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Abstract

Due to its unique features such as controllable power factor, controllable bi-
directional power flow, and rapid dynamic response, Voltage Source Convert-
ers (VSCs) have been widely used in various industrial applications such as
distributed generation systems, power distribution systems, uninterruptible
power supplies (UPS), AC motor drives, etc. To optimize the performance
of the VSC, many control algorithms have been proposed. This thesis inves-
tigates development of nonlinear controls for the VSC in two applications:
power factor control and active power filtering. A detailed description of the
dynamic model of the VSC system is presented in different reference frames.
An exact linearization-based control scheme is presented for power factor regu-
lation. This control is verified by switched simulation and real-time experiment
on a test stand constructed at the Applied Nonlinear Control Lab (ANCL),
University of Alberta. In addition, an internal model-based control scheme
is introduced to perform active power filtering. This algorithm is verified by

simulation.
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Chapter 1

Introduction

Voltage Source Converters (VSCs) have been widely used in many industrial
applications such as distributed generation systems [11], power distribution
systems [10], uninterruptible power supplies (UPS) [7], AC motor drives [3],
etc. Given this wide range of applicability, the control of VSCs has become an
important research topic, and many control methods have been proposed to
optimize its performance. This thesis investigates the control law development
for two applications of the VSC: power factor control and active power filtering.
A main contribution of this thesis is the development of an experimental test
stand for validating the control for these two applications. The control laws

considered in this thesis are nonlinear in that they account directly for the

nonlinear dependence in the model used for control.

1.1 Overview of the Voltage Source Converter
(VSC)

With the development of power electronics and pulse width modulation (PWM)
techniques, the VSC has led to large improvements in performance of power
conversion and transmission applications. It provides unique features such as
controllable power factor, controllable bi-directional power flow, and rapid dy-
namic response [2]. A basic circuit structure of a three-phase VSC is shown in
Figure 1.1. Three inductors on the AC side are included to boost the DC volt-
age and to filter the current ripple due to switching AC terminal voltage [3].

The system has three-phase legs connected in parallel; each leg includes two



switching devices in series and each switch has a free-wheeling diode in parallel.
The switching devices can be Gate Turn-Off Thyristors (GTOs), Bipolar Junc-
tion Transistors (BJTs), Insulated Gate Bipolar Transistors (IGBTSs), power
MOSFETS, or Integrated Gate-Commutated Thyristors (IGCTs). Since the
IGBTSs have high input impedance, like MOSFETS, low conduction losses, like
BJTs, and relatively low cost, they are commonly used and adopted in our test
stand. The IGBT is turned on when the gating signal is high and the IGBT
is turned off when the gating signal is low. With all the IGBTs turned off,
the VSC becomes an uncontrolled diode rectifier, and this mode of operation

is useful for startup.

, SRR Fent |

Uy O YN

/YY)
Ub © C Vde

i

Ay
/|

Ve O AN

Figure 1.1: Typical circuit diagram of the VSC. The gating signals
9as 9bs 9es Gas b, Ge determine the switching states of the IGBTs.

Insight into the operation of the VSC converter can be obtained by con-
sidering a DC-DC boost converter [3, 26]. We first review the operation of
the boost converter shown in Figure 1.2. We assume continuous conduction
to simplify the discussion. That is, the current through the inductor L never
falls to zero. Figure 1.2(a) indicates a typical circuit of the boost converter
using an IGBT. The input voltage v, is a positive DC voltage and the load
is assumed to be resistive. Based on the state of the IGBT, the operation
of the converter can be divided into two modes illustrated in Figure 1.2(b)
and 1.2(c). The dashed lines shown in the figures denote the direction of

current flow. Typical waveforms of the voltages and currents are shown in
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Figure 1.2: Operation principles of the DC-DC boost converter. The converter
operates in two modes during each gating signal period. When the IGBT is
on, the inductor is charging and the capacitor is discharging. When the IGBT
is off, the inductor is discharging and the capacitor is charging.

Figure 1.2(d) [25]. When the IGBT is turned on, as shown in Figure 1.2(b),
the input voltage vy is directly across the inductor and the input current ,
which flows though inductor and IGBT, increases from [; to I,. Meanwhile,
the capacitor C' discharges providing current ¢, to the load so that the output
voltage v, decreases. When the IGBT is off, as shown in Figure 1.2(c), the
diode D conducts and the current which was flowing through the inductor
and IGBT now flows through the inductor, diode, capacitor, and load. The

capacitor current 7. becomes positive leading to an increase in v, until the



IGBT is turned on. In addition, the energy stored in the inductor is directed
to the capacitor and load. This causes the input current i to decrease. For
a large C, the peak-to-peak ripple voltage of the capacitor is negligible and
v, is approximately a constant value V,. Hence, the output current has an
approximately constant value of I,.

The change in input current during the two modes can be derived as

Vo — Vs

L

Aii,ON = %dT, Aii,OFF ~ (1 — d)T

where Ai; on is the change in input current when the IGBT is on, Ai; opp is
the change in input current when the IGBT is off, d is the duty cycle of the
gating signal, and 7" is the time period of the gating signal. Since the current

changes during both period are identical, we obtain

v Vo — U
2dT = =2 *1—-d)T
7 7 (1—d)
or

Uy 1

v, 1—d

Therefore, the output voltage v, is always larger than input voltage ;.

ek SO o

L T,

Vs C =< v4c | Load

Dy Dy

Ts Ty o

Figure 1.3: Circuit diagram of a single-phase VSC with a pure resistive load.

Now, we extend the discussion to a single-phase VSC shown in Figure 1.3.
This system contains four IGBTs 17, Ts, T3, T,y and four diodes Dy, Dy, D3, Dy.
The input v, is assumed sinusoidal and the load is purely resistive. Figure 1.4
illustrates the operating principles of the single-phase VSC when the input v,

is greater than zero. The dashed lines denote the directions of current flow. In

4



N\ r——— ~—1—
x D A—J : * I b D|1 A_‘j l +‘
L Ty | | L | Ty l I
vs >0 — C;;lvdciEoE vs >0 4—————|Cl;; 'udcl Load
I | & Dy I | ﬂlD‘lf :
Ty l\___ JJ \*l T, lL)__ T
(a) T on, T3 off (b) Ty off, T5 off
r o\ r A
XL ‘riJ ]I I X 'rlJ]’ I {+I
L [ I 7 I L I L7 | I
>0 ‘ : c } | >0 ‘ : c { l
Us — = 7i~| vde | Load Us — — " 1 7~ vde | Load
r\leE] — Tf\le
& Dy | : | \| ZKD4| [ |
T2 \_ T2 \\__}____/ \:I
(¢c) Ty off, T3 on (d) Ty on, T3 on

Figure 1.4: Operating principle of the single-phase VSC for positive input
voltage. Based on the states of the IGBTSs, the VSC operates in four modes
in a similar way to the boost converter.

this case, the diodes Dy and D, always conduct regardless of the state of T}
and Ty. Thus, the components T, Dy, Dy, L and T3, D1, D4, L consist of two
boost converters in parallel, respectively, shown in Figure 1.4. The case when
T5 is on and T3 is off is shown in Figure 1.4(a); the VSC operates similar to the
boost converter in the first mode shown in Figure 1.2(b). The line inductor L
is charged by the input voltage v, and the input current flows through L, T5
and D,. The capacitor provides energy to the load and the DC link voltage
vge decreases. When T, and T3 are both turned off as in Figure 1.4(b), the
VSC operates similar to the boost converter in the second mode shown in
Figure 1.2(c). The capacitor and load are excited by the input current and
the DC link voltage vg4. increases. During this period, the energy stored in the
inductor is transferred to the capacitor and load. When 75 is off and T3 is on
as in Figure 1.4(c), the VSC operates similar to the case when 75 is on and
T3 is off. The line inductor is charged by v, the input current flows through
L, D and T3, and the capacitor discharges. When T, and T3 are both on,
the VSC is equivalent to that in Figure 1.5. Both the input voltage and DC
link voltage are charging the inductor in this period and energy stored in the

capacitor is transferred to the inductor and load.
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Figure 1.5: Equivalent circuit of the single-phase VSC when both T, and Tj
are turned on. In this case, the system is equivalent to two voltage sources,
a diode, and a inductor. The diode conducts the current generated by input
voltage. Thus, the input voltage does not provide power to the capacitor;
the energy stored on the capacitor is transferred to the inductor during this
period.

If the input voltage v, is less than zero, D, and Ds3 conduct. Thus,
T1, Do, D3, L and Ty, Do, D3, L consist of two boost choppers in parallel. The
operating principle is similar to the vy, > 0 case. The single-phase VSC pro-
vides the basis to understanding the three-phase case. The three-phase VSC
contains three equivalent boost converters in parallel instead of two and has
eight operating modes based on different switching states of the IGBTs. Note
that, since the VSC operates as a boost converter, the DC link voltage is
boosted and should be greater than twice peak phase voltage [3].

Define the counter electromagnetic force (CEMF) voltage as the VSC AC
terminal voltage. This voltage is shown as e in Figure 1.3 for the single-phase
VSC. And for the three-phase case, the CEMF of phase a is denoted e, in
Figure 1.6. It is important to note that the magnitude and phase angle of the
fundamental component of the CEMF voltage can be controlled by the VSC
gating signals. This control will be described in Section 2.1.4. In Figure 1.6,
assuming the signals vy, V14, €4, and i, are sinusoidal, they can be represented

as phasors V., V., E, and I, respectively. We have
Vsa == ‘/sa4¢vsa7 VLa = VLaZvaLaa Ea = Ea4¢ea7 Ia = [aé(bia

where Vi,, Vig, By, I, are the amplitudes and ¢, , ¢y, , @c,, @i, are the phase
angles of the sinusoidal variables v, V14, €4, ta, respectively. Figure 1.7 shows

phasor diagram of the circuit in Figure 1.3 [3]. From the figure we have
VSG, = ‘/:SG,ZO) VL(I = VLaZ(QS + 7T/2), Ea = Eal - 6, Ia - IaAQS

6
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Figure 1.6: Configuration for power factor control using a VSC. The VSC is
connected in parallel with the load and controlled to absorb or inject reactive
power. A VSC which provides this functionality is called a static VAR com-
pensator (SVC). When the VSC compensates for active current harmonics,
the system is called a shunt active filter (SAF).

where ¢ is the phase angle between the i, and v,,, and ¢ is the phase angle

between v, and e,.

Figure 1.7: Phasor diagram of the AC side variables. V, = V,, — E, and
the input current phasor I, is perpendicular with V,.

The active power P and reactive power () on the AC side of the VSC can



be expressed as

P = Re{ngaIZ} = ngIa cos ¢

3 3
Q= Im{ﬁVsaI:} = 51/;(1]@ sin ¢
where I’ = 1,/ — ¢, is the complex conjugate of I,. From Figure 1.7, we have

o VLa
- wlL
Viecosp = A= E,sind

I,

Viesing =B = FE,cosd — Vg,

Then, we can obtain

P= 3Vsa L sin &
2wl
3Vsa
Q= 2wL(EaCOS(5 — Via)

The equations above indicate that P and () can be controlled by the amplitude
of CEMF phasor E, and the phase angle § between V,, and E,. Hence,
the VSC enjoys a wide range of applications where power factor needs to be
regulated. In the next section, some typical VSC applications are introduced;

some of which exploit the circuit’s ability to control reactive power.

1.2 VSC Applications

In this section we briefly describe various applications of a VSC:

e a Flexible AC Transmission System (FACTS) uses VSCs as static VAR
compensators (SVC) (volt-ampere reactive (VAR) is a unit used to mea-
sure reactive power in an AC electric power system) or active power

filters (APFs),
e AC and DC motor drive system to provide four quadrant operation,

e uninterruptible power supplies (UPS) and battery chargers which per-

form power factor correction.



1.2.1 Power Transmission System

The widespread use of diode and thyristor rectifiers have negatively affected
the power quality of the electrical utility. This is because these nonlinear
loads inject harmonic currents into the grid. The distorted currents can cause
serious power quality problems. Distorted voltage is generated when current
flows through the power line. The highly distorted bus voltage may damage
equipment connected on the same bus. In addition, the harmonic currents
increase losses during power distribution [3]. VSCs can be used to construct

APFs and SVCs which solve grid power quality problems.

Static VAR Compensators (SVC)

The circuit configuration of a VSC-based SVC is shown in Figure 1.6 [L1].
Since the VSC can operate at a programmable lagging or leading power fac-
tor, it is able to absorb or generate desired reactive power to achieve VAR
compensation. If we assume the active power P is zero, the reactive power on
the AC side of the SVC can be expressed as

3 3Vsa
= — [ pu—
Q 2‘/:%1 a 2wl

(Ea - V:sa)

This means the SVC can be seen as a controllable reactive power source that
compensates the grid reactive power via properly steering the AC terminal
voltage e,. Actually, since the SVC is not lossless, the active power P # 0. Ad-
ditionally, the only source in the SVC that provides reactive power to achieve
VAR compensation is the energy stored in the DC link capacitor. Therefore,
a certain amount of real power is also required to charge the capacitor and
regulate the DC voltage level. The operation principle of the SVC is shown
in Figure 1.8. In Figure 1.8(a), the SVC operates as a leading VAR compen-
sator. The SVC possesses positive reactive power on the AC side and absorbs
reactive power from the grid. In Figure 1.8(b), the SVC operates as a lagging
VAR compensator. The reactive power of the SVC is negative and it injects
reactive power to the grid.

To control the output reactive power (), the reactive component of the

three-phase load current ;4. is measured and fed back to the controller of



Vsa E, Vsa E,
L Vi
‘ Vsa Via
i J E, Vi,
E, L
(a) Leading Power Factor (b) Lagging Power Factor

Figure 1.8: Equivalent circuit and phasor diagram of the SVC. When the
current I, leads V,, the SVC operates as a leading VAR compensator. When
the current I, lags V., the SVC operates as a lagging VAR compensator.

SVC as a reference. The negative value of the reactive component of the SVC
three-phase current i, is driven to track this reference. Therefore, the reactive
component of the three-phase line current i,.,. becomes zero and power factor

is regulated to unity.

Shunt Active Filters

The system in Figure 1.6 can also be operated as a shunt active filter (SAF).
Although the system configuration is the same as SVC, the control objectives
of the SAF are not only to compensate the reactive current, but also to reduce
the harmonic components of the active current [23]. The input current i, of a
nonlinear load can be expressed as a sum of a constant DC term, a fundamental

term and harmonic terms [21], i.e.,

N
7;la - [laO + Ilal COS(Wt + Qplal) + Z [lan COS(HWt + (plan)

n=2
N

i = Tno + Ty cos(wt + Qi) + Y Tim cos(nwt + Qi)
n=2
N

Z.lc - [lCO + Ilcl COS(Wt + Splcl) + Z Ilcn COS(nWt + Splcn)

n=2

10



The instantaneous real power can also be expressed as a sum of a constant
and harmonic terms

N
pr=Po+ Y Pincos(nwt + )

n=1
Note that only the constant term Pj is useful and the harmonic components
SN | P, cos(nwt 41, ) should be compensated by the SAF. In order to achieve
VAR compensation the instantaneous reactive load power ¢; should be com-
pensated. Therefore, the reference signals for the SAF are
P —

{ “)_qlpl } (1.1)
Another essential control objective for the SAF is to maintain DC voltage in
a region [V, Vj/| to avoid discharge and overcharge of the DC link capacitor
[22]. This objective is highly coupled with the first one. Since only the active
current delivers energy to charge the capacitor, vg4. is indirectly controlled by
active power. On the other hand, the DC voltage is the main power source
of the SAF. When vy, drops to a minimum value of twice the peak phase
voltage, the free-wheeling diodes take over the current conduction. At this
point the controller cannot reduce vy, any lower. In addition, the SAF is not
actually lossless. Therefore, the actual active power should compensate the
power losses on the SAF and the power required to maintain vg.. The detailed

control of the SAF is discussed in Chapter 4.

1.2.2 AC Motor Drives

Since the VSC provides bi-directional power transmission and is capable of
four-quadrant operation, it can be used to form a double-sided AC-DC-AC
converter to drive synchronous motors as shown in Figure 1.9 [3]. The motor
velocity, torque, and the direction of the motor’s rotation are regulated by
the load-side VSC. Four quadrant operation of the motor is performed with
properly designed gating signals of the load-side VSC [20]. In motoring mode,
the load-side VSC delivers energy to the motor and determines the direction

of rotation. In regenerative braking mode, the motor operates as a generator,

11



the kinetic energy in the machine is transferred to the dc link source and the
motor speed decreases. Traditionally, this regenerated energy is dissipated
in a resistive load and transformed to heat. However, the line-side VSC not
only provides VAR compensation and active filtering but also can deliver the
regenerated energy to the AC source. This energy can be stored in a DC

battery or flywheel for future use.

N

7
4
&
<

Figure 1.9: Double-sided AC-DC-AC converter used in a motor drive. Batter-
ies or flywheels are not shown in this figure.

1.2.3 Uninterruptible Power Supply (UPS)

Figure 1.10 shows a traditional configuration of an uninterruptible power sup-
ply (UPS) with isolation transformer [7]. The transformer increases system
weight and cost. And the rectifier draws harmonics from the grid and reduces
the power quality. Alternatively, a VSC can replace the rectifier and trans-
former as shown in Figure 1.11. This is because the VSC can compensate the
current harmonics, correct the line-side power factor, and provide the required

DC voltage.

1.3 Thesis Outline and Contributions

Chapter 2 gives a detailed derivation of an averaged bilinear model for the
VSC in three reference frames. We present the identification of the model
parameters for the test stand considered. We describe the Sine Pulse Width
Modulation (SPWM) scheme used and derive the relation between modula-

tion parameters, gating signals, and VSC AC terminal voltage. We present

12
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Figure 1.10: Typical UPS circuit diagram with line-side rectifier. The neutral
of the power supply, the mid point of the DC bus, and the neutral of the load
are connected.

YRS

VRS

Figure 1.11: UPS circuit diagram with line-side VSC to provide VAR com-
pensation and harmonic cancelation.

a nonlinear control method also derived in [29] and modify it to include non-
zero d-axis current at equilibrium. Finally we present Simulink simulation
results for this control. The contribution of this chapter involves a number of
improvements relative to existing work: we present details on the model pa-
rameter identification, compensate the nonlinear controller for nonzero d-axis
current in steady-state, and provide more accurate simulations which account
for switching behaviour.

Chapter 3 provides detailed discussion on experimental implementation of
power factor control. A Semiteach VSC module is interfaced by a dASPACE con-
trol system to implement the control algorithm introduced in Chapter 2. Sen-

sor boards are built to provide a measurement of the system state. Level shift-
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ing boards are constructed for interfacing the VSC drivers and the dSPACE
system. Detailed information of each component of the test stand is provided
and and how they are interconnected. Several tests are described to validate
the functionality of the components and system. The nonlinear control scheme
introduced in Chapter 2 is implemented with the test stand and the results
are analyzed. The contribution of this chapter is to establish the experimental
test stand and implement the control scheme to achieve power factor control.
These achievements involve efforts on parameter identification, circuit boards
design and fabrication, experiment design and implementation.

Chapter 4 discusses the application of the VSC as an SAF. First a dynamic
model of the VSC-based APF is presented. This model differs from that given
in Chapter 2. We transform this model’s state representation to power vari-
ables and review the required power theory. We present fundamental results
on internal model control (IMC) for LTI systems. This theory is applied to
solve a robust current tracking problem and an additional DC voltage feedback
is added to ensure tracking error is bounded. The work here is based on recent
results in [22] and the contribution provided is to demonstrate this approach’s
functionality in simulation.

Chapter 5 summarizes the thesis and discusses future research direction.
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Chapter 2

Averaged Model and Power
Factor Control

2.1 VSC System Modelling

Using basic circuit analysis and a power balance, a three-dimensional two-
input mathematical model for the VSC system shown in Figure 2.1 is derived.
The phase angle and magnitude of the VSC AC terminal voltage relative to
the AC supply voltage directly relate to the power factor of the system. In
order to establish a sinusoidal voltage at the AC terminal of the VSC with
appropriate phase angle and magnitude, a three-phase Sine PWM (SPWM) is
chosen to drive the switches. Using the fundamental component of the VSC
AC terminal voltages, an averaged model is obtained which is forced by two
SPWM parameters. A commonly used reference frame transformation is then
used to obtain a state representation in which the dynamics has a relatively
simple form.

An equivalent three-wire circuit of the VSC system is shown in Figure 2.1.
The AC voltage supply is assumed balanced throughout this thesis and gen-
erates three-phase voltages with identical amplitude and 27 /3 offset in phase.
The phase voltages are denoted v,, vy, v., the phase currents are denoted
Ta, p, te, and the phase voltages of the VSC AC terminals are denoted e, e, e...
The switching signals gq, gp, 9, Ja, b, g are the physical control inputs of the
VSC. A PWM strategy is applied to generate these signals, and they are

binary-valued. The signals g,, g, g. are complements of g,, g, g., respectively.
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An IGBT is turned on when its gate signal is high and turned off when it is

low. The DC terminal voltage is denoted vg4. and current is denoted i4,.

idc
n1 yﬁ} yﬁ} Cﬁi}
Vg Z:a Ya e, I Je +
P RE )
c
4, § ﬁ} =
Ya 9b Ge

Figure 2.1: A typical circuit of the three-phase VSC. Four parameter are used
and the IGBTs and diodes are lossless.

In our experimental setup an AC supply provides a balanced three-phase
120 V root mean square (RMS) voltage which is fed to a variable transformer
to obtain v,, vy, v.. This transformer allows the amplitudes of v,, vy, v. to be
gradually increased to avoid large inrush currents while charging the capacitor.
The transformer is manually adjusted such that the peak phase voltage is
60 V. Based on the application note of the IGBT module [9], the RMS values
of 14,1, 1. should be limited to 30 A and e, €, e. should be less than 440 V.
The DC link voltage v, is always higher than twice the peak phase voltage as
mentioned in Chapter 1 and lower than 500 V due to the measuring capability
of the sensor boards. This means that 120 V < vg. < 500 V.

The VSC system includes four parameters L, C, R,, and R.. The parameter
L models a three-phase inductor which is designed to boost the DC voltage
and to reduce the current harmonics caused by the IGBTs switching. We
assume the inductance of each phase is identical and equal to its nominal
value of 2 mH. The parameter C' models the capacitance which is connected
in parallel with VSC DC terminal. There are two identical DC bank filter-
ing capacitors integrated in the Semiteach system. Each one has rated value

2200 pF /400 V. Connected in series, the equivalent capacitance on the DC
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bus is 1100 xF /800 V. The main sources of R, are the conduction losses on the
wires and the reactor. This resistance is directly measured to be about 0.18 Q2
for each phase. Another important source of R, are the conduction losses of
the IGBTSs. Figure 2.2 shows the typical output characteristics of the collector
current i.. versus the collector-emitter voltage v [25]. There are two regions
of the operation: saturation region and active region. In the saturation region,
the collector current 7., increases with increasing collector-emitter voltage v...
In the active region, the collector current i. remains almost constant as a
function of v... When the IGBT is switching, it operates in the saturation
region since the voltage across the IBGT is relevantly low. The slope of the
steep region of the output characteristic determines the resistance R.. which
models the conduction losses of the IGBT. From the output characteristics of
the Semiteach IGBT module data sheet, the value of R, is obtained as 0.03 2.
Therefore, the nominal value of Ry is the sum of the two parts and taken as

0.21 Q.

ice
i
Saturation | Active
Region | Region

= I Vgel A
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Collector-Emitter Voltage

Figure 2.2: Output characteristic of IGBTs. The transistor can operate in two
regions. With increasing gating voltage vge, i.€., Vge1 > Vgea > Uge3 > Vgea, the
collector current i.. can reach higher values in the active region.
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The switching loss of the IGBT is modeled by R.. Each SKM50GB123D
IGBT module contains two IGBTs and their switching losses can be expressed
as P = fi(Eon + Eopr) [25], where f; is the switching frequency, E,, and E,¢
is the energy dissipated during turning on and off, respectively. From the
data sheet of the IGBT module, E,, is 7 mJ and E,s; is 4.5 mJ at i, =
30 A and vg. = 500 V. With f; = 5 kHz, the switching loss P is 57.5 W.
Since the VSC includes three IGBT modules, the total switching loss of the
converter is 3P which is 172.5 W. Therefore, we take a nominal value of
R. =2, /3P = 1.45k. Since the actual power losses on IGBTs and diodes are
decoupled from the components and modeled as parts of R, R., the IGBTs and
diodes in Figure 2.1 are regarded as lossless. Table 2.1 summarizes the model’s
parameters. Evidently, the values of these parameters are only nominal since
in practice their values are affected by temperature and the assumptions under

which they are derived.

Parameter Values
L 2mH
C 1100puF
R, 0.21Q
R, 1.45k€)

Table 2.1: The values of the parameters used in the model. The values are
directly measured or calculated approximately. In practice temperature and
operating conditions can affect the parameters.

Using Kirchoft’s voltage law on the AC side of the converter we obtain

d . .
Lﬁzabc = Ugbe — Rslabc — €abe
where

i Vi cos (wt) la €q

2 . .
Vabe = Ub = Vin cos (Wt - ?ﬂ) y  labe = 2p y  Cabe = €y

2 .
Ve V., cos (wt + {) le e

The angular frequency w = 27 f; where f; is the fundamental frequency of

the AC source and equals to 60 Hz in our case. With the assumption of
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lossless IGBTs and diodes, the instantaneous power at the VSC’s AC and DC

terminals is balanced, which means
iaea -+ ibeb -+ icec = idcvdc (21)

Since ig4. can be expressed in terms of vy,

d'Udc Vde

.
K i R

the DC voltage dynamics can be derived as

dvdc o iaea + ibeb + icec Vde

dt Cvge CR,
Therefore, we have
d . R, . 1 1
—labe = — 5 labe T Vabe — 7 €abe
dt ™ Lt e e (2.2)
dvdc o iaea + ibeb + icec Ude ’
dt N CUdC CRC

We remark that since i, +i,+1. = 0 only two of the three differential equations
for current are independent. Hence, the dynamics has three states. We remark
that since we assume v, + v, + v, = 0, then e, + ¢, + e, = 0 and if we treat

the AC terminal voltages as system inputs, the dynamics has two inputs.

2.1.1 Other Configurations and Models

The literature contains various VSC models. For example, a model is derived
under the assumption of negligible input resistance loss and switching device
loss [12]. With this assumption, the input power is identical with the AC

terminal power and (2.1) becomes
iava + ibvb + iCUC == idcvdc (23)

and the VSC system model is

d, _ R, 1 1
dt labe = I Labe Lvabc Leabc

d'Udc o 7;a'Ua + 7;b'Ub + Z.c'Uc Vde

dt N C'Udc CRC
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We apply a change of coordinates to transform the last dynamic to v3 -coordinates.
The model becomes

d. R, 1 1

—tabe = — 5 tabe —Vabe — —Cabe

dt [ labe T abe T Cab
dv?lc o 2<iava + ibvb -+ iCUC) 21)30

dt C " CR.

which is a LTI system which simplifies its control [24].

The model described by (2.2) can also be simplified by taking the param-
eter R. = oo [21]. This assumption leads to a system which contains three
parameters, i.e., L, R, and C'. Only one resistance R is utilized to model power

losses. The resulting model is given by

d . R. _'_1 .
—labe = — 5 labe —Uabe — 7 C€abe
dt A e (2.4)
d'Udc 1 T '
= = VapcCabe
At~ Cug

This model assumption reduces the complexity of the control law analysis and
used in Chapter 4 on active filtering. However, In power factor control section,
we choose to keep two resistive components since R, is a function of IGBT
switching frequency whereas R, is affected by heat. Separating the losses into
two parts isolates two distinct physical phenomenon and allows, for example,
an analysis of controller sensitivity to these effects.

The four-wire VSC system is another common configuration which appears
in the literature. This system appears in uninterruptible power supply (UPS)
applications [7]. Figure 2.3 shows the typical four-wire system [3]. The star
point of the power source and the middle point of the two capacitors are
connected by an extra wire. Therefore, the sum of the AC currents is not
necessarily zero and the voltage drop on the two capacitors are not equal. The

corresponding dynamic model of this configuration is

d . R +1 N
—labe = — 7 labe T Vabe — 7 €abe Z
dt ™ L@ L e

le 1 T

T Oyl

dZQ_ ia“—ib“—ic

dt C
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Figure 2.3: Typical four-wire configuration of the VSC used in UPS applica-
tions. Since the neutral point is connected to the mid point of the DC link,
the voltages across the capacitors is not necessarily equal.

Where 2z = vge1 + Vg2 and 2o = vge0 — vge1. The four-wire configuration
increases the complexity of the model and control algorithm. In UPS applica-
tions the star point of the supply is not only connected to the middle point of
the two capacitors, but also connected to the neutral point of the load. There-
fore, the load neutral point is prevented from floating and a current path is

provided to release fault currents.

2.1.2 Sinusoidal Pulse Width Modulation (SPWM)

A number of PWM techniques exist to drive the VSC gates, e.g. SPWM,
space-vector PWM (SVPWM), selected harmonic elimination PWM, and delta
modulation [3]. In this thesis we adopt the commonly used SPWM; this tech-
nique is relatively simple conceptually and easy to implement. The principle
of SPWM generation is illustrated in Figure 2.4. The control generates three-
phase sinusoidal modulating signals v,,,q, Ump, Ume Which are compared with a

triangular carrier wave v; which has constant amplitude 1 and frequency f;.
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Figure 2.4: Three-phase SPWM is generated by comparing three-phase mod-
ulation signals with a carrier signal. When the modulation signal is greater
than the carrier signal, the corresponding SPWM is at high level; when the
modulation signal is lower than the carrier signal, the corresponding SPWM
is at low level. In order to excite three-phase VSC, each modulation signal
generates a pair of complementary SPWM signals.

The three-phase modulating signals are defined as

Uma = Mg €Os (Wt + 0)

2

U = My €OS (Wt + 0 — ?) (2.5)
2

Vme = Mg cos (Wt + § + ?ﬁ)
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where m, is the modulation index and ¢ is the phase shift. Let 1 denote
“closed” or ON state of the switch and 0 denote “open” of OFF state of the

switch. The states of gating signals are given by

]-7 Uma > Uth ]-7 Umb > Uth 17 Ume > Uth
Ga = gy = 9e =

0, Uma < Uth, 0, Umb < Uth, 0, VUme < Uth,
where vy, is the threshold voltage of the IGBTs. It is clear that the duty
cycles of the generated SPWM waves are determined by m, and 6 which are
the two inputs determined by the control. The inputs are constrained by the
saturations
<<

0<mg<1, - (2.6)

s
2

The frequency of the modulating signals is chosen equal to the desired funda-

ro| 3

mental component of the VSC terminal voltages ey, which in our case is line
angular frequency w. So-called over-modulation occurs when m, > 1 and will
not be considered in this thesis. In our test stand we take f; = 5 kHz which

corresponds to a constant frequency modulation ratio of f;/f; = 83.

t t
L 4
| T
Ya | [
S _
t t
= =
_ . A
Ja | |
] J
9a
7

Figure 2.5: Implementation of the dead-time is achieved by delaying the raising
edges of the SPWM to avoid the IGBTs on the same leg being turned on
simultaneously.

To avoid short circuiting the capacitor voltage during the switching, a dead-

time or blank-time is introduced into the SPWM signals. Figure 2.5 indicates
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the implementation of the dead-time. g, and g, are the shifted signals of g,
and g,. Note that only the raising edges are delayed by a time period ;.

2.1.3 Reference Frame Theory

To simplify the analysis of three-phase circuits, reference frame transforma-
tions are often applied to change the variables from the original a-b-c¢ coordi-
nates. There are a number of transformations possible, such as a synchronous
reference frame transformation (also referred to as d-¢ transformation), arbi-
trary reference frame transformation. In this thesis, we use the synchronous
and stationary reference frames. The synchronous reference frame transfor-
mation is applied in power factor control and the stationary reference frame

transformation is used for active filtering discussed in Chapter 4.

Synchronous Reference Frame Transformation The three-phase sinu-
soidal variables f,, fy, f. can be represented as phasors ¥, = F,Z0,F, =
F,/37/2,F,. = F.Z—3m/2 in a-b-c coordinates, where F,, F},, F,. are the ampli-
tudes of f,, fy, f. and w is the fundamental angular frequency of f,, f», fo.. We
can define a phasor F = F,+ F,+ F. which is rotating in the a-b-c¢ coordinates
with an angular velocity w shown in Figure 2.6(a). Then, the synchronous ref-
erence frame (or d-q reference frame) is defined so that the d axis lags F with
a constant phase shift 6, and the ¢ axis leads 90° ahead to the d axis, as shown
in Figure 2.6(b) [18]. Because the d-g coordinates rotates synchronously with
F in the a-b-c¢ coordinates, it is called the synchronous reference frame. The

phasor F can be mapped to the d-g coordinates using the linear transformation
F,=Fcosb, F,=Fsinb, (2.7)

Therefore, we define a transformation that maps the phasors from a-b-c coor-

dinates to d-q coordinates using [3]

Fd Fa
F, | =K|F,
F, F.

24



(a) a-b-c coordinates (b) d-q coordinates

Figure 2.6: Fundamental principle of the synchronous reference frame trans-
formation. The d-q coordinates rotates synchronously with the F which is the
sum of the phasors F,, Fy, F..

where
cos(wt + 6,) cos (wt+ 0, — 2) cos (wt + 0, + 2F)
K = 3 sin(wt 4 0,) sin (wt + 6, — 2F)  sin (wt + 0, + 2F)
1 1 1

2 2 2
To simplify the transformation, we define the d axis to be in phase with F,

which means 6, = 0. This implies (2.7) becomes Fy =F,F, =0, K is

coswt  cos (wt — 2)  cos (wt + 2F)
K =2 | sinwt sin(wt—27) sin(wt+ ) (2.8)
1 1 1
2 2 2
and
coswt sin wt 1
K= cos(wt—2) sin(wt—2%) 1 (2.9)

cos (wt + &) sin (wt + Z7) 1
One important property of the d-q transformation is that balanced variables

take a simple form. We have

3 3
fo = Fcos(wt), f,=F cos(wt— g), fe = F cos(wt + 77?)
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the corresponding fy, f, are constant quantities and can be derived as

fa :g (fa cos(wt + 0,) + fp cos (wt + 0, — 2%) + fecos (wt + 6, + 2%))

2 2 2
=3 (F cos(wt) cos(wt + 6,) + F cos(wt — ?ﬂ) cos (wt + 6, — ?ﬂ)
2 2
+F cos(wt + ?ﬂ) cos (wt + 0, + %))

2 2 2
:§F cos b, <cos2 wt + cos? (wt — %) + cos® (wt + %))

2 2 2
— §F sin 6, (coswt sinwt + cos (wt — %) sin (wt — %)

2 . 2m
+ cos (wt + ?) sin (wt + ?))

=I"cos b,

2 2
—W) + fesin (wt + 6, + —W))

2 i .
fq =3 (fa sin(wt 4+ 6,) + fysin (wt + 60, — 3 3

2 2 2
=3 (F cos(wt) sin(wt + 6,) + F cos(wt — ?ﬂ) sin (wt + 6, — %)

2 2
+F cos(wt + %) sin (wt + 0, + g))

2 2 2
:gF sin 6, (cos2 wt + cos? (wt — %) + cos® (wt + —W))

3
2 2 2
+ §F cos 0, (cos wt sin wt + cos (wt — ?ﬂ) sin (wt — ?ﬂ)

2m, . 2w
+ cos (wt + 3) sin (wt + 3))

=F'sinb,
Note that when 6, = 0, the d component is identical with the amplitude of

the variable in the a-b-c¢ coordinates and the ¢ component is identically zero.
This fact is exploited to simplify the model and derivation of the control for
the VSC for power factor control. Applying the synchronous reference frame

transformation (2.8) to (2.2), we obtain

did o Rs. . Vdq €d
% = L 1d + CUZq + L L
di, Ry . ) Vg €
Hg _ sy Y & 2.10
dt A (2.10)

dt B 2 CUdC CRC

dvge 3 eqiq+ eqiq Vde
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Since the AC supply is assumed balanced, v is constant and v, = 0.

(a) a-b-c¢ coordinates (b) d"-¢" coordinates

Figure 2.7: Fundamental principle of the arbitrary reference frame transfor-
mation. The d"-¢" coordinates rotates arbitrarily.

Arbitrary Reference Frame Transformation Different from the syn-
chronous reference frame transformation, the arbitrary reference frame trans-
formation maps F to d"-¢" coordinates which is similar to the d-q coordinates
but an arbitrary angular velocity is used. Shown in Figure 2.7(b), the angular
velocity w, is arbitrary and angle 6§ = wt [19]. The transformation matrix K
can be expressed as
cosf cos(—2)  cos(0+ )
K= 3 sin 0 +sin(? — ) +sin(?—|— )
2

1

2 2

Stationary Reference Frame Transformation If the arbitrary reference
frame is set to be stationary in the a-b-c¢ coordinates, i.e., the angular velocity
we = 0 and the angle # is constant, it is defined as stationary reference frame
which is also referred to as the a-f3 reference frame. To simplify the discussion,
the angle 0 is also set to zero. Therefore, the a-( coordinates are defined in

Figure 2.8(b) where the « axis is in phase with the a axis and the § axis leads
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90° ahead to the « axis [1]. The transformation is given as

L] 201 =1 1| e
5]=5lo g s

b

(a) a-b-c coordinates (b) a-3 coordinates

Figure 2.8: The stationary reference frame transformation. The a-( frame is
fixed to the a-b-c frame. The a-axis is in phase with the a-axis.

2.1.4 Averaged VSC Model

In this section we relate the fundamental component of e,, e, e. to the am-
plitude m, and phase ¢ of the SPWM modulating signals (2.5). We consider
the eight possible switch configurations for g,, g5, g.. When g, = g, = g. we
have e, = e, = e. = 0. When g, = 1,9, = 1, g. = 0, the following equations
can be obtained e, = e, e, — €. = vg., and e, + ¢, + e. = 0, which leads
to €4 = vge/3, €y = Vg/3 and e. = —2v,4./3. After analyzing all 8 switching
states, the relationship between e,, €, . and vy is shown in Table 2.2.

Since the triangular carrier wave v; has a constant amplitude and frequency,
the states of the switches are determined by m, and §. Therefore, the average
values of e, ey, €. can be derived in terms of m, and 0 based on the discussion
above. In the experimental setup, the sampling frequency fs is set to be

twice of the carrier wave frequency f;. This means that during half period of
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(9 9, 9c)  €a e €
(1,1,1) 0 0 0
(1,1,0) a3V —2Ug
(1,0,1) $Vde  —3Vac  3Ude
(1,0,0) 2Vdc  —3Vde —3Vdc
(0.1,1)  —20va Ve Ve
(0,1,0)  —3vac 2V  —3Vac
(0,0,1)  —3Vac —3Vac Ve
(0,0,0) 0 0 0

Table 2.2: The relationship between gating signals g¢,, s, g. and the AC ter-
minal voltages e,,... Based on different IGBT states, the values of ey, takes

the value of —%Udc,

3

1 1 2
—5Vde; 0, 5Vdes and 3Vdc-

Figure 2.9: Values of e, in half a switching period when v,,, > Ump > Upe.
During half a switching period, there exist four sets of IGBT states and the
values of AC terminal voltages varying with the IGBT states.

the carrier wave, the modulating signals are constant. In the case shown in

Figure 2.9, the modulating signals are arranged as vy, > Upmp > Upe-

Therefore, four switching states are carried out during half period of v,.

Based on a simple geometric argument, the average values of the e,, e, €. over
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the half period is

Ume + 1 Umb — Ume  Vde Uma — Umb 2Udc
o= -0 4+ — . — + .
‘ 2 2 3 2 3
Vde
= 2vma — Umb — Ume
6 b )
Ume + 1 Umb — Ume  Vde Uma — Umb  Vde
’ 2 2 3 2 3
= Ve (_Uma + 2rUmb - Umc)
Ume + 1 0 Umb — Ume 2Udc Uma — Umb  Ude
60 = . f— . J— .
2 2 3 2 3
Vdc
- %(_'Uma — Ump + 2vmc)

Substituting the expressions for modulating signals in Equation (2.5) into the

above equations gives the average values for e, ey, €.

1
€y = ivdcma cos (wt + )

1 2

€ = 5 VdcMa COS (wt+0 — %) (2.11)
1 2

— §vdcma cos (wt + 4§ + %)

These expressions are valid for general values of v,,q, Uy, and v,,. and a de-
tailed proof is presented in [29].
If we substitute (2.11) into system model (2.2) and apply the synchronous

reference frame transformation (2.8) we get

d'l.d Rs . . Ud 1

o —fzd + wig + T~ ﬁvdcma cos 0

di, . Re. vy 1 :

i —wia = g + 7~ 57 VM sin (2.12)
dvge  3(igmq cos d + igmg sin d) Ve

dt 4C CR.

Therefore, we obtain a bilinear model which shows a clear relationship between
the actual modulating signals and the AC currents and DC voltage dynamics.

It contains three states, i4, %4, V4e, and two inputs, mg,d. This model will be
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used in next section to derive a linearization-based nonlinear control algorithm.
From the open-loop equilibrium relation, the relation between states and in-
puts is shown in Figure 2.10. From the figure, the DC voltage vg. increases
while either m, or 0 decreases. The current 4,1, have very little dependence
on m, and Figure 2.10(b) was generated with m, = 0.7. If we take R, = oo,

the values of 4,1, drop slightly and vg. remains roughly unchanged.

Ma 0 (deg)

(a) Equilibriums of vg,.

mq = 0.7 mg = 0.7
25 30
——— R, = 1.45kQ ——— R, = 1.45kQ
R. = o0 R, =00
20
2 L
10
1.5¢
= S
= &
1 L
-10
o5 -20
0 : -30 ;
-5 0 5 -5 0 5
d (deg) J (deg)

(b) Equilibriums of i4 and 4,

Figure 2.10: Equilibriums values of the system state. Since iy and ¢, have
little dependence on m,, only variation in ¢ is shown with m, = 0.7. The light
lines for currents were obtained for R. = co. Since vg4. remains unchanged as
we vary R, it is plotted for R, = 1.45 k(2.
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2.2 Feedback Linearization-based Power Fac-
tor Control

This section derives a state feedback control which achieves power factor con-
trol. We remark that the system in Figure 2.1 contains no load which makes
the need for control of power factor not obvious. However, the ability to track
reactive current references desired properly is equivalent to achieving power
factor control. Hence, we omit the load only to simplify presentation. In
this section we use a feedback linearization technique to control the bilinear
model (2.12) expressed in the d-g frame. To simplify the control law eventually,

we renotate this model into the standard control affine form

T = f(x) 4+ g1(x)ug + go(x)usy (2.13)
where _
xy 14 VgeMa COS O
r= |Ty| = ’iq , U= [Zl} = |:UdcngbaLsin5:|
T3 vﬁc 2 2L
and
— By + wzy + 4 —1 0
fla)y=| —wzi—Za |, g@) =] 0|, g=]-1
_ 2x3 3Lz, 3Lza
CR. c C

2.2.1 Feedback Linearization

Feedback linearization is a control technique that linearizes a nonlinear system
with state feedback in new state coordinates [15, 17]. The feedback lineariz-
ability of (2.12) has been verified in [29] and we review the details here. First
of all, we recall the definition of Lie derivative of a smooth function h(z) along
the vector field f(z) which is defined as

f(0) = Fila) g+ o)

The Lie derivative is normally denoted as

L= F0)) = 3 o) (%)
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and its iterated form is defined as

LpLpLy, ... Ly h(x) = filfa(fs(-- - fi(R)(2)..)))

The feedback linearizing coordinates are defined as

2 b1(x)
Z9 = Lf¢1(£lf)
Z3 b2(x)

with the nonunique smooth functions ¢; and ¢, taken as

3 1
¢1 =Z1 = —L(SL’% + LU%) + 501’3

4 (2.14)
¢2 =Z3 = T2
and , ,
Lyor = 3R.(var1 — Ry(z] 4+ x3)) — 23 (2.15)

2R,

Note that ¢, is actually the total energy stored in the inductors and capacitors
and ¢o is the reactive current of the VSC. These coordinateare are well-defined

on

CR.V,,
(CR.R, — L)

and the linearizing state feedback is defined by
wi L?fﬁbl ] { Uy ]
= = + F
v [ Wy ] [ Lo Uy

Lg Ly Lg,Lypr
F = g1 f g2 f 217
|: L91¢2 L92¢2 :| ( )

and w denotes the auxiliary input. Therefore, the system dynamics in z-

sx3 > 4V2Y (2.16)

S:{$ER31$1<2

where

coordinates is

21 Lipy Ly, ¢ Ly, 91 u
i | = | Loy | + | LyLsdr Lo Ly [ }
Z3 Ly Ly, 92 Ly, 02

Since ¢; was chosen such that L; ¢; =0, Ly,¢1 = 0, the dynamics become

21 Lipy 0 0 "
L | = | Ligy | + | Ly Lrdr Lg,Lion { 1] (2.18)
Z3 Ly Ly, $2 Ly, 2
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The condition for choosing ¢, is that the matrix F is nonsingular on S. Hence,
the state feedback control is

v [ul } _ pt [ z; :ﬁZ; ] (2.19)

With these inputs, the system dynamics (2.18) becomes a controllable LTI

system in the z-coordinates and input w:

Z )
Z"g = W1
Z3 (0
if we choose wy = —k121 — kozo, we = —ksz3, then we have
21 0 1 0 21
22 == —]{51 —]{32 0 Z9
23 0 0 —]{73 Z3

with gains ky, ko, k3 chosen for stability. From (2.19) the state feedback is
presented as a function of states, system parameters, and control gains,shown

as

BEE)

U9 Wo — Lf(bg(l’)
[ 2CR, 2(L—CR.R:)z2
— 3(2CRCR51‘1—CRC’Ud—2LZ‘1) 2LZ‘1+CRC(Ud—2RSZ‘1) (2 20)
0 -1 :

[ 3(v34vg(wLay—3Rsw1)+2R% (23 +a2)) 215

k121 — kozy — 2L ~ CRZ

R

I —k3z3 + wry + Fxo

with 21 = 3L(2} 4 23) + 1Cxs, 20 = (BRc(vaz1 — Ry(a? + 23)) — 223)/(2R.),
and z3 = x9. If we assume the system is lossless, i.e., Ry, = 0 and R, = oo, the

control law is represented in a simpler form

v24vgwlz:
[ul ] = [ %(k121+k2z2+w)]

L) ]{7323 — WT

2.2.2 Power Factor Control Using Feedback Lineariza-
tion

In this section we explain how tracking of constant references i; and v}, can

be obtained using the feedback linearizing control in the previous section.
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The constant references have to be chosen inside the equilibrium set of the
system (2.13) to ensure the states are able to converge to the references. The

equilibrium set of a differential equation & = f(x,t) is defined as
{z* e R": f(z",t) = 0,Vt}

Based on this definition, we set the left hand side of system model (2.13) to

be zero and shown as

R, . Vd ey
O:_TI1+W$2+f_fd
R, , . Uy €
0= —fxz—wxl—i—fq—fq (2.21)
0 3(egwy +epwy) 2%
B C CR.

where z7, 3, 23 are the constant references of the states and ey, e; are corre-
sponding constant inputs of the system. Note that v, is constant and v, = 0
since the AC voltage is balanced. By solving Equation (2.21) the references
can be derived as

*

Ryvg — e R — eZLw

TR

. Lleg—vgw — e R,

. 3R.(e;Rsvqg— €’ Ry — e?R, — e; Lugw)
xg == .

2(R? + L*w?)
With 25 and x3 given, we obtain 2] as a function of the system parameters

and x5, 3.

2 *
* Vq (% x 2x
n=om F\ e Y T arA (2.23)

Note that ¢4 is practically very small since losses are relatively small. There-
fore, the smaller value of (2.23) is the practically relevant solution of (2.23),

ie.,

2 *
17 9R, \/433 2 T 3R.R, (224)
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Now, we define the tacking errors of the system in (2.25). Two integral states

are added to improve the robustness of steady-state tracking:

r(t) = / (21(r) — 24(7))dr
ex(t) = 21 (t) — (1)

es(t) = dzcllit) (2.25)

es(t) = / (2a(r) — 2(r))dr

es(t) = 23(t) — 23(2)

where 27 (t), 25 (t) represent references x}(t), x5(t) in z-coordinates and are de-

noted as

() =L+ a2(0) + 5O

3 2%(t)
—_L _a 3 *2 t _C * t
1 <21~z 4R2 & 33530) Ty ) | + 50,
3 vi o 2xs( vy | v 2%(t) 1
__L —d_L__ _d *Qt_ 3 _C*t
4 (233 SRR w1 W3R | el
z3(t) =5(t)
(2.26)
and the corresponding error dynamics is derived as
€1 = €
€y = €3
é3 = L3y + Lg, Lydruy + Ly, Lpdrus — 2]
€4 = €5
€y — Lf¢2 + Lg1 ¢2U1 + Lg2¢2u2 — Z3
By taking inputs uq, us as
Uy _F(z) —kie; — kaey — kzes — L?”Qﬁl'j‘ 2
(%) —]{5464 — ]{7565 — Lf¢2 + Z3
[ 2CR. 2(L—CR:Rs)x2
— 3(2CR:Rsx1—CRcvg—2Lz1)  2Lx1+CRe(vg—2Rsx1)
0 -1
—kyey — kyey — kges — 3(u§+vd(wLx2—31§zx1)+2R§(m§+z§)) _ %
| —k’464 — ]{?565 + wr + %1’2
(2.27)
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with positive constant ky, ko, k3, k4, k5, and koks — k1 > 0, it yields a stable

error dynamics with controllable transient performance:

€1 0 1 0 0 0 el
€2 0 0 1 0 0 €2
ég = —k’l — k‘g —k’g 0 0 €3
€ 0 0 0 0 1 €4
é5 0 0 0 —]{74 —]{35 €5

Step Trajectories Derivation

In this section we derive piecewise smooth reference trajectories which provide
asymptotic tracking of constant reference signals. The transition starts at
time point ¢, and ends at time point t;. The transition interval is defined as
At = t; — tg. In order to provide a smooth transition, the trajectories are

taken as polynomials:

Zik (to) ot S to Z;(to) ot S t()
Zik(t) = ZT(t—to) Dl <t <ty Z;(t) = Z;(t—to) Dol <t <ty
Zf(tl) ot Z tl Z;(tl) ot Z tl
(2.28)

where

3 vio 2xi(ty)  wg | V3 2% (to)
() =— [ =4 2230/ 7@ Pd 20y ) 203
Ailto) =3 (233 3R, R\ ame )

1
+ 501’3@0),
* 3, (v _ 2x3(t)  wva [ v 205 (t
1
+ §Cl’§(t1),
2 (t = to) =2 (to) + <—1021( o) Al 1)) (t —to)®
+ <15Z1(t0) B Zl(tl)) (t o t0)4 + (—6Z1(t0) — Zl(tl)) (t B t0)5

and
z3(to) =25(to),
z3(t1) =x5(t1),

2(t — to) =25 (o) + <—32§(t°)&f§(tl)) (t —to)? + <22§(t°) — Zg(tl)) (t — to)?.




2.2.3 Simulation Results

We set the steady-state trajectories of iy, v4. before the transition as i (ty) =
—5 A, v (to) = 150 V and after transition as 7} (t1) = 5 A, vj.(t1) = 200 V. The
value of i; can be calculated as discussed in previous section as: (to) = 0.31 A
before transition and i5(¢;) = 0.45 A after transition. Thus, we remark that

before and after the transition 27, 25 have the following values.

25 (to) =L (i (t0) + 127 (to)) + 5Cvdf(to) = 12.4126,

3 1
25 (t) =L (i (t1) + 022 (1)) + 5(1@;;3(1&1) = 22.0378,
z(to) =iy (to) = —5,

z3(t1) =ig(t1) =5

where t is the start time point of the transition and t; is the end time point of

the transition. To avoid large inrush currents, the transition time At is chosen
to be 100 ms. Based on the discussion in the last part of previous section, the

tracking trajectories are designed and shown in Figure 2.11.

27 10
22} 5
w17} w0
12f -5
7 : : : : -10
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Time (s) Time (s)

Figure 2.11: Tracking Trajectories

We verify the feedback linearization-based controller via simulation to track
the desired trajectories given in Figure 2.11. In order to avoid large transient
overshoots at the beginning of the simulation, the initial states of the system
are set at (zy,xq,x3) = (0,0,150). The feedback gains are chosen as k; =
5x 10 573 ky = 1.2 x 10% 572 ks = 10* 571, ky = 10* 572, ks = 5.6 x 10% s71.

Figure 2.12 shows the simulation results based on a mathematical model which
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is implemented in a S-function and governed by (2.12). Figure 2.13 shows the
simulation results based on a more realistic model which contains a three-phase
VSC block from the SimPowerSystems library. Both plants in simulation
adopt identical parameters identified from the experimental test stand (see
Table 2.1). The results in Figure 2.12 are approximately equivalent to the
average values of the results in Figure 2.13.

Both Figure 2.12 and Figure 2.13 indicate that the linearization-based
control provides good constant reference tracking. Besides the tracking per-
formance, another important criterion of the control algorithm is the ro-
bustness. We take a twenty percent uncertainty for each model parameter
R, R., L, Cand investigate the effect of model error in simulation. The results
indicate that only C has a noticeable effect on performance and that tuning

the control gains reduces the steady state error to a negligible amount.

2.3 Summary

In this chapter we have derived a model (2.12) for the three-phase VSC system
in the synchronous reference frame. The parameters of the model are identified
for the test stand considered. We describe the Sine Pulse Width Modulation
(SPWM) scheme used and derive the relation between modulation parameters,
gating signals, and VSC AC terminal voltage. We present a nonlinear control
method also considered in [29] and modify it to compensate for non-zero d-axis
current at equilibrium. The simulation results of the scheme are presented and

robustness verified.
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Figure 2.12: Simulation results of the linearization-based control algorithm
with an averaged model. The plant is a S-function which presents the model
given as Equation (2.12).
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Figure 2.13: Simulation results of the linearization-based control algorithm
with a switched model. The plant of the simulation contains a VSC-based
power electronics block from the Simulink SimPowerSystems library using pa-
rameters given in Table 2.1. The lighter lines are the averaged values of the
results. The switching frequency is f; = 5kHz. In order to provide sufficient
PWM pulses in each switching period, the simulation frequency is 500k H z,
which means there are one hundred integration steps in each switching period.
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Chapter 3

Experimental Verification

In this chapter, the feedback linearization-based control algorithm to achieve
power factor control is implemented on an actual experimental test stand at
the Applied Nonlinear Control Lab (ANCL), University of Alberta. All the
elements of the setup and their interconnections are introduced in detail. A
number of components were built to enable the test stand’s operation; a testing
procedure for these components is described. The experimental results of the

control are presented and compared with the traditional vector control scheme.

3.1 Experimental Test Stand

Figure 3.1 shows the complete experiment setup. The main components in-
clude a Semiteach power electronics teaching module, a dSPACE control sys-
tem (connector panel is shown), a connector box to the three-phase power
source, a three-phase variable transformer, a three-phase choke, a £15 V DC
supply, two sensor boards, two level shifting boards, and a host computer
which is used for software development and monitoring the experiment. This

section describes these components in detail.

3.1.1 Semiteach Power Electronics Teaching Module

The Semiteach module is manufactured by SEMIKRON International GmbH.
As shown in Figure 3.2, it is covered by a transparent enclosure which provides
safety to the operator and a view of the internal components for learning

purposes. The module includes an uncontrolled rectifier (which is not used
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Figure 3.1: Main components of the experimental test stand. The figure shows
the Semiteach module, the connector panel of the dSPACE control system,
the connector box to the three-phase power source, the three-phase variable
transformer, the three-phase choke, and two sensor boards.

in this experiment), a three-phase IGBT-based VSC, drivers for the IGBTsS,
DC bank capacitors, a cooling system, and external banana/BNC connectors.
Unfortunately, there are no voltage or current sensors in the Semiteach. To
measure voltage and current required by the the controller, external sensor

boards were constructed and will be introduced later.

IGBT modules

The core part of the Semiteach module is a VSC unit which contains three
IGBT modules in parallel. Each IGBT module, model number is SKM50GB-
123D, becomes a leg of the VSC and includes two IGBTs in series with free-
wheeling diodes. Figure 3.3 shows the actual IGBT module and equivalent
circuit. The top IGBT collector is connected at terminal 3 which is wired to
the positive terminal of the DC side and the bottom IGBT emitter is connected
at terminal 2 which is wired to the negative terminal of the DC side. The
mid-point of two IGBTs is labeled 1 and connected to the AC terminal. The
IGBTs are forced on by a 15 V voltage between the Gates (terminals 4 and 6,
respectively) and the associated Emitters (terminals 5 and 7, respectively), and

forced off by a —15 V voltage. These voltages are delivered by the IGBT driver
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AC Terminals of the VSC

DC Terminals of the VSC

Gating Terminals of the VSC

Figure 3.2: SEMIKRON Semiteach power electronics teaching module. The
polarity of the DC terminals is denoted with color. The red terminal is anode
and the black one is cathode.

SKHI22AR which will be introduced next. Due to the physical constrains of
the devices, the maximum AC current of the VSC is 30 A and the maximum
DC voltage is 750 V. To keep within these current and voltage ranges, the
system is monitored by the controller and the six IGBTs are forced off before

the limits are reached.

IGBT Drivers

Each IGBT module is driven by one IGBT driver SKHI22AR, shown in Fig-
ure 3.4, which has two inverted PWM signals as inputs. The maximum switch-
ing frequency of the PWM inputs is 50 kHz. The drive is able to provide a
3.8 us dead-time for each IGBT module, thus there is no need to implement
dead-time in control algorithm. The detailed circuit diagram can be found in
[27].

The driver is designed to amplify the PWM signals and deliver high peak
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(a) SEMIKRON IGBT module

ANERIERE

: 25
! T4

(b) Top view of the module

]

(¢) Equivalent circuit

Figure 3.3: SEMIKRON IGBT module SKM50GB123D. The actual connec-
tions are labeled in the top view and the corresponding internal circuit is shown
in the bottom. Each module includes two pairs of IGBT and free-wheeling
diode.

current during the signal transition periods to trigger the IGBTs. The high
and low input threshold voltages are 11.7 V and 5.5 V, respectively. This
means the driver takes any input voltage higher than 11.7 V as “HIGH” and
delivers a +15 V voltage to close the IGBT, and any input voltage lower than
5.5 V as “LOW” and delivers a —15 V voltage to open the IGBT. These two
levels are important for designing the PWM signal output from the controller.

Another function of this driver is to detect short-circuits and under-voltage
to its DC power. The driver responds to these situations by forcing both
IGBTs open. The detection is implemented by monitoring the voltage drop
between collector and emitter of an IGBT (v..). Since v, significantly increases
when the current flows through the IGBT becomes very high, a fault is detected

based on an significant increase of the v.. Therefore, not only the short-
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Figure 3.4: IGBT driver SKHI22AR. Each driver drives one IGBT module
and provides a fault detection.

circuit situation, but also large transient current can trigger the protection
and generate an error signal to open the IGBTs. This error signal is negative
logic, which means it stays high (15 V) when there is no error occurs and low
(0 V) when an error is detected. It can be reset by setting both gate signals
to “LOW?”. To further reduce the chance of equipment damage, all three error
signals are also monitored by the dSPACE controller and six null gating signals
are generated when errors are detected. In addition, the driver interfaces and

isolates the PWM signal generation from high voltage.

Other Components

Two filtering capacitors are connected in series at the DC terminal of the VSC.
Their individual capacitance is 2200 pF, thus the equivalent capacitance of the
DC bus is 1100 puF. Since the capacitors are polarized, the polarity of the DC
terminal should be respected to avoid capacitor explosion.

Dissipating the power losses generated in the VSC is critical to its oper-
ation. A fan and heat sink are provided in the Semiteach to control device
temperature. To protect the devices from being damaged by overheating, a
thermal switch is connected in series with the DC power supply of the IGBT
drivers. In this configuration, the thermal switch will shut down the drivers,
which leads to a null voltage generated by the drivers and opens all six IGBTs.

The protection occurs when heat sink temperature is higher than 71° C.
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3.1.2 dSPACE Control System

The dSPACE system is a real-time controller which provides rapid prototyping
functionality. Although controllers can be handcoded in C using a dSPACE
environment, it is often more convenient to use MATLAB /Simulink to acceler-
ate development and facilitate controller testing in a simulation environment.
dSPACE provides an interface development software called ControlDesk which
can be used to monitor any signal in the Simulink, change parameters of the
Simulink model, and save the experimental data. The test stand uses a mod-
ular ASPACE system which has an extremely wide range of high performance
[/O which can be used in various configurations for different applications.
The dSPACE system is housed in a PX10 expansion box which contains
one DS1005 processor board, three DS2001 high-speed analog-to-digital (A /D)
boards, one DS2103 multichannel digital-to-analog (D/A) board, one DS3002
encoder interface board, one DS5101 digital waveform output board, and one
DS814 link board. There is a companion DS817 link board installed in the
host computer. The function of each board used in the experiment is pro-
vided in this section and further detailed technical information is in [1]. The

interconnection of the boards is show in Figure 3.5.

DS2001
A/D Boards
@ DS817 DS814 DS1005 DS2103
Link Board Link Board Processor Board D/A Board
PCl-bus Optical Fiber ISA-bus
HostPC cable —
with ControlDesk DS5101 Digital
Waveform
PHSbus Output Board

PX10 Expansion Box

Figure 3.5: Interconnections of dSPACE boards. The I/O boards and proces-
sor board communicate with each other via PHS-bus and the processor board
talks with DS814 link board via ISA-bus. An optical fiber cable is used to
interface two link boards and enables data commutation.

All the boards in the expansion box are installed on ISA-bus which pro-
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vides power and a data connection between the DS1005 and DS814. In order
to provide fast communication between the DS1005 and the 1/O boards, a
dedicated PHS-bus is provided which is not connected to the DS814. In addi-
tion, fast and convenient 1/O access to the boards are provided by an external
connector panel. Figure 3.6(a) shows the expansion box and Figure 3.6(b)
shows the connector panel. dSPACE provides a library of MATLAB/Simulink
blocks to interface with its boards. The blocks used in the experiment are
shown in Figure 3.7. With this feature, the process of input data collection

and output signal generation becomes straightforward.

(a) Expansion box of the dSPACE (b) Connector panel of the dSPACE

Figure 3.6: dSPACE Expansion Box and Connector Panel. The expansion
box provides ten ISA slots and most dSPACE boards are installed in it. The
connector panel provides convenient connections to 1/O boards.

Duty cycle a

ADC #1
Duty cycle b

ADC #2 Duty cycle ¢

Switch delay

ADC #4 PWM period MUX DAG

Interrupt shift
DS2001_B1 DS5101PWM6_B1_BL1 DS2103_B1

(a) DS2001 (b) DS5101 (c) DS2103

P
4
ADC #3 p
4
4

ADC #5

Figure 3.7: Simulink blocks of the I/O boards.
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DS2001 Analog-to-Digital Board

The function of the DS2001 A/D board is to digitize analog input signals with
16-bit resolution. Each board provides five parallel A/D channels. Since the
control algorithm requires five measurements, i.e., v, Ve, a, 2, and vg., and
three error signals generated by the IGBT drivers, two boards and eight chan-
nels in total are used. The input voltage range of the board is programable
between £5 V and £10 V for each channel individually. In our experiment,
the ranges of all eight channels are set to +£10 V. Figure 3.7(a) is the Simulink
block of DS2001 board. This block allows the input voltage range to be spec-
ified, and the five block outputs are scaled to +1.

DS2103 Multichannel Digital-to-Analog Board

This board provides 32 D/A channels. The output voltage range is program-
able between +5 V and £10 V for each channel individually and set to +£10 V
in our experiment. One channel is used to deliver a reset signal to stop DS5101
from generating PWM signals when an error is detected. Figure 3.7(c) shows
a single channel Simulink block for the board. The channel number can be
specified in block parameter. The range of the output signal is scaled from +1

to £5 Vor £10 V.

DS5101 Digital Waveform Output Board

The DS5101 digital waveform output board is designed to generate complex
high-frequency digital signals. It is perfect choice for generating PWM signals
and is capable of generating single-phase PWM signals, three-phase PWM
signals, and three-phase inverted and non-inverted PWM signals. In our ex-
periment, the board is used to generate three-phase inverted and non-inverted
PWM signals. On the connector panel, channel 1, 3, and 5 deliver non-inverted
signals and channel 2, 4, and 6 deliver inverted signals. The generated PWM
signals has a Transistor-Transistor logic (TTL) voltage level, which means the
high level of the signals is greater than 3.3 V and the low level is less than
0.35 V [13]. To be compatible with the IGBT drivers, a voltage level shifting
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board is designed and built; it is introduced later in this section. Besides the
output terminals, an external reset terminal is provided with TTL input volt-
age levels. When this signal is set to high and held for 100 ns, signal generation
outputs are zero.

Figure 3.7(c) shows the Simulink block of DS5101 in the mode of three-
phase inverted and non-inverted PWM signal generation. Six inputs need to
be specified: the first three inputs are the duty cycles (using 0—1 to map 0% —
100%) of the PWM signals. The other three are switch delay, PWM period,
and interrupt shift of the signals. Since the IGBT drivers add dead-time into
driving signals, the switch delay can be set to 0. The switching frequency of
IGBTs is chosen as 5 kHz in the experiment. The interrupt shifting depends
on PWM period and must be in the range 0.25 ps ~ (0.5 % 200 — 0.25) us.
This signal determines where the signal generation is stopped by reset signal.

In our test stand it is set to 0.25 us.

Other Boards

Besides the boards discussed above, there are DS1005 processor board, DS814
and DS817 link boards are integrated in the system. The DS1005 processor
board performs the controller calculations in real-time. This board uses a
sampling frequency of 10 kHz. The DS814 and DS817 link boards provide
an interface to connect the expansion box to the host PC and enable the
communication between them. DS814 is installed on an ISA slot in expansion
box and DS817 is installed on a PCI slot in host PC. They are connected by
a fiber-optic cable.

3.1.3 Voltage-Current Sensor Boards

Since the Semiteach module does not provide any voltage-current measure-
ment, the system state required by the control algorithm is obtained using
sensor boards. These boards are designed by Dr. Yunwei Li and built in
ANCL. Each board provides two channels of voltage measurements and three
channels of current measurements. The boards are powered by +15 V DC

voltages. The boards can measure current in the range £50 A and voltage
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in the range £500 V. Since the board outputs are constrained to 10 V to
be compatible with DS2001, the current measurements need to be scaled by
a factor of 5 and the voltage measurements by a factor of 10. Board#1 is
connected between the transformer and the reactor to measure i,, iy, V45, and
Upe. Board#2 is connected at the DC terminal of the VSC to measure vy..

Figure 3.8 shows the actual setup of the boards.

Figure 3.8: Voltage current sensor boards. Each board provides three channels
of current measurement and two channels of voltage measurement.

The figure shows that the connectors can be identified via colors. Each of
these connectors are actually a combination of two, an upper banana connector
and a lower binding post. The binding posts denote phase a,b, and ¢ of the
power line by red, black, and blue, respectively. The banana connectors denote
the direction of the current measurement. The current measurement is defined
as positive when the current flows from the red banana connector to the black
banana connector. The measurements of the boards are delivered by standard

50 © BNC connectors and labeled with corresponding channel.

Voltage Sensors

The voltage is sensed by voltage transducer LV25-P which is manufactured by
LEM Components and shown in Figure 3.9. It is able to measure any DC,

AC, or pulsed voltage with nominal value between 10 V — 500 V and provide
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galvanic isolation between the primary and secondary circuits.

Bottom view Right view Top view

26
’———M 24 2x0.635mm 4103 3
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16.45 4

Secondary terminals

Terminal + : supply voltage + 12..15V
Terminal M : measure
Terminal - :supply voltage - 12..15V
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WE(
HT
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Back view HT

Figure 3.9: LEM voltage transducer LV25-P. The device is powered by £15 V
DC voltage. The voltage signal to be measured should be applied across ter-
minal “+HT” and “—HT”. The measurement signal is delivered from terminal
“M”.

For measuring voltage, the input is connected to the primary terminals
“+HT” and “-HT”, and the voltage measurement from terminal “M” is posi-
tive when the voltage is applied on terminal “+HT”. The primary current I,
which flows into the primary side of the component should be in the nominal
range of —10 mA ~ +10 mA. In order to achieve this requirement, an external
resistor Ry is connected in series with the primary circuit of the transducer
as shown in fundamental operating circuit. Therefore, the ratio of maximum
input voltage and maximum input current, 50k €2, is selected for R;. The
measure current [, is rated at 25 mA, with a measuring resistor R, this mea-
surement can be transformed to voltage and delivered to the board’s output
terminal. R,; should be between 100 €2 ~ 350 €2 when the maximum absolute

primary current is +10 mA and is picked as 200 € in the actual boards.
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Current Sensors

The current is measured by current transducer LA55-P which is manufactured
by LEM Components and shown in Figure 3.10. It is capable to measure any
DC, AC, or pulsed current whose nominal value is between —50 A ~ 450 A

and provide galvanic isolation between the primary and secondary circuits.

Bottom view Left view
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===t
/ 365 NN\
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Standard 00 Year Week LA 55-P - -
or N° SP.. Mb s R oy
Front view

Figure 3.10: LEM current transducer LA55-P. Similar with LV25-P, the device
is powered by +15 V DC voltage and the measurement signal is delivered from
terminal “M”. The current signal to be measured should be arranged to flow
though the hole of the unit.

Since the Hall Effect is used to measure the current, wires which are carry-
ing the current should be mounted through the primary hole of the component.
To achieve best performance, single wire is used and wound over the top edge
of the unit. The measurement [, is positive when the current flows in the
direction of the arrow which is printed on the top of the device and has a
nominal RMS value as 50 mA. With a measuring resistor R);, a proportional
voltage is developed and delivered to board output terminal. Rj; should be
between 50 €2 ~ 160 €2 when the maximum absolute value of the input current

is £50 A. In the actual boards, R, is picked as 100 €.
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Board Testing

To test the performance of the boards, they are connected with a three-
phase AC power supply and a resistive load. The power supply generates
120 V/60 Hz AC voltages to the load which provides a approximately 10.4
resistance for each phase. Therefore, the phase currents should have sinusoidal
waveform with 16.3 A amplitude and the phase voltages should have a sinu-
soidal waveform with 196.7 V peak voltage. Since the measurements of the two
boards are identical, only the results of board one are shown in Figure 3.11.
We took v, = v, — 10.4i, which can be treated as a rough measurement error
of phase a. Since our power supply is not exactly balanced, the three-phase
resistance is not balanced, the value of resistance is not accurate, and the
sensors have measurement errors, our v, is not zero. However, it is relatively
Therefore, the sensor

small with respect to phase voltage v, and negligible.

boards are functional and valid for operating.
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Figure 3.11: Testing results of the sensor board. The three-phase voltages
were applied on the resistive load and the results fulfill our expectation. The
voltage and current measurements are notated with different color depth for
phase a (dark), b (medium), and ¢ (light).
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3.1.4 Level Shifting Boards

The DS5101 board is only able to generate TTL output, on the other hand, the
VSC requires at least 11.7 V voltage at gates to close the IGBTs. Therefore,
a level shifting board is designed and built. The EAGLE layout editor is
used to design the printed circuit board. The board includes six identical
channels and is power by +15 V DC voltage. Figure 3.12 show the layout and
actual setup of the level shifting board. The key component of the board is

(a) EAGLE layout of the level (b) Actual level shifting board
shifting board

Figure 3.12: Level shifting board. The board contains six identical channels.
Each channel is consisted of two BNC connectors, a HCPL-4504 chip, two
metal film resistors, and one ceramic capacitor.

the HCPL-4504 chip in each channel. It needs to be powered by +15 V at
terminal 8 and grounded at terminal 5. Each HCPL-4504 contains a GaAsP
LED which is optically coupled to an integrated high gain photodetector with
an insolating layer between them. The schematic diagram of the device is
shown in Figure 3.12(a) and Figure 3.12(b) indicates the first channel of the
board. The chip uses negative logic. When a T'TL high level voltage is applied
on terminal 2 of the chip, the LED is turned on, then the optically coupled
photodetector starts conducting and turns on the transistor. Thus, the chip
pin 6 is shorted with pin 5 and the BNC2 terminal of the channel is shorted
to GND. When a TTL low level voltage is applied on terminal 2, the LED is
turned off and the transistor is turned off. Assume there is no load. Thus,
Rs does not drain any voltage and voltage of the BNC2 terminal is identical

to DC supply voltage +15 V. With the external circuit configured as shown
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Figure 3.13: Single channel schematics of level shifting board. The six channels
are identical and all have negative logic.

in Figure 3.12(b), R; is chosen as 200 2 to ensure the input current is lower
than the rated input current. The high level output voltage equals to 15 V
when there is no load. When a load is connected, its value depends on the
value of Ry and the input impedance of the load. Since the input impedance
of the IGBT driver is 10 k€2, R is chosen as 2.21 k{2 so that the voltage at the
BNC2 terminal is 15 V x 10 kQ/(10 k2 4 2.21 kQ2) = 12.3 V which is higher
than the high threshold voltage of the driver.

Since the input impedance of the device connected to the secondary side of
the board can significantly affect the board output, performing any board test
with no load is meaningless. Therefore, the board was verified by applying the
board outputs to drive the VSC while the VSC was operated as an inverter
and monitoring the voltage between each AC terminal and the negative DC
terminal. This voltage is supposed to be in phase with the corresponding
PWM signal. The VSC was powered by a 10 V DC supply and the PWM
gating signals are generated based the modulating signals with m, = 0.8, and
0 = 0. The result of phase a is shown in Figure 3.14. Channel 1 displays the
PWM signal and Channel 2 displays the voltage between each AC terminal
and the negative DC terminal. It is clear that the voltage is in phase with
corresponding PWM signals. Therefore, we can conclude that the level shifting
board is functional.

Since the maximum input of DS2001 board is 10 V, another very simple

level shifting board is used to shift the 15 V error signals to 5 V. The board has
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Figure 3.14: Test result of the level shifting board. Channel 1 displays the
PWM signal and Channel 2 displays the voltage between each AC terminal
and the negative DC terminal.

three channels and does not require power. Only one resistor is used together

with the output impedance of the error signal ports to divide the voltage.

3.1.5 Other Hardware

Besides the components discussed above, the system includes an AC power

supply, a DC power supply, and a three-phase choke.

AC Power Supply

The AC power source of the system is actually a combination of a three-phase
power supply module, shown in Figure 3.15(a), and a standard three-phase
variable transformer, shown in Figure 3.15(b). This power supply module
provides 120 V/60 Hz three-phase AC voltage and its rated output current is
30 A. Actually, the AC currents are sightly distorted and not exact sinusoidal.
There are five connectors denoted by different colors on the module. Red,
black and blue denote phase a, b, ¢, respectively, a white connector is neutral,
and green is ground. On the lower right, there are two push buttons; the green

one is for turning on the power supply and the red one is for shutting it down.
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(a) Connector box to the three- (b) Three-phase manu-
phase power source ally variable transformer

Figure 3.15: The AC power supply of the system. It is a combination of a
three-phase power source and a three-phase manually adjustable transformer.
The power source has rated AC voltage 120 V/60 Hz and the transformer
provides flexibility to manually adjust the output voltage used to excite the

VSC.

The variable transformer is used for facilitating the startup procedure. It

allows the amplitude of the AC supply to be continuously varied between

0V~120 V.

DC Power Supply

The DC power supply is manufactured by Condor DC Power Supplies Inc.
This unit is able to convert a single-phase 120 V AC voltage to four different
DC voltage, ie., 5.1 V, 424 V. +15 V, and —15 V. It is used to power the
IGBT drivers with 15 V, voltage-current sensor board with +15 V. and the
level shifting board with 15 V. Since the 5.1 V and 424 V outputs require
non-zero minimum output currents which are 1 A and 0.5 A, respectively, two
power resistors are connected as loads as these two outputs are not used. The

device is shown in Figure 3.16.

Three-Phase Reactor

The three-phase line reactor is manufactured by Hammond Power Solutions
Inc. It is connected between the AC power supply and the sensor boards in

order to reduce the current harmonics caused by IGBT switching and improve

58



Figure 3.16: Condor DC power supply. It provides various DC voltages and
only 15 V and ground are used in our test stand.

the power factor of the VSC. The reactor has a 1 mH static inductance for
each phase and 1 mH mutual inductance when currents flow. The actual unit

is shown in Figure 3.17.

Figure 3.17: Hammond three-phase reactor. It has a 1 mH static inductance
for each phase and 1 mH mutual inductance when currents flow.

3.1.6 Experiment Software

The dSPACE control system uses MATLAB/Simulink to implement the con-
trol algorithm and the ControlDesk software to monitor and interface with the

controller.
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Control Algorithm Implementation

The dSPACE system provides a Real-Time Interface (RTI) which provides
a library in Simulink. RTT provides easy use of the dSPACE I/O boards in
Simulink. The Simulink model of the controller is shown in Figure 3.18, and

the controller’s structure is described in the following.
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Figure 3.18: Simulation model of the control scheme.

The sensor boards scale the actual current values down to 1/5 and the
voltage values down to 1/50, and then these measurements are scaled again

and down to 1/10 by the Simulink block of the DS2001. Therefore, the scale
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factor of the current outputs of the block is 50 and the scale factor of the
voltage outputs of the block is 500. To reduce the disturbance and harmonics
fed into controller by noise on vg4., a low-pass filter is included. With these
scaled and filtered signals, i. is calculated based on i, and i;, phase voltage
Uq, Uy, and v, are calculated from line voltages vy, and vy, and the reference

angle wt. Based on the assumption of balanced AC power supply,
VgF+p+0v.=0, t,+1%+12.=0

Therefore, we have

S _ 20gp + Upe _ —Uap + Upe _ —Uabp — 2Upe
le = —lg — U, Vg = 3 ) Uy = 3 ) Ve = 3

To calculate wt, we recall that

va(t) = Vi, cos (wt)
w(t) = Vi cos (wt — %”)

2
ve(t) = Vp, cos (wt + ?ﬂ)

Hence
vanlt) = Vi cos (wt)
v, <cos (wt) cos (%”) + sin (wt) sin (%”))
— v, (g cos (wt) — ? sin (m))
and

Upe(t) = Vi (cos (wt) cos (%T) + sin (wt) sin (%T))
— Vi <cos (wt) cos (%T) — sin (wt) sin (%))
= V,,(V/3sin (wt))

which results in .
Vin sin (wt) = —=wpe(t)

V3

Vi, cos (wt) = %(%abu) + (1))
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Hence, the reference angle is computed by

1 t
wt = tan~! (sm (w )) = tan ™"

cos (wt)

( ?)’ch(t) )
V3(20as (1) + vpe(t))

Furthermore, the synchronous reference transformation (2.8) is performed
to both currents and voltages to generate i4, 7,4, v4, and v,. These four signals
are fed in the feedback control (2.27) together with vg.. The outputs of the
feedback control law and wt can be used to generate three-phase modulating
signals which are transformed to duty cycles of the desired PWM signals.
Figure 3.19 illustrates the relationship between the duty cycle d of phase a
PWM and the associated modulating signal.

1 ] —

Figure 3.19: Relation between duty cycle and modulating signal.

Although the sampling frequency fs is twice of switching frequency f;, the
duty cycle during one switching period dose not change. Therefore, to simplify
the discussion, we assume the value of phase a modulating signal v,,, does not
change during the switching period. From simple geometry we have

b 11—
1/2f; 2

Hence,
b 1 1 — Ve _ Uma +1

C12f 0 2 T2
The duty cycles are input to the DS5101 block to generate the gating signals.

d=1

Open-loop control is also provided in this Simulink model and an internal pro-
tection algorithm is implemented to deliver reset signal to DS5101 via DS2103
D/A board when an IGBT driver error occurs or states leave and acceptable

region.

62



To build the model, the start time of the simulation is set at zero and the
end time is set at “inf”. Only fixed-step single-tasking solvers are allowed to
compile RTI model. After compiling the model, MATLAB generates a *.sdf
(standard data file) file which is used by ControlDesk to monitor and control

the experiment.

Interface Software

ControlDesk allows us to control and monitor the status of the experiment.

The main window of the ControlDesk development environment is shown in

Figure 3.20.
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Figure 3.20: Main window of the ControlDesk. It contains four major parts:
navigator, tool window, working area, and instrument selector.

The navigator displays all files and functions of the open experiment, all
the variables of the model, all platforms registered in your system, and all func-
tions needed for advanced test. The working area is normally used to build
instrument panels to monitor and interact with the real-time experiment. The

instrument selector provides virtual instruments which can be dragged into
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Figure 3.21: ControlDesk instrument panel of the linearization-based con-
troller.

the working area to build instrument panels. The tool window provides access
to all the signals and parameters of the Simulink model. All the variables
and parameters can be easily dragged to various instruments to associate with
them. With different instruments, the data and parameters can be set, dis-
played, and stored. The instrument panel used in this experiment is shown in
Figure 3.21.

In the “Driver Faults and State Saturation Warnings” section indicate
driver error signals and out of range system states using warning LEDs which
light when an abnormal situation arises. Numerical values of the the signals

are also displayed. The “System States” section displays time trajectories of
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the system states igq, ¢4, vg.. Five control gains of the control algorithm can be
tuned individually in the “Control Gains” section. The “Open-loop Control”
section provides a switch to select between open-loop and closed-loop oper-
ation. Open-loop values of m, and 0 can be assigned. “System Variables”
plots trajectories of control inputs m, and 9, three-phase AC currents 7.,
three-phase AC voltages v, voltages in synchronous reference frame vy and
Vg, and the energy stored in the VSC. Several important parameters of DS5101
are provided to modify the PWM generation in real-time. A button resets the

internal integrator of the controller.

3.2 System Interconnection

The system interconnection is illustrated in Figure 3.22 and described in this
section. The three-phase AC power supply is connected with the variable
transformer to work as a variable power source. Sensor board one is connected
on the secondary side of the transformer to measure v, Vpe, iq, and 2,. The
three-phase reactor is connected between the first sensor board and the VSC
AC terminal. The second sensor board is connected on the DC terminal of the
VSC to measure vg.. Only one channel is used on this board. Using a distinct
colour for each phase of the AC voltage on the power supply, transformer,
sensor boards, and AC terminal of the VSC simplifies interconnection.

The first six channels of DS5101 are connected to the primary side of the
level shifting board. Since the board shifts signals with negative logic, all
the PWM input signals become their inverted signals. Therefore, the shifted
signals of channel 1, 3, and 5 are used to drive the bottom IGBTs and the
shifted signals of channel 2, 4, and 6 are used to drive the top IGBTs. The
error signals of the IGBT drivers are connected to the first three channel of
the DS2001 Board #2. The measurements of five quantities i,, iy, Vap, Vpe, and

vg. are sent to the DS2001 Board #1 as shown in Figure 3.22.
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VSC are displayed in the same plane. All the components are labeled as same as the actual.



3.3 System Tests

Before operating the test stand, a number of tests were performed to verify
it’s operation. One test was performed when testing the level shifting board.
This test is performed to ensure that the PWM signals are capable of driving
the IGBTs properly. We applied 10 V DC voltage to the VSC DC terminal
and monitored the voltage between AC terminals and DC negative terminal.
If the gating signal is able to switch the corresponding IGBT properly, e,
should switch between 0 to 10 V. Figure 3.23 demonstrates the expected
result and indicates perfect gating signal generation. Since e, is the function
of gating signal g and DC voltage vg4., we can determine the fault when the
IGBT switching fails. For example, when the upper IGBT cannot be closed
appropriately, the high level value of the voltage between the AC terminal
and the negative DC terminal will be v,./2 rather than vg.; when the lower
IGBT cannot be closed appropriately, the voltage will switch from vg./2 to v,

instead of 0 to vg,.
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Figure 3.23: IGBT Switching Status Test. The output voltage e, is the func-
tion of gating signal g and DC voltage v4.. By monitoring e,, we can determine
whether the gating signals are able to switch the IGBTs properly.

Another important test was performed to make sure the generated PWM
signal is in phase with the corresponding AC voltage when § = 0. If there is a

phase shift between these two signals, the response of the VSC will be delayed
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or advanced and control performance can suffer. To address this concern, the
non-inverted PWM and AC voltage of phase a are displayed together and
shown in Figure 3.24. From the figure, it is clear that the duty cycle of the
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Figure 3.24: Test result of the phase angle. The AC voltage of the VSC share
same phase angle with their associated gating signals. This test is to ensure
that the PWM gating signals are properly generated. Channel 1 displays the
phase a PWM signal and channel 2 displays AC voltage of phase a.

PWM signal becomes maximum when the AC voltage reaches peak so that
the generated PWM signals are in phase with the corresponding AC voltage

signals.

3.4 Startup Operation

When the control algorithm was simulated in the previous chapter, initial
states were assigned to avoid large transients. In order to establish suitable
initial conditions in experiment, we forced all IGBT open and let the VSC oper-
ate as a rectifier to charge the capacitor. After v, reaches is maximum voltage,
the closed-loop controller was activated. However, this approach failed on our
test stand. As mentioned before, the IGBT drivers provide voltage monitoring
between the collectors and emitters of the IGBTs. When the current though
any IGBT increases significantly, an abnormally high voltage is detected and
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the protection is triggered. Unfortunately, high transient current always oc-
curs when the duty cycle of the PWM signal changes significantly in a very
short period, which means any controller switch, e.g. , from open-loop control
to closed-loop control, is not acceptable. And the protections of the drivers
are extremely sensitive to this type of pulse currents and detect them as fault
signals.

Without initial states and any controller switching, the controller should
be able to stabilize the system with very low three-phase AC voltages and
maintain the performance as the amplitude of the AC voltages are ramped
up. This is basically a tuning issue and can be achieved with properly chosen
control gains. The control gains used during start up operation were selected
as k; =2x10%573, ky = 7.5x 10%72, k3 =9x 10%s7!, ky =5x10%572, ks =
6x 103571, After the system operates in steady state, the controller was further

tuned to improve its performance.

3.5 Experiment Results

In this section, the experiment results are presented based on the feedback
linearization-based control algorithm. The trajectories are well defined in
previews chapter. The system should operate from one equilibrium point
vge = 150 V, 7, = —5 A to another equilibrium point v4. = 200 V,i, =5 A. To
avoid large signal overshoots during the transition, the transition time t; — ¢,
is chosen to be 100 ms. Since the twice of peak AC voltage needs to be lower
than the DC link voltage of the VSC, the amplitude of the three-phase voltage

is chosen as 60 V.

3.5.1 Trajectory Tracking Performance

The tracking performance of ¢, and vg. are shown in Figure 3.25. All the
signals are captured unfiltered. Good tracking of 4, is achieved; transition
time is around 100 ms and no overshoot occurs. The ripples in the signal is
caused by IGBT switching. The DC voltage signal tracks the reference with a

small steady state error which may be due to modeling error or disturbances.
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Transient performance is excellent. 74 is not zero in steady state due to the
losses of the system, and a pulse occurs for charging the DC link capacitors
when v, is increased. The two control outputs m, and § do not saturate
during the transition. The control gains were chosen as k; = 5 x 102573, ko =

8.5 x 10572, ky = 10371, ky =2 x 10%72, ks =5 x 10371,

3.5.2 Vector Control Scheme and results

A traditional vector control method presented in [28] is implemented to allow
a comparison of performance. As discussed previously, the current dynamics

in the synchronous reference frame are

di R Vi e

d_td :—fzd%—wzq%—fd—fd

dig R, . e (3.1)
at LT

In this subsystem, e; and e, are taken as control inputs. If e; and e, are chosen
as »
eq = vg + L(wiy — p1)
_ (3.2)
€g = L(—wia — p2)

where .
P = KE(E% — i) + Ky / (8% — ig)dr
0
Py = K (i — i) + K, / (i% — i)

Substituting (3.2) into (3.1) leads to

did Rs. . . i i - .
o = Tl + kD (i —da) + kid/o (i —iq)dT
diq

Ry . . P
i —fzq + qu(zq —ig) + kiq/o (ig — ig)dT

Clearly, the closed-loop dynamics for i4 and i, are decoupled and tracking

and k.

error can be controlled by tuning k%, ki, ki,

The voltage vg4. is coupled with i4 since only the real current charges the
capacitor. Therefore, vy is indirectly controlled by i4. An inner-outer loop
control scheme is presented. i, is controlled by a relatively faster inner loop

controller and vy, is controlled by the outer loop controller. The error between
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Figure 3.25: The experiment results of the linearization-base control scheme.
The references of i, and vg4. are shown by the lighter lines. The ripples in the
current are caused by the IGBT switching and can be reduced by applying a
low-pass filter.

vge and its reference v}, is used to generate ¢} so that enough i, is delivered to
maintain the DC voltage. We have

1) = (K +2) (Vi — Vi
A block diagram of this controller is illustrated in Figure 3.26.
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Figure 3.26: Block diagram of vector control algorithm. Three P-I compen-
sators are included. Two references iy and v}, are directly assigned and the
reference of 74 is generated by the vg. compensator.

This control scheme was implemented on the test stand and the control
gains were chosen as kf; = 5000 V/A, ki, = 20000 V/(A- s), ki, = 5000 V/A,
ki, = 20000 V/(A-s), kb = 50 A/V, ki, = 200 A/(V-s). The experimental
results based on filtered states are shown in Figure 3.27.

Compared to feedback linearization, the ripples in currents and control
inputs are sightly larger. This means the vector controller is less sensitive
to the undesired disturbances and less efficient to remove the disturbances.

However, acceptable tracking performance is achieved.

3.6 Summary

In this chapter, the entire experiment test stand has been described. A feed-
back linearization-based control and a vector control were implemented on
the system. Both approaches demonstrated good tracking performance for

tracking constant reference for 7, and vge.
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Figure 3.27: Experimental results of the vector control algorithm. Compare
with the results of linearization-based controller, the current signals contains
more ripples which means the controller is less capable of tolerant disturbances
and system errors.
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Chapter 4

Harmonic Cancelation

As introduced in Chapter 1, SAF is an important application of the VSC. In
this chapter, a mathematical model of the SAF is derived with power states
instead of currents and an internal model-based control algorithm is intro-
duced. The controller is verified by simulation using the parameters of the

model presented in Chapter 2.

4.1 Mathematical Model Derivation

The configuration of the SAF used in this chapter is in Figure 4.1 [21]. The
source voltages v, vy, and v, are assumed balanced, e, e;, and e, are the AC
terminal voltages of the filter, v,. is the DC terminal voltage of the filter,
lsa, Lsh, and is. are the AC source currents, 7,4, i, and 7;. are the load currents,
and 4,1, and i, are the filter currents. The model of VSC system in this
configuration was introduced in Section 2.1.1. It contains three parameters

L, R, and C' and is given by

digpe R n 1 1
= — 7 labe T Vabe — 7 C€abe
dt Lt e Lt i1
dv 1 (4.1)
de = —€T 7 b
dt C’Udc abetabe
where
Ua Vi cos (wt) i €q
Vabe = Up = Vm cos (wt — 2?” 5 iabc = Z.b 5 €abc = €p
Ve Vi cos (wt + 2?” lc Ec
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Since having three current states are redundant, we apply the stationary ref-

erence frame transformation discussed in Section 2.1.3. We introduce

211 —1
T = 2 2 4.2
abc 3 |i 0 _% :| ( )

|
Sl
w

and define the transformed variables

) 7 ) e v

lap = [ ZZ :| - T,flﬁlabca €apg = |: 6; :| - Tofﬁﬁ’abc, Vap = [ UZ :| - T,flﬁvabc
which leads to

B cos(wt)
Vap = Vim [ sin(wt) }
Therefore, the SAF model in a- reference frame is expressed as
ding R . 1 1
= ——1 —VUpg — —€
dt L (4.3)
dvdc 3 T . '
=——e€ 40
dt 2CUdC af"ef
v, ) Ua
@ a -sa )
(¥ (3 (3
vb isb Zlb  Load
A ¢ rse > lc
. Y. VY. Y
le | 1p | g
N I ge 4
YN ep C*\ Ve
2228 €
Ja 9b Je

Figure 4.1: Shunt active filtering using a VSC. In this configuration, the VSC
acts as a shunt active filter to compensate both active current harmonics and
reactive current.

4.2 Power States Based Model

The control objectives discussed in Chapter 1 are that the SAF compensates

the harmonic components of the real power and entire imaginary power of the

1)



source while maintaining v4. in a desired interval. The definitions of the in-
stantaneous real and imaginary powers are reviewed here. Recall the definition
of the conventional instantaneous real power of the three-phase system, it is
expressed as

p= Vala + Uplp + Vel
and it can be transformed into a-3 coordinates as
D = Valo + Vgig

where v,i, and vgig are the instantaneous real powers of the three-phase sys-
tem on the a and [-axes.
The instantaneous imaginary power is introduced in [1]. The phasor of the

instantaneous imaginary power is defined as
Q:VQXIQ—I—VQXIQ
From the space vector diagram in Figure 4.2, the imaginary axis is perpen-

Imaginary Axis
A

VaXIg

VﬁXIa

Figure 4.2: Phasor diagram of the instantaneous imaginary power in a-( co-
ordinates. The imaginary axis is perpendicular to the a-3 plane and respects
the right-hand rule.

dicular to the plane of a-3 coordinates and its direction is determined by the
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right-hand rule. The instantaneous imaginary power is the amplitude of the

phasor Q. Therefore, we have
p _ Vo U ia
q| | —vs va i
ia _ Vo U ! p
ig | | —vg U q
The currents in o~ coordinates, i, and ig, can be divided into active current

and reactive current components on each axis. This means

o Vo Vg ! D Vo Vg ) Gap + lag
. = + =\ . .
8 —v3 Vg 0 —V3 Vg q 18p 1+ 18q

where 4,, is the active current component in the a-axis, i, is the reactive
current component in the a-axis, ig, is the active current component in the
(-axis, and ig, is the reactive current component in the $-axis. Expanding the

above equation gives

Va . U . U . Vo

fy = = = — = = Ve
o v§l+v§p e v§l+vgq v vi—i—v%p b vg—l—vgq

Then, p can be presented as
D = Vg lap T Vo lag T V318p + Vg igqg = Pap + Pag + Psp + Psq

where p,, is the active power in the a-axis, p,, is the reactive power in the
a-axis, pg, is the active power in the (-axis, pg, is the reactive power in the
(-axis. And

2 2

_ Uy o VaVp o v o VaUp
Pap = Ug n Uép’ Paq = Ug T Uéq’ Ppp = Ui n Uépa Ppq = Ui T U?;
Note that
D = Pap + Ppp
0 = Pag + Psq

Therefore, the instantaneous real power p is the sum of the active powers
Pap and pg,, and the reactive powers p,, and pg, are complementary and
determined by the instantaneous imaginary power q.

In order to compensate the harmonic components of instantaneous real

power p and the instantaneous imaginary power ¢ of the source, the states of

7



the model (4.3) are transformed from current coordinates to power coordinates.

The power variables are defined as

where

whose inverse is

-1 B [ Vi cos(wt) =V, sin(wt) }
Epp | Vinsin(wt) V,, cos(wt)
where E,,, := v3+v3 = V2. Thus, the final model of SAF in power coordinates

18

d
d—“’ — M(R,L)x — —u+d,
y (4.4)
dvdc B
dt

where

_R 3
— r v — |z _
M(R>L) |i —w _% :| ) do |: 0 :| ) € CEmp

and u = T 'e,z is a new control input designed to achieve both control objec-
tives. Note that the first objective can be defined as a tracking problem that
requires x,, and x, to track prescribed reference signals. With an ideal lossless

VSC, the tracking reference was justified in (1.1) and recalled here

(3]

However, in reality, the real power compensated by the SAF also includes

[SEECRIR T

the power loss of the SAF itself and the energy required to maintain vg. in
a reasonable interval [V, Vaenr]. Therefore, the actual reference has been
designed in [22] as

ry = 2" — Nig(2) + Nin (4.5)
Where Ny = [1,0]7, Z is the voltage error variable which is defined as

2 2
‘/;lc,m + ‘/;lc,M

Z =03, — V2 with V? = 5

(4.6)

Note that Z has to belong to [—I*, 1] for all time, where I* = (V2 ,, — V7. ) /2,

to ensure vg4. in the region [Viem, Vaen]. The function ¢(-) : R — R is a
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deadzone function to keep vy, in the desired range. When v, is far away from
the boundary, which means the absolute value of Z is less than a positive value
[ and [ < I*, then ¢(2) = 0. When v, approaches the upper boundary, ¢(Z)
becomes larger to decrease the power reference and keep vy, within the region.
When v, approaches the lower boundary, ¢(Z) becomes smaller to enhance
the power compensation of the SAF and charge the DC link capacitor. The
extra control state 1 asymptotically estimates the power losses of the SAF. Its

dynamics are given as

n = —eh(2) (4.7)
where h(-) : R — R satisfies h(s) =0 for all s € R and |s| < .
Based on this power reference, the power error variable can be defined as

T=r—x,=2—2"+ Ngq(Z) — Nin (4.8)

and the error variable of n is n = n — ¢, where ¢, is the power loss of the
system. Therefore, based on the error variables defined in (4.6) and (4.8), the

error dynamics of the system is

Z=eul (& +2* — Nyq(Z) + Niip), (4.9)
il = —ch(2)
where
d(t) := dy + M(R, L)z*(t) — i*(t) + M(R, L) Ny,
and

11, 2,1, 2) = M(R, L)N:(7] = a(2)) = Ny (ﬁ - d(i;?é)

Since the power loss of the VSC ¢, is unknown and the parameters are uncer-
tain, the periodic signal d(t) is unknown and cannot be compensated directly
by a state feedback. In order to compensate for d, an internal model-based

controller can be developed using the theory in [16] and the references therein.
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4.3 Output Regulation Theory

Consider a finite-dimensional, time-invariant, linear system which is modeled

as
= Pw+ Az + Bu
(4.10)
e=Quw+Cx

where x € R" is a vector of state variables, u € R is a vector of control inputs,
e € Ris a vector of tracking errors and the trajectories of the system are always
bounded. Additionally, w € R* is a vector of disturbances and uncertainties
governed by

W= Sw (4.11)

where S is a matrix with suitable dimension having all its eigenvalues on the

imaginary axis. The controller can be modeled in a general form
Z. = A.x. + B.e
(4.12)
uw=C.x.+ D.e
where z. € R” is a vector of controller states. Therefore, the associated closed-

loop system is expressed as

w S 0 0 w
t | =| P+BD.QQ A+ BD.D BC, x (4.13)
'Z:C BcQ BCC AC SL’C
with output
e=Quw+ Cx

The problem of output regulation is to design a feedback controller to guar-
antee the closed-loop system is asymptotically stable [16]. If we assume the
controller (4.12) is able to solve the problem of output regulation, the real
parts of all the eigenvalues of the matrix (4.14) are negative.

A+ BD.D BC,
{ B.C “ } (4.14)

And since the eigenvalues of S are all located on the imaginary axis, the system
(4.13) possesses a stable invariant subspace and a center invariant subspace

[16]. The center invariant subspace represents a linear map

NN
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where II and II. are solutions of the Sylvester equation

{H ]S_{A—FBDCD BCC} {H }+{P+BDCQ}
11, - B.C A, 11, B.Q

Since the controller (4.12) solves the output regulation problem, it is necessary
that the pair (II, I1.) satisfies e = Qw + Cz = Qw + Cllw = 0, which leads to
@ + CII = 0. With this constraint, the Sylvester equation becomes

(4.15)

I1S = AIl + BC.II. + P
1.5 = A.l,
0=CI+Q

Let ¥ = C.II, the above equations can be divided into a controller-independent

form
IIS = All + BY + P
(4.16)
0=CII+ @
and a controller-dependent form
U = C.II,
(4.17)
I1.S = A

The linear equations (4.16) are named as Francis’ equation and the existence
of a solution (II, V) is a necessary condition for the solution of the output
regulation problem [5].

Let equation (4.18) denote the minimal polynomial of S,

d(\) = 594+ SIA+ -+ 5 AT+ N9 (4.18)
and set
[ 0] 0 1 0 -+ 0 ]
vS 0 0 1 .- 0
T = : , &= : : S : ,IT'=[100
U ,5d-2 0 0 o .- 1
i P gd-1 ] i —Sgp —S1 —S9 -+ —S4-1 i

where (®,1") is an observable pair. Then, T, ®, and I' satisfy the equations

(4.17) and are expressed as
v =IT
(4.19)
TS =T
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The constraints (4.17) guarantee the controller regulate the error to zero in
steady-state. And from Francis’ equations, the states of the system satisfy the
form z(t) = Iw(t) as long as the controller solves the output regulation prob-
lem. Therefore, this is refereed to the internal model property: any controller
that solves the problem of output regulation necessarily embeds a model of
the feedforward inputs needed to keep e(t) identically zero [6].

Now, consider a controller formed as
u=TI1¢+wv
. (4.20)
E=DE+ G

where I' and ® satisfy (4.19) for certain 7', G is a vector that makes ® — GT
as a Hurwitz matrix, and v is an additional control. Then, the closed-loop

system with plant (4.10) is obtained as
w = Sw
&= Pw+ Az + B(I'{ +v)
, (4.21)
E=dE+ Gu
e=Qw+ Cx

If the controller (4.20) solves the problem of output regulation, there exists a

o L] =[r]

If the additional control v is able to drive the states of the system to this

graph of the linear map

graph, the problem of output regulation is solved.

Replacing the states of system (4.21) by their differences

r=x—Ilw, &(=&—Tw

then (4.21) becomes ' )
T =Ax+ BT’ + Bv
£ = B+ Gu (4.22)
e=0CT

Therefore, to drive the states of the system to the graph is equivalent to

stabilizing (4.22) to the equilibrium (Z,€) = (0,0). And it is easy to show
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that there is always a robust control v to stabilize (4.22) when all zeros of the

system (4.23)
T = Az + Bu

e=Cx

(4.23)

have negative real parts [16].

4.4 Internal Model-Based Controller

Based on the theory discussed above, assume the unknown d(t) is a disturbance
and generated by an exosystem. Its dynamic model can be defined as

. S 0
w(t) = dw(t) = [ 0 S } w(t),

) =ru) = | 0w

where w € R*¥*2 N denotes the total number of harmonic components to
be compensated by the SAF, Ty, I', € RGN+ are well defined vectors, and
S = blkdiag(S,) € REN+DXEN+D) with Sy = 0 and

ST:{ 0 m}, ref{l. .0}

—rw 0
where r denotes the orders of the harmonic components to be compensated.

Then, an internal model-based controller is defined as
=0+ Qi
u=I¢+ Kz

(4.24)

where () and K are the control gains to be chosen. The variable £ estimates
the disturbance d(t) and its error variable is defined as € = € — Lw. Therefore,

the overall error dynamics of the system can be expressed as

G = (M(R, L) - lK) - %Fé+ (7}, 2,1, Z)

L
E=af+ Qi

= e(T(€ + Lw) + K2)T(& + 2* — Nig(2) + Ni7j)
il = —eh(2)

With suitably chosen () and K, the error dynamics should be asymptotically

stable. The detailed discussion on calculating () and K can be found in [22].
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4.5 Simulation Results

The introduced control algorithm was simulated with MATLAB/Sumilink.
The SAF uses the same values of L and C as our experimental test stand
and an uncertain R around 0.21 €. The limits on v4 are Vg, = 300 V
and V. ar = 500 V which respect the constrains of the physical system. The
voltage source generates three-phase voltage with 120 V RMS phase voltage
and 60 Hz frequency.

A balanced nonlinear load which is a parallel combination of a rectifier
with resistive load and a three-phase RL load is applied to generate current
harmonics to the grid. The major harmonic components of the load power are
the 6th and 12th.

The control parameters discussed in Section 4.4 have been selected as [22]

So 0 0

S=10 S 0 |, Ty=I,=][1,1,0,1,0", K:[

35 0}
0 0 Sp

0 70

Q = 10° x [ %d c(g) ] , with Qq = Q, = [40.6,80.7,7.15,78.7,17.6]"
q

The deadzone function is defined as

Ly — 1, s>y,

s—ln  ln<s<ly
W)= 0 s <l

s+,  —ly<s<-—I,

Ly — s s < —ly

and
- dq(s)
h(S) = ESPQ(S)&T

The line grid current and load current of phase a are presented in Fig-
ure 4.3 where i, is the load current and i, is the line grid current. It is clear
that the load current distortion has been greatly reduced and the 6th and 12th
harmonic components have been compensated. The wave form of the compen-
sated grid current is close to being sinusoidal. The tracking performance of the
power states w1 and xs is presented in Figure 4.4. The offset between the real

power of the SAF and the real power of load is due to the extra power drawn
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Figure 4.3: Line current and load current of phase a. Although the load current
is highly distorted, the compensated main current is almost sinusoidal. The
harmonics are successfully compensated by the SAF.
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Figure 4.4: Real power and imaginary power of the SAF. The lighter lines are
reference signals.
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to compensate the SAF losses and maintain vg.. The tracking error of the
reactive power of the SAF is negligible, and it still can be reduced by compen-
sating additional harmonic components. Figure 4.5 plots v%,. The boundary of
squared DC voltage value is set as Vi, = 9 x 10* V and V2, ), = 2.5 x 10° V.
From the figure, v3, stays in this boundary. Therefore, we conclude the active

filtering is achieved using the internal model-based control algorithm.

X 105

2B —— L

Vi (V?)

0.5 i

Time (s)

Figure 4.5: Square value of the DC terminal voltage v%.. The dashed lines are
the boundaries of v3, and it is obvious that v%, fluctuates inside its boundary.

4.6 Summary

In this chapter the VSC system has been used as a SAF to compensate load
current harmonics. An internal model-based control algorithm was introduced
based on output regulation theory. The controller has been verified via simu-

lation.
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Chapter 5

Conclusions

5.1 Summary of Research

This thesis focusses on the implementation of controllers for a three-phase VSC
system. For the application of power factor control, the reactive current and
DC voltage of the VSC are considered as tracking outputs. A nonlinear control
is derived which asymptotically tracks these outputs. A traditional industrial
Proportional-Integral (PI) control scheme is implemented on the test stand to
compare the performance of the nonlinear control. In addition, we consider
the problem of operating the VSC as a shunt active filter to perform VAR
compensation and harmonic cancelation.

In chapter two we have derived a mathematical model for the three-phase
VSC system in a synchronous reference frame. The nonlinear model pos-
sesses 3 states and 2 inputs. A feedback linearization-based control algorithm
was introduced. In chapter three, a detailed description of the development
and operation of the experimental test stand was provided. Both the feed-
back linearization-based control algorithm and vector control algorithm are
implemented on the system. Based on the experimental performance of the
controllers, we conclude that the nonlinear control can effectively be used for
power factor control. In the fourth chapter, the VSC has been considered as
a SAF to compensate load current harmonics. A VSC system model which
uses real and imaginary power coordinates was derived and an internal model-
based control algorithm was introduced. The control algorithm was verified

by simulation based using parameters for the test stand.

87



5.2 Future Work

With the established experimental test stand, the system can be used to com-
pensate VAR and harmonics. Since the issue of control input saturation was
not explicitly addressed, appropriate theory could be developed to account for
this effect. The test stand is ready to be used as a benchmark for control
algorithm development. For example, an adaptive backstepping-based con-
trol under development would be a natural choice [24]. Although the system
operates properly, the test stand can still be further optimized by modifying
external circuit boards and the rewriting certain parts of the controller soft-
ware. These modifications could lead to better performance through faster

sampling times, for example.
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