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Abstract: A mathematical model of induction motor (IM) based on the second Kirchhoff’s law with
Maxwell’s equation taken into account has been developed. A mathematical model of a three-phase
induction motor with a short-circuited rotor in phase axes without taking into account the saturation
of the magnetic circuit and the losses in steel has been elaborated. A nonlinear model of asynchronous
motor in the state space in the rotating system (d-g) of coordinates synchronized with the stator flux
and a simulation model of IM in MatLab/Simulink software, with the possibility of setting angular
velocity of rotation and resistance torque, have also been developed. The model-oriented design of
the control program is performed on the example of digital signal processors from Texas Instruments
on the LAUNCHXL-F28379D board. This description of the dynamics provides a direct insight
into the physical processes in IMs. The advantage of the considered mathematical description of
electromechanical energy conversion processes in three-phase IM is that it uses instantaneous values
of currents and voltages of stator and rotor winding phases as variables.

Keywords: induction motor; nonlinear dynamic model; MatLab/Simulink; LAUNCHXL-F28379D

1. Introduction

The induction motor (IM) is widely used in industry due to its reliability and low cost.
Today, IMs have found their application in various industries. IMs have a high efficiency
factor—80-96%, as well as a minimal price/reliability ratio. IMs with squirrel-cage winding
are actively used in various industries, their share making up about 70% of all types of
electric motors. The power of AC motors required in production facilities can range from
several kilowatts to megawatts [1].

This paper improves the vector control system for IM based on the model approach.
For this purpose, a mathematical model of the motor in the form of Cauchy equations is
developed. Due to the vector control, the motor has good dynamic performance, and it
can quickly accelerate and brake according to the set speed. Another problem, which is
solved in the article, is the development of the control system software based on a model-
based design. This approach dramatically reduces the time required to prepare control
programs. The control program is formed on the basis of the model algorithm, and the
number of programming errors is significantly reduced. Thus, mathematical and simulation
methods and model-based designs are used in this work. Ultimately, the application of
these methods reduces the time of the development of control programs, improving the
quality of motor control.

The IMs principle of operation provides a numerous advantage in comparison with
other types of motors, including:
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(1) Ease of fabrication;

(2) Relatively low cost;

(3) Low power consumption;

(4) Versatility of application;

(5) High reliability in operation;

(6) Possibility of connection into the network without power converters.

The main disadvantages of IMs are the following:

(1) Significant power losses for heat, the possibility of overheating the motor;
(2) Lack of stability in maintaining the set speed;

(3) Low starting torque;

(4) Considerable starting current;

(5) Low power factor.

A significant number of the disadvantages can be eliminated by feeding the IM from a
static frequency converter. The main point is that the equipment that uses this type of motor
must not have precise positioning [2]. For example, IMs are used in automated equipment
drives of rolling and drawing machines in the metallurgical industry. IMs are used in
all machine tools, machining centers, conveyors, crane equipment, centrifuges, industrial
washing machines, etc. in the metalworking industry. IMs are used in mechanical assembly
production: in drives of manipulators, conveyors, and compressors.

IMs are used in mining: in drilling and excavator equipment. IMs are found in the
domestic sphere of human activity: in hand-held electric tools, washing machines, pumps,
extractors, fans, and other equipment [3].

Control in the coordinate system oriented by the calculated rotor flux vector (\Rr) is
called direct-field oriented control. Usually, systems with direct orientation also contain
a flow stabilization loop. However, a simpler approach and another class of systems has
emerged in which the rotor flux vector ({r) is not evaluated, but its angle is calculated
from the slip and velocity (or position) of the rotor. Such a system is called a system with
indirect field orientation [4].

Such system do not contain a flow stabilization loop. In this case, it is believed that if
the control actions on the motor are formed based on the condition of flow constancy, then
if they are accurately implemented, the flow will be constant even without stabilization [5].

As practice has shown, this approach has justified itself due to a good ratio of accuracy
and simplicity of regulation. A promising direction in the theory and practice of motor
control is vector control. Its mathematical basis is differential equations describing IM
equally correctly both in dynamics and in statics. Torque is obtained by controlling the
amplitude and instantaneous phase of stator current vector or stator voltage vector. Vector
control, contrary to scalar control, allows an assembly of highly dynamic and precise IMs,
providing the highest speed and control precision [6].

There are many tasks where it is necessary to provide a given speed, and the described
disadvantage becomes very relevant. In such cases, vector frequency control is used, in
which the controller calculates the voltage needed to maintain torque, providing a stable
frequency. In contrast to scalar mode, there is a “smart” control of rotor magnetic flux [7].
Vector control of IM is especially relevant at low frequencies—below 10 Hz, when the
operating torque of the motor is dropping significantly. In addition, this method allows to
keep stable speed (with predictable linear change) during acceleration. This is achieved by
obtaining a high starting torque until the motor reaches steady mode [8].

It is also important that vector control saves energy (in some cases up to 60%), because
most of the time the frequency converter sends exactly as much energy to the motor as
necessary to maintain the set speed [9].

At present, the most perspective method of IM control is frequency regulation, which
became possible due to the intensive development of power electronics element base and
computer technology. Nowadays almost all controlled electric drives based on IMs are
controlled by frequency converters (FC) [10].
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FC manufacturers use standard control algorithms, such as scalar (with various types
of correction), current vector control, voltage vector control, and both open (sensorless)
systems and closed systems with speed loop, flow loop, etc. Furthermore, Siemens and
ABB companies use direct torque control (DTC) [11].

More complex algorithms can be used, adapted to the specific applications in small
series and specialised FCs. Complex observers are developed to measure a number of
parameters required to ensure their operability, introducing additional errors into the
sensorless control systems. There is a practice of construction of multiloop control systems,
significantly improving the characteristics of IMs. However, it also has a number of
problems, for example, building dual-circuit systems with a current loop requires additional
sensors to be installed on the motor, or, also, building quite complex observers. The
construction of multi-circuit systems with serial FCs is not always possible due to the lack
of appropriate functions in the software of such frequency converters and the inability to
change their software [12].

Specialized and small-scale FCs have a high price, and are not universal (most often
they are designed for use only on specific objects). FCs requires additional sensors to be
installed on the motor or on the process unit. These disadvantages nullify the main advan-
tages of using asynchronous motors—low price, reliability, low maintenance costs [13].

Vector control represents a method for how to control a variable frequency drive where
the stator currents of a three-phase IM are conceptualized in the form of two orthogonal
components that can be visualized as vectors, where the first component identifies the
magnetic flux of the motor, while the other component identifies the torque. The IM control
system calculates the appropriate current component assignments based on the magnetic
flux and torque assignments specified by the system controlling the drive speed. In most
cases, the usage of the proportional-integral (PI) controllers is to maintain the measured
components of current on their reference values. In this way, the pulse-width modulation
of the variable frequency drive controls the transistors switching as determined by the
given stator voltages, which are the outputs of the PI current controllers [14].

Vector control is suitable for controlling synchronous or IMs [15]. Initially, it was
established for high-performance motors which are required to operate smoothly over the
whole range of speeds and provide full torque also at zero speed. That also includes high
dynamic performance such as rapid acceleration and deceleration. Thus, vector control is
increasingly demanded in various fields of the industry, as IMs provide important advan-
tages in comparison with DC motors. Thanks to the increasing computing performance of
the control electronics, vector control is expected to eventually supplant scalar control in
most applications [16].

Vector control allows that IMs or synchronous motors can be driven for all operating
conditions, similar to DC motors [17]. That means the AC motor functions in the same way
as a DC motor where the magnetic field coupling and the armature flux coupling produced
by the corresponding field and armature current (or torque component) are orthogonally
directed. When torque is controlled, the flux coupling is not affected by the field, and thus
the dynamic torque response is provided [18].

Vector control respectively generates the output voltage of the three-phase PWM
motor originating from the complex voltage vector utilised to operate the complex current
vector that is obtained from the input three-phase motor stator current by utilizing the
projections or backward and forward rotations between the three-phase system, dependent
on the time and speed into a two-coordinate time-dependent rotating reference system
appropriate for these vectors description [19].

The complex spatial stator current vector is defined in the coordinate system (d, q)
where orthogonal components belong to the straight (d) and quadrature (q) axes. In that
way, the magnetic coupling component of the current field is assigned to the d axis while
the current torque component is assigned to the q axis [20]. Moreover, the described system
of coordinates (d, q) for the induction motors is superimposed on the three-phase sinusoidal
system of the instantaneous motor (a, b, ¢). The components (d, q) of the system’s current
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vector permit standard control regimes including integral, proportional, or PI control,
similarly to a DC motor case [21].
The (d, q) coordinate system projections generally include:

- The direct projection of instantaneous currents to a complex spatial vector representa-
tion (a, b, c) of stator currents, using a three-phase sinusoidal system;

- The direct two-phase projection of (a, b, ¢) onto («,) utilising the Clark transform. For
the implementation of vector control, a motor with balanced three-phase currents
is standardly assumed providing those two phases of the motor current are to be
measured only. In addition, the reverse projection from (e,) to (a, b, ¢) utilises an
inverse Clark transform or PWM modulator space-vector along with one of the diverse
PWM modulators [22].

The Clark transform is utilized in order to convert a system of three-phase currents
and voltages into a two-coordinate time-independent linear system. This makes it possible
to utilise uncomplicated and easy-to-implement PI controllers, as well as to simplify the
control of currents that generate magnetic flux and torque [23].

The rotation speed of the (d, q) coordinate system may be adjusted to any intended
value. However, there could be preferred following speeds of the reference system:

- Non-rotating (d, q) coordinate system within the stationary reference frame;

- The (d, q) coordinate system rotating at a synchronous speed within the reference
system,;

- The coordinate system (d, q) rotates at a rotor speed within the rotor reference system.

In order to find an effective control algorithm, the torque and excitation currents may
be inferred using the original stator current inputs.

In DC motors, the magnetic field and torque components may be relatively simply
controlled using the separate controlling of the corresponding field and armature currents.
The economic control of variable speed AC motors requires microprocessor control with
AC drives using a high-performance digital signal processing (DSP) technology [24].

Inverters have good potential for the sensorless or feedback-including implementation.
Their key limitation in the case of a non-feedback operation is the minimum speed possible
at full torque [25].

Two methods of vector control are serviceable: direct field oriented control (DFOC)
and sensor (indirect) field oriented control (IFOC) that is used more often, as these drives
are easier to operate over the entire speed ranging from zero to high speeds in closed loop
mode.

In the case of feedback vector control, feedback signals that represent angle and
magnitude are calculated directly with use of current or voltage model. In the case of
direct-coupled control, the flux magnitude feedback and space angle signals in essence
represent the stator current and rotor speed. Consequently, by summing the rotor angle
they obtain their intrinsic flux space angle that corresponds to the rotor speed and the
determined slip angle reference value corresponding to the slip frequency [26].

IMs sensorless control is desirable in terms of reliability and price. Pre-requisitions for
the sensorless control comprise acquiring information about rotor speed from the measured
stator electric current and voltage that is combined with open-loop estimates or closed-loop
observers [27]. The software tools for the nonlinear control systems development has
enabled many opportunities for ongoing progress of control systems design. Amongst
them, MATLAB represents one of the most popular software platforms for analysis of linear
and nonlinear control systems, with the techniques used in nonlinear control dynamical
systems such as feedback linearization technique along with sliding mode control using
the controller parameters [28].

The main aim of the presented article is the description of a newly developed mathe-
matical simulation model of the induction motor in the rotating coordinate system in the
state space, allowing to set the angular velocity of rotation and moment of resistance.
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2. Materials and Methods

The rotor coordinate system is rotating relatively to the coordinate system of the stator
with angular velocity w, their mutual arrangement is characterized by the electric angle
between the same-name axes.

The initial system of differential equations of three-phase asynchronous electric motor
can be written in vector-matrix form Equation (1) based on the second Kirchhoff’s law with
regard to Maxwell’s equation:

.o d .o d . . d .. d .
] = I+ 9] = IR+ (106 = RIG+ 2 () + (F)1 @

where [R] is the matrix of active resistances; [1] is the voltage vector; [Y] is the flux vector;
[1] is the vector of electric currents; and [L] is the matrix of inductances.

Matrices and vectors of three-phase IM enter the Equation (1), and have the form
Equations (2)—(4):

u1A 1A Y1a
U1 i1B Yip
[ul]] uic| [[il]] i1c {[‘1’1]} ¥ic
uj = = =190 = 1. ¥ = = , 2
i [[”2] U4 d [i2] oA ] [Y2] You @
Uz iZB 1.FZB
Uusc irc Foc
Ry, 0 0 0 0 0
0 Rp O 0 0 0
Ri] [0] 0 0 R, 0O 0 0
m= k=l 0 &R o o @)
0 0 0 0 Ry O
0 0 0 0 0 Ry

Ly  Miamp Miaic Miaza Miazg Miaoc

Mipia Ly  Mipic Mippc Mipp Migac

L] = { (L] [Mlz]]_ Micia Micig Lo Micza Micop Micac
[Ma1]  [Lo] Moaia Moaip Moaic Lo Maazp Mparc
Mopia  Magip Mapic Mapoa Lo Moapac

Mpc1a Macip Mocic Macoa Macop Lo

where [i1], [¥1], [u1] are vectors of stator electric currents, stator flux vector and voltages
of stator winding phases; [L1], [R1] are matrices of active inductances and stator winding
resistances; [i»], [¥2], [12] are vectors of rotor electric currents, rotor flux vector and voltages
of rotor winding phases; [L], [R»] are matrices of inductances and active resistances of
the rotor winding, reduced to the stator winding; [0] is zero matrix; [Mp;] is matrix of
mutual inductances of the rotor and stator; [M;] is matrix of mutual inductances of stator
and rotor.

The indices 1A, 1B, 1C indicate that the parameter belongs to the corresponding stator
phase and the indices 2A, 2B, 2C indicate that the parameter belongs to the corresponding
rotor phase. The index o indicates that the parameter belongs to a three-phase asynchronous
electric machine with the parameters of the rotor winding connected to the stator.

The differentiation of the matrix [L], is written in the following form (5):

dlL]  dad[L]  d[L]
T drow Yo ®)

Taking into account the adopted notations, system (5) is written in the form (6):

o L]+ [ e ) + s Ly s ) ©
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The stator and rotor inductance matrices included in Equation (6) are written as
Equations (7) and (8):

- 1T 2 4 M M
Ly  Miais Miaic L1, My, cos 555 My, cos Ly, —= —=¢
[L1] = |Mipia  Lie  Migic| =|Mycosif Ly, MpycosZ| = |- M 1;, —Muy, )
2 4
[Micia Micip Lo | [Mpmcos5t My cos L, 1| [-% -2 Ly
r 10T 2 4717 i M My
Ly,  Myasp Maarc Lo, My, cos 55 My, cos 7t Lyy —7% —=m
[Lo) = |Mapoa Loy Mopoc |= | My cos 4 Ly, MpycosZt| = | -Mn  L,, —Mm], 8)
2 4
|[Macoa Macop Lo | [Mpcos 3 My, cos 2 Ly | [-Y2 M Ly |

where M, is the maximum value of mutual inductance arising from the alignment of
phases.

The assumption made earlier about the uniformity of the air gap allows us to conclude
that all the eigeninductances of phases do not depend on the angular position of the rotor
and are determined by Equation (9).

L1o = L1co + L160; L2o = Loco + Lago; )

where Ly, is stator phase inductance from the main magnetic flux;

L1,9 is inductance from stator magnetic flux dissipation;

Ly, is the inductance of the rotor phase reduced to the stator from the main magnetic
flux;

Ly, is inductance reduced to the stator from the magnetic flux of the rotor dissipation.

For a given IM, the maximum value of mutual inductance M, is equal to the induc-
tance from the main magnetic flux of the phase and is related to the inductance of the
magnetizing circuit by equality (10):

2

Llco = L2co =M, = gLo (10)

Let us write the matrices of mutual inductances as Equations (11) and (12):

Miaoa Miap Miazc cos cos(a+ %) cos (lx + %H)
[M12] = | Mippa Mipp Migc|= My X |cos (0( + %T) COS & COS((X + 2%) ; (11)
Micoa Miczs Micac cos(a+ %)  cos (zx + 47”) cos &
Moaria Maaip Maaic cos cos (‘x + %H) cos(a + %)
[Mﬂ] = | Msgia Mbogig Mopic| = [Mlz]T: M, X COS(lX + 277{) cosa COS(ZX + 477-[) , (12)
Macra Macis - Macic cos (oc + %”) cos(a + ) cosa

where T is the transpose sign of the matrix.
From Equation (13), it is possible to determine the electric angle of rotation of the rotor:

() = «(0) + /0 "o, (13)

where w is the angular velocity of the rotor, el. rad/s.

Since the elements of matrices [L1] and [L,] according to Equations (7) and (8) are
independent on the angular position of the rotor, by taking partial derivatives of matrix
elements by rotor rotation angle &, we obtain zero matrices of size 3 x 3.
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Taking partial derivatives of the elements of matrices [M12] and [Mjy;] on the rotor
rotation angle «, we obtain Equations (14) and (15):

[ sin & sina (a + %”) sinzx(ter%”)-
d
[]a\/j‘u] = —M,, x s'mzx(oH— %”) sinw sina (o + %”)
_sintx(tx—}—%”) sintx(tx—{—%”) sinw
[ sin w sinzx(zx—i—%”) sinoc(tx—i—%" |
J|M
[ajl] = —My x |sina(a+ 27”) sina sina(a—i— %ﬂ)
sinoc(oc+ %”) sina(a + 2F) sin

(14)

(15)

By multiplying the vectors and matrices in Equation (6), we obtain a system of differ-
ential Equations (16)—(21).

di diyg | d
14 = Rugira + Lio"gf — 3 ( G+ llc)-f-

+M,, (d'”‘ cos o + d;ff cos(a + 2”) + dfftc cos (zx + 4” )—

—wMpy, (le sina + iz Sln(tx + 7) + ipc sin (tx + T) ;

di My, (di di
u1p = Riof1p + Lio = — 5 (4 + 4F
+My (—d;ftf‘ cos( o+ 4—”) + 428 o5 4 detC cos(a+ 2 ))

—wM,, (le sm(,x + 471) + ipgsina + irc Sll‘l(l’é +2 ))

diic _ My (dim dllB

uic = Ryptrc + Lio—7fF — 5
—FMm(d;%tA cos (& + 2F) + 428 COS( —") + 4ac oo oc)

3
—wM,, (izA sin(a + 27”) + i sin( T”) + irc smoc)

0= RZDIZA + LzoM _ Agm (diZB dIZC)
+Mm(dzm cos+ COS(“+ ) + S cos (a+ 3 ))
_me(llASIIla—ﬁ-llBSln(a-f—?) +ircsin(a 7,T))

0 = Rogizp + Lo dlzB ]Vém (dle + dlzc)
+My (d;ltf‘ cos (o + &) + 4B cosa + 2C cos (a + 4337))
—wMp, (Z1A s1n(0c + 7) +ijpsina +ijc sm(a + T))'

0 = Rogiac + Lyp B¢ — Mu (m + 428

+ My, (%A cos(tx + 47”) + d%cos(uc +20) 4 4he cos ) a—

—wM,, (ilA sin(oc + 47”) +igsin(a + &) +ijcsina).

(16)

(17)

(18)

(19)

(20)

(21)

We find the electromagnetic torque through the electromagnetic energy W,/ concen-
trated in the air gap of the IM Equation (22):

o aWy/ _ 1[1 oa[L]
Y aoé;; 2 aﬂqi ’

where «; is the geometric angle of the rotor rotation.
By multiplying the matrices included in Equation (22), we find an analytical expression
of the electromagnetic moment of the three-phase IM Equation (23):

(22)
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M, = piMy [sin(a + ) (iaiac + i1pioa + f1ciop) — (23)
—sina(iyaina + i1pizp + f1ciac) +sin(a — §) (i1aiop + i1piac +i1ciza)],
where p; is the pole pairs number.
The motion equation has the form (24)
dw
Jeor = pi(My — M) (24)

dt

g

where M, is the static moment; Jyis the total inertia moment of the moving parts.

Analysis of Equations (16)-(21) shows that they contain functions of the electric angle
of rotation of the rotor «, so the system of differential equations describing electromagnetic
processes in a three-phase asynchronous motor is a system of equations with variable
coefficients. The solution of such systems is possible only by numerical methods. The
solution result of the system of Equations (16)—(21) is in the form of currents in the rotor
and stator phases of the windings.

To solve the aforementioned system of differential Equations (16)—(21) numerically, it
is necessary to reduce them to normal form. Such reduction is carried out by numerical
method of integration of the system of differential Equations (16)—(21) by method of solution
of system of linear algebraic equations relative to derivatives. In this case, the system of
Equations (16)—(21) is transformed so that their left-hand sides contain derivatives of
desired functions with appropriate coefficients, and their right-hand sides contain desired
functions.

Another way to solve the system of linear algebraic equations with respect to deriva-
tives is to find the inverse matrix [L] . In this case equations of system (6) should be
presented in the form (25)

i ] -6 R -emli WD e
The matrix [L] contains variable coefficients, so the inverse matrix [L~!] must be

determined at each integration step.
The expression of the instantaneous power consumption (26):

p1 = Uiai1a + uigiip + Uiciic. (26)

Thus, the system (16)—(21) together with the expression of electromagnetic moment
(23), equation of motion (23) and Equation (13) represents a mathematical model of a three-
phase squirrel-cage induction electric motor in phase axes, without considering saturation
of magnetic wire and losses in steel. The advantage of the considered mathematical
description of electromechanical energy conversion processes in three-phase IM is that
it uses instantaneous values of currents and voltages of stator and rotor winding phases
as variables. This description of the dynamics gives a direct indication of the physical
processes in the motor.

Control in the coordinate system oriented by the calculated rotor magnetic flux vector
(ipRr) is called direct-field oriented control. Usually, systems with direct orientation also
contain a flow stabilization loop.

But a simpler approach and another class of systems have emerged in which the
rotor magnetic flux vector (r) is not evaluated, but its angle is calculated from the slip
and velocity (or position) of the rotor. Such systems are called systems with indirect field
orientation.

Such systems do not contain a flow stabilization loop. In this case, it is believed that if
the control actions on the motor are formed based on the condition of flow constancy, then
if they are accurately implemented, the flow will be constant even without stabilization.
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As practice has shown, such an approach has quite justified itself due to a good ratio
of accuracy and simplicity of regulation.

When operating at rated voltage with increasing frequency, the amplitude of the stator
electric current is limited by the increasing inductive resistance of the IM. Therefore, as the
frequency increases, the maximum achievable motor torque is also limited.

For controller synthesis and simulation, a dynamic model of the IM developed in the
system (d-q) that is synchronized with the flux of the stator was created. The nonlinear IM
model can be expressed as follows

2
dl o I
dj”’ = ayly + axtfy + wlyy + by (L) + cVig
Py
dlsq ~ IsdIsq
Tl a1lsg — azwiP, — wlsy — by G + Vs
dy .
;;r = bywy, + b1lsg
dw 1 "
I ](ml/)rlsq T~ fw)
@ =w+ bl ISdAISq
dt Pr

where I3 and I55, Vs and Vs, are constant and quadratic components of the stator electric
current and voltage vector, respectively; i, is the rotor magnetic flux, which is estimated,
N, is the number of pole pairs, w is speed of the rotor, f is the viscous friction; | is the
inertia moment; 17 is load torque, and 6; is angle of the stator field.

As mentioned in the literature [29], expressions a1, a3, a3, b, by, ¢, and m depend on

parameters of IM as follows
(R, M
n= ((TLS UL T,

— MST
oLsL, T
an = MSV
3 oLsL,
- 1
oL
M
LsL,
_ L
=z
_ L
=z
— MST

as

c=1

Ts

T,

where, R, is the rotor resistance and R is the stator resistance;

Ls is magnetization inductance of stator and L, is magnetization inductance of rotor;
Ts and T, are constants for stator and rotor, respectively;
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M, is stator and rotor mutual inductance.

The electromagnetic torque expressed as a function of the stator current I;; and the 9r
rotor magnetic flux is shown below:

3N,Ms .
T, = E L, wrlsq

The IM is powered by a PWM inverter. The motor propulses a mechanic load charac-
terized by inertia J, load torque T, and viscous friction coefficient f. A PI regulator is used
for the speed control loop to obtain an electric current set point i; which regulates torque
of the IM. Magnetic flux is driven by the i; axis current set point. The IM speed, electric
current, and torque signals are available in the MatLab/Simulink software at the IM block
output (Figure 1). A simulation model of IM is developed in MatLab/Simulink software.

§ L8 .38 358

labe (A)

FTTTT

§ 8 8 8

L1311

<Rotor speed (wm)>

To (N'm)>

| — I

B 3B

Figure 1. Diagrams of voltage changes between two phases, electric current in three phases, angular
speed of motor and torque.

Model implements a three-phase asynchronous machine (wound rotor, squirrel cage
or double squirrel cage) modeled in a selectable dg reference frame (rotor, stator, or syn-
chronous). Stator and rotor windings are connected in wye to an internal neutral point. IM
parameters are shown in Table 1.

Table 1. Parameters of the induction motor.

Parameters

Value

Nominal power, voltage (line-line), and frequency
[Pu(VA), Vu(Vrms), f,(Hz)]

50 x 746, 460, 60

Stator resistance and inductance [R;(Ohm), L;s(H)]

0.087,0.8 x 1073

Rotor resistance and inductance [R,,(Ohm), L;,(H)]

0.228,0.8 x 1073

Mutual inductance [L,, (H)]

347 x 1073

Inertia, friction factor, pole pairs
[J(kg- m?), F(N- m-s), p(-)]

1.662,0.1,2
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3. Results

The results of the IM simulation and comments on these graphs are presented below.
Figure 1 shows graphs of the voltage change between two phases, the electric current in
three phases, the angular speed of motor, and torque.

At the final part of the simulation corresponding to time of 2-3 s, the stationary state
of the system has been reached, as presented in Figure 2.

labe (A)

MMWWWWWNW ALY Y. o

<Rotor speed (wm)>

g 33 88 8

<Electromagnetic torque Te (N'm)>

Figure 2. Diagrams of voltage changes between two phases, electric current in three phases, angular
speed of the motor and torque.

The following part describes the system behaviour in reaction to changes in the set
values of load torque and speed. The state vector of the initial conditions “xInitial” for a run
corresponding to wy, = 120 rad /s and T, = 0 N-m is loaded into the workspace immediately
after the start of the simulation (Model Properties). When using two Manual Switch blocks
switching from the blocks “Constant Speed” and “Constant Torque” to Step blocks (the set
speed w,,r at time of 0.2 s is ranging from 120 to 160 rad/s, and Ty, at time of 1.8 s varies
from 0 to 200 N-m). The response of the actuator to load torque and speed variations is
presented in Figure 3. Figure 4 shows the model of IM control with measurement of signals
at the gates of IGBT transistors generating PWM.

Based on the model-oriented design of the control program, the microprocessor unit
that implements IM vector control and the electronic unit that generates PWM signals is
formed [30]. The design procedure for the LAUNCHXL-F28379D controller and DRV8312-
69M-KIT inverter is shown in the Motor Control Blockset software.

After selecting Build, Deploy & Start placed at the Hardware tab of the Simulink
model, the C code, CCS project, and target .out file are generated. A serial link is utilized
to transfer .out the file target from the computer to the microprocessor and to run the
downloaded algorithm.

Update of the configuration parameters of the Simulink-created model should be
performed prior to the simulation start. Another option is to upload the model into the
microcontroller. In the Simulink window, Hardware Settings can be selected from the
Hardware tab that activates the dialog box of the Configuration Parameters. After that, the
target computer selecting follows in the Hardware board menu, shown in Figure 5.
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Figure 3. Diagrams of voltage changes between two phases, electric current in three phases, angular
speed of motor and torque with the change of speed and load.

> L] Reference
speed
Scopet selection
Constant
Vector Control (rad/s) speed

o—| pulses speed ¢

S
« [T

Speed
step

g
+ ,J l
alA J +| voc
als T (780 V)
IS
IGBT Inverter

Figure 4. Model of IM control with measurement of signals on IGBT transistors gates forming PWM.

SIMULATION DEBUG MODELING FORMAT HARDWARE APPS
Hardware Board S
-
Tl Piccolo F2806x - Hardware Control Monitor
Settings Panel i
HARDWARE BOARD PREPARE RUN ON HARDWARE

Figure 5. Simulink Hardware configuration window.

To configure the Solver at the eponymous tab of the dialog box of Configuration
Parameters menu, the fixed step of the discrete solver should be selected and the “auto”
option for the Fixed-step size [31]. Figure 6 presents the corresponding Configuration
Parameters window.
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@& Configuration Parameters: mcb_prnsm_foc_hall_f28379d/Cenfiguration (Active)

Q

Solver Simulation time

Data Import/Export
Math and Data Types

Start time: |0.0

Stop time: |8

» Diagnostics
Hardware Implementation
Model Referencing
Simulation Target

» Code Generation

» Coverage

Solver selection

Type: |Fixed-step

¥ Solver details

* | Solver: |discrete (no continuous states)

Fixed-step size (fundamental sample time): |auto

Figure 6. Configuration Parameters window.

to be configured as follows:

1.
2.

If a shaft speed feedback encoder is to be used, the encoder is to be connected with the
microcontroller board and the dialog box parameters in the Configuration Parameters are

Hardware Implementation tab must be opened.
Hardware board settings must be selected, then Target hardware resources and

eQEP group.

The example in Figure 7 presents the eQEP setup for an example of quadrature encoder
connected to the board LAUNCHXL-F28379D.

& Configuration Parameters: mcb_pmsmm_foc_gep_f28379d/Configuration (Active)

Q

Solver
Data Import/Export
Math and Data Types

» Diagnostics
Hardware Implementation
Model Referencing
Simulation Target

» Code Generation

» Coverage

Figure 7. Setup for quadrature encoder connected to LAUNCHXL-F28379D board.

Hardware board: | Tl Delfine F283790 LaunchPad

Code Generation system target file: erttlc

Device vendor: Texas Instruments + | Device type: C2000

» Device details

Hardware board settings

¥ Target hardware resources

Groups
Build options
Clocking
ADC_A
ADC_B
ADC_C
ADC D
DAC
ePWM
eCAP
eQEP
12C_A
12C_B
SCI_A
SCI_B
SCL_C
SCI_D

EQEP1A pin assignment. |GFI020
EQEP1B pin assignment: |GPIO21

EQEP1S pin assignment: |None

EQEP1I pin assignment: | GP1099

EQEP2A pin assignment: |GPIO24
EQEP2B pin assignment: |GPIO25
EQEP2S pin assignment: |GPIO27
EQEP2I pin assignment: |GPIO026

EQEP3A pin assignment: |GPIO28
EQEP3B pin assignment: |GPI029
EQEP3S pin assignment: |GFI030
EQEP3I pin assignment: |GP1031
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4. Discussion

A mathematical model of IM has been developed using the (d-q) rotating system of
co-dynamics that was constructed. Then, an IM model was developed in the state space.
The proposal of IM control was also designed on the base of model-oriented approach. The
simulation was performed in the MatLab/Simulink program [32,33]. The LAUNCHXL-
F28379D board was used as a microprocessor-based control system. With this approach
it is possible to quickly design microprocessor control systems with a minimum of errors.
Also, it is possible to conduct semi-natural experiments, when the control of IM is carried
out according to its model set in MatLab/Simulink program.

The next continuation of our research will be oriented to the design of intelligent motor
drive systems, which should be able to detect defects in the motor itself and in the power
transistors [34,35].

For fault detection, tools for so-called progressive diagnostics of electrical drives in
robots and machine tools are proposed with the support of sensors [36], computational
systems and artificial intelligence methods based on neural networks [37], and the de-
velopment of control algorithms based on discrete models [38]. We consider the use of
data analysis methods and process data for the purpose of fault prediction and process
optimization [39,40], and data mining methods [41]. Similar to [42], the diagnosis of electric
actuators based on induction machines is addressed using an artificial intelligence model
containing a description of the source of linguistic variables and technical conditions of
a database system of fuzzy inference rules to identify the technical condition of electric
actuators. The next step of the research will be to develop a fault-tolerant intelligent motor
control based on knowledge of defects.

5. Conclusions

In this paper, a mathematical simulation model of the IM is described. More details
of an IM dynamical model in the rotating (d-g) coordinate system in the state space that
is synchronized with the stator flux is described. In addition, the IM simulation model is
developed in the MatLab/Simulink program with the possibility of setting the angular
velocity of rotation and moment of resistance. Moreover, an example of hardware config-
uration comprising the model-oriented design of the control program on the example of
digital signal processors from Texas Instruments on the LAUNCHXL-F28379D board is
presented.

The results of the simulation of the motor when the speed of rotation is increased and
the speed is further stabilized, as well as during the increasing load, are obtained. The
operation of the motor is controlled using the PWM regulator based on IGBT. It is obvious
from the results that the parameters of the inverter are set correctly. The electric current
flowing through the motor phases has a sinusoidal form. The method of a model-oriented
design with a selection of a particular microcontroller and encoder for speed feedback is
also shown.

The application of such a methodology of program design for control systems has good
potential to reduce the IM development time and the number of programming errors, which
proves that this tool is prospective for use in highly competitive sectors for applications
e.g., in the automation environment.
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