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ABSTRACT

The School of Graduate Studies
The University of Alabama in Huntsville

Degree Master of Science in Engineering College/Dept. Engineering/Electrical and
Computer Engineering

Name of Candidate Elise Goff

Title DSP Implementation and Study of Sliding Mode Control Algorithms for Power
Factor Correction in AC-DC Converters

A DSP implementation of sliding mode control algorithms for power factor
correction of a three-phase full bridge AC-DC boost converter is studied. The control
algorithms were developed from previous studies and include classical sliding mode
controls, super twisting sliding mode controls and sliding mode observers/differentiators.
A co-simulation between a DSP with encoded sliding mode control algorithms and a
computer which emulates the power block is accomplished. The controller is tested in
this configuration under varying conditions. The studies of the embedded processor
implementation of the power factor control system include observing the effects of
varying source inductance of the converter, exploring the limitations on input frequency
values, and testing the control’s ability to adapt to varying load resistances. The validity
of the DSP implementation of the sliding mode algorithms is confirmed by comparing the
results of this co-simulation to the results of previously implemented computer-only

simulations studies.
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CHAPTER 1

INTRODUCTION

Elimination of energy waste is one of the most significant discussions amongst
engineers and scientists in the current decade. Many people have dedicated their time to
the task of creating products that run on less power and even more importantly, do not
waste energy or create harmful emissions. Power factor is the primary measure of
efficiency of a system. If the power factor is said to be at unity then the system does not
suffer from power losses. In power converters, distortions in the energy source cause the
power factor to be depleted [2]. The goal of many researchers in this field is to eliminate

these distortions and increase the power factor to as close to unity as possible.

1.1 Motivation

Any control algorithm that is designed for high power three phase AC-DC boost
converters must be examined and tested carefully before it directly implemented. These
converters contain sensitive circuits which must be interfaced precisely. A single misstep

in wiring or switching of such a circuit can result in harm to the operator of the device



and to the device itself [1, 2]. Control algorithms have been designed in previous reports
[3, 4] implementing sliding mode controls to perform this correction. These controls
have never been thoroughly tested by implementation on an embedded processor.
Encoding the controls to a digital signal processor and carefully examining the
effectiveness and limits to such a control design is the next major design step in

implementing the control in a hardware setting.

1.2 Problem Overview

The problem presented in this thesis is to implement the sliding mode control
algorithms developed in [3, 4] on a DSP and test the encoded device with a simulated
model of the plant system. The simulated plant model will run on a computer which will
monitor the outputs of the DSP as well as the plant model parameters in order to verify
that the control algorithms work as desired. The other objective is to test the system by
varying parameters in the plant model to improve the results of the control or to strain the
controller in order to test its theoretical boundaries.

The control algorithms which were designed and implemented on the DSP should
produce the same results seen in the previous studies. The AC-DC converter is analyzed
and the control algorithms are redefined in order to provide background and ensure the
control algorithms are implemented correctly. These control algorithms include classical
sliding mode control [5], super twisting sliding mode control [6], and sliding mode
parameter observers [7]. Sliding mode controls are a natural choice for AC-DC boost

converters circuits since the converters contain many nonlinear elements and the circuit is



controlled via switching signals. It is desired that the control will bring the power factor
to near unity and it should be able to conform to varying load resistances and to tolerate

high phase voltage frequencies [3].

1.3 Literature Review

Many documents have been published in the area of power factor correction for
boost converters. Textbook controllers for boost converters implement pulse width
modulation in order to generate the switching signals for the transistors. Controls that
strictly use PWM are linear in nature and the nonlinear switching elements will cause
distortion on the input current, leading to a lower power factor [1]. The researchers [8]
addressed this problem by compensating for the parasitic phase capacitances of the
switching elements. The solution did not require a lot of extra hardware but only yielded
fair improvements to the overall power factor.

Reference [9] is a very interesting study focused on power factor correction of a
single-phase boost converter. The researchers in this study use an algorithm which
predicts the required duty cycles to achieve unity power factor. This algorithm was both
simulated and experimentally implemented using DSPs and can operate at high switching
frequencies. Although the results of both the simulation and experiment seemed to
produce high power factors, the control is not based on feedback and may be sensitive to
disturbances.

The researchers in [10] tackle the power factor correction by dividing the

three phase module into three single phase modules with the outputs connected in



parallel. This is more cost and space effective. These modules are controlled using what
is called an active clamp technique and a soft switching topology. The proposed control
method should work under variable load conditions as with the sliding mode controller.
The simulations for this control method produced high power factors and fairly low total
harmonic distortion. Implementation of this method for control does not work on
standard three phase rectifiers and requires extra hardware. Also, the control does not
work with variable phase voltage frequency which is could be very important in some
applications.

Sliding mode control algorithms were researched in [3, 4, 11]. The research in
[11] focused on single phase correction using a time varying sliding surface. The
research in [4] explores the classical sliding mode control, higher order sliding mode
controls, and other nonlinear control algorithms such as feedback linearization. Some of
the control algorithms presented in [4] did not improve on the classical method, such as
the use of transformed sliding variables. The use of higher order sliding mode controls
required pulse width modulation to return the control from a continuous signal to a
switching signal. The content of [3] described only the classical sliding mode control as
well as the sliding mode parameter observers. The research in [3] proved in computer-
only simulations that the sliding mode controls produced near unity power factor for the

three phase boost converter even without the use of pulse width modulation.



1.4 Thesis Organization

The material in this thesis is ordered so the knowledge presented in each chapter
will support each subsequent chapter. Chapters 2 and 3 contain the background
information necessary to understand the plant model and the sliding mode control
algorithms implemented on the embedded processor. Chapter 2 presents a breakdown of
AC-DC boost converters, including diagrams and mathematical models of circuit
behavior. Chapter 3 contains the theoretical structure and generic examples of the types
sliding mode control algorithms used in the control design. Using the information in the
preceding chapters, the controller which is implemented on the DSP is presented in
Chapter 4. This control was developed primarily from the algorithms presented in [3].
The process for developing the DSP and computer co-simulation is presented in
Chapter 5. The implementation was completed using MathWorks’ MATLAB with
Simulink, and Texas Instruments’ Code Composer Studio. The results of the
co-simulation are presented in Chapter 6. These results include a nominal mode
simulation and several simulations that test the theoretical performance of the control

under varying conditions.



CHAPTER 2

OVERVIEW OF AC-DC POWER CONVERTERS

This chapter introduces the plant model of the system, a three phase full bridge
AD to DC boost converter. Hardware topology and math models will be presented first
for both single phase and three phase converters. The calculation of power factor is
discussed in both a traditional sense and a more in depth sense. After the power factor is

presented, the general outline for the control described in the next chapter is given.

2.1 Hardware Topology and Math Models of AC-DC Boost Converter

A boost converter, also known as a step-up converter, is a power converter in
which the output voltage is higher than the input voltage. The hardware in a boost
converter must contain a switch, a diode, and an energy storage element (i.e., an inductor)
[1]. Boost converters can be cumbersome to breakdown in three phases without any
former knowledge of how such converters operate, so a single phase converter is

described initially.



2.1.1 Single Phase AC to DC Boost Converter

L1 Db

Lo ko "
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Figure 2.1 Single phase boost converter [11].

A single phase AC/DC boost converter contains an input voltage source which is
fed through a full wave rectifier. This rectifier is then placed in series with an inductor.
These elements are placed in parallel with a switch and a series combination of a diode
and the load. Figure 2.1 shows the topology of a single phase boost converter [11]. The
load consists of a basic RC filter which reduces ripple at the output. The switch is a
transistor which should either be completely on or off at any time. When the switch is
closed, the load will be cut off and the inductor will be shorted. During this time, the
inductor acts as a load and will store the energy. When the switch is opened the energy is
released and the inductor will add to the energy of the source. The capacitor can then be
charged to a higher level than the input source. The diode on the output prevents flyback,
a voltage spike produced when the source of energy is suddenly removed from the circuit

when the switch closes. It is often referred to as the snubber [2].



== AC input voltage
== Rectified voltage
== Rectified voltage with RC filter

Figure 2.2 Single Phase Rectifier.

Figure 2.2 shows how a single phase AC-DC rectifier works. The input AC
voltage, shown in red, is rectified across the full bridge created by the diodes, shown in
purple. The voltage then flows through the RC filter where the capacitor is charged and
slowly discharges to create the DC voltage, shown in green. The ripple of this voltage
can be reduced by increasing the capacitance of the RC filter. The boost converter will
have a DC output voltage higher than the input voltage due to the inductor and the
switching element. The output will not appear as in the regular rectifier in 2.2. The DC
output voltage will be higher than the input voltage and will contain high frequency

rippling due to the switching element.



2.1.2 Three Phase AC to DC Boost Converter Topology
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Figure 2.3 Three phase full bridge AC-DC boost converter [1].

The three phase converter operates on the same principles as the single phase.
The three phase input allows for even higher DC output voltage levels to be attained.
The energy storing elements in the three phase circuit are inductors, just as in the
single phase. The switches in the three phase circuit are composed of a transistor wired
anti-parallel with a diode. This transistor and diode combination will perform the task of
a rectifier as well. The output still consists of an RC filter; the snubber is no longer
needed [2].

Due to the arrangement of the switches, the switches that share the same phase
should always be in the opposite position of each other. For example, if sl is on then s4
should be off. When a switch is closed, the diode is shorted and the current is allowed to
flow in either direction through the transistor. In practice and in the co-simulation a
value of 0 represents an open switch and a value of 1 represents an closed switch. The

actual voltage required to open or close a switch on a physical circuit may vary.
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Figure 02.4Three Phase Boost Converter.

Figure 2.4 shows the input and output of a three phase boost converter. The
voltage is rectified similarly to the single phase, however the ripple from the capacitor is
not as apparent because of the high phase switching frequencies in the DC output voltage.
The three phase DC output voltage is very apparently boosted to approximately three

times the magnitude of the individual AC input voltages.

2.1.3 Three Phase AC to DC Boost Converter Math Model

The math model for the three phase circuit is described in [3, 4]. The switches are

modeled as follows:
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S
Uyl [1 0 0 -1 0 osz
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Each U; value represents the current state of the switches on the corresponding phase.
The value of each U; will be either -1 or 1. U,, for example, corresponds to the switches
syand sq. If U; =1, thens; =1and s, = 0. The mathematical model of the circuit

behavior is described by [3]:

d, r 1 U,

2= 1+ 31 (U Up- Up)- o7 QU= V- )

&1 ,-2+3iL(zug ) 22 QU lh-5) 02
% Zi3+ 71 (e U~ Uea)- 6L(2U3 h-th)

% ]L;E‘ 26(11U1+12U2+13U3)

In (2.2) r is the parasitic phase resistance which includes the internal resistance of
the voltage source and the impedance of the diodes. R, the load resistance corresponds to
the resistor labeled Ry in Figure 2.2. C is the output capacitance. Uy is the DC output
voltage which is measured across the load. The phase values of current, voltage, and the
switching signal are represented by i;, U ;, and U; respectively, where j = {1, 2, 3}. The
magnitude of each voltage will be labeled £;. Each phase is not assumed to have the
same input voltage magnitude. The equation for the voltage of a single phase is as
follows:

Uy = Ejsin(wt + 0), (2.3)

11



2T

where 6 is the phase of the input voltage; 6 = {O, 2?“ —?} for each phase

respectively. The equations in (2.2) can also be presented in the following vector format

[3]:

4 it JBU U"BU
gt 1737 % 6L

d U, 1 . (2.4)

where
i={iy, iy i3}T
U={U, U, U} (2.5)
U = {Ugl' Ug1, Ugl}T-

B is described by the following singular gain matrix:

2 -1 -1
B=[—1 2 —1]. (2.6)

-1 -1 2

2.2 Power Factor

The power factor is a numerical value between zero and one which quantifies the
efficiency of a system. The mathematical formulation of the power factor has been
defined two ways. The traditional method for calculating the power factor is to find the
ratio of real power flowing into the load to the apparent power in the system. This is
calculated using the following equation [12]:

PF= cos(®— ), 2.7)

12



where 6 is the phase of the reference signal, which should be in the correct phase and free
of undesired harmonics, and  is the phase of the signal which will contain the
discrepancy in the phase. In an AC voltage source the phase of the voltage generally
serves as the reference and the phase of the current will be . This calculation of the
power factor takes into account only the difference of phase between the voltage and the
current.

The second method for calculating power factor is more thorough. A signal
which is out of phase will not transfer power effectively to the load but harmonic
distortion will also affect the efficiency of a system. In the second definition of power
factor, a term which quantifies harmonic distortion is also calculated as a signal to noise
ratio [3]. The power factor with this added term is defined as follows:

PF= PF,- PF,. (2.8)
PF, is the phase displacement term defined in (2.7) which quantifies how out of phase
the current is with the voltage. PF;, is the harmonic distortion term, which quantifies the
effect of undesired harmonics in the current:

_ RMS(iy)

RMS stands for root mean square, a measure of signal energy. The RMS equation for

calculating the energy of a signal f(t) is defined as follows [12]:

T
1
RMS(f(®)) = ?ff(t)zdt. (2.10)
0

The RMS(i,) term in (2.6) is the energy of the main harmonic. RMS(i) is the total signal

energy. If there are extraneous harmonics in the signal the total signal energy will be

13



higher than the energy of the main harmonic resulting in a loss of power factor. From
(2.7), (2.8), and (2.9) the complete equation for the power factor calculated with the
harmonic distortion ratio is as follows [3]:

_ RMS(i,)

Pr=emsa)

cos(® — ).

The power factor is a decimal number between zero and one. In a very efficient system,
the power factor will be close to one which is called unity power factor. It is often
expressed as a percentage (e.g., a system with a 0.98 power factor is said to have 98%
efficiency).

An ideal three phase rectifier would produce a DC output current which is
completely smooth and power would be translated exactly between the AC voltage
source and the DC output of the circuit. This means that the DC output source would be
equal to the active power of the three phase system. This active power would result only
from the fundamental harmonic components of voltage and current and there would be no
phase difference between the voltage and current [13]. The power factor of an ideal
system is one, unity. Of course, ideal systems such as this do not exist in reality.

AC-DC boost converters belong to the family of power supplies known as
switched mode power supplies. Switched mode power supplies are designed to be very
power efficient compared to traditional linear rectifiers. The inclusion of a switching
regulator allows the operator to design controllers which produce a steady, regulated
output DC voltage. Although these systems are much more energy efficient than linear
rectifiers, the nonlinear elements can still cause the power factor to be less than unity.
Also, the switching causes rippling on the output, resulting in a loss of power factor due

to harmonic distortion. Another disadvantage to these circuits is that they are very
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sensitive to electromagnetic interference so circuit designs including these power blocks

must be very carefully designed [1].

2.3 Summary

Power factor signifies the efficiency of a system. The control designed for this
application should bring the power factor as close to one as possible. The three phase
boost converter is capable of being controlled using the transistor switches. This allows
for a control to be designed which will perform the task of power factor correction.
Because the converter contains many nonlinear elements and the control signal is
naturally a high frequency switching signal, sliding mode controls are very good

candidate controls for meeting this objective.

15



CHAPTER 3

FUNDAMENTALS OF SLIDING MODE CONTROL

Sliding mode control is a nonlinear control which applies high-frequency
switching to force a system’s state variables to follow what is called a sliding surface in
state space. This surface is developed in such a way that the system follows some desired
behavior. Sliding mode control is very robust which means the system dynamics are
insensitive to matched, unknown, bounded disturbances in the sliding mode. This form
of control is attractive for many applications such as robotics, flight control, and electric
motor control [5]. In the case of switching mode power conversion described in
Chapter 2, high frequency switching is natural to the system since the control signal is
designed to switch the transistors on and off. Sliding mode controls are also applicable to
controls which are not naturally switching. If high frequency switching is not compatible
with the system, high order sliding mode controls, which produce continuous control
signals, may be adopted. This chapter includes the background information of the sliding
mode control techniques relevant to this project which include: classical sliding mode

control, second order sliding mode control, and sliding mode parameter observers.
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3.1 Classical Sliding Mode Control

Classical sliding mode controls implement the most general sliding mode design.
State feedback is used to stabilize a system by driving the state variables to some desired
position to state space. This method of controls can also be used for output tracking,
where the output of the system will follow some command value. Sliding mode controls
are robust, meaning the control will work properly even in the presence of unknown
bounded disturbances and uncertainties. These disturbances and uncertainties must be

matched by the control. For information on matching conditions see [5].

3.1.1 General Case of Classical Sliding Mode Control and Definitions

Since the algorithm implemented in the later chapters is used for output tracking,
the generalized case described in this section will be similar. The following is a generic
plant model for a system to be controlled with a classical sliding mode algorithm:

x=F)+BX@u+ f(x,t)

y = h(x,t) (3.1

Ilf Gey, 22, Ol < L(x, 0,
where F(x) e R*, B(x)e R™,m < n and h(x,t)e R™. The norm of f(x,,x,,t) is
bounded. The desired compensated dynamics for this system will cause y to follow a
prescribed command value y.. The control u must be designed such that this occurs and
in such a way that the system is unaffected by the matched disturbance f (x, t). Fora
more in depth description of matching conditions see [5]. The design process begins with
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defining the desired compensated dynamics for the system. In the case of output
tracking, the compensated dynamics will be defined so that the system error will be
driven to zero as follows [5]:
e=y—-y~—0. (3.2)
The sliding variable [5] is designed to be a function of these compensated dynamics, as
the overall goal of the control will be to drive the sliding variables to zero in finite time.
By driving the sliding variable to zero the system trajectory will be driven to a sliding
surface in state space where it will remain for all time thereafter. The time in which it
takes the sliding variable to reach zero is known as the reaching time.
o= o(x) »0,0eR™ (3.3)
In the case of this output tracking problem the sliding variables will be defined as
follows:
o= o(eé, .. eM), (3.4)
In (3.4) r is the known as the relative degree of the system [5]. If the disturbances are all
matched, they should not appear in the compensated dynamics. First it must be
determined that such a control even exists by the existence condition (also called the

reachability condition [5] defined by the following Lyapunov analysis:

T
v=alhe (3.5)

v=0'6< 0.
The control u should be designed in such a way that the compensated dynamics will be

enforced. This is done by using the following derivation of (3.5):

v=0"6< —pv'/2, (3.6)
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The control design is split using a concept known as equivalent control [5]. System
behavior in the time after which the sliding variable reaches zero (known as the sliding
phase) is analyzed in order to determine how the control needs to perform during this
time to keep the sliding variable at zero. This control is called the equivalent control.
The overall control will be defined as follows:

U = Uy + Uggi- (3.7)
The control u; is the part of the control which drives the sliding variable to zero, this
takes affect during the reaching phase [5]. The general format for a classical sliding
mode controller is as follows:

U; = Ugq; + 135ign(o;), (3.8)
where the coefficients r; are tunable constants. For a multiple input multiple output
system such as the one described above, it is important to keep in mind that each control
does not necessarily correspond to a single sliding variable. Optimally, the controls may
be decoupled through methods discussed in [5]. This is not always possible however. In
the following section, a simple example of classical sliding mode controls is reviewed in

order to show some of the basic dynamics.

3.1.2 An Example Implementing Classical Sliding Mode Controls

For the purpose of explaining how sliding mode controls work, a classical sliding

mode control will be designed for the following simple double integrator:
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X1 = Xy
X = fx,%2,8) +u (3.9)
|f Gy, 22, )| < L.

f(x,t) is an unknown disturbance bounded by L. The classical sliding mode
design starts with designing a control function u which will drive x;, x, to zero in finite
time in the presence of the disturbance f(x, t). The desired compensated dynamics will
be defined as follows:

Xy +cxq = 0. (3.10)
With these dynamics there will be no residual effects from the disturbance and the state
variables will be driven to zero asymptotically. In order to design the control the state
variable [5] will be defined as follows:

0 = X, + CXq. (3.11)
This variable is designed in such a way that the system will reach the desired position in
state space when the sliding variable reaches zero and then the variable will stay at zero
perpetually.
oc=o0(x) - 0.

The system trajectory is designed in such a way that it will arrive at the sliding
surface in finite time. If the proposed sliding variable is a valid solution, it will conform
to the sliding mode existence condition. The existence condition is defined by the
following equation [5]:

06 < 0. (3.12)
For this example (3.12) can be rewritten:

06 < —plal, p> 0. (3.13)
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Many factors can be determined by assessing the system behavior during the
sliding phase (any time after the reaching time, when o = 0). The reaching time can also
be derived from this condition. In order to determine the reaching time, equate the
inequality in (3.13) and solve for & as follows:

6 =-p. (3.14)
The variable p is the bounded constant from (3.13), therefore integrating of (3.14)
produces the following:
o(t) —o(0) = —p(t — 0). (3.15)
o(0) is a constant which is dependent on the initial conditions of the system and o(t) will
equal zero at the reaching time. Solving (3.15) for the reaching time will produce the

following result:

t, < "’g’)'. (3.16)

From (3.16) it can be seen that the reaching time will depend on the initial conditions of
the system and the bounded constant p.

The next step in the design process is to determine the necessary control behavior
in terms of the sliding variable in order to design the control u. For this, the equivalent
control analysis is used [5]. This control is derived from the analysis of the system
during the sliding phase, the sliding mode dynamics, and the existence condition. During
the sliding phase the following events occur:

o=x,+cx; =0

(3.17)
Xy = —CX1q.
This means the system of equations in (3.9) can be defined as follows:
X1 = —CXx4q
(3.18)
Xy = —CXq.
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A very profound property of the sliding phase is that the order of the system has been
reduced. Also, since disturbance f (x;, x5, t) no longer appears in the state equations, it
will not affect the output (the control is robust). The sliding mode dynamics are defined
by taking the first derivative of the sliding variable:
6 = f(xq1,x5,t) + U+ cx,. (3.19)
Substituting (3.19) into the existence condition (3.14) yields
o(f(x1,%x2,t) +u+cxy) < —plol. (3.20)
The equivalent control is defined using (3.19). The disturbance will not affect the control
in the sliding phase but the cx, term must be compensated for. Therefore, the equivalent
control is defined as follows:
Ugq = —CXy. (3.21)
The overall control u will be defined as the equivalent control plus another term which
will cause the trajectory to reach the sliding phase in finite time. This extra term is will
be called v. The overall control is then defined as follows:
U= Ugg + V. (3.22)
Substituting (3.20) and (3.21) into (3.13) yields
of (xq1,x5,t) + ov < |o||f (x4, x5, )| + ov < —plo]. (3.23)
The magnitude of the unknown disturbance f (x;, x5, t) is bounded by L according to
(3.9). Substituting L and factoring out the magnitude of o simplifies (3.23) to
lo|(L + vsign(o)) < —ploal. (3.24)
Solving (3.24) for v yields

v = —(p + L)sign(o). (3.25)
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To solve for u substitute (3.18) and (3.22) into (3.19) to obtain the following control
equation:
u = —cx, — (p + L)sign(o). (3.26)

The control in (3.26) will drive the state variables to the sliding surface in the finite
reaching time. Since the system will behave according to (3.13), o will equal zero but &
will not. As long as the first derivative (the trajectory velocity) is not zero, o will
continue to move after it reaches the sliding surface, causing what is known as chattering
[5]. The added trajectory is due to the sign function, this function will change values
once the trajectory crosses the sliding surface. Therefore, the chattering motion pushes
the trajectory back and forth across the sliding surface on a very small scale (i.e., 10 as
opposed to the desired behavior in which the trajectory follows the sliding surface
exactly. Chattering may have some affect on the output of the system but may be
attenuated or completely eliminated using second order sliding mode techniques [6, 14].

The example is illustrated using the system model in (3.9) with initial conditions
X1 =2, x, =—1and |f(xq, x5 t)| = 2sin (t), therefore |f (x1, x5, t)| < L = 2.

Uncontrolled, the state variables will exhibit the following behavior.

25— —

Time (Seconds)

Figure 3.1 Uncontrolled sliding variables with bounded disturbance.
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Then applying the control from (3.26) with p = 4 and ¢ = 2 yields the following.

2 T T T T T

15— 2 |~

1+ -

0.5 —

o

-0.5— s

1 -

a5 r r r r r
0 1 2 3 4 5 6

Time (Seconds)

Figure 3.2 State variables controlled using the classical SMC technique.

In Figure 3.2 the state variables go to zero asymptotically during the reaching
phase. The transition from the reaching phase to the sliding phase is apparent in x,. This
transition occurs shortly after the one second mark. The signals go to zero with no

apparent residual effects from the disturbance.

25— -

1.5 -

Sliding Variable (sigma)

0.5— -

05 I I I I I
0 1 2 3 4 5 6

Time (seconds)

Figure 3.3 The sliding variable o.
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Figure 3.3 shows that the sliding variable reaches zero shortly after one second
(the reaching time) and remains very close to zero for the remaining time (the sliding

phase).

Control Signal (u)

[ [ [ [
0 1 2 3 4 5 6
Time (Seconds)

Figure 3.4 The control signal u.

The control signal u begins to exhibit the high frequency switching behavior in
the sliding phase, as expected. The effect of this switching can be seen as chattering.

This can only be seen by a much closer inspection of the sliding variable or the output.

Sliding Variable (sigma)

[ [ [ [
115 12 1.25 13 1.35 1.4
Time (Seconds)

Figure 3.5 A closer view of the sliding variable during the sliding phase.
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Figure 3.5 shows a closer inspection of the sliding variable. The chattering is
more apparent but it can be seen that the magnitude of the chattering signal is very small,
in the range of 10™.  Using higher order sliding mode techniques would improve these

results.

3.2 Second Order Sliding Mode Control (2-SMC)

Second order sliding mode controls can be used to produce a more accurate
controller, attenuate the effects of chattering, and/or generate continuous controls.
Continuous controls are very often more desirable in many systems. These controls are
designed around the concept of driving both 6 and o to zero in finite time [7, 14]. The
sliding variable designed will be non-linear, leads to the creation of a sliding manifold (as
opposed to a sliding surface). As with the classical control, the trajectory of the system
will ideally reach this manifold in finite time and remain there for all time thereafter.

These controls are also robust to bounded disturbances.

3.2.1 Twisting Controls

The twisting controller was the first proposed 2-SMC controller [7]. Using the
example in (3.9), the sliding variable would be defined as follows:
o= xl. (327)

The dynamics are then derived as follows:
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G=X =X, (3.28)
6 = f(xy, x5 t) + u.
From (3.28) it can be seen that the second derivative is proportional to the control. The
disturbance f (xy, x5, t) is unknown and bounded. Since the control appears in the second
derivative, the relative degree of the system is 2. Using twisting control [6], the sliding
variable o and & are both driven to zero in finite time. The state variables are also driven
to zero in finite time, which is even better than asymptotic convergence. The control
algorithm for this method is defined as follows [6]:
u= —(alsign(o) + azsign(c’r)), a, > a, > 0.
(a1 + ap)Ky, —C>(a;— ax)Ky+C )+ C (3.29)
(a1 - a)Km > C.
The K constants are related to the boundaries on the disturbances and uncertainties.
Generally, it is difficult to design the a values to match these specifications exactly, so
they may be tuned for optimal performance. This algorithm provides the finite time
convergence of the state variables and provides very accurate control. This method is
insensitive to disturbances, which is even stronger than the robustness of classical sliding

mode controls. However, it does not produce a continuous control [6].

3.2.2 Prescribed Convergence Law

Another second order technique is called the prescribed convergence law [6].
This control also drives o and 6 are both driven to zero in finite time. Like the twisting
control, in order to implement the prescribed convergence law, the system must be of
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relative degree two (the dynamics in (3.28) must hold, f (x4, x5, t) is unknown and

bounded by L). The control for the prescribed convergence law is written as follows:
u = —asign (c'f + Alcll/zsigno), a, 2> 0. (3.30)

aK,, —C > A\*/2.
The parameters A, « are tuned similarly to the twisting algorithm. The prescribed
convergence algorithm also produces a discontinuous control and is insensitive to
disturbances [6]. There are methods for creating continuous controls using these 2-SMC
methods which are discussed in [6, 14]. For systems which are not of a relative degree
two, there is a continuous sliding mode control algorithm which can be applied. This is

known as the super twisting control algorithm.

3.2.3 Super Twisting Sliding Mode Controls

The second order sliding mode control method which will be implemented in this
thesis is known as the super twisting control, which is one type of second order sliding
mode control discussed in [6, 14]. This control may be used on a system with relative
degree one and will produce a continuous control signal. In order to use super twisting
control, the dynamics of & must also be taken into account. Considering the double
integrator from the (3.9), the sliding mode dynamic can be rewritten:

6= @(xq,x5,t) +u. (3.31)
If (x4, x,,t) = 0, then the following continuous control would drive o to zero in finite
time:

u = —c|o|?sign(o), ¢ > 0. (3.32)
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Assume instead that ¢ is a smooth function with a first derivative bounded as follows:
|pCx1, x5, t)| < M. (3.33)

With this new condition, the following control algorithm can be used [6]:

u = —ao|?sign(o) — £

§ = Bsign(o)

i (3.34)
B=11M.

After the reaching phase, the first term of the control, a|c|/?sign (o), will become zero
since o goes to zero and therefore is continuous during the sliding phase. The

second term, B [ sign(o)dt, will become equal to ¢ (x4, x,, t). The discontinuous sign
term is concealed by the integral. Therefore the chattering, as observed in the classical

control, will be attenuated and both ¢ and & are driven to zero in finite time [6].

05— -

0.5 -

-1.5 -

3 [ [ [ [ [ [ [
0 1 2 3 4 5 6 7 8
Time (Seconds)

Figure 3.6 State variable behavior controlled using the super twisting algorithm.
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Figure 3.7 Sliding variable from the super twisting control.

Figure 3.6 shows that the state variables will still go to zero in finite time as
desired. Figure 3.7 shows the sliding variable. The sliding variable will still exhibit
some chattering but on a much smaller scale (10°). The magnitude of the chattering in
the sliding phase is proportional to the evaluation step size. The reaching phase behavior

is slightly different but the system stabilizes quickly.

Control Signal (u)

a5 I I I I I I I
1 2 3 4 5 6 7 8
Time (Seconds

Figure 3.8 The control signal u of the super twisting sliding mode controller.
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The control signal of a super twisting algorithm is continuous, as shown in
Figure 3.8. This is because the switching signal in the equivalent control is masked by an
integral. Continuous behavior is desirable in many applications in which the actuator is

not compatible with a switching signal.

3.3 Sliding Mode Observers and Differentiators

Sliding mode observers [7] are used to determine the value of a parameter which
may not be measured directly. These observers are beneficial because they exhibit the
same robustness as sliding mode controllers, which means they will work effectively in
the presence of bounded disturbances and bounded measurement uncertainties. A sliding
mode differentiator exhibits this quality as well. The most basic sliding mode observer is
known as the Utkin observer, which is described in [5, 7]. The design process begins
similarly to a Luenburger observer, except that when the injection term algorithm is
designed sliding mode algorithms are implemented. Using the double integrator example
from (3.9), assume that x; (position) can be measured but x, (velocity) cannot. The first
step in building an observer for x, is to define an observation algorithm, as follows:

X, = V. (3.36)
The expression v in (3.36) is known as the injection term. The injection term is designed
to drive the observation error to zero in finite time and thus X; - x; and X, — x,. It
works similarly to the control term in previous examples. The observer error is defined
as follows:
e= X; —X;q. (3.37)
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Taking the first derivative of (3.37) and substituting in the value of x; from (3.9) yields
e = —x,+v. (3.38)
In order to drive e to zero, v must be designed such that X; will become exactly equal to
X;. The injection term can be defined using either classical or second order sliding mode
techniques.
Using a traditional sliding mode control algorithm the injection term will be
designed similarly to the control u as follows [7]:
v = —(p+ L)sign(e), [x,| <L. (3.39)
According to the concept of equivalent control and from (3.38), the sliding mode
dynamics are as follows:
€= —Xp + Ugq. (3.40)
The observed variable x, will then be exactly equal to v, which can be found by using a
low pass filter on the term v. The low pass filter removes the high frequency terms
caused by the switching of the sign function [5]. This example system would require

only a very basic low pass filter as follows:

LPF = (3.41)

s+ 1

More complicated systems such as the AC-DC converter described in this thesis require
higher order low pass filters. Revisiting the double integrator example, assume the
velocity (x,) cannot be measured and no control is used. The same initial conditions are
used as in the first example. A value of T = 0.01 will be used for the filter. A classical

sliding mode observer will be used to find the velocity.
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Figure 3.10 Close inspection of observation error with chattering.

Figure 3.9 and Figure 3.10 show the observer error, which acts as the sliding
variable in the sliding mode observer [7]. There is some chattering which will affect the

performance of the observer.
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Figure 3.11 Observer output tracking velocity.

Figure 3.11 shows the output of the observer, after reaching time, the observer
starts tracking the actual velocity very quickly. There are higher frequencies present
which may be removed by using a better filter or by using a second order sliding mode
technique [6].

Using a super twisting algorithm will remove the need for a low pass filter, and
improve quality and accuracy of the observer output by driving e and é to zero in finite
time. This super twist is used within the already defined system simply by redefining the
injection term. Using the double integrator example, all equations will be the same
through (3.38). The injection term v is then defined as follows using the super twisting

control algorithm [6]:

v = —ale|2sign(e) — £
§ = PBsign(e)
(3.42)
a=-VM
B =1.1M.
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The injection term v will now be continuous and exactly equal to v,, without the use of

low pass filtering.
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Figure 3.12 Super twisting parameter observer output.
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Figure 3.13 Observation error from super twisting observer.

Figure 3.12 shows the observed velocity using the super twisting algorithm. Once

the sliding phase is reached, the observed variable is tracked very closely. The
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observation error is shown in Figure 3.13. The chattering is very attenuated since it is

proportional to the evaluation step size.

L L L I
X, using classic SMC observer

X, using super twisting observer ||

[ [ [ [ [
15 2 25 3 35 4
Time (Seconds)

Figure 3.14 Comparison of the classical sliding mode observer and the super twisting
sliding mode observer

Figure 3.14 shows a direct comparison of the classical sliding mode observation

method, using the low pass filter to calculate the equivalent injection term and the super

twisting observer which does not require a filter. The super twisting observer tracks the

actual value much more accurately than the classical method without the effects created

by high frequency switching [6, 7].

3.4 Summary

Classical sliding mode control is a robust control law that forces a system to
follow a predesigned trajectory in state space. There is some chattering introduced by

this form of control but it is very useful for systems that require switching type control

36



inputs such as the AC-DC power converters. Super-twisting controls, a second order
sliding mode control, reduce chattering and produce a continuous output. A sliding mode
observer can be created to determine a variable which cannot be directly measured. An
observer may use a low pass filter, or the filter may be substituted with a super-twisting

algorithm which produces a smoother and more accurate result.
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CHAPTER 4

POWER FACTOR CORRECTION USING SLIDING MODE TECHNIQUES

This chapter includes the derivation of the sliding mode control algorithms used
for correcting the power factor in a three phase AC-DC boost power converter. These
control algorithms were constructed in a model in Simulink and loaded to the embedded
processor for the tests explained the following chapters. Several sliding mode control
designs were tested in a full computer simulation in [3, 4]. In the DSP implementation
the classical sliding mode control method [5] was applied for the main controller, using
only a sign function instead of pulse width modulation. The load resistance estimator

was constructed using a super twisting algorithm [7, 6].

4.1 Assumptions and Control Objectives

For convenience, the math model of the three phase AC-DC boost power

converter presented in (2.2) and (2.4) will be shown below:
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— —_ 3 pT;
AL v

In order for the sliding mode control to be implemented, several assumptions will
be made about the three phase converter and the control output [4]:

1. The three input voltages must be of the same frequency. If the voltage frequency
is increased or decreased all the voltage frequencies must be increased and
decreased concurrently.

2. The three phases must have the same inductance and impedance and the
three phases evenly contribute the output power.

3. The control signals U = {U;, U,, U3}* must never share the same value. That is,
the situations U = {1, 1, 1} and U = {—1, —1, —1} must never occur. The vector
U only appears in the system equations in (3.5) through the gain matrix B,
described in (3.7). This gain matrix is singular; therefore the occurrence of the

above situations will result in the loss of controllability of the system. It is
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assumed that this situation does not occur and this assumption has been backed up

through simulation analysis and the DSP implementation in this thesis [3].

4. The phase voltages and currents, the output DC current, and the control signals U
are measurable. The values of the phase inductance and the capacitor in the RC
filter on the output are known and do not change without restarting the system and
changing control parameters. The value of the parasitic phase resistance can be
measured by means of a resistance estimator similar to that of the output
resistance but is not measured as such in this implementation [3]. This value is
generally known and not expected to change. The phase voltage frequency,
which could vary in real time, may also be measured using a frequency detector;
in this implementation it is assumed to be known.

The primary goal of the control is to correct the power factor in all three phases
and to drive the DC output voltage to a prescribed value. In order to do this the following
objectives must be met:

1. The input currents must be completely in phase with their corresponding voltages.
These currents should contain minimal extraneous harmonics. lIdeally, they
should contain only the main harmonic of the phase voltage.

2. The output DC voltage level must reach a desired voltage level and remain there
even if the load resistance changes. The AC portion of the output voltage should

be reduced as much as possible.
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4.2 Current Error Tracking and Ideal Current Generation

The sliding mode algorithm chosen for implementation is the classical sliding
mode control defined in [3]. The sliding control will be designed so that the current
tracks a desired current profile which will be generated by the controller. Just as in the
example in chapter three, the first step in control design is to define the sliding variables
[ES]; in this case there will be three.

o = {04, 0, 03}T. (4.1)
Since this is handled as an output tracking problem, each o will represent the current
tracking error for each phase. The control will drive these sliding variables and thereby,
the error, to zero in finite time. The sliding variables are designed specifically as follows:

oj = ij—igj, j=1{1, 2, 3}, (4.2)
where i; is the phase current and i; is the desired current profile generated by the
controller. From this (4.2) it can be seen that the control of voltage has been reduced to
simply controlling only the phase currents.

The phase currents in (4.2) are measurable based on previous assumptions. The
ideal current must be generated by the controller. The frequency of each ideal phase
current should be the same as the input voltage. This frequency may be measured but is

assumed to be known in this implementation. The phase for each current should
. 2T 2T . . . .
correspond to the phase; according to (2.3), 6; = {O, 5 —?} forig; = {ig1, iq2, la3}

respectively. The magnitudes of the currents need to be calculated by the controller.
These magnitudes should be selected so that the DC output voltage will reach the desired

level and be maintained at that level. Also the DC power should be balanced between the
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input and the output sides of the converter [13]. Maintained power balance allows for
formulation of the desired current levels based on the input and output DC power
formulas. The formula for the input DC power of the jth phase (/P;)pc, which could be
calculated for any of the three phases, is derived as follows [3]:
<1Pj>DC = <ijUgj - T”i]'2>Dc

= (L;E;j sin(wt — 9]-)2 — rlfsin (wt — 9j)2>DC (4.3)

=30+ 5 —rIf),
1, is the jth phase current magnitude. The input current should have the same magnitude

as the desired current, therefore (4.3) can be rewritten as follows:
1
(IP)pc =3 (aj + E; — IZ)). (4.4)

The output side DC voltage can be calculated by the following:

VZ
(OP)pc =+ “9

V,; is the desired DC output voltage and R is the load resistance. Since it is assumed that
each input phase contributes evenly to the output, the DC input power for one phase
should be exactly equal to one third of the DC output voltage. The equations are related
as follows:

1 oy 1V
5 (aj + B —rig;) = 30 (4.6)

Solving (4.6) for 1,; yields two real solutions as follows:

E; EZ 2v,?
Iy =2—]i f_gi_
R R TR 7)

In order for (4.7) to produce a real solution, the following restriction is placed on V:
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PR
Va<E |o- (4.8)

Only the answer to (4.7) with the subtraction is optimal for minimal energy consumption.

Therefore, the equation for the ideal current magnitude for each phase is as follows:

2 2
_E E;” 2V (4.9)

Therefore the equation for the ideal current for the jth phase will be defined as follows
[3]:

4.3 Development of Classical Sliding Mode Controller

The sliding variables for the sliding mode controller have been defined in (4.1)
and (4.2). The next step in designing the controller is to derive the sliding mode
dynamics by taking the first derivative of the sliding variables [5]. In terms of the system

vectors, this derivative yields the following [3]:

L
6 dtl dWCoSs
i %BU+1BU I
= —=i—— —7 BUg — Iqjwcos
L 6L 3L (4.11)
——( L (o+1sin) + ]BU I ) Z&BU
= L(o asin) 27 BUg qwcos L
U,
= ——BU,
LAy
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where 6 = {6,, 65, 63}T and @ = {@;, @,, @3}T. Since the control appears after the
first differentiation the relative degree of each phase is said to be one. The total relative
degree of the system is three. Because B is a singular matrix, the controls cannot be
decoupled without the use of transformed sliding variables [5]. The use of transformed
sliding variables in this application was tested in [4] and proved only to degrade the
overall performance of the controller, and therefore were not implemented in this study.

@; is defined as follows:

P 3
@ = ﬁ(SEJ - z Ey — 3r1dj> sin(wt + Hj)

k=1
(4.12)
3
U,
—Iyjw cos(wt + 6;) + — Z Uy.
6L
k=1
The control signals U; are defined as follows:
Uy = sign(cj). (4.13)

Since the control signals can only have a value of -1 or 1, p must be equal to 1 [3]. It was
found in [4] that due to Kirchhoff’s current law, only two phase currents have to be

tracked. Therefore, the third sliding variable can be defined by the following formula:
03 = fot(Ul + U2+U3) dt (4‘14)
Combining (4.2) for j = 1, 2 and (4.13), the equations for o; can now be defined as

follows:

01 = 11 —lg1

0, = iz - idZ (415)

t
O3 =f (U1 + Uz + U3) dt
0

44



4.4 LLoad Resistance Observer

The calculation for ideal current magnitude (4.9) requires the value of the load
resistor to be known. This value cannot be directly measured however, and is not
assumed to remain at the same value at all times. Therefore, an observer must be
constructed which will provide an accurate estimation of this load resistance. A sliding
mode observer [7] can be designed to perform this task. In this study the load resistance
is observed using a 2-SMC super twisting observer due to its accuracy and attenuated
effects from chattering [7, 6]. As mentioned in Chapter two, an observer/differentiator
should produce a continuous signal since the parameter being observed is continuous. If
the second order method of super twisting control is not used, then a low pass filter
would have to be used in order to produce this result. This application would require a
higher order low pass filter. The super twisting control provides the continuous result
with much higher accuracy and very few effects from chattering.

The load resistance only appears in the DC voltage equation of (2.2). This
equation will be used to define the observer dynamics [3]:

daly Oy 1. . .
Ez'm‘i‘i‘(ll[]l‘l'lzljz‘l'lg[jg) +UR,

(4.16)

where R, is a nominal resistance chosen by approximation, U, is the observer state and
vg is the injection term [7]. The observation error is then defined as follows:
eu = UO - Uo. (417)

The error in (4.17) will go to zero in finite time and has the following dynamics:
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. UO ﬁo
eu=_<ﬁ—m>—UR=lp—vR. (4.18)

Y is bounded since the DC voltage, the resistance, and the capacitance are bounded.

Using the super twisting algorithm [6], the injection term can be defined as follows:

VR = Upeq = —ale|"?sign(e) —§

§ = Bsign(e)

a=-VM (4.19)
B=11M.

M is an arbitrary constant which is tuned for optimal performance. Using this injection
term, the first derivative of the error will also go to zero and therefore (4.18) can be set to

zero. Solving (4.18) equal to zero for v, yields the following result:

ijO UO
VReq = 5 " 3~ 4.20
Req RO C RC ( )
The estimated load resistance value can be calculated from (4.20) as follows [3]:
. Cvpg
R =-— 0 4 Ry. (4.21)

4.5 Complete Mathematical Model of the Control Algorithm

A summarized version of the overall control system for power factor correction in
three phase AC-DC boost converters can be created by combining (4.9), (4.10), (4.13)

and (4.15) as follows:
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Uj = sign(cj),j =1,2,3
Ok = ik _idk!k = 1,2

t
03=f (U1+U2+U3)dt
0 (4.22)

ige = gk sin(wt + 6;,)

The observer dynamics which track the load resistance can be summarized using (4.16),

(4.17),(4.19), and (4.21) as follows:

a0y, Uy 1 . .
7—-m+ Z—C(Ll Ui+i, Uy +is Us) + vg
VR = VReq = —alell/zsign(e) —i
& = Psign(e)
o= %\/M (4.23)
B=11M
e, = Uy, — U,
R= C';Zeq + Ry

4.6 Summary

The control algorithm for correcting the power factor and producing a steady DC

voltage level was defined using classical sliding mode controls [5]. The sliding mode
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controller will work by the method of output tracking of the phase currents. An ideal
current is generated by using known values of frequency and phase combined with a
magnitude value generated by calculations formulated from the DC input and output
power formulas. Only two of the phase currents have to be tracked, the third can be
derived by equation (4.14). Other methods of sliding mode control can be applied to the
three phase AC-DC boost converter and were researched in [4]. The higher order sliding
mode controls have better accuracy but, since the resulting control signal will be
continuous, they require the control signal to be pulse width modified. The other
nonlinear methods researched in [4] did not provide the same level of accuracy as the
sliding mode control algorithm

The resistance is estimated using a 2-SMC super twisting observer/differentiator
algorithm [7, 6]. This estimation is done by estimating the value of the DC output
voltage using the system equation that defines its behavior with a nominal value for the
load resistance. The error between this estimated resistance and the actual measured
value serves as the sliding variable in the estimator. The injection term is calculated
using a super twisting formula [6]. Therefore, no low pass filtering is necessary and the

result will be smoother and more accurate.
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CHAPTER 5

DSP SIMULATION ENVIRONMENT DEVELOPMENT AND COMPOSITION

A processor in the loop setup requires that the embedded processor, in this case a
Texas Instruments DSP, be integrated with a computer. The computer uses an Integrated
Development Environment (IDE) between Simulink and Code Composer Studio (CCS), a
Texas Instruments product. The simulation is built in Simulink, the code is generated
though the IDE and uploaded to the device by CCS. This chapter will describe the setup

of the DSP implementation of the controls described in previous chapters.

5.1 Overview of Co-Simulation Preparation

Figure 5.1 A computer and a DSP in a co-simulation loop.

-2
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Designing and running a processor in the loop co-simulation is a step by step
process. This process is described in detail in this chapter. A basic overview of the
individual steps follows:

Preliminary Setup: There are some steps which must be completed in order to run a co-
simulation which must be done only once. First, an application appropriate DSP must be
selected. This DSP must be compatible with Simulink Coder. Second, MATLAB with
Simulink must be installed on the computer including the toolboxes SimPowerSystems
and Simulink Coder. Finally, the supporting software for the DSP the drivers for the
device must be installed. For TI processors this software is Code Composer Studio.

1. Hardware setup: Power the DSP and connect it to the computer using either
JTAG or TCP/IP.

2. Simulink setup: Create the plant model for the three phase AC-DC boost converter
in Simulink using SimPowerSystems [18] and configure the model to run at the
desired plant model evaluation rate. Next, create the control model in Simulink
using the standard block set or optimization blocks from the target support block
set corresponding to the embedded device on which the code will be implemented
[19]. This control model must be completely enclosed in its own subsystem.
Interface the control model to the plant model based on the necessary word size of
the processor, which may be less than the computer, using data type conversion
blocks. Insert the target preferences block in to the control model subsystem,
configuring the CPU speed, peripheral devices, and memory map parameters to
match the DSP [17]. Finally, add the necessary analysis blocks to the Simulink

model, including power factor calculators and workspace storage variables.
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3. Supporting software configuration: Open Code Composer Studio (assuming
necessary drivers have already been loaded) and connect to the DSP. Make the
necessary configuration changes such as turning off the code security module.

4. Co-simulation build process: In Simulink, select the control subsystem and build
using Real Time Workshop [19]. The code will be generated using the Simulink
and CCS IDE. A project will be generated in CCS and a PIL control block will be
generated in Simulink. Replace the control block in the main Simulink model
with the PIL block generated by the build process. Set the desired simulation
configuration including integration type, integration step size, and run time. PIL
works with all three standard simulation modes. Normal mode was selected for
this implementation.

5. Running the Co-simulation: Start the co-simulation by pressing the start
simulation button. The project in CCS will be built and encoded to the processor.
The co-simulation will begin after. All the data returned by the processor will be
stored in Simulink variables for processing.

The presented steps for building, configuring, and running a co-simulation in the
MATLAB/Simulink and CCS IDE are described in more detail throughout the following

sections of this chapter.

5.2 DSP Selection

The preliminary setup process begins with the selection of a DSP. There are

hundreds of DSP devices currently manufactured. The processor used in this
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co-simulation was carefully selected based on several factors. The first factor is
processing and bus speed. This speed should be fairly high since the control needs to be
evaluated at a fairly high rate and the control signal produced should switch at the rate of
at least 20 kHz. The next major factor is cost. These embedded devices are very
sensitive and can possibly become unusable if connected incorrectly or exposed to static.
Therefore, it is optimal to purchase a lower cost DSP. Another factor to take into
consideration is peripheral devices. In this co-simulation the device is connected to a
computer. Therefore, some form of connection must be available between the

two devices. PIL simulations in Simulink use JTAG emulators by default. If the device
does not have a built in JTAG emulator, the emulator must be purchased separately or the
entire setup will have to be configured manually to use a different type of connection.
Optimally, the DSP should be useable in experiments using the actual hardware version
of the plant model. It may be convenient if the peripheral devices fit this application as
well. Following is the review of three devices, including the device finally selected for
use in this PIL implementation. Also, it is imperative that the device must be supported

in Simulink Coder.
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Figure 5.2 An MPC555 DSP.

The MPC555 manufactured by Freescale Semiconductor is a very widely used
embedded device [15]. The device does not have a built in JTAG emulator but it does
have CAN capability. Due to its availability and common use in control applications it is
supported in Simulink. The device is also very inexpensive, with the price ranging
around 100 dollars. The 32 bit processor included with this board is manufactured by
Motorola. It is fairly fast, with a 40MHz max bus speed. However, this device is not
well suited for this application. A faster processor speed is desirable and the inclusion of

peripheral devices would be beneficial.
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eZdsp™ F28335

Technical
Reference

Figure 5.3 ezDSP F28335 by Spectrum Digital.

Texas Instruments manufactures a line of processors called the TMS320 family
[16] which are intended for use in power electronics and power conversion applications
such as the one studied in this thesis. The company Spectrum Digital manufactures
several development boards with these processors. The processor chosen for this
application is the F28335. It is also a 32 bit unit but the top processing speed is much
faster at 150 MHz. It has built in PWM units, an RS232 connector and a CAN interface.
The boards built by spectrum digital also include built in JTAG emulators which allow
the device to be connected to the computer by USB. The processor is ideal for this
application but the boards come with several options with a wide price range. The most
basic and inexpensive (at around 300 dollars) board is the ezDSP F28335 [17] without a

socketed processor. The addition of a socketed processor increases the price to around
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500 dollars. If damage occurs to the board it is almost invariably direct damage to the
processor. Having a socketed processor allows the processor to be replaced without
having to replace the entire board. The last board manufactured by Spectrum Digital
using this processor includes extra options for motor control development such as a fuzzy
logic engine, a fuzzy logic processor, and some extra simulation options. This board runs
close to 1000 dollars. The added cost would be unnecessary for the purposes of this co-
simulation since none of those added peripherals would apply to this study. Also, since
the co-simulation is implemented through the JTAG emulator, there is very little threat
posed to the processor. This means that for this application it is also unnecessary to
purchase a socketed processor. However, if the board were to be used in an actual test
environment this added option is the optimal choice and therefore this version of the

board was purchased for the purpose future development in hardware testing.

5.3 Physical Structure of the Experimental Setup

The required components for a PIL simulation include a computer with MATLAB
and Simulink installed as well as the required software for coding the embedded
processor. Installing this software and the DSP drivers completes the preliminary setup.
As stated previously, the DSP chosen for the implementation in this thesis is the eZdsp
F28335, a DSP board built by Spectrum Digital. The processor on this board is a Texas
Instruments TMS320F28335 digital signal controller. This DSP is compatible with CCS.
More information on this device can be found in [10]. When choosing a DSP for a PIL

application, the device must be compatible with Simulink Real Time Workshop as well
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as compatible coding software. A complete list of compatible devices is available on

MathWorks’ website.

Figure 5.4 Physical interface between the DSP and the computer.

Figure 5.4 is a picture of the DSP device connected to the computer to run a PIL
simulation. Setting up this hardware is the first major step in creating the co-simulation.
A properly grounded antistatic mat and wristband are used for handling the device due to
the exposed soldering and pins on the board that are directly connected to the processor.
The DSP chosen for this research has a built in JTAG connector which allows the device
to be connected to the computer via USB. This type of communication can be slow, but
it is effective for passing data in simulation time. It is also possible with some devices to
manually set up a TCP/IP type connection which will run faster. This DSP requires an
external power source. In order to correctly boot the device, the power must be applied

to the device approximately ten seconds or more before the USB cord is connected to the
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computer. Once the DSP is connected, the next step is to build the plant and control

models in Simulink.

5.4 Simulink Environment and Code Composer Studio IDE

The software environment on the computer consists of two main components.
MathWorks” MATLAB with Simulink is the program in which the system design will
take place. This includes the plant model, the control, and any other component in the
simulation required for control design interface or analysis of the data. This is also where
the data returned by the device will be stored for analysis. The other program component
is Code Composer Studio. All code generation and passing of data to and from the DSP

is handled by this program.

5.4.1 SimPowerSystems and Simulink Coder Setup

Building the model in Simulink is the second step of the co-simulation process.
Two non-default Simulink toolboxes were used to implement the designs described in the
previous chapters. The plant model was built using SimPowerSystems. This toolbox
includes accurate models of common components in electrical power systems, including
three phase AC-DC converters. All the parameters of this device can be customized
manually, including resistor and inductance values, simulation precision, and device

tolerances [11].
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Figure 5.5 SimPowerSystems three phase AC-DC converter model.

If it is desirable to quickly change parameters and run more simulations, a
database of program variables can be setup in the form of a MATLAB .m file and linked

to a button in the Simulink GUI, as displayed in Figure 5.2.

Sampled Input Voltages Sampled Input Currents Sampled DC Output Voltage

B =l—>.—>l - E
Zoh7 Sampled DC Voltage

Ugl Zohl 1 Input Voltage Zoh4 InputCurrentl

B {Bing

Ug2 Zoh2 2 Input Voltage Zoh5 InputCurrentz Output DC Voltage

@] n“

Ug3 Zoh3 3 Input Voltage Zoh6 Input Current 3

Figure 5.6 SimPowerSystems interface to other model simulation components.

Multimeter blocks are used in order to interface the data received from
SimPowerSystems to the rest of the simulation, as in Figure 5.3. The sampling time on

these blocks can be set individually. In this case they are set to simulation time, which is
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the same as the plant model. The switch to control sampling time takes place at the
interface to the controller.

The controller is implemented using the basic Simulink block set and Simulink
Coder. Simulink Coder includes the target support packages for all the supported
embedded and PC devices, Real Time Workshop, and the embedded coder. When
starting to build a PIL simulation, the control model is first built from the default
Simulink block set as it would be for a normal simulation, except that the entire controller
must be contained within a single subsystem. If it is applicable, optimization blocks may
be selected from the target support package for the embedded device to replace some of

the basic math blocks [12].

Controller -> Design Constants Must be Changed Manually
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Figure 5.7 Control block with data type conversions at the interface.

If the word size of the embedded device is not the same as the computer, it is
necessary to do data type conversion at all input and output interfaces to the device as
shown in Figure 5.4. In the case of the simulation created for this research, the word size

of the device is smaller than that of the computer, therefore a conversion to the
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single data type was used at all inputs. The outputs required a data type conversion back
to double. The incoming data is read as a double by the device, using the appropriate

word size.
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Figure 5.8 Under the mask of the control subsystem including target preferences block.

The next part of the Simulink modeling process is to add the target preferences
block to the controller subsystem, as shown in Figure 5.5. This block will contain all the
information about the DSP required to generate code for the device including: processor
and internal clock speeds, a memory map, peripheral device settings, and the selection of
which section of memory the program will be loaded into (i.e., RAM or flash). After this
is in place, the configuration settings for Real Time Workshop must be properly adjusted
for PIL settings, device recognition, and the CCS IDE." For this particular configuration
this means data import should be set for signal logging. The hardware implementation

should be configured for the TI C2000 family of processors with no emulation hardware.

! Note that the version of CCS, device BIOS, CCS code generation tool, Simulink Coder, and MATLAB
should all be in the latest available version or the PIL simulation may not yield any results.
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The correct IDE system target file selection is idelink_ert.tfc using C as the programming
language. The interface options should be configured for the TIC28x continuous time,
non-inlined S-function and variable size signals should not be selected. SIL and PIL
verification should be set to PIL and portable word sizes should be disabled. Finally, the
embedded IDE configured so that the build format is Project and the build action is create
processor in the loop project [19]. Any MATLAB simulation mode will work with PIL

simulations, in this research normal simulation mode was used.
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Figure 5.9 Workspace variables and plotting blocks.
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There are other variables included in the Simulink GUI which are used for
analysis of data. These include the blocks which carry the data received from
SimPowerSystems and the DSP to the workspace, pictured in yellow in Figures 5.6 and
5.7. Writing plotting functions and mapping them to buttons is useful for simulations like
this one where the same workspace variables will need to be plotted several times under
varying system parameters. The orange blocks in Figure 5.6 represent these plotting
functions. Figure 5.7 shows the power factor calculators, these subsystems contain the

mathematical calculations for calculating the power factor.

5.4.2 Code Composer Studio Configuration

Code Composer Studio must also be configured to the particular device. This is
the third major step of building the co-simulation. The appropriate drivers must be
installed, with this device the drivers were included on a CD which came with the board
but are also available online. The first time CCS is started the device must be selected
from a list of available devices in the CCS setup menu. After the device settings are
correct, the device may be connected. With the F28335, the device must first be
connected to power then to the computer. CCS should not be started until the device is
connected to the computer. Once CCS is opened the keyboard action ctrl-c will connect

the device to CCS [17].
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Figure 5.11 Code Composer Studio GUI after the device is connected.

If the device is connected properly, a disassembly should appear on the screen and
GEL configurations will become available, as in Figure 5.8. The only necessary change
in configuration within CCS is to turn off the code security module. This module is
normally set to locked in order to prevent accidental overwrite of important sections of
memory. If it is locked during the runtime of this simulation, it will prevent the control

code from properly loading to the device.

5.5 Running a PIL Simulation

The fourth step in the process, after setting the configurations in both programs, is
to generate the code for the control block. This is done by building selecting the control
subsystem and using the build option using Real Time Workshop [19]. Real Time
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Workshop was formerly its own Simulink package but is now included in Simulink
Coder. A build window will appear which contains information about the inlined tunable

parameters which will be included in the control model.
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Figure 5.12 Build window for control subsystem in Simulink.

Figure 5.12 shows this build window. There are several tunable parameters in
this co-simulation. The only one not addressed previously is SPP, the sampling rate for
the sine function used in the current generation profile. The code is generated using the

Simulink and CCS IDE.
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Figure 5.13 Controller project displayed in CCS File View pane.

B Observer_Controller_main - Notepad (=3

Fle Edit Format View Help
Vid -

= File: observer_Controller_main.c

® Real-Time wWorkshop code generated for Simulink model Observer_Controller.
"

* model version : 1,501

¥ Real-Time workshop file version 1 7.6 (R2010B) 03-Aug-2010
¥ Real-Time wWorkshop File generated on : wed Sep 28 00:59:21 2011

* TLC version © 7.6 (Jul 13 2o

* C/C++ source code generated on : wed Sep 28 09:59123 2011
® Target selection: idelink_ert.tlc

® Embedded hardware selection: Texas Instruments->C2000

* code generation_objectives: unspecified

* validation result: Not run

v

#include "observer_controller.h"
#include “rtwtypes.h"

#include "observer_controller_private.h”
#include "c2000_main.h"”

#include "DSP2833x_Device.h"

#include "DsP2833x_Examples.h”

#include <stdlib,h>

#include <stdio. hs

void init_board(void);

void enabTe_fnterrupts(void);
void disable_interruptsCvoid);
#include "pil_interface_Tib.h"

volatile ipt Isroverrun = 0O;
booTlean_T israterunning2] = { 0, ¢ };

boolean_T need2runflags[2] = { 0, O };

/% Function: rr_onestep

* abstract:
u erform one step of the model. Multi-tasking implementation.
«

i/
void rt_onestep(void)
boolean_T eventFlags[2];
/4 check base rate for overrun

if (israterunninglol++) {
Isroverrun = 1}

Figure 5.14 Typical C code generated in CCS.

The unnecessary information about the model such as subsystem definitions are
removed by Simulink, the data is then passed into CCS where the C code is generated, as
shown in 5.14, and formed into a project as shown in Figure 5.13. This project will later

be compiled and encoded to the device by CCS during runtime.
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Figure 5.15 PIL block generated by building the control block in Real Time
Workshop.

This code will be linked back to Simulink, where a PIL block that exactly
resembles the controller will be built in a separate simulation window, as shown in
Figure 5.15. This block will replace the control block in the simulation environment.
Also, a dialog box will also appear with a list of links to all the generated code files for
quick referencing.

Once the PIL block is in place in the simulation, the simulation process is started
as with normal simulations. This is the fifth and final step of the co-simulation process.
The progress of the simulation can be followed in the command window. The PIL
project is first built and loaded to the device within CCS. During runtime, the data is
passed one simulation step at a time to the embedded device where the appropriate
calculations are made. The data is then returned to the computer and passed back into the
Simulink simulation and/or stored into a workspace variable. This process is repeated

until the specified simulation end time is reached.
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5.6 Summary

The first step in building a PIL simulation in the Simulink/CCS IDE is to build
the desired model in Simulink, also building any peripheral necessities such as the power
factor calculators and the data storage blocks. The control block must be appropriately
interfaced to the plant model, with data type conversions and the target preferences block,
and the Real Time Workshop configurations must be adjusted appropriately. The driver
for the device must be loaded and the GEL must be configured appropriately in CCS. To
start the PIL simulation, build the control block using Real Time Workshop and replace
the current control block with the PIL block that is generated by the build process. The

simulation will then be run as a normal configuration would be.
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CHAPTER 6

DSP IMPLEMENTATION AND CO-SIMULATION STUDY RESULTS

This chapter contains the results of the processor in the loop system described in
chapter five under varying conditions. The first set of results is for what is called the
nominal mode in which the system is tested with preselected base values of all system
variables. This will serve as the basis for comparison in the later studies. The other
three tests are intended to investigate the performance of the system by varying the phase
inductance, phase voltage frequency, and load resistance respectively. The results in this
chapter prove that the control algorithms work properly in simulation time when encoded

into the DSP.
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6.1 Nominal Mode

Table 6.1; Nominal Mode Parameters

Parameter | Value Description

fo 1e° Plant model simulation frequency, Hz
fo 1e’ Control evaluation frequency, Hz

fs 2e* Sign function (or PWM) frequency, Hz
R. 40 Load Resistance, Q

R 0.2 Parasitic phase resistance, Q

L 2 Phase inductance, mH

C 100 Output Capacitance, uF

E; 150 Input AC voltage magnitudes, V

f, 60 Phase voltage frequency, Hz

Vy4 650 Desired DC output voltage, V

Table 6.1 contains the parameter values for the nominal mode DSP simulation.
The plant simulation frequency was chosen to be very high in order to evaluate the plant
at near-analog conditions. The control and sign function evaluation frequencies were
chosen to represent realistic processing and PWM rates for the DSP. All other

parameters were set to numbers that characterize standard applications of a three phase

AC-DC converter.
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Figure 6.1 Phase current and ideal phase current for nominal mode.

0.045

Figure 6.1 shows the phase current from the first phase and the ideal current

generated by the control. The phase current tracks the ideal current closely in the

nominal mode co-simulation, however the phase current contains harmonics other than

0.05

the main harmonic. This is due to the switching nature of the controller which is caused

by the sign function. This can be corrected by using a higher control evaluation rate or

by increasing the phase inductance.

70



100

i Phase Input Voltage (scaled by.5)
sl Corresponding Phase Input Current
B0j- ﬂmwmm\
a0k / \',

20 | M‘ !
1|' i f‘
0 ' ‘ 1
\ I.‘ ‘\‘; ‘
Sl S J \ ) \ I
i‘ * .v )
A0 ;
B0
a0 1 | ! 1 | | | | ! |
0 0.005 0.01 0.015 002 0.025 0.03 0.035 0.04 0.045 0.5
Time (Seconds)
Figure 6.2 Phase voltage and current for nominal mode.
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Figure 6.3 Phase currents in nominal mode.
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Figure 6.2 shows the phase one voltage and current. In the picture it is clear to
see that they are correctly in phase, which will result in a very high phase component in
the power factor. Figure 6.3 shows that the three phases have a 120° phase difference
from each other. Since the control has no effect on the input voltages, it can be
determined that each phase current will align correctly with its corresponding phase
voltage and each phase will have the same power factor. The only problem is caused by
the chattering effect in each phase. The high harmonics that exist in each phase will
cause distortion power which slightly increases the current to be sent to the load,

increasing the output power to higher than desired levels [13].
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Figure 6.4 Load resistance observer in nominal mode.

72



800 T T T T T T T T T

700

600

DC QOutput Voltage
Desired DC Output Voltage

500 H

400 .

300 | .

200 | _

100

1 1 1 1 Il 1 1 1 1
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
Time (Seconds)

Figure 6.5 DC output voltage tracking in nominal mode.

Figure 6.4 shows the performance of the load resistance observer. The observer is
approximately one ohm less than the actual load resistance of forty ohms. This is due to
the effect of chattering on the input current causing excessive power at the output. This
also has an effect the DC output voltage, shown in Figure 6.5. The excessive power at
the output causes the DC voltage to be higher than the desired voltage. The load
resistance observer uses the DC output voltage to estimate the resistance; therefore, if the
output voltage is slightly higher than expected, the resistance will appear slightly lower.
There is not as much apparent rippling in the load resistance observer because the super
twisting control was used. Using a classical sliding mode observer and a standard low

pass filter would have resulted in rippling in the observer similar to that in the controller.
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Figure 6.6 Power factors with only phase term in nominal mode.
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Figure 6.7 Power factor with harmonic distortion term in nominal mode.
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The power factor can be calculated two different ways, as discussed in
Chapter two. Using the traditional method of only taking into account the phase, the
power factor for the sliding mode control is extremely close to one, as shown in
Figure 6.6. When the harmonic distortion is also taken into account, the power factor
appears to be lower but still very close to nine for each phase. If the higher harmonics
were eliminated, the power factor could be increased closer to the phase-only power

factor levels.

Control Signal U1l

1 1 1 1 1 1 1 1 1 |
0 0.01 0.02 0.03 0.04 0.058 0.08 0.07 0.08 0.09 0.1
Time (Seconds)

Figure 6.8 One control signal in nominal mode

75



. m@m Num!|\\w\\|l;|‘\u\\|’um(QM&

W

IIIIIIIIII

eeeeeeeeeeeee

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

eeeeeeeeeeeee



Figures 6.9 and 6.10 demonstrate the control signals generated by the control
before they are converted to switching signals. Figure 6.8 shows the control Uy, which is
the control generated for the first phase. Figure 6.9 shows all three control signals.
Looking at all three signals together is important in application because the controls
cannot all share the same value at any given time or the control will fail. Figure 6.10
shows the switching signals for the first phase which control the corresponding switches
S1 and S4. It is also important to be sure that these signals never share the same on or off
value before the control is tested on the actual three phase converter. An occurrence of
corresponding phase switches being on or off at the same time could potentially result in
dangerous conditions for the operator and irreparable damage to the three phase

converter.

6.2 Effect of Varying Source Inductance

The only noticeable problem in the nominal mode tests is the chattering in the
phase input current. This causes problems when trying to reach a desired output voltage
level and has a negative impact on the power factor due to added phase harmonics. The
chattering in the controller also causes error in the load resistance observer. It is not very
practical to assume the control evaluation rate can be continuously increased in order to
accommodate the control since the control runs on a digital device. Therefore, other
ways to reduce this ripple must be investigated. It can be shown that increasing the phase

inductance will reduce the rippling in the phase current and therefore positively affects
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overall control performance. In this test the phase inductance was increased to 5 mH then

to 10 mH to show these effects.
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Figure 6.11 Phase current and ideal current with 5 mH phase inductance.
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Figure 6.12 Phase voltage and current with 5 mH phase inductance.
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Figure 6.11 shows the phase current for the first phase and the control-generated
ideal current that corresponds to the first phase. With the phase inductance increased to
5 mH, the undesired harmonics are significantly reduced. Figure 6.12 shows the phase
voltage and current for the first phase. This shows that increasing the inductance has no

effect on the overall phase of the current, which would have a negative impact on the

power factor.
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Figure 6.13 DC output voltage with 5 mH phase inductance.
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Figure 6.14 Power factors with harmonic distortion term and 5 mH phase inductance.

The DC output voltage, shown in 6.13, seems to have slightly less rippling than
the DC output voltage in the nominal mode test, shown in 6.5. The clear effect of
increasing the input inductance is shown in Figure 6.14. The power factor calculated
with the harmonic distortion term is significantly higher. Each phase has a power factor

of well over 0.9.
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Figure 6.15 Phase voltage and current with 10 mH phase inductance.
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Figure 6.16 Power factors with harmonic distortion term and 10 mH phase inductance.

By increasing the inductance again to 10 mH the rippling can be reduced even

farther, as shown in Figure 6.15. There is still no effect on the phase of the current
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overall, but the reaching time is slightly longer. As shown in Figure 6.16, the power
factors, including the overall power factor, are all above 0.9 even with the harmonic
distortion term included in the calculation. Increasing the phase inductance to 5 mH
could possibly be a reasonable act in application. However, increasing the inductance to
10 is unlikely a good idea. The problem encountered with actual inductors is that they
can become significantly larger physically at higher inductance values. Depending on the
application, the extra hardware volume and weight may be very unwelcomed. For the
rest of the control implementations in this chapter, the phase inductance will be set to

5 mH so that the effects of varying other parameters will be more obvious.

6.3 Effect on System Performance from Varying Phase Voltage Frequency

The operator of the AC-DC converter may need to use a higher phase voltage
frequency in certain applications. This study is very significant in certain
implementations of the three phase converter. The study of sliding mode controls for the
purpose of power factor correction in [3, 4] was originally intended for use in an aircraft.
The application was to be used to drive a component of the engine. The converter
operated at high frequencies which vary depending on the changing rotational speed of
the component. The implementations in this section test the upper bound on frequency
by increasing the frequency until the control performance starts to deteriorate. The
variables used were the same as the nominal mode test with the exception of phase
inductance, which was 5 mH. The first phase voltage frequency tested that showed
moderate change to performance was 200 Hz.
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Figure 6.17 Phase and corresponding ideal current with phase voltage frequency

at 200Hz.
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Figure 6.18 Power Factors with only phase term, phase voltage frequency 200 Hz.

Figures 6.17 and 6.18 show that at 200 Hz, the system will still work properly
except that the settling time of the control is longer. There are no extra harmonics in the

phase current. This is shown in Figure 6.17 by comparing the current to the control-
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generated ideal current. There is also no major effect on the phase, as shown in
Figure 6.18 using the phase term only power factors. A similar result was achieved for
220 Hz, with the settling time of the control being slightly longer. The control begins to

fail at an phase voltage frequency of 240 Hz.
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Figure 6.19 Phase voltage and current with phase voltage frequency of 240 Hz.
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Figure 6.20 Power factors with only phase term, phase voltage frequency 240 Hz.
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Figure 6.19 shows the first phase voltage and the corresponding phase current.
The current amplitude eventually reaches the desired level, but the shape of the waveform
is slightly incorrect and the current is out of phase with the voltage. Figure 6.20 shows
the power factor calculated with only the phase term. The control seems work correctly
initially, but then slowly starts degrading. This is because the control evaluation step size
will not work at this frequency. The sign wave that generates the ideal current will have
a slightly different frequency than the phase voltage, which will cause a gradually
increasing discrepancy between the phase currents and phase voltages. This can be
corrected by decreasing the step size of the control evaluation (increasing the control
evaluation frequency).
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Figure 6.21 Phase voltage and current, phase voltage frequency 240 Hz and 1MHz
control evaluation rate.
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Figure 6.22 Power factors with only phase term, phase voltage frequency 240 Hz
and 1 MHz control evaluation rate.

With the evaluation frequency increased to nearly the plant model evaluation
frequency, the control once again begins to work properly. Figure 6.21 shows that the
phase voltage and the current are in phase once again and the current appears to have the
correct shape. The power factor is also restored, as shown in Figure 6.22. This is
possible to do with a processor in the loop simulation since the control also runs in
simulation time. With a real time application, it is unlikely this DSP could evaluate the

control at this frequency.

6.4 Accommodation of Varying Load Resistance

Along with increasing the phase voltage frequency, the operator of the converter

may also wish to accommodate a varying load resistance. If the load resistance never
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changes and is known, it is not necessary to have an observer to calculate this resistance.
Adding an observer allows the load resistance to remain unknown and also

accommodates real time change of load resistance without restarting the plant system or

the controller.
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Figure 6.23 Model additions for load resistance evaluations.
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In this implementation of the simulation, the nominal mode parameters were used
with the exception of input inductance which was set to 5 mH. The load resistance starts
at 40 Q, at 0.1 seconds the resistance is dropped to 30 €, then at 0.2 seconds it is
increased back to 40 Q. Since the SimPowerSystems toolbox was used to build the plant
model, a circuit had to be constructed to cause this resistance switching effect at the load.
The plant model addition is shown in Figure 6.23. Resistor R has a value of 40 €,
resistor R1 has a value of 120 €, and R2 has a value of 1 M Q. The step function labeled

only as step causes Ideal Switchl to close at a time of 0.1 seconds, the 40 Q resistor in
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parallel with the 120 Q resistor produces and overall load resistance of 30 Q. The step
function labeled stepl causes Ideal Switch2, which is normally closed, to open. The 1 M
Q resistor is the no longer shorted and a 40 Q resistor in parallel with more than 1 M Q

produces almost exactly 40 Q once again at the load.
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Figure 6.24 Observed varying load resistance.
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Figure 6.25 Phase voltage and current when load resistance varies.

The output of the observer can be seen in Figure 6.24. The black line in 6.24

represents the actual load resistance value. The observer still has the same slight bias due

to the chattering of the controller. The important thing to note is that, when the load

resistance changes at 0.1 and 0.2 seconds, the observer very quickly responds to the

change and settles to the new resistance. The observer value is closer to the actual

resistance when the load resistance is lower because when the phase current is higher the

output power is naturally higher and the rippling does not affect as significantly. The

first phase current is shown along with the first phase voltage in Figure 6.25. During the

times when the load resistance is varying, there are no visible effects on the phase

current. When the load resistance falls to 30 Q, the current increases to accommodate the

new resistance.
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Figure 6.26 DC output voltage when load resistance varies.
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Figure 6.27 Power factors with harmonic distortion term when load resistance varies.
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The change in the resistance shows up in the DC output voltage as small, short
lived, positive or negative voltage spikes depending on whether the resistance is rising or
falling. This is shown in Figure 6.26. The DC output voltage, like the observed load
resistance, is closer to the desired value when the resistance is lower. Figure 6.27 shows
the effect of varying resistance values on the power factors calculated with the harmonic
distortion term. There is a short period in which the power factor is momentarily
lowered, but then it quickly returns to a high value. Since the rippling is reduced at lower

resistances (higher phase current), the power factor is also slightly higher.

6.5 Summary

The sliding mode control algorithms for power factor correction in three phase
AC-DC converters have been implemented on the DSP. The plant model was simulated
on a computer using SimPowerSystems in Simulink [18]. The two components
communicated in a processor in the loop simulation developed using Simulink and CCS
[19]. The results of the co-simulation, gathered using Simulink, were reported in this
chapter. Four types of evaluations were made using this co-simulation.

The nominal mode study tested the controller under some pre-selected, baseline
parameter values. In this test, significant rippling in the phase current due to chattering
affected the performance of the resistance observer and had a negative impact on the
power factor. The traditional power factor, based only on the phase component was very

close to unity (0.99) for all three phases and the overall. With the harmonic distortion
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term included, the power factors were considerably lower. Each phase had a power
factor near 0.88, the overall was approximately 0.68.

The study of varying phase inductance was performed in order to correct the
harmonic distortion term in the power factor. In order to reduce the harmonic distortion
and increase the total power factor, the phase inductance was increased to 5 mH and then
to 10 mH. Both inductances produced cleaner currents with reduced higher harmonics
and elevated power factors. The 5 mH test produced individual phase power factors of
approximately 0.96 and an overall power factor of 0.88 with the harmonic distortion term
included. The 10 mH inductor increased the power factor even higher to 0.97 with an
overall close to 0.92. Using a 10 mH inductor is physically impractical due to the size of
the inductor. The 5 mH inductor has proved to show a major improvement over the
2 mH inductor and therefore was selected for use in the latter co-simulations.

The study of varying phase voltage frequency was completed in order to find the
upper bound of the phase voltage frequency at which the control will still work without
changing the control evaluation rate. This frequency was found to be approximately
220 Hz. Above this frequency, the control performance starts to degrade due to
integration rates and sine function sampling rates. At 240 Hz, the input currents become
out of phase with the input voltages, resulting in a steadily increasing degradation of
power factor. The solution to this problem is increasing the control evaluation frequency.
The limit to which the control evaluation frequency can be increased depends on the
processing speed of the digital processing device on which the control is encoded.

The study of varying load resistance was the final study. The system was

implemented under nominal conditions with an increased phase inductance to reduce
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rippling and with varying load resistances. The study proved that the control handles
varying loads very well, as expected. The observer started tracking the value of the new
resistance very quickly, and the phase currents adjusted appropriately. Only a small
amount of spiking occurred in the DC output voltage and the power factor was quickly
restored.

The most significant outcome of this study can be drawn from the fact that the
controls in all of the studies were implemented on a DSP. This means that the code for
each part of the control was generated correctly and works properly under all the desired
test conditions. Since the model used in the co-simulation was originally built as a model
in Simulink, the control can be easily transferred to a separate model to be used for
encoding the device for use with a physical plant model. In order to implement the
control in application with a physical plant model only a few minor changes need to be
made. These changes include removing the data type conversions at the control interface
and addressing the control inputs and outputs to pins on the DSP board (which can be
found in [17]). Optionally, control designs using the higher order sliding mode controls
described in [4] may be implemented as well. The DSP has built in pulse width

modulators which may be useful for implementing these algorithms.
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CHAPTER 7

CONCLUSION

In this thesis, a control algorithm was implemented and studied on a DSP device
using a processor in the loop co-simulation with a computer. The purpose of the control
was to improve the power factor of a three phase AC-DC boost converter under varying
loads. The type of algorithms used were all sliding mode controls, including a classical
sliding mode control [5] for the main control and a super twisting observer/differentiator
[7, 6] to observe the load resistance. The processes for creating the co-simulation using
MATLAB with Simulink [18, 19] and Code Composer Studio was described in detail.
Multiple tests were performed in order to be sure that the control algorithms implemented
work properly on the DSP in simulation time and produce results comparable to a
computer only simulation. Theoretical improvements and changes to the system such as
increasing the phase inductance and increasing the phase voltage frequency were also
evaluated using the DSP implementation of the control. The conclusion formed from the
results of this implementation is that the control works on an embedded processor in
simulation time.

The optimal conditions for the control were found during the testing phase. The

phase inductance should be higher than 2 mH but less than 10 mH for practical physical
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implementation. The phase voltage frequency should be less than 240 Hz, assuming a
control evaluation frequency of 100 kHz. It is possible to make the controller work in
theory at higher frequencies but this requires a higher control evaluation rate which may
not be practical depending on the embedded processor chosen. In the load resistance
tests the controller withstood changes to load resistance as expected. When calculating
the power factor in the traditional sense of using only the phase angle, all simulations
except those where the phase voltage frequency was over 240 Hz produced power factors
of 0.97 and higher. The higher harmonics present in the phase currents caused the power
factors to be slightly lower if calculated with the harmonic distortion term. These
harmonics also cause the output voltage level to be slightly higher than the desired value,
and the resistance estimator to be inaccurate by a value of one ohm or less.

The processor in the loop implementation produced a reasonable result with
nearly the same performance as the results of previous computer-only simulation studies
[3, 4]. It has now been proven that the control code works when implemented on a DSP
when operating in a loop with the computer through the JTAG emulator. This result is
significant because all the control calculations were performed by the embedded
processor instead of the computer. The precision of DSP is adequate enough to produce a
result comparable to a computer. This further validates the concept of using sliding mode
controls for power factor correction in switching power converters beyond computer only
simulations.

Transferring the control model, originally built in Simulink, for this study to an
application with an actual three phase AC-DC boost converter is a simple process. The

control model can be implemented by first removing the data type conversion interfaces

95



and addressing the inputs and outputs to pins of the DSP then transferring the model to a
blank model and using the Simulink embedded coder to encode the DSP [Coder]. A
hardware interface between the embedded device and the converter block to reduce the
power of the signals going to the device and boost the voltage of the signals coming from
the device must also be developed in order to utilize this implementation. The switching
control signal can be generated by using the sign function but it may be more advisable to
use the built in PWM generators, which will generate the corresponding switching
signals. This way, a dead zone can easily be set up within the signals to prevent control
and plant system failure. The super twisting control algorithm may also be tested as
designed in [4]. The super twisting algorithm will produce a slightly more accurate result

but will also require the use of pulse width modulation.
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