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ABSTRACT

Induction motor is extensively used in industry and in household applications
due to numerous advantages, where it is operated at various speed and load torque. As a
result, substantial amount of energy is consumed by induction motors. Hence, various
efficient speed control techniques of induction motor drive need to be used for optimal
use of energy.

In this thesis, performance of various speed control techniques such as open-
loop and closed-loop V/f method, direct and indirect vector control method and direct
torque control method of three phase induction motor drive is examined using Simulation
and Experimental results. The goal of this study is to identify various advantages and
disadvantages of each speed control technique.

Simulation of scalar speed control method, vector control method and direct
torque control method is performed in MATLAB Simulink and their performance is
analyzed under various operating condition. The hardware implementation of open-loop
and closed-loop V/f method is performed to test the performance of these method in real
world. These methods are implemented on laboratory prototype using dSPACE DS1104
on a 3Hp, 415V, 50Hz Induction Motor.

The performance of scalar technique is also observed using real-time Full
Spectrum Simulator (FSS) and it is compared with the MATLAB simulation results to
study its performance using two different simulation tool. FSS is advanced easily
configurable controller which has a capability of performing offline and real-time
simulation. It is also having hardware in loop capability which enable us to test new power

electronic systems.



It is found that open-loop V/f system is very easy to implement and its
response is satisfactory when precise speed control is not required whereas closed-loop
V/f system provides precise speed control. The response of vector control method is fast
as compared to scalar control method and it also provides performance like separately
excited dc motor thus we can control flux and torque independently. Direct torque control
method is very advance speed control technique and its performance is superior than all
other methods and provides independent control of flux and torque like vector control.
The disadvantage of vector control method and direct torque control is that they are totally
dependent on voltage, current and speed feedback signals which makes the system
complex and expensive. The experimental results of both scalar control techniques
compared with the simulation results and it is observed that the experimental results

almost match with the corresponding simulation results.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

The induction motors are used in huge volume all over the world due to
countless advantages it has. IM are trustworthy, extremely tough, cheap to run and they
need less maintenance. Thus, IM are preferred in variety of commercial and domestic
applications [1]. It is estimated that more than 50% of total electric energy generated all
over the world is utilized by induction motors. Hence it is very important to efficiently
control the induction motor drive to reduce environmental pollution and for economical
saving [2].

The various speed control techniques of three-phase squirrel cage induction
motors are open-loop and closed-loop V/f method, direct and indirect vector control
method and direct torque control method [3]. The V/f method also known as scalar control
method as only the magnitude of control variable is changed. In this stator voltage is
changed in proportion with the frequency in order to keep stator flux constant. The V/f
method is further categorized as open-loop V/f and closed-loop V/f method. The main
advantage of scalar control method is that it is very easy to implement [4]. The response
of scalar control method is somewhat sluggish due to inherent coupling effect i.e. both
torque and flux are dependent on voltage and frequency [3]. This problem can be resolved
using vector control method, also known as field oriented control (FOC) method, which
provide independent control of both torque and flux. The vector control methods are
classified into two methods on the basis of how unit vector is generated. The first method
is called as direct vector control also known as feedback method and other is called as
indirect vector control method. In direct vector control method unit vector is obtain using
estimating flux vector. There are two method of flux estimation, the first one is called

voltage model estimation, in which machine terminal voltage and current are sensed for



estimation while second one is called current model estimation which only uses current
signal for estimation. In indirect vector control method unit vector is obtained by
estimating slip frequency os and adding it with rotor frequency wr. Thus, high
performance vector control method is very popular in industrial applications. Direct
Torque Control (DTC) allow us to directly control torque and stator flux by using space
vector selection from lookup table [3]. It is easy to use as compared to vector control drive
and its response is fast at various speed levels [5]. It provides indirect control of stator
current and voltages [6]. Also, there is absence of co-ordinate transformation and its
torque response time is very small. In DTC, machine terminal voltage and current are
sensed to estimate flux and torque which is compared with desired flux and torque then
appropriate inverter state is selected from look up table. The performance of these speed
control techniques is examined under different operating conditions using simulation
tools such as MATLAB and FSS. Also, to test the real world performance of open-loop

and closed-loop V/f method experimental results are also obtained using laboratory setup.

1.2 MATLAB Simulink

MATLAB Simulink is a graphical programming environment used for
modeling, simulating and analyzing multi-domain dynamical system. Simulation is
extremely important tool during designing phase for analysis of system behavior under
different operating condition. There are two types of simulation viz. offline and real-time.
Simulink offers a graphical editor, customizable block libraries, and solvers for modeling
and simulating dynamic systems. Due to its simplicity it is widely used all over the world

for modeling and offline simulation.

1.3 Full Spectrum Simulator

The Full Spectrum Simulator is an advanced Digital Signal Processing device
that has a facility of performing offline and real-time simulation in which library
components can be easily configured for custom applications. Offline simulation is
largely carried out using MATLAB Simulink, SABER etc. These software’s permits great
flexibility in designing, but there are some restrictions such as components present in
library are encoded and they are not accessible for alteration. In offline simulators, the

simulation time is mostly much higher than the physical time. However, in real time



simulator physical time and simulation time is identical hence it allows us to examine
system in real-time which is very helpful for performing “Hardware in the loop”
simulation [1], [7]. As a result, FSS is very valuable instrument for Power System and
Power Electronics related research activities. Fig. 1.1 shows miniature FSS hardware. The
benefit of using it is that it contains several types of components in its library which can
be used for developing new control schemes. Also, user can create new component that
can be incorporated in system library and can be used for countless application [8]. In
FSS, program is written in ‘C’ language with the help of notepad and file is saved with
‘.in’ extension. This file is used for offline as well as real-time simulation by making few
alterations [9]. The file is termed as circuit file and it comprises of following sections;

1. Circuit Section: This section explains various components used for designing the
system and their interconnection. Moreover, it includes numerous input and
output variables of each component and their value.

2. Solver Section: It contains information of simulation time, discrete time step and
method of solving.

3. Target Section: In this section we need to specify the target whether it is
HOST_PC (for offline simulation) or FSS (for real-time simulation) it then

generates ‘C’ code for chosen target.

M E ks H i

Figure 1.1 Miniature Full Spectrum Simulator



1.4 dSPACE Controller

dSPACE DS1104 is a controller board which is used for real-time
implementation of different control strategies. This board upgrades a PC to a development
system for rapid control prototyping. In this research work it is used for implementing

open-loop and closed-loop speed control technique.

1.5 Thesis Organization

This thesis consists of seven chapters. Chapter 1 includes introduction of the
various speed control techniques and Full Spectrum Simulator. Chapter 2 includes the
literature review. Chapter 3 covers in-depth explanation of various concepts and
mathematical equations. How the Simulation of various speed control techniques is
performed using MATLAB Simulink and FSS which is explained in chapter 4. Chapter
5 includes information regarding hardware implementation. The output waveforms
obtained by simulation and hardware implementation are included in chapter 6. Chapter
6 also includes comparison and detailed discussion of various speed control techniques
regarding their performance. Chapter 7 summarizes the thesis with conclusion.

References and list of publications are mentioned at the end.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction
To carry out this research work number of books, research articles and other
resources are used. This chapter provides a description and summary of the material used

for solving research problem being investigated.

2.2 Importance of Efficient IM Drive

The three-phase squirrel cage induction motors are frequently used in many
applications, the reason behind it is their good performance, quite operation and low cost
maintenance. These motors are used in the pumps, compressor, conveyors, fans,
automated processes and various mechanical systems [1]. It is estimated that the energy
consumed by electric machines all over the world is more than 50% of total energy
generated. Thus, it is very important that the efficient operation of induction motor drive
is ensured. Traditionally for example the flow of fluid coming out of pipe is controlled
by manually adjusting the control valve and keeping the pump running at rated speed.
The efficiency of such type of control technique used for various applications is very low.
Thus to solve this problem various efficient speed control methods were discovered over
a period of time such as open-loop V/f, closed-loop V/f, direct vector control, indirect

vector control, direct torque control and many more [3].

2.3 Speed Control Techniques

The open-loop V/f method is low-cost speed control technique which is very
easy to implement. It uses parameters which does not depend on each other. But the
performance of this methodology is very poor [4]. If frequency is reduced keeping voltage
constant then flux starts increasing, that results into increase in eddy current of winding

which causes heating problem. Hence, to adjust the speed voltage and frequency are



altered proportionally in V/f method [5]. Also, at low frequency the voltage drop across
the stator resistance might cause flux reduction. The simple method used to compensate
this voltage drop is consisting of boosting the stator voltage [7]. The problem observed in
this method is that the speed of motor cannot be controlled precisely that is because only
the frequency of stator supply is controlled i.e. only the synchronous speed is controlled
and the rotor speed is always slightly less than synchronous speed. This problem is
resolved in closed-loop V/f method in which speed of motor is measured and it is
compared with desired speed. The error is processed by PI controller to set the stator
supply frequency [10].

Although scalar control method is simple and economical it does not allow us
to control flux and torque independently like separately excited DC motor. In vector
control, coordinate transformation theory is used in which motor control is considered in
synchronously rotating reference frame [11]. The three-phase stator current is
transformed into direct axis component and quadrature axis components which allows
independent control of flux and torque respectively [12]. The unit vector is used for 2¢ to
3¢ transform or 3¢ to 2¢ transform of stator current. Depending on the method used for
finding the unit vector it is classified as direct vector control and indirect vector control.
The unit vector can be obtained using number of permutation such as stator flux
orientation, rotor flux orientation and air gap flux orientation. Estimation of flux vector
using stator flux oriented vector control has advantage that the accuracy of estimating
flux vector is affected only by the stator resistance [13]. In direct vector control unit vector
is obtained using current or voltage model flux estimation method by taking current and
voltage feedback signal. As it involves number of sensors it is bit costly and tuning of
sensors is bit tedious. However, in indirect vector control unit vector is obtained in
feedforward manner by using speed signal thus it reduces the cost of system. Also, if any
fault occurs in sensor, the stability of system gets affected and reliability of system is
reduced [15]. The tuning of PI controller in vector control required exact knowledge of
rotor resistance and mutual inductance. The value of rotor resistance varies with
temperature and frequency whereas value of mutual inductance changes with magnitude
of stator current. Thus, tuning of PI controller is bit time consuming [16]. The cost of

vector control drive can be reduced by employing speed sensor less vector control



method. In sensor less vector control speed is determined by calculating slip frequency
[17].

The DTC is advanced scalar speed control technique introduced in mid-1980s
by Isao Takahashi and T. Noguchi. It allows direct control of stator flux and torque by
selecting inverter voltage space vector from lookup table [3]. During transient state
highest torque response can be obtain in DTC by selecting fastest accelerating voltage
vector. Also, during steady state torque can be maintained constant by selecting
accelerating voltage vector and zero vector alternatively [18].

Over the years many researchers have explored advanced, accurate and
efficient speed control techniques of induction motor. In this thesis, inference taken from
above material is used to examine performance of various speed control techniques. The

next chapter explain principle and working of each speed control technique in detail.

2.4 Conclusion
Literature review includes summery of various research papers, books and

other material used for performing this research work.



CHAPTER 3

CONTROL OF INDUCTION MOTOR DRIVE

3.1 Introduction

This chapter illustrates the block diagram of each speed control technique that
describes the principle and operation of each technique. It covers mathematical equations
required for implementation. The working of SPWM and hysteresis band current
controller will be discussed. The chapter also describes the different flux estimation

methods.

3.2 Scalar Control

The scalar control method also known as V/f method is very popular speed
control technique used in industry due to its simplicity. In this method, magnitude of
control variable is altered to change the speed of motor hence termed as scalar control.
The flux of IM can be controlled by adjusting voltage whereas torque can be controlled
by changing frequency. If we neglect the voltage drop across stator resistance, the stator
flux is given as Fs = Vi/fs where Vs is stator voltage and fs is stator supply frequency.
Thus, if we keep voltage constant and reduce frequency to decrease speed of motor then
flux will saturate causing excess of stator current which might harm the motor
permanently. Now if we increase the frequency above rated value to increase the speed
the flux will decrease as voltage cannot be increased beyond rated value. This region of
operation is called as field weakening region. Hence, to operate the motor at rated flux
both frequency and voltage need to vary in proportion. There are two types of scalar

control techniques viz. open-loop and closed-loop V/f.



3.2.1 Open-loop V/f Method

It is most simple and economical speed control technique of three-phase
induction motor. Fig. 3.1 shows block diagram of open-loop V/f method. The desired
speed om” command is given as input to the system which is converted into corresponding
frequency command f and fed to V/f controller. The corresponding voltage is calculated
by multiplying frequency f with Vyated/frated ratio as shown in figure. The three phase stator
voltages are then computed as shown in block diagram. These voltages are given as input
to the Sinusoidal Pulse Width Modulator (SPWM) which compares it with high frequency
triangular wave to generate pulses for switching of inverter as shown in Fig. 3.2. The IM
Is connected to the inverter whose output is variable voltage variable frequency supply
depending upon input speed command. The speed of motor in open-loop method will
never be exactly equal to the given speed command as IM can never run at synchronous
speed. Also, there is significant drop in motor speed when load torque is applied. The
absence of any feedback signal makes this method very simple but at the same time it
makes the system prone to instability. If there is any disturbance in the system or speed
of motor, system cannot rectify it but still it can be used in the applications where high

precision is not required.

V/f Controller

V = (Vrated/frated)*f

e bk 1S

Va = 1.414%V/*sin(2*pi*f*t)

Speed
Command Vb = 1.414*V*sin(2*pi*f*t - 120)
(rad/sec) Ve = 1.414*V*sin(2*pi*f*t + 120)
v
Te //7'\\

Wm <«— IM |« Inverter <« SPWM
i

Figure 3.1 Block diagram of Open-loop Scalar Control Technique
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T

T

T

Figure 3.2 Principle of SPWM for Three-phase Voltage Fed Inverter

3.2.2 Closed-loop V/f Method

The issues involved in open-loop method are solved by including speed

control loop. Desired speed command wm " is converted into electrical rotor speed oy and

compared with instantaneous speed o and error is processed by Pl controller which

generated slip frequency command ws". The addition of slip frequency and instantaneous

speed gives desired stator frequency ms as s = s — or. This frequency is then fed to V/f

controller which then computes the corresponding voltages. The remaining operation is

same as the open-loop method. The speed control loop amends wsi whenever there is drop

in speed due to application of load torque or any disturbance and maintains it at desired

speed command. Block diagram of closed-loop V/f method is as shown in Fig. 3.3.

Speed

Command

(rad/sec)

V/f Controller
V = (Vrated/frated)*f
Va = 1.414*V*sin(2*pi*ft)

Vb = 1.414*V*sin(2*pi*F*t - 120)
Ve = 1.414%V*sin(2*pi*f*t + 120)

—

Inverter «— SPWM

Figure 3.3 Block diagram of Closed-loop Scalar Control Technique
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3.3 Vector or Field Oriented Control

Although scalar control is easy to implement and affordable it has certain
limitation due to which it can be used only for limited number of application. Since, the
flux and torque are functions of voltage and frequency it causes coupling problem in V/f
method which makes response of scalar control technique less accurate and slow. Thus
this problem can be resolved by controlling the induction motor like separately excited
DC motor by using vector or field oriented control technique. In a dc machine torque is
given as,

T = Klyl¢ (3.1)
Where, . is armature current and I is field current
The dc machine is constructed in such a way that the flux Fa produce by l. is perpendicular
to the flux Fr produced by the Ir. Due to this if we alter I, to control torque, Fr is not
affected and when field current I+ is changed only the field flux gets affected. This theory
can be used for induction motor if we control the machine by considering it in
synchronously rotating reference frame where sinusoidal variables appear like DC
quantities at steady state. The stator current of induction motor in synchronously rotating
reference frame are called as direct axis component igs and quadrature axis component igs
which are analogous to field current I+ and armature current I, of dc motor i.e to control
flux igs is controlled and to control torque igs is changed. This dc motor like performance
is possible only when igs is aligned with rotor flux Fr and igs is perpendicular to it. Thus,
torque can be expressed as,
T, = K'igslgs (3.2)

In vector control method, igs and igs Stator current are converted into three-phase current
with the help of unit vector and 2¢ to 3¢ transformation. This desired three-phase current
command is fed to hysteresis band current controller where they are compared with
instantaneous values of three-phase stator current. Whenever instantaneous current
exceeds the hysteresis band it generates pulses that results into PWM signal which is used
to control the inverter voltage and frequency. The operation of hysteresis band current
controller is as shown in Fig. 3.4. Depending upon how unit vector is obtain the FOC is
classified as direct vector control also known as feedback control method and indirect

vector control known as feedforward method.
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Figure 3.4 Working of Hysteresis Band Current Controller

The redline is the desired current command and blue one is actual current which is
oscillating within the hysteresis band generating pulses as shown in the figure.
3.3.1 Direct Vector Control

In direct vector control desired speed om and flux F." is given as input which
are compared with corresponding instantaneous values. The speed control loop gives
error signal to PI controller which gives torque component igs” and flux control loop gives
flux component igs . Both these components are dc values in synchronously rotating
reference frame. These current are then converted into stationery frame with help of unit
vectors cos(6s) and sin(6s) generated from flux vector signals Fq° and Fq®°. These vector
signals are obtain using Voltage Model Estimator or Current Model Estimator which
makes use of machine terminal voltage and current. The schematic diagram of direct
vector control is as shown in Fig. 3.5.

)
=/

+
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P/2 ‘Q —> To Current » Inverter ——»( IM ———>» Wr

= iabc Controller N
r A iabc & Vabc
cos(theta_s)

and
sin(theta_s)

A 4

= g

Voltage / Current
model
Flux Estimator

Fr<—,

Figure 3.5 Block Diagram of Direct Vector Control
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Figure 3.6 d°— g° and d® — g® phasors showing correct rotor flux orientation

In vector control it is very important that igs is perfectly aligned with Fr and igs is

perpendicular to it. This can be achieved as follows. Fig. 3.6 shows alignment of

stationary fame flux vector Fq° and Fq® obtain from voltage model or current model

estimator. The d® — g° frame is rotating at synchronous speed s with respect to d* — ¢*

stationary frame. The angular position of rotating frame from stationary frame at any

instant is 0s = wst. From figure we can write the equations as follows.

Fy.° = E.cos 6, (3.3)
Fp* = F.sin6 (3.4)
Therefore,
cos b, = F;l—rs (3.5)
sinf, = F;r (3.6)
B= [+ ey (3.7)

When these unit vectors (cos(fs) and sin(6s)) are used to transform igs and igs into
stationary frame it perfectly aligns igs along Fr and igs~ perpendicular to it. Since, these
unit vectors are derived using flux vector which are obtain from feedback voltage and
current signals it is called as feedback method. There are two methods to estimate flux

vector signal viz. Voltage Model and Current Model estimator.
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1. Voltage Model Estimator —
In this technique, stator terminal voltage and current are sensed and using d —
g equivalent circuit of an Induction Motor in stationary frame flux vector are derived to

obtain unit vectors.

Figure 3.7 d - g equivalent Circuit of Induction Motor in Stationary Frame

Considering Fig. 3.7 we can obtain unit vector as follows:

. 2. 1. 1. .

igs" = Sla—3ip—3ic=la (3.8)

. 1. 1.
igs® = — S+l (3.9

Since, i, = —(i, + ip) for isolated neutral load we can write igs® as

. 1 .. .
igs® = — 7 (iq + 2ip) (3.10)

2 1 1
Vos> = SVa—3Vo —35Ve (3.11)

1 1

Vdss = _\/_§Vb + \/_§VC (312)
Fdss = f(VdsS - Rsidss)dt (3.13)

Fos® = [(Vys® — Ryigs®)dt (3.14)
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F, = /Fdssz + Fy (3.15)

Fam® = Fas® — Lisias® = Lm(idss + idrs) (3.16)
qus = Fqss - Llsiqss = Lm(iqss + iqrs) (3.17)
Far® = Lplas® + Lyig,” (3.18)
qus = Lmiqss + Lrl'qrS (3.19)
Substituting equation (3.18) — (3.19) into 3.16 and 3.17 we get,
L, .
Fg® = adeS — Ly igs® (3.20)
Ly .
qus = anmS = Ly lqss (3.21)

Using equation (3.20) — (3.21) and (3.5) — (3.7) we can obtain unit vectors.
2. Current Model Estimator —
At low frequency flux vectors can be obtain more easily using current model
estimator hence whenever it is desire to operate motor at low speed current model is used.

Considering Fig. 3.7 we can obtain flux vector using following equation:

LA+ Reigy” + wpFpy® =0 (3.22)
Far” | R 5 @ Fp’ =0 (3.23)
dt riqr ridr — :

Adding term (LmRr/Ly)ies® and (LmRr/Ly)igs® respectively, on both side of the above

equations we get,

Lar 1 Umias® + Lriar™) + wpFy® =22 0 (3.24)
Tt (Lnlgs” + Lrige”) — 0Fy® = 2 S (3.25)

Substituting equation (3.18) and (3.19) in above equation we get,
dl;—irs = LT—Tidss - wrquS - %Fdrs (3.26)

Where T, = L,/R, is rotor time constant. By sensing stator currents and speed we can
determine flux vectors and unit vectors using equation (3.26) and (3.27). Since, it only

uses current signals for flux estimation it is called as current model.
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3.3.2 Indirect Vector Control

In indirect vector control unit vectors are generated in feedforward manner
using following principle. Consider Fig. 3.8 the d° — g° axes are fixed to stator and d' — "
axes are fixed to rotor. The rotor axes d" — " are moving at an angular speed o. the
synchronously rotating d® — g° axes are rotating ahead of d" — g" axes by the positive slip
angle 05 corresponding to slip frequency wsi. Since, rotor poles are directed on the d® axis
and s = or + ®s1, We can write

0; = [wgdt = [(w, + wy)dt = 6, + O (3.28)

lgs = lgs

» q°
X’ 6
. \ S
igs® A 1
N
Sl 65 \\\ tds
Far AN iqs
A
\
N W 1 P;' FdT
N
N
\
N
N
\\
' DA
d (ON
v J
d’ @r

Figure 3.8 Phasor Diagram Explaining concept of Indirect Vector Control

Note that rotor pole position is not fixed, but it is lipping with respect to rotor at an angular
frequency ws1. For decoupling control stator flux component igs should be align along d°®
axis and torque component igs should be align along q° axis. This can be achieved by
deriving indirect vector control equation with the help of d®* — g° equivalent circuit of an

induction motor as shown in Fig. 3.9.
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i = - - i
qus> Lis=Ls-Lm qr (ws - or) Fdr
i — Lir=Lr-Lm — W\FO
Rs oskFds Ry
Vs Var
O O
Ids Lis=Ls-Lm Lir=Lr-Lm « lar
— msFas
Rs (ws - r) Far Rr
Lm
Vs Fas For Vdr
O O

Figure 3.9 Dynamic d® — g® Equivalent Circuit of Induction Motor

dF gy

pra Ryigy — (ws— w)Fpr =0 (3.29)
T4} Ryigr + (@5 — @)Fgr =0 (3.30)
The rotor flux linkage equation can be written as,
Fagr = Lyigy + Liyigs (3.31)
Fyr = Lyigr + Linigs (3.32)

From above equation we can write

lgr = L_Fdr - L_r: lds (333)

T

igr = Llrqu - LL—*:iqS (3.34)
The rotor current in equation (3.29) and (3.30) can be eliminated using equation (3.33)

and (3.34)

dFgr Ry L .
d_? + ZFdr - L_Terds — wSquT' =0 (335)
dFyr R, L .
d_z + L_rqu - TTerqs + wledr =0 (336)

Where ws| = ws — o

For decoupling control, Fr should be aligned with d® axis which is possible when



therefore,
dFqr _
at
Substituting equations (3.37) and (3.38) in equation (3.35) and (3.36) we get

Ly dF;
R, dt

0

+ E = Lpyigs

LmRy .
Wg = ——1
sl FyLy qs

Where Fr = Fyr
Since rotor flux F: is constant derivative of it becomes zero, thus

E. = Lpyigs
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(3.37)

(3.38)

(3.39)

(3.40)

(3.41)

That is the rotor flux is directly proportional to current i, in steady state. The indirect

vector control can be implemented using equation (3.28), (3.39) and (3.40) as shown in

Fig. 3.10.

ids*

jabc

v l ]

Y

Y

N igs* d-q jabc* | Hysteresis Band | Pulses Ve
Wm#* P/2 {4 To Current Inverter ———>»{ IM Wr
NaYZ o

iabc Controller -
Ksl T
theta_s
Wsi*
i\
wr .
wr | )

Figure 3.10 Block Diagram of Indirect Vector control

3.4 Direct Torque Control

The direct torque control technique is advanced scalar speed control method

that provides superior performance like vector control methods. It allows direct control

of torque and stator flux by selecting inverter voltage space vector from lookup table. The

voltage and current of machine are sensed to estimate stator flux using equations (3.8) to

(3.15) whereas the torque of motor can be obtained using follows equation.

3 (P . .
T, = E(;) (Fdsslqss - Fqssldss)

(3.42)
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In DTC, the desired stator flux is compared with estimated flux value and error is given
to hysteresis band flux controller. Similarly, the estimated torque is compared with
desired torque obtain from speed control loop and error is passed to hysteresis band torque

controller as shown in Fig. 3.11.

- HB Flux
Fs* >+
= Control ¥ Hr
= Voltage = Pulses )
orque ulse
. —> Vector —> > Inverter «—{IM)}——> wr
Control X Generator
Selection .
Hre labc & Vabc

Flux and
Te «<— Torque
Estimator

Fs €——

Sector
Detector |

Fgss and Fdss

Figure 3.11 Block Diagram Of Direct Torque Control

The flux controller is having two digital output states according to following relations:
Hp =1 for Er > +HBp (3.43)
Hp =0 for Ep < —HBp (3.44)

Where 2HBE = total hysteresis bandwidth of Flux controller.

Whereas torque controller is having three digital output states which are as follows:

HTe == —1 fOI‘ ETe < _HBTe (346)
HTE = 0 fOI’ _HBTB < ETe < +HBT€ (347)

The sector detector determines sector number in which flux vector Fs lies.
The voltage vector selection block receives the signal Hr, Hre and sector number and
selects the appropriate voltage vector from lookup table, which is shown in Table 4 for
controlling the flux or torque. This voltage vector is then given as input to pulse generator
block which gives the switching states corresponding to that voltage vector to the inverter.
The flux can be increased by using voltage vectors Vi, V2 and Vs, whereas it can be
decreased by using vectors V3, V4 and Vs. Similarly, the torque is increased by vector Vo,
V3 and V4 but decreased by Vi, Vs and Vs vectors. Table 2 summarizes the effect of
different voltage vectors on magnitude and direction of flux and torque. The zero vectors
(Vo and V7) short-circuit the machine terminals and keeps the flux and torque unchanged.
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Table 1 Switching Table of Inverter Voltage Vectors

He Hre Sector 1 | Sector 2 | Sector 3 | Sector 4 | Sector 5 | Sector 6
1 V> V3 V4 Vs Vs V1
1 0 Vo V7 Vo V7 VO V7
-1 Ve V1 V> V3 V4 Vs
1 V3 \V/ Vs Ve V1 V2
0 0 V7 Vo V7 VO V7 VO
-1 Vs Ve V1 \V/3 Vs \VZ

Table 2 Effect of VVoltage Vectors on Magnitude and Direction of Flux and Torque

Vo or
V7

NN
N R I N N O IR A

Voltage Vector V1 V2 V3 V4 Vs Ve

Consider, for example if flux vector is in sector 3 and flux is higher than the desired value
that means Hr = 0 and if torque is very low then Hre = 1. Now as per the table 1 the
corresponding vector for this condition is V3 which will decrease the flux and increase
the torque. Thus, it results into very fast torque and speed response. The advantages of
using DTC are it does not involve feedback current control, it does not use traditional
PWM algorithm and it does not involve any vector transformation.

3.5 Conclusion

In this chapter working of scalar control, vector control and direct torque
control technique is discussed in depth. Due to the simplicity of scalar control method it
is widely used in the industry. The vector control methods and direct torque control
method are very complex and requires voltage and current sensors for implementation.
As these technique involves lot of calculation for feedback signal estimation high speed

DSP is required. Different flux vector estimation techniques also discussed in this chapter.
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CHAPTER 4

MODELING AND SIMULATION

4.1 Introduction
In this chapter the Simulink model of each speed control technique will be
discussed in detail. The chapter also covers detail explanation of development of Full

Spectrum Simulator (FSS) program for open-loop and closed-loop method.

4.2 Simulation Using MATLAB Simulink

The MATLAB Simulink is graphical block diagram environment which is
widely used throughout the world due to its simplicity. In MATLAB Simulink different
control techniques can be easily tested using different library component available [22].
The real-time implementation of any developed control strategy is possible by interfacing
Simulink with advanced DSP kit such as dSPACE. The simulation of different speed
control techniques of induction motor is performed as follows —

1. Open-loop V/f Method —

Fig. 4.1 shows MATLAB Simulink model of open-loop V/f method. The
main components of this method are DC voltage source and PWM voltage source
inverter. The desired speed command wm" is given as input to the system which is then
multiplied by Vs/ms ratio to obtain corresponding desired voltage and 0s is obtain by
integrating ms. The desired three- phase voltages are then calculated as shown in model
which are fed to Sinusoidal Pulse Width Modulator (SPWM) which compares it with
triangular carrier wave to generate pulses which are given to IGBT switches of three-

phase inverter. The output of inverter is given to the motor.
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Figure 4.1 Open-loop V/f MATLAB Simulink Model

2. Closed-loop V/f Method —

The closed-loop V/f method is similar to the open-loop method it overcomes
problems associated with it. In closed-loop method actual speed of motor is compared
with desired speed of motor and error is fed to PI controller which calculated slip
frequency s~ and then it is added with o to obtain stator supply frequency os, the
remaining operation is same as open-loop method. When load torque is applied speed of
motor reduces, Pl controller then detects the reduction in speed and takes the corrective
action by increasing ms~ to maintain motor at desired speed. Fig. 4.2 shows MATLAB

Simulink model of closed-loop method.



23

sart{ 2301 sinu(2n mN

3 +# va*

Yo Limiter

Wat

= P2 U IS - (2P ] vt

Viws Wb

BeOoBoB B g A

Wi
wmtowr i A sinu2 H 2 |

ve* SPWM

Ciscrete,
Te=T=s.

powergui ]
[Pulses]
jabc Closed-loop Speed rad

o m—bTm =Rator speed (wmj=
 — Wabe » [
+"|' Ve J A ) & labe TL X =Electromagnetic torgee Te (Nim)=
m — Te
m—=|B # B =Stator current is_a (
3—:. - bl
Clp—alC cla alC =Stator current is_b(
= Three-Phase  Three-Phase Induction Mator :
Imverter ol M easurement 50 HP / 460 V =Stator current is_c (j

Figure 4.2 Closed-loop V/f MATLAB Simulink Model

3. Direct Vector Control —

Fig. 4.3 shows Simulink model of Direct Vector Control. The desired speed
command o is compared with instantaneous value of wr and passed to PI controller that
generates stator quadrature axis component igs . The flux and unit vectors can be estimated
with the help of current model estimator or using voltage model estimator as shown in
Fig. 4.4 and 4.5 respectively. The estimated flux is compared with desired flux and fed to
PI controller which generates stator direct axis component igs . These two rotating frame
current are first converted into stationary frame using unit vector generated in feedback
manner and finally into three-phase current. Current regulator i.e. hysteresis band current
controller compares this three-phase current with corresponding instantaneous stator
current in order to obtain PWM signal which is used to controller the inverter output
voltage and frequency.
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4. Indirect Vector Control —

In indirect vector control, direct axis component of stator current igs is
calculated using equation 3.40 and it is maintained constant for simplicity. The quadrature
axis component iqs is generated by speed control loop as shown in Fig. 4.6. In indirect
vector control, slip frequency ws” is determined using equation 3.39 which is added with
instantaneous value of o that gives angular frequency ws. It is then integrated to get 0s

which is used to obtain unit vector signal cos(0s) and sin(0s).

ids* ia* labc
—»d q S Pul=s
ib* labe*
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Figure 4.6 Indirect Vector Control MATLAB Simulink Model

5. Direct Torque Control —

In DTC, the flux and torque are directly controlled by inverter space vector
selection through a look up table. In DTC flux and torque are estimated with the help of
equation (3.8) — (3.15) by sensing machine terminal voltage and current. Desired flux is
compared with instantaneous value and error is fed to flux control block which generates
output 1 or O whenever error value exceeds the hysteresis band. Desired torque obtained
from speed control loop is compared with actual torque of motor and error is passed to
torque control block. As torque error exceeds the hysteresis band torque control block
generates output 1 or 0 or -1. Considering the values obtained from flux control block,

torque control block and sector in which flux vector is present the appropriate voltage
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vector is selected from lookup table. Pulses are then given to the inverter based on selected
vector.
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Figure 4.7 DTC MATLAB Simulink Model

4.3 Simulation Using FSS

FSS is an advanced real-time simulator that can be used to perform offline
and real-time simulation by writing program in “C” language. For performing simulation,
the program has to be written in specified format given by the manufacturer as shown in
following programs. Before performing real-time simulation, the offline simulation result
of written program should be examined and once this result is satisfactory the same
program can be used for real-time simulation.

1. Open-loop V/f Method —

The simulation of open-loop V/f method is performed by writing program in
“C” language and executing it using FSS software. The program is written as per the
block diagram shown in Fig. 3.1. In FSS simulation we have to call various required

elements from library in program by using command “gelement type”. The program for
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open-loop V/f method is given in Appendix 1. In this program to give step speed
command “pulse” element is used which initially give command of 100 rad/sec then at t
= 1 sec speed is increased to 150 rad/sec. The speed command is then given to
“v_and_f control” element which calculates desired three-phase voltage as shown in
block diagram. These voltages are then given to SPWM block which consists of
“triangle 3” element that generates triangular carrier wave of given frequency and
comparator element “cmprtr 1a”. The PWM signal is then given to inverter element
“invrtr_3ph” to which induction motor is connected. The load torque command is also
given using “pulse” element which increases the load to 190 N.m. at t = 2 sec. The speed,
torque and current response is observed using “out port” element. Simulation time,
discrete sampling time and solver is mentioned in the “solve block™ section.
2. Closed-loop V/f Method —

To perform the simulation of closed-loop V/f the program is written as per
block diagram shown in Fig. 3.3. The program is similar to the open-loop method except
it includes speed control loop. The actual speed of motor is fed back using element
“feedback gain”. The desired speed and actual speed are compared using element
“diff 2” and error is given to PI controller element “picntrl” which gives slip frequency
os. It is then added with actual motor speed to obtain supply frequency which is given to
“v_and_f control”. The remaining operation of closed-loop method is same as the open-

loop method. The program of closed-loop V/f method is given in Appendix 2.

4.4 Conclusion

It is observed that developing speed control techniques in MATLAB
Simulink was bit easy when only offline simulation is required. The FSS offered great
flexibility in developing new control strategy or during designing new components as per
requirement but its programing is bit tiresome. The real-time simulation capability of FSS

is valuable when it comes to testing any prototype.
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CHAPTER 5

HARDWARE IMPLEMETATION USING DSPACE

5.1 Introduction

This chapter describes the different equipment’s used in the implementation
of open-loop and closed-loop speed control strategies. The pros and cons of various
voltage level shifting circuit will be discussed in detail. The test conducted to find
parameters of IM will be discussed. The steps involved in the implementation of any
control strategy using dSPACE have been described. The Simulink model used for

implementation will also be discussed in this chapter.

5.2 Component Details

Open-loop and closed-loop V/f speed control methods are implemented on a
laboratory prototype using dSPACE. The laboratory setup consists of a 3 phase induction
motor of rating 3HP, 415V, 50Hz fed by a VSI. The block diagram of laboratory setup is
as shown in Fig. 5.1 whereas Fig. 5.2 shows the experimental setup used for
implementation of these technique. The switching signals for the switches of VSI is
obtained using SPWM technique and given through DS1104 dSPACE controller.

Digital 10
VSI -
PC > dSPACE DS1104 > —(m)
Inverter
A Voltage, Current,
ADC Speed
Voltage and
Signal Conditioning <—  Current
Sensors

Figure 5.1 Block Diagram of Laboratory Setup
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Figure 5.2 Experimental Setup
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The specification of various components and equipment’s used for the hardware setup is
as follows —

1. dSPACE DS 1104 —
The dSPACE with following specification is used for hardware

implementation of various speed control techniques [23].
Table 3 Specification of d<SPACE

Processor 64-bit 250 MHZ

Memory 32 MB SDRAM

Timer Four 32-bit Down Counters, one 64-bit Up Counter

A/D Converter 4 Multiplexed .16-bit Channel, 4 parallel 12-bit Channel. The input
voltage range is +/- 10V

D/A Converter Eight 16-bit Channels. The output voltage range is +/- 10V

Digital 1/0 20-bit parallel 1/0

Digital Encoder Interface 2 Channels 24-bit resolution

Serial Interface Single UART, RS232/RS422/RS485 Compatible

Slave DSP 10 PWM outputs, 4 Capture inputs, 1 Serial Peripheral Interface

e —
A

| W
—

| 1016 /INTY - SPwmMl
101 . 1017 /INT2 SPWM2
102 1018 £ INT3 SPWM3
103 " 1019/ INT4 © sPwma
104 SSTE SPWMS
105 | seik SPWME
106 SSIMO SPwMT
107 Sssomi - SPWMB
108 ™ SPwM9
109 RXD STIPWM
1010 DCD (CTS) | ST2PWM
o1 RTS (/RTS) STIPWM
1012 | DTR(TXD) | SCAPY
1013 asycs) o ScAP2
1014 DSR (RXD) @ SCAP3
1015 vee | scapa

Figure 5.3 dSPACE DS 1104

2. 3 Hp Crompton Three-Phase Squirrel-Cage Induction Motor Coupled with 3 Hp
Kirloskar DC Generator and Tachogenerator.

Figure 5.4 Induction Motor Coupled with DC generator and Tachogenerator
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3. Semikron Three-Phase Rectifier and Inverter —
It consists of following components —

e Silicotronics B6U100A three-phase bridge module whose voltage rating is 2500V
and 100A output DC current.

e SKM75GB12T4 half bridge IGBT module whose maximum collector emitter
voltage is 1200V and 75A collector current. The IGBT module can be used for
switching frequency up to 20KHz.

e Skyper 32 gate driver is used which has two output channels. It provides various
protections such as under voltage protection, driver interlock top/bottom, dynamic

short circuit protection [24].

Q1 Q3 Q5
2 2 -3
Z<Dp1 Z< D3 Z<Dps S1 S3 S5

Q4 Q6 Q2
ZS D4 ZS D6 ZS D2 sS4 ] S6 ] S2 i)

THREE-PHASE RECTIFIER THREE-PHASE INVERTER

Figure 5.5 Block Diagram of Semikron Three-Phase Rectifier and Inverter

Figure 5.6 SKYPER 32 Gate Driver Module
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Figure 5.7 Semikron Three-phase Rectifier and Inverter

4. LV25-P/SP2 Voltage Sensor —

This sensor is designed to measure high DC/AC voltage. It is capable of measuring

voltage up to 1500V. It provides galvanic isolation between primary side (high voltage
side) and secondary side (electronic circuit side). Its working is based on hall effect. It
has high accuracy, good linearity, high immunity to external interference and low
response time [25].

Figure 5.8 LV 25 — P / SP2 Voltage Sensor
5. LA 55-P Current Sensor —
This sensor is designed for the measurement of high DC/AC current. It also provides

galvanic isolation like voltage sensor. It operates on the principle of hall effect and it is
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capable of measuring current up to 50A. It provides high accuracy, good linearity

optimized response time, and has high immunity to external interference [26].

Figure 5.9 LA 55-P Current Sensor

6. Voltage Level Shifting circuit using IC 7406 and Transistor 2N2222 —
The signal obtain from dSPACE is amplified to 15V from 5V using following circuit.

The detail of this circuit is mentioned in next section.
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Figure 5.10 Voltage Level Shifting Circuit on Zero PCB

5.3 Voltage Level Shifting circuit for Gate Driver Circuit

Digital 1/0 ports of dSPACE are used to obtain pulses for controlling the
switching of IGBT’s of inverter. The output voltage of digital I/O ports is +5V and 0V
representing logic 1 and logic O respectively. However, the driver circuit used for
switching of IGBT’s need +15V supply. The IGBT gate driver is used to offer various
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protections. Thus, voltage level shifting circuit is used to give switching signals to this
driver. The various voltage level shifting circuit tested while performing experiment are
as follows —

1. Using hex Inverter IC 7406 and Transistor 2N2222 —

IC 7406 is 14 pin IC which is having high source current and sink current
capability. It is consisting of 6 hex inverter buffer. It has high voltage open collector
output which allows us to interface with high voltage and high current circuits such as
IGBT. The output of hex inverter is given to base of transistor 2N2222 using 4.7K pull
up resistor. As transistor is capable of carrying collector current up to 800mA it is used
in this circuit. The output of transistor is given to SKYPER 32 driver circuit of the IGBT

inverter.

+15V

St

104 =

100 2 8N2222 102 =2

S2

(2?N2222

Figure 5.11 Voltage Level Shifting Circuit using IC 7406

2. Circuit using TLP 250 —

TLP 250 is 8-lead DIP package IGBT gate Driver IC which provides optical
isolation between controller and IGBT. It consists of light emitting diode and integrated
photodetector. The signal from controller is given to LED of IC which is detected by
detector. The output of detector is given to totem pole configuration of transistor. The
output is then taken from pin number 6 and given to the IGBT. The advantage of using it
Is it has sourcing and sinking current capability up to 1.5 A. Since, SKYPER 32 gate
driver circuit providing various protection and isolation there is no need of using this gate

driver circuit.
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Figure 5.12 Voltage Level Shifting Circuit using TLP 250
3. Circuit Using Transistor —
It is very simple circuit tested during performing experiment. The problem
with this circuit is that there is no isolation between dSPACE digital 1/0 port and

transistor circuit. This might damage these ports permanently hence mostly this circuit is
not used.

[J]Rl [J]Rl [J]Rl By
1k 1k 1k

+—— S1 +—— S4 +—— S3

oo+§:——ﬂ<Q |024;}——ﬂgQ |o4J§:——ﬂ£Q
S ok MN2222 oo 2N2222 oo MN2222

r] R1 r] R1 r] R1
1k 1k 1k

t+—— S6 +—— S5

R R R
106 —:b—' 108 —:b—' 10 10—:’—'
220 Ohm 2QN2222 220 Ohm gNZZZZ 220 Ohm (22’\‘2222

Figure 5.13 Voltage Level Shifting Circuit Using Transistor
4. Circuit using IC 6N137 and UA741 —
In this circuit the signal from dSPACE is given to the Optocoupler IC 6N137
to provide isolation. The output is then fed to Op-amp IC UA741 to amplify the voltage.

The problem with this circuit is that it does not provide high source and sink current
capability.
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Figure 5.14 Voltage Level Shifting Circuit Using IC 6N137 and UA741

5.4 Calculation of Induction Motor Parameters

The equivalent circuit parameters of three-phase induction motor for

hardware implementation are determined by performing No Load Test, Blocked Rotor

Test and DC test [27] — [28].
1. No Load Test —

The no load test is performed to obtain the value of magnetizing inductance
by supplying 415V (line-line), 50 Hz supply to balanced three-phase stator winding under
no load. Phase Voltage (Vn), Phase Current (In) and per phase input power (Pni) are
measured using po alyzer whose readings are as shown in Fig. 5.15 and 5.16.

) mww\\\ : ﬁ |
‘ | “"”'”"

Figure 5.15 No Load Test Voltage and Current Reading
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Figure 5.16 No Load Test Power Reading

From No Load Test,
an = 240 V, Inl = 08 A, Pnl = 60 W

an = m (51)
240
nt = W = 30010
Pp
Rnl = # (52)
60
Ru = 55z = 93750

X = 1’an - Rnl2 (5-3)

S Xy = \/3002 — 93.75%2 = 28497
2. Blocked Rotor Test —

Blocked rotor test is carried out to find the value of rotor resistance and
leakage inductance of stator and rotor. This test is performed by blocking rotor using hand
and slowly increasing the voltage till the current flowing through the stator is equal to the
rated value. Similar to no load test Phase VVoltage (Vur), Phase Current (lnr) and per phase
input power (Pyr) are measured using power analyzer whose reading are as shown in Fig.
5.17 and 5.18.
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Figure 5.18 Blocked Rotor Power Reading

From Blocked Rotor Test,
Vior =198 V, Iy = 4.7 A, Por = 567 W

Zpr = —
198_4212[2
br— 47 =%
Rpr = —
567
br = ﬁ=25.66ﬂ

A
|
fw' il
M
L
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(5.4)

(5.5)

(5.6)
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2 Xy = /42122 — 25.662 = 33.40

1
Xis = Xip = EXbr (5-7)

1
© Xig= Xy = 53340 =167 0

L= Ly =——2" 005318 H
2 *3.14 %50
Xm = Xm — Xis (5.8)
- X = 28497 —16.7 = 268.27 ()
Ly, = ﬂ =085H
™ 2%3.14 %50
Xy = Xy + Xipr (5.9

s X, = 268.27 +16.7 = 284.97 ()
3. DC Test -

DC test is performed to determine the stator resistance by passing rated
current through the two terminals of stator winding. Then the current flowing through
stator winding and voltage across them is measured. Since motor is star connected when
we supply rated current through two terminals two phases of stator winding appears in

series. Thus, stator resistance is given as follows

R, = 1Ty (5.10)
R 1 12 11.66
= — %k = .
ST 2 48

2

R, = (Rpr — R) * (;:_;) (5.11)

R, = (25.66 — 11.66) (284'97>2 15.79
= . — . * = .
r 268.27

The equivalent circuit parameters of induction motor used for hardware implementation

obtained from above calculation are tabulated below.

Table 4 Parameters of Induction Motor used for Hardware Implementation

Stator Resistance (Rs) 11.66 Q
Rotor Resistance (Ry) 15.79 Q
Stator and Rotor Leakage
Inductance (Lis, Li)

Magnetizing Inductance (Lm) 0.85 H

0.05318 H
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5.5 Steps Before Building Simulink Model
After successfully testing the developed control strategy using MATLAB
simulation it can be used for hardware implementation. When first time building the
developed control technique for real-time implementation the following steps should be
taken otherwise the model will show different types of errors [29] — [32].
1. Open MATLAB and select dASPACE RTI Platform Support RTI 1104 —

(2B N ] scarch Documentation ,0.
Lz, New variable |« Analyze Code O Preferences -) .
=k O [ Find Fiies: &1 mr} . l:ﬁl E (' Community
[} open Variable {7 Run and Tme [ Set Path
New  New Dpen | -] Comparg  Import  Save Simulink  Layout Add-Ons  Help Request Support
Script v Data Workspace (%) Clear Workspace ~ (%7 Clear Commands ~ ~ |l Paratel ~ ~ -~
FILE VARIABLE cone SIMULINK ENVIRONMENT RESOURGES
«pEa » C: » ProgramFiles » MATLAB b R2016a » bin » P
Gl ae & | Command Win| # Select dSPACE RTI Platform Support - X ®
Name dSPACE Real-Time Interface (RTI) is installed for several hardware platforms.
[=] worker.bat " =====—— Please select which specific ATlxooc» platform support you wish to use now. ————————————
mw_mpiexec.bat Configur|
i3 o TIP:

il
L] mexutils.pm *You can change to another RTI platform support at any time by using the RTloocc> command.

L] mexsetup.pm fx For example, to change to RTH 104 (platform DS1104) type at the MATLAB promt.

[=] mexext.bat s
1] mex.pl
\bat
% :Z( h:t [ Do not show this dialog again
[ mbuild bat

4\ matlab.exe RTIN00S | | RTI00S RTN007 | | RTNM103 | | RTH104 | | RTM202 | | ATI401

[ tedata_utigxmi

|7 ledataxsd

[ tedateaml

[%] deploytool.bat

winb4 O

Details ~
Warkspace ®
Neme Value

«| Initializing...

Figure 5.19 Step One Selecting RTI Platform for Building Simulink Model

2. Open Simulink Model -

3 vbyf_Dspace_Model * - Simulink

- x
File Edit View Display Diagram Simulation Analysis Code Tools DSMPBLIB Help
-=-3 He-E-e 4 e ] g M=
i R FERC] CINONI2 179~ [ Normal @~ &
vbyf Dspace_Model
o WASTER BT OUT 5
SeET ST e
@
@
= E—— E FEwETee
JR———
o o
=] -
- - = WASTER BT OUT
a2 W 12 ver
o | DS104BIT_OUT_Ca
W
-
SR S22 - WASTER BITOUT
ver SPWM
5 T
wm Inegrater
= WASTER BT OUT
s,,ge;_.pm cpemrads EETren e
e
CEETe T Gant  Fite Daignt Gsin2 - wm rads) DSTO4BIT_OUT_G10
- bb - 5
= Ds104ADC CE Mﬂ1 DS‘MG‘IADC _C7 V YB :
@ Addl waw = - ==
L mm = y
» ¢ >
Ready 100% oded

Figure 5.20 Step Two Opening Simulink Model
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Change stop time to infinite, make solver type as fixed step and select solver from list.

Set fixed-step size 100 psec.

@ Configuration Parameters: vbyf Dspace_ Model/Configuration (Active) - X
~
% Commonly Used Parameters = All Parameters
Selact: Simulation time
Solver Start time: |0.0 Stop time: ‘lnf
Data Import/Export
Optimization Solver options
Diagnostics
Hardware Type: |Fixed-step | Solver: |ode4 (Runge-kutta) -
Model Referencing
Simulation Target = Additional options
Code Generation
HDL Code Generation Fixed-step size (fundamental sample time): 10e-5
Simscape
Simscape Multibody 1G
simscape Multibody Tasking and sample time options
Periodic sample time constraint: Unconstrained -
Tasking mode for periodic sample times: Auto -
[ Automatically handle rate transition for data transfer
[ Higher priority value indicates higher task priority
v
7 ] oK Caneel Help Apply
Set system target file to “rtil 104.tlc”
@ Configuration Parameters: vbyf_Dspace_Model/Configuration (Active) - X
~
% Commonly Used Parameters = All Parameters
Select: Target selection
Solver System target file: | rti1104.tic Browse...
Data Import/Export
~ Optimization Language: c o
Signals and Parameters Desription: dSPACE DS1104 Hardware Platform
Stateflov
Diagnostics Build procass
Hardware Implementation [ Generate code on
Model Referencing snerate code only
Simulation Target Package code and artifacts Zip file name:
Criz Exizmii Makefile configuration
HDL Code Generation
Simscape Generate makefile
Simscape Multibody 16 Template makefile: [rtit104.tmf |
Simscape Multibody
Make command: [make_rti ]
Code generation objectives
Select objective: Unspecified -
Check model before generating code: off - Check Model...
Q9 oK Cancel Help Apply

Figure 5.22 Step Four Selecting System Target File



5. Goto RTI Load Option —

Uncheck load application after build.

@ Configuration Parameters: vbyf_Dspace_Model/Configuration (Active)

% Commonly Used Parameters = All Parameters
Select: [ Load application after build
Solver
Data Import/Export Load to Flash memory
~ Optimization Platform name: ds1104
Signals and Parameters
Stateflow
Diagnostics

Hardware Implementation
Model Referencing
Simulation Target
v Code Generation
Report
Comments
Symbols
Custom Code
Interface
RTI simulation options
RTI general build options
RTI load aptions
RTIvariable description fil...
HDL Code Generation
Simscape
Simscape Multibody 1G
Simscape Multibody

RTIHelp

oK Cancel Help
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Apply

Figure 5.23 Step Five Setting RTI Load Options

6. Go to All Parameter tab and select optimization category —

Uncheck Block reduction, Conditional input branch execution and Signal Storage Reuse.

@ Configuration Parameters: vbyf_Dspace_Model/Configuration (Active)

For blocks that conditionally need input signals, e.g., Switch block, execute only thos

Use Boolean data type instead of double for logical signals in Logical Operator, Combi...

Optirize size of countars used to compute absoluts and slapssd tims, using the spec.

When a change of fixed-point slope is not a power of two, then a net slope computat.

When converting from floating-point to fixed-point, if the net slope is not a power of &

Select the setting to use double-precision or single-precision data type when Simulink

Optimize using the specified minimum and maximum values. For example, using the 0.

Suppress code that intializes root-level V0 data Structures to zero because it might b

Optimize inttialization of storage for floats and doubles. Select this option if the repres....

Suppress generation of initialization code to accommedate the case where this model.

Remove code from floating-point to integer conversions that wra...

For floating-paint to integer conversions, simulation handies out-of-range values by s

% Commonly Used Parameters = All Parameters
Category: |Optimization
%, Category Parameter
Optimization Block reduction
Exclude unnecessary blocks from simulation or code generation from this model.
Optimization Conditional input branch execution
Optimization Implement logic signals as Boolean data (vs. double)
Optimization Application lifespan (days)
Optimization Use division for fixed-point net slope computation
Optimization Use floating-point multiplication to handle net slope corrections
Optimization Default for underspecified data type
Optimization Optimize using the specified minimum and maximum values
Optimization Remove root level /O zero initialization
Optimization Use memset to initialize floats and doubles to 0.0
Optimization Remove internal data zero initialization
Suppress code that infializes. giobal data SITUCHUrES (2.0., block data structures, as
Optimization Optimize initialization code for model reference
Optimization
Optimization

Remove code from floating-point to integer conversions with satu

Figure 5.24 Step Six Unchecking Optimization Parameters

Value

double

Command-Line Name

BlockReduction

ConditionallyExecuteInputs

BooleanDataType

LifeSpan

UseDivisionForNetSlopeComputa

UseFloatMulNetSlope

DefaultUnderspecifiedDataType

UseSpecifisdMinMax

~ZeroExternalMemoryAtStartup

~InitFltsAndDblsToZero

~ZeroInternalMemoryAtStartup

OptimizeModelRefInitCode

EfficientFloat2IntCast

EfficientMapNaNZIntZero

oK Cancel Help

X

Apply
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@ Configuration Parameters: vbyf_Dspace_Model/Configuration (Active) - X

% Commonly Used Parameters = All Parameters

Category: |All - ‘D signal storage re|

=, Category Parameter Value Commani d-Line Name [+]

Optimization Signal storage reuse OptimizeBlockIOStorage
Reuse memory storage locations for block signals wherever possible

Figure 5.25 Step Six Unchecking Signal Storage Reuse

Once steps 1 to 6 are completed click on build model and see the diagnostic result. When
build process is complete ““.sdf” file is generated in set directory folder. Open this “.sdf”
file in Control Desk software and create required layout. Now to star program execution
click on “Go Online” button then click on “Start Measuring” button to start measurement

of various parameters.

5.6 Simulink Model for Hardware Implementation

For using the Simulated model for real-time implementation some
modifications are done in the Simulink model. The open-loop and closed-loop model used
for real-time implementation are given in this section.

1. Open-loop V/f Method —

For hardware implementation, the SPWM switching signals are obtained
using MASTER BIT OUT terminal of dSPACE using channel 0, 2, 4, 6, 8, 10 and given
to the IGBT switches of three-phase inverter to get variable voltage variable frequency
supply. To observe speed of motor the output of Tachometer generator is given to the
voltage sensor which is then fed to ADC channel 5 of dSSPACE. The signal given to ADC
channel gets divided by 10 internally hence we multiply the ADC output obtain in
Simulink by 10. Also, since the output obtained gets affected by noise we use low pass
Butterworth filter to filter out noise. Fig. 5.26 and 5.27 shows open-loop V/f model used

for hardware implementation and Control Desk layout used for controlling speed of
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motor. Time plotter shows mechanical speed of motor in rad/sec. The speed can be

changed using slider or by typing value in variable array window.
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Figure 5.27 Control Desk for Open-loop V/f Method
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2. Closed-loop V/f Method
Similar to open-loop V/f method the SPWM signal is obtain using MASTER
BIT OUT as shown in Fig. 5.28. Speed signal is converted into rad/sec and fed back to
the speed control loop. The control desk for closed-loop V/f is as shown in Fig. 5.29.

Similar to open-loop V/f method we can alter speed using slider or by typing value.
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Figure 5.28 Closed-loop V/f Simulink Model for Hardware Implementation
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Figure 5.29 Control Desk for Closed-loop V/f Method

5.7 Conclusion

The different components involved in the experimental implementation of
speed control technique were discussed in detail. The problems involved in
implementation of voltage level shifting circuit were reviewed and best circuit to satisfy
the requirement is determined. The modification made to Simulation model of MATLAB

for hardware implementation were also covered in this chapter.
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CHAPTER 6

RESULTS AND DISCUSSION

6.1 Introduction

The objective of this chapter is to study how each speed control technique
such as open-loop V/f, closed-loop V/1, direct vector control, indirect vector control and
direct torque control behaves under different operating condition. In this chapter, detail
discussion of MATLAB and FSS simulation results of various speed control strategies
will be covered. The experimental results of open-loop and closed-loop V/f method are

also included in this chapter.

6.2 Simulation Results Using MATLAB Simulink

The simulation of various speed control techniques of a three-phase squirrel
cage induction motor is performed using parameters mentioned in table 5. Fig. 6.1, 6.3,
6.5, 6.6 and 6.7 show the speed, torque and current response of various speed control

techniques of induction motor for step change in speed and load torque.

Table 5 Parameters of Induction Motor used for Simulation

Rated Power 50 Hp
Rated Voltage 460 V
Rated Current 46.8 A
Rated Frequency 60 Hz
Stator Resistance (Rs) 0.087 Q
Rotor Resistance (Ry) 0.228 Q

Stator Leakage Reactance (Xis) | 0.302 Q
Rotor Leakage Reactance (Xi) | 0.302 Q

Mutual Reactance (Xm) 13.08 Q
Inertia (J) 1.662 Kg.m?
Friction (F) 0.1 N.m.s.

Number of Poles (P) 4
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Initially under no load, speed command of 100 rad/sec is given then at time t = 1 sec speed
Is increased to 150 rad/sec. The load torque is increased to 190 N.m. at time t = 2 sec. The
desired speed and torque is represented by red line and actual response is represented in
blue color.

1. Open-loop V/f Method —

It is found that when speed command is given, speed of motor increases
gradually and settle down close to desired speed. Lot of oscillations are observed during
starting of motor using open-loop V/f method. When motor is tuned on it takes
approximately 0.75 secs to reach speed of 100 rad/sec and 0.5 secs to reach speed of 150
rad/sec from 100 rad/sec. When load is applied, motor draws more current to satisfy the
load torque requirement. It is witnessed that, on application of load torque the speed of
motor decreases significantly and there is no corrective action taken by the system to

maintain it at desired speed command.
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Figure 6.1 Open-loop V/f MATLAB Simulation Result
Before doing hardware implementation of open-loop V/f method its simulation is
performed using the parameters of induction motor mentioned in table 4. The initial speed
command of 50 rad/sec is given to motor, then the speed is increased to 100 rad/sec and
150 rad/sec at time t = 1 sec and t = 2 sec respectively. Finally, at t = 3 sec speed is
reduced to 100 rad/sec. It is observed that the speed of motor is 47 rad/sec, 94 rad/sec and

140 rad/sec corresponding to given speed command.
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Figure 6.2 Open-loop V/f MATLAB Simulation Result of 3HP IM

2. Closed-loop V/f Method —

In case of closed-loop system the speed of motor increases linearly and more
quickly than open-loop system. It takes around 0.45 sec to reach speed of 100 rad/sec
when motor starts from zero and around 0.3 secs to reach 150 rad/sec from 100 rad/sec.
When load torque is given current drawn by motor increases and it is found that speed

control loop increases the slip frequency to maintain the motor at desired speed.
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Figure 6.3 Closed-loop V/f MATLAB Simulation Result

The simulation of closed-loop method also performed using parameters of IM mentioned
in table 4. The initial speed command of 50 rad/sec is given to motor, then the speed is
increased to 100 rad/sec and 150 rad/sec at time t = 1 sec and t = 2 sec respectively.
Finally, at t = 3 sec speed is reduced to 100 rad/sec. It is observed that the speed of motor

is 50 rad/sec, 100 rad/sec and 150 rad/sec corresponding to given speed command.
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Figure 6.4 Closed-loop V/f MATLAB Simulation of 3HP IM

3. Direct Vector Control Method —

Simulation is carried out to investigate performance of IM using direct vector
control method under the same operating conditions. There is significant change in torque
and speed response of vector control method. In case of direct vector control the torque
response is very smooth and there are no oscillations during startup. The speed of motor
increases linearly and it takes around 0.4 secs to reach initial speed command. It takes
less than 0.25 sec when there is step change in speed command. There is increase in
quadrature axis component of stator current to satisfy the load torque requirement. The

system maintains motor at desired speed even after change in load.
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Figure 6.5 Direct Vector Control MATLAB Simulation Result
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4. Indirect Vector Control Method —

Simulation is carried out to examine performance of IM using indirect vector
control method under the same operating conditions. In case of indirect vector control it
is observed that, during startup there is sharp increase and decrease in the torque of motor
which causes some oscillations in speed response when motor is turned on. The motor
achieves speed of 100 rad/sec in approximately 0.45 sec and when speed command is
changed it is noticed that the speed increases linearly taking only 0.25 sec to reach desired
speed. Similar to the direct vector control method it also maintains the motor at desired

speed when load on motor increased.
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Figure 6.6 Indirect Vector Control MATLAB Simulation Result
5. Direct Torque Control Method

It is most advanced speed control technique among all above methods.

Simulation is carried out to investigate performance of IM using direct torque control
method under the same operating conditions. The speed response is very linear and fast.
It takes 0.35 sec to achieve initial speed command and around 0.2 sec when there is step
change in speed. Torque response is smooth and there are no oscillations during startup
or when speed change command is given. Like all other methods this control system also

maintains desired speed of motor when load is increased.
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Figure 6.7 Direct Torque Control MATLAB Simulation Result

6.3 Simulation Results Using FSS

The simulation of open-loop and closed-loop V/f method is performed using
miniature real-time Full Spectrum Simulator (FSS). The parameters of induction motor
mentioned in table 5 are used to analyze performance of both these speed control
techniques of induction motor. The system response is examined for step change in speed
and load torque. Initially under no load speed command of 100 rad/sec is given then at
time t =1 sec it is increased to 150 rad/sec and finally at t = 2 sec load torque of 190 N.m.
is applied. The red line represents desired response whereas actual response is represented
by blue color.

1. Open-loop V/f Method —

It is found that the time taken by motor to settle down to initial speed
command of 100 rad/sec is 0.75 sec which is slightly more than the simulation result
obtained using MATLAB. Also, when speed is increased it takes 0.5 sec to reach speed
of 150 rad/sec which is 0.4 sec in case of MATLAB Simulation. In FSS Simulation, when
load torque is applied the speed of motor is reduced to 132 rad/sec, however in MATLAB
Simulation it is observed that the motor speed decreases to 134 rad/sec. During startup it
is observed that amplitude of oscillations of torque response is higher in MATLAB

Simulation than in FSS Simulation.
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Figure 6.8 Open-loop V/f FSS Simulation Result

2. Closed-loop V/f Method —

Similarly, in case of closed-loop method it is found that the time taken by
motor to reach desired speed command is more than the time taken in MATLAB. In FSS
motor takes 0.55 sec to reach initial speed command and when speed command is
increased it takes 0.30 sec to achieve new desired speed whereas for the same command
in MATLAB this time is 0.45 sec and 0.25 sec respectively. During steady state torque
response seen in FSS Simulation result contains high oscillations as compared to
MATLAB Simulation result.
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Figure 6.9 Closed-loop V/f FSS Simulation Result

6.4 Experimental Results
The experimental results of open-loop and closed-loop methods are obtained

using Control Desk. The performance of both methods is observed for step change in
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speed. Initially speed command of 50 rad/sec is given to motor then it is increase to 100
rad/sec and finally it is raised to 150 rad/sec. The speed of motor is then reduced to 100
rad/sec. The results of both these methods are as follows —

1. Open-loop V/f Method —

Fig. 6.10 and 6.11 displays control desk view and actual speed response of
induction motor to step change in speed. The scope on left side of screen shows actual
speed of motor and right scope shows current waveform. It is observed that speed of
motor is 48 rad/sec, 92 rad/sec and 140 rad/sec when speed command is 50 rad/sec, 100
rad/sec and 150 rad/sec respectively. The speed response of motor also verified by
observing output on DSO as shown in Fig. 6.12. Fig. 6.13 shows current response when
speed is increased from 100 rad/sec to 150 rad/sec whereas Fig. 6.14 shows current
response when speed is reduced to 100 rad/sec from 150 rad/sec. It is found that when
speed change command is given current increases and then reduces gradually as motor
attains desired speed. Fig. 6.15 and 6.16 show change in frequency of supply voltage
when speed command is given. It is observed that when speed command is changed then
frequency of stator supply voltage changes quickly to desired value and there is no

fluctuation in frequency.
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2. Closed-loop V/f Method
Similarly, in case of closed-loop method speed is increased in step. It is found
that, when speed command is given, speed increased linearly and after minute transients
it settled to desired speed. Fig. 6.17 and 6.18 shows control desk view and actual speed
response of motor to speed command of 50 rad/sec, 100 rad/sec and 150 rad/sec. The

speed response of closed-loop V/f observed on DSO is shown in Fig. 6.19.
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Figure 6.17 Control Desk view of Closed-loop V/f Method for Speed Change Command

Fig. 6.20, 6.21, 6.22 and 6.23 shows current and voltage response when speed is increased
from 100 rad/sec to 150 rad/sec and when speed is reduced from 150 rad/sec to 100
rad/sec. It is observed that when speed is changed current increases and after few
transients it settles to steady state value when motor reaches desired speed. The sharp
increase in frequency of stator voltage is observed when speed is increased. When speed
is reduced it is observed that the frequency of supply reduced significantly and then it

increases to desired value which results in fast speed response.
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6.5 Conclusion

The performance of each speed control technique is explored by comparing
their starting performance, reaction to speed change command and their torque response
with and without load. The MATLAB and FSS simulation results of open-loop and
closed-loop V/f are examined and discussed. It is found that the experimental results of

open-loop and closed-loop V/f almost matches with the simulation results obtained.
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CHAPTER 7

SUMMARY AND CONCLUSION

In this thesis, performance analysis of different speed control techniques of
three-phase squirrel cage induction motor is performed. Since induction motor is
extensively used all over the world for numerous application it is very important to use
efficient and cost-effective speed control technique of IM to reduce energy consumption.
The performance of open-loop V/f, closed-loop V/f, direct vector control, indirect vector
control and direct torque control is studied using MATLAB Simulink under different
operating condition such as step change in speed and torque.

It found that in open-loop and closed-loop method there are lot of oscillations
in torque during starting. In open-loop method when load torque is applied there is
significant drop in speed whereas in case of closed loop speed is maintained constant at
desired speed command. Direct vector control speed response is faster than both scalar
control methods and there are no fluctuations in torque response. Indirect vector control
is simple than the direct vector control as there is no requirement of sensing terminal
voltage and current of machine to estimating flux vector which are used to obtain unit
vector, thus reduces the complexity. Also, in direct vector control there is need of tuning
two PI controllers which took lot of time whereas in indirect vector control tuning of only
one PI controller is required. Its response is analogous to direct vector control but there
are few undulations in torque response during starting. The performance of direct torque
control is better than all other speed control method. It is observed that its speed response
is faster and more linear and torque response does not contain oscillations.

The simulation of open-loop and closed-loop V/f method is also performed
using Full Spectrum Simulator (FSS). The performance results acquired from FSS
Simulation of these technique is compared with MATLAB Simulation results. It is found
that the time taken by motor to reach desired speed command in FSS Simulation was
more than that observed in MATLAB Simulation. FSS result shows that the starting
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current and magnitude of starting torque is somewhat less as compared to MATLAB
Simulation result. The FSS is very advance controller that can be used for offline and
real-time simulation but it involves writing of code in “C” language which is bit tedious
process. Despite this time consuming process it offers lot of flexibility when developing
a new system.

The speed of 3Hp, 460V, 50Hz induction motor is controlled by
implementing scalar speed control strategies using dSPACE DS1104. The simulation
result of open-loop V/f and closed-loop V/f nearly matches with the hardware results. In
open-loop V/f, it is found that speed of motor is less than the given speed command when
operated under load whereas in closed-loop method the speed is maintained equal to
desired speed. The experimental results prove the effectiveness of both speed control
methods.

Thus, this thesis shows the advantages and disadvantages of various speed
control techniques. It is found that scalar control technique can be used where cost
effective speed control solution is required and high accuracy of system is not required.
Vector control techniques and direct torque control methods are cutting-edge speed
control techniques that provides fast and precise speed control. The torque response of

these methods is also very smooth and contains very less undulations.
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APPENDICES
Appendix 1

# Header
title: Open Loop V by f method

# CircuitBlock

begin_circuit

gelement type=v_and_f _control name=vbyf rt_id=0 fref=fc va=van vb=vbn vc=vcn
vrated=460 frated=60 vrs=3

gelement type=pulse name=wm rt_id=0 y=fcl t1=1 t2=2 val1=100 val2=150 val3=150
gelement type=multscl name=wm_to_f rt_id=0 x=fc1 y=fc a=0.32

gelement type=multscl name=vas rt_id=0 x=van y=vanl a=0.0013
gelement type=multscl name=vbs rt_id=0 x=vbn y=vbnl a=0.0013
gelement type=multscl name=vcs rt_id=0 x=vcn y=vcnl a=0.0013

gelement type=triangle_3 name=carrier rt_id=0 y=vcar g_high=1 g_low=-1 f _hz=1980
t0=0

gelement type=cmprtr_la name=a_phase rt id=0 x1=vanl x2=vcar yl=gl y2=g2
g_high=1

gelement type=cmprtr_la name=b_phase rt_id=0 x1=vbnl x2=vcar yl=g3 y2=g4
g_high=1

gelement type=cmprtr_la name=c_phase rt id=0 x1=vcnl x2=vcar yl=g5 y2=(¢6
g_high=1

gelement type=vsrcdc name=Vdc rt_id=0 p=p m=m vdc=600
gelement type=invrtr_3ph name=Inverter rt_id=0 p=p m=m gl=gl g2=g2 g3=g3 g4=g4
g5=05 g6=g6 a=a b=b c=c g_high=0.5

gelement type=indmc_free name=indmc rt_id=0 a=a b=b c=c tl=tl wrm=wr tem=tem
ia=ia ib=ib ic=ic P=4 rs=0.087 11s=0.0008 Im=0.0347 IIr=0.0008 rr=0.228 j=1.662
gelement type=pulse name=loadtorque rt_id=0 y=tl t1=1 t2=2 val1=0 val2=0 val3=190

gelement type=out_port name=Speed rt_id=0 x=wr scl=200 ch=0

gelement type=out_port name=torque rt_id=0 x=tem scl=100 ch=1
gelement type=out_port name=currenta rt_id=0 x=ia scl=500 ch=2
gelement type=out_port name=currentb rt_id=0 x=ib scl=500 ch=3
gelement type=out_port name=currentc rt_id=0 x=ic scl=500 ch=4



end_circuit

#Solve Blocks#Solve Block 1#
begin_solve

solve_type=trns

method: t_start=0

method: t_end=3

method: delt_const=0.00001
begin_output
filename=output.dat limit_lines=1000000 append=no fourier=no +
sweep_format=reverse
variables: vO vin v1 v2 vfl vf2
end_output

method: back_euler=yes
end_solve

target: HOST_PC

end_cf
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APPENDIX 2

# Header
title: Closed Loop V by f method

# CircuitBlock

begin_circuit

gelement type=v_and_f _control name=vbyf rt_id=0 fref=fc va=van vb=vbn vc=vcn
vrated=460 frated=60 vrs=3

gelement type=feedback _gain name=spdfed rt_id=0 x=wrm y=wr

gelement type=multscl name=wrmtowre rt_id=0 x=wr y=wre a=2

gelement type=pulse name=wm rt_id=0 y=wm_ref t1=1 t2=2 vall=100 val2=150
val3=150

gelement type=multscl name=wm_to_wr rt_id=0 x=wm_ref y=wr_ref a=2

gelement type=diff 2 name=wr_dif rt_id=0 x1=wr_ref x2=wre y=wr_diff

gelement type=picntrl name=trq_cntrl rt_id=0 x=wr_diff y=wrcntrl kp=12 ki=0.55
gelement type=Imtr name=trq_Imtr rt_id=0 x=wrcntrl y=slip xmin=-180 xmax=180
gelement type=sum_2 name=spd_addr rt_id=0 x1=slip x2=wre y=we

gelement type=multscl name=wetofe rt_id=0 x=we y=fc a=0.16

gelement type=multscl name=vas rt_id=0 x=van y=vanl a=0.0013
gelement type=multscl name=vbs rt_id=0 x=vbn y=vbnl a=0.0013
gelement type=multscl name=vcs rt_id=0 x=vcn y=vcnl a=0.0013

gelement type=triangle_3 name=carrier rt_id=0 y=vcar g_high=1 g low=-1 f_hz=1980
t0=0

gelement type=cmprtr_la name=a_phase rt id=0 xl=vanl x2=vcar yl=gl y2=g2
g_high=1

gelement type=cmprtr_la name=b_phase rt_id=0 x1=vbnl x2=vcar yl=g3 y2=g4
g_high=1

gelement type=cmprtr_la name=c_phase rt_id=0 x1=vcnl x2=vcar yl=g5 y2=¢6
g_high=1

gelement type=vsrcdc name=Vdc rt_id=0 p=p m=m vdc=600
gelement type=invrtr_3ph name=Inverter rt_id=0 p=p m=m gl=gl g2=g2 g3=¢3 g4=g4
g5=05 g6=g6 a=a b=b c=c g_high=0.5
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gelement type=indmc_free name=indmc rt_id=0 a=a b=b c=c tI=tl wrm=wrm tem=tem
ia=ia ib=ib ic=ic P=4 rs=0.087 l1s=0.0008 Im=0.0347 IIr=0.0008 rr=0.228 j=1.662
gelement type=pulse name=loadtorque rt_id=0 y=tl t1=1 t2=2 val1=0 val2=0 val3=190

gelement type=out_port name=Speed rt_id=0 x=wrm scl=200 ch=0
gelement type=out_port name=torque rt_id=0 x=tem scl=100 ch=1
gelement type=out_port name=currenta rt_id=0 x=ia scl=500 ch=2
gelement type=out_port name=currentb rt_id=0 x=ib scl=500 ch=3
gelement type=out_port name=currentc rt_id=0 x=ic scl=500 ch=4
end_circuit

# Solve Blocks# Solve Block 1#
begin_solve

solve_type=trns

method: t_start=0

method: t_end=3

method: delt_const=0.00001
begin_output
filename=output.dat limit_lines=1000000 append=no fourier=no
+sweep_format=reverse
variables: vO vin v1 v2 vfl vf2
end_output

method: back_euler=yes
end_solve

target: HOST_PC

end_cf
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