evident in
Figure 1, where a finite matched perturbation (Figure 1) is
injected into the manipulator and tracking performance
(Figure 1b) a non-linear approach of Sliding Mode Control
(SMC) is compared with a linear strategy, d. H. Computed
Torque Control with Proportional Integral Derivative (CTC -

The systems that are nonlinearly controllable or observable
may be controllable/observable

in a nonlinear sense.
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The non-applicability of superposition and homogeneity in
nonlinear systems leads to significant implications for the
analysis and design of the control systems [4]. The simple
relationship between the zero(s) and pole(s) of the transfer
function and the time behavior does not hold in general. An
unconstrained nonlinear system can have limit cycles that are
not speculated by linear theory. Controllability and
observability cannot simply be determined using rank tests.
Furthermore, the stability of a system is no longer just a
simple function of eigenvalue positions, as nonlinear systems
can have multiple stable/unstable equilibrium points.
Because of the relevance of nonlinear control in a wide range
of recent applications, this article includes a brief
commentary on the topic. Interested readers are encouraged
to refer to the original literature cited for fuller details.

Tioow (nuc)

Figure 1. Robustness comparison of linear and nonlinear control strategies (a) Disturbance (b) Tracking performance [2].

2. Nonlinear Dynamical Systems

Dynamics can be defined as a science of change, and
dynamical systems abound in nature [5]. These include the
movement of planets, the movement of liquids, the flow of
current in electrical circuits, heat dissipation in solids, the
propagation and acquisition of seismic waves, and the
increase and decrease in human or animal population.
Virtually all dynamical systems consist of: A set of
independent state variables that evolve over time and can be
used to fully describe the behavior of the system [6].

Nonlinear control systems include: robotics, ground
vehicles, propulsion systems, electrical power systems,
aerospace vehicles, autonomous vehicles, manufacturing
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processes, chemical and materials processing, all modern
control problems require it. Linearization of a drive
system with an induction motor with non-linear feedback
generally requires access to all state variables. Figure 2
summarizes the idea of system linearization using

nonlinear feedback. Combining nonlinear feedback with
the nonlinear model and then performing variable
transformations converts the highly nonlinear dynamic
system, such as an induction motor, into a linear object

[7].
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Figure 2. Linearization of dynamic system using non-linear feedback: m-driving function of the Linearized system; y-state variable of the Linearized system;
u-driving function of the non-linear system x — state variable of the non-linear system.

2.1. Nonlinear Adaptive Control Schemes

The most effective and advanced nonlinear control
schemes are the adaptive controls. The basic idea of an
adaptive controller is to estimate uncertain parameters and
tune the controller online to adapt to the dynamic situation
where the variations in the system parameters or the
environment are significant. Adaptive control grew in
popularity in the aerospace control community in the 1950s.
However, it lost its charm due to the lack of well-understood
stability tools and proper hardware. Another particular reason
for this loss of interest was the plane crash incident
controlled by an adaptive law [8]. Nevertheless, interest in
adaptive control has been revived, particularly in social
robotics due to its suitability for a highly nonlinear,
unstructured, and dynamic human environment compared to
controlled and well-ordered industrial workeells. In general,
there are two main types of adaptive control schemes viz. H.
Model Reference Adaptive Control (MRAC) (Figure 3) and
Self Tuning Adaptive Control (STAC) (Figure 4). In MRAC,
the adaptation mechanism estimates appropriate parameters
to make the system behave like the reference model. In
STAC, the slowly changing parameters or unknown constants
are optimized to minimize/maximize an objective function,
typically error minimization or efficiency maximization.

.
Mechanism for [**
> parameter
adjustment
Controller
parameters
\
Input
> . Plant or Output
Controller - o >
Control process
signal

Figure 3. Block diagram adaptive control [5].
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Figure 4. Self tuning adaptive control [5].

Adaptive controllers can use a dynamic model and
estimate the uncertain parameters (Lewis, 2003) or they can
be free of dynamic models. Model-based adaptive controllers
can be easily tuned and their performance is usually better, as
observed by Tety et al [8]. However, the dynamic model
becomes very cumbersome as the DOF increases. This can
lead to computational and communication problems, making
the implementation of dynamic model-based adaptive
schemes more difficult. Therefore, adaptive controllers
without dynamic models can be the best choice for a high
DOF plant since no dynamic model is required.

2.2. Non Linear Control of Induction Motors (IM)

This is widely used in industrial application due to its
robustness, size, efficiency, reliability and cost. Asynchronous
motors driven by static converters are generally used in
industrial applications because of its advances in power
electronics. On the other hand, the induction motor is a highly
non-linear system and requires a complex control algorithm.
One of these algorithms is called field oriented control (FOC)
or vector control algorithm. Vector control algorithms use
induction motor dynamic equivalent circuit and convert the
three-phase stator currents into two DC currents, then
calculation of the motor speed and torque are similar to DC
motor [9]. The vector control algorithm implements two
primary famous transforms, the first is called Clark transform
which transforms the three stator currents into two dc currents
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in a stationary frame (DQ) and then into two dc currents in any
rotating frame (dq) using Park transform [9].

3. Materials and Methods
3.1. Modeling the Three Phase Induction Motor

3.1.1. Mathematical Modeling of Three Phase Induction
Motor
Symmetric structure, three-phase balance and linearity of
rotor and stator magnetic core are assumed during any
derivation of dynamic modeling of IM. The modeling of IM is
usually derived from flux linkage, voltage and motion equations
in a synchronously rotating reference frame of stator and rotor.

3.1.2. D-Q Reference Frame

The d-q equivalent flux linkage, voltage and motion
equations can be easily achieved from space vector model by
the decoupling of the real and imaginary part of their
respective equations as shown in the following equations:

3.1.3. Voltage Equation in d-q-axis

aYgr
de

Vgr = RrIq‘r + +(w— wr)lpq‘r 4

Vgs , Vgs represents stator dq —axis voltages,
respectively, vy, , U, demonstrates rotor dq axis voltages.
Rotor and stator resistances are represented by R, andR,,
respectively. lyg, Iys and Iy, Iy, define the d-g-axis stator
and rotor currents, respectively. Ygs, Pus and Yur , Yor
represents stator and rotor d-g-axis flux linkages. w is the
speed of rotation of arbitrary reference frame and w, is
electrical speed of rotation [10].

3.1.4. Flux Linkage Equation in d-q-axis
The flux linkage equations in the respective d-q-axis
equivalent equations are described as:

Yas = Lsigs + Liplar (%)
Ygs = Lsigs + Liplqr (6)
Yar = Lylgr + Linias (7)
Yor = Lyiar + Linigs (8)

Rot tat -q-axi 1t i t f .
corr(e)sof)n d?rr;d ﬂlfxali(;rka (isqaarl:lss eg%ezg:ss' mferms o Ly, L, and L;; , L; are self-inductance and leakage
p £ £ p ' inductance of stator and rotor, respectively, while Lm
_ dpgs represents magnetizing inductances which are measured in
= Rl - 1
Vas = Rslas + =5 g M Henry (H). Moreover, Ly = Lig + L, and L, = Ly + Ly, .
Vgs = Rslgs + dlgqs + w4 (2)  3.1.5. d-q-axis Model of Stator and Rotor
¢ Substituting values of flux linkages in terms of inductances
dar i i :
Var = R, + d:l — (0 — 0 )Py (3) into voltage equations of stator and rotor, we have:
d . d .
Vas = Rslgs — wgs + Lis ¢ bds + Ly, it (as + Lar) ©)
d . d .
Vgs = Rslgs + 0as + Lis - lgs + L E(Iqs +igr) (10)
d . d ;
Var = Rylgy — ((1.) - wr)lpqr + Lir Eldr + Lma(lds + ldr) (11)
d . d .
Vgr = RrIq‘r + (0 — 0 )Par + Li‘rﬂlq‘r + Lma(lqs + lq‘r) (12)

Figure 5 shows the d-g-axis equivalent model of induction
motor.
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Figure 5. d-q-axis equivalent model of induction motor.

3.2. Non-linear Field Oriented Control

Non-linear field-oriented control based on rotor flux
linkages is the most popularly used method, because it
involves aligning the longitudinal and transverse axes of the
stationary frame with the rotor flux frame [11]. Therefore,
unit vectors are often used to transform the variables from a
stationary frame to a synchronous frame. In this method,
these unit vectors are generated in a rapid feed-forward
manner, which is derived as follows: The rotor fluxes in the
direct and quadrature axes are written as

dar Ry Lm ;
d—: + Elpd‘r - :erds - (we - a)r)l,bqr =0 (13)

AYgr | Rr Lm p -
—Ir 4+ Elpqr - L_TRquS - (we - wr)lpdr =0 (14)

For decoupling control,

Por =0 (15)
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And hence

Agr
dat

=0

(16)

So the entire flux is directed along d-axis. Substituting
equation (16) and (17) in equation (13) and (14) we get,

LmRy .
(we —we) = Dty as (17
wgt = (W, — wy) (18)

If rotor flux 1, is constant, then Py = g,
Hence slip speed can be calculated from q — axis
reference current and rotor reference flux as follows:

LmRy .4

Wet = — 1
St gL,

(19)

The synchronous reference frame speed is the addition of
the angular slip speed and the angular rotor speed which can

Flux
Calculation

PID Controller4

be given by equation (20)
w, = (g + wy) (20)

The wunit vector is generated by
synchronous frame reference speed as

integrating the

gesze dt @D

The controller scheme for field-oriented control can be
implemented in Matlab/Simulink as shown in Figure 6, the
control scheme requires three PI controllers, one to control
torque and speed, the second to control d-q components of
flux and rotation angle 6, the field-oriented control
scheme is similar to the vector control scheme in that it
calculates the steady-state reference components d and q
of the motor's torque and speed before conversion to the
abc rotary frame [12].

PID Controller2

lg*

calculation

Theta

Calculation

Figure 6. Simulink implementation of the field oriented controller.

The simulink implementation of the subsystem the flux calculation is shown in figure 7, the implementation of the flux

calculation is as given from equations (5) to (8).

flux calculation

<

a

@
A4
b 4

shi_gs

shi_dr

shi_gr

I_ar Rr

Figure 7. Simulink implementation of flux calculation in the FOC.

The d and q component calculation subsystem from figure can be implemented as shown in figure 8 and figure 9, the

simulink implementation is as given from equation (5) to (12).
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Figure 8. Simulink implementation of d component estimation.
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Figure 9. Simulink implementation of ¢ component estimation.
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Figure 10. Overall control diagram of the nonlinear FOC scheme.
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3.3. The Non Linear FOC Scheme

The indirect field-oriented control scheme has been
explained in Figure 10. The three-phase currents i,, i;, and i,
are fed to the Clarkes transform module. The outputs of the
transformation are denoted as ij; and ig; . These two
components of the current are the inputs to the Park
transform that provides the current in the (d,q) rotating
reference frame. The components i;; and i4s are compared to
the references igs (the flux reference) and igzg (the torque
reference). hence the rotor flux is fixed in synchronous
permanent magnet motors, there is no need for flux
generation [13]. The outputs of the current controllers are
VisandVj,; they are applied to the inverse Park transform.
The outputs of this projection are V7 * andVj, which are
the components of the stator vector voltage in the stationary
orthogonal frame of reference. These are the inputs to the
Space Vector PWM. The voltage source inverter makes use
of the space vector pulse width modulation technique due to
the known advantages of better utilization of the DC bus
voltage, reduced harmonic currents and considerable freedom
in the placement of the space vector in a sector through the
choice of switching frequency. The outputs of this block are
the signals that drive the inverter. The space vector pulse
width modulation scheme will be clearly explained in the
next sections. It is important to know that both park and
inverse park transforms require the rotor angle 8,. Figure 10
describes the overall nonlinear FOC scheme.

3.4. Space Vector Pulse Width Modulation

The space vector pulse width modulation (SVPWM)
technique is a better technique for pulse width modulation
voltage source inverters because it gives an output with less
harmonic distortion. In this technique, phase voltages are
represented as a space vector model and the inverter switches
between two adjacent active vectors and a zero vector during

Field Oriented Contj

From17 I Scope

rad/s to rpm

Reverse Park  gpace vector PWM

Goto10

Forward Park

Forward Clark

a switching period [14]. There are eight possible states
associated with a reference vector and in order to achieve a
rotating field, the inverter must be switched to six of the eight
states. The other two states are zero vectors. In Figure 11, the
angle between any two vectors is 60°. In the notation
describing the states of the three-phase inverter (shown in
Figure 11), this depends on the on and off state of the
transistor. For example, the state when transistors T1, T4, T5
are on and T2, T3, T6 are off can be shown with the notation
(+-1) [15]. The line-to-neutral voltages can be converted into
a space vector from equation (22).

Ugo(+,+,-)

5 section de b

UODO(_' = _)

Upa(++,4)

a
H

Uyzo(=+-) 1sedtion
i Uo(+,—-)

UISO(_' + +)

4 section
2 section

Usgo(—++)

Uspo(+,—+)

6 section

Figure 11. Representation of an inverter state in reference frame. [15].

. 3 2
Us = Van(£)e7® + Vi ()e’2 + V(e ™3 (22)

Where the components are of angles (0, %,%n)

The overall nonlinear FOC control of an induction motor is
shown as designed in Matlab/simulink is shown in figure 12.

]

TORQUE

|-

)

Three Phase
Inverter

Induction Motor

<Stator current is_a @)>
2e6W /690 V

<Stator current is_b )>

<Stator current is_|c @)>
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’ <Rotor speed |(wm)>
zctmmagnetic torque Te N'm)>
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Figure 12. Overall simulink implementation of the nonlinear FOC for an induction motor.
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4. Results and Discussions

4.1. Dynamic Performance of Linear and Non Linear FOC
Under Intermittent Loading

In order to avoid large increase in the torque produced, the
following motor parameters in table 1 will be used to analyze
the dynamic performance of the induction motor drive under
the control of linear and nonlinear FOC.

Table 1. Motor parameters for dynamic analysis of induction motor drive.

Parameters Parameters Values
Stator resistance lohm
Rotor resistance 5.230hms
Kp 0.3

Ki <0.1

At a constant Kp and Ki value, the performance of the
linear and nonlinear field oriented control of torque, rotor
speed and current can be analyzed using a dynamic

evaluation by variation of load as the simulation runs to
understand the performance of the system, non linearity in
FOC leads to faster response of systems under control.

In field oriented control of the DC motor system, the d-q
reference frame are locked to the rotor flux vector and are
employed to achieve decoupling between the DC motor flux
and the torque unlike other control schemes, non linear FOC
control provides more precision for load torque control and
uses sensors for the speed control of the rotor and magnetic
flux to provide data for the FOC algorithms [14].

Figure 13 compares the linear and non linear FOC of the
electromagnetic torque, three things can be observed.

Non linear FOC reduces the overshoot in control, unlike
the linear controller.

There is reduction in torque distortions even when torque
load is increased when using the non linear controller
(reduced steady state error).

The non linear control shows a better and faster response
the intermittent loading as compared to the linear control.

Load variation
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| | | | |
| | | | | 60
| | | | |
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Time(s)

Figure 13. Dynamic performance of torque at intermittent loading.

The distortion in response of the linear is as a results of
linear controller struggling to cope with stringent dynamic
requirements of non linear systems, from the speed control in
figure 14, it can be seen that non linear FOC shows better
performance and robustness in control of the rotor speed, also
the response of the system to the non linear control is quicker
and better.

4.2. Stator and Rotor Current Performances Under
Intermittent Loading

Figures 15 and 16 shows the stator and rotor current
dynamic performance at intermittent loading, it can be seen
that as the torque load is increased, both stator and rotor

currents keep increasing until the load is dropped back to no
load, the linear controller show large distortion in its
performances at the start of the simulation i.e no load, but
this high current distortion are reduced during start of
simulation by using the non linear controller, in real time
analysis this large start up currents could cause high surges
that can blow up appliances during usage.

Figures 17 and 18 shows the dynamic performance of the
current components of the rotor and stator of the induction
motor, the plots show that there is increase in current values
as torque load increases for both nonlinear and linear control,
but there is much distortion in control using linear FOC, and
this distortions are highest at the start of the simulation [16].
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Figure 17. Control of rotor current components under intermittent loading.
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Figure 18. Control of rotor current components at intermittent loading.

5. Conclusion

The effect of intermittent loading on the dynamic
performance of linear and non linear FOC on induction
motor has been implemented. The FOC control scheme has
been implemented using the PWM technique to reduce
harmonic current responsible for distortion in the system.
Comparison has been done for both the linear and non linear
control action on intermittent loading and it can be seen that
on dynamic intermittent loading the nonlinear FOC reduces
distortion and gives a better performance to the control of
induction motor, the results presented includes the effect of
intermittent loading on load torque, speed and current
component, any ripple in DC motor speed and
electromechanical torque are due to abrupt changes in
reference speed.
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