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Chapter 1

Introduction

1.1 Motivation of study

There is an agreement between most researchers that the use of fossil fuels
has to be reduced compared to the situation today. The Kyoto Protocol
requires developed countries to reduce their greenhouse gas emissions below
levels specified for each of them. These targets must be met within a five-year
time frame between 2008 and 2012, and add up to a total cut in emissions
of at least 5 percent against the baseline of 1990.[2] The Treaty became
operative 16 February 2005 and Norway signed not to increase the greenhouse
gas emissions with more than one percent compared to the 1990 level. In
2005 Norway had increased the emissions by 8 percent compared to the 1990
level.[3]

Environmental protection, energy saving and improved energy efficiency are
important topics to fulfil the aims of the Kyoto protocol. However the de-
mand for electricity continues to grow. 40% of all energy consumption today
is in electrical energy and this is expected to grow to 60% by 2040[4]. The
invention of power electronics have enabled possibilities to decrease energy
consumption with more efficient energy systems.

The main task in this thesis is to make a simulation program of a small ac
distribution system with a Constant Power Load (CPL) consisting of a power
electronic converter. Background study and theory of simulation model will
be presented. To verify that the load act as CPL a simulation study will be
done to delineate the typical behaviour of a CPL. Simulations will be carried
out to compare a passive CPL with no reactive compensation with an active
CPL which inject reactive power into the system. The comparison regard
voltage support. Some considerations on advantages and disadvantages with
the reactive control will be discussed.

1



2 CHAPTER 1. INTRODUCTION

1.2 Power electronics in AC distribution sys-
tems

The use of power electronics in distributed power systems is increasing in the
areas of generation interface, energy storage and loads. It is predicted that
the share of electrical energy which will be controlled by power electronics will
increase from 40% in 2000 to 80% in 2015[4]. Hence power electronics will
have a considerable responsibility for the reliability and stability of future
power systems. Expansion of renewable energy in power systems call for
more use of power electronics for efficient control and grid integration.

The progress in power electronics has been possible primarily due to im-
provement of power semiconductor devices[5]. Development in converter
topologies, pulse-width-modulation (PWM) techniques, control and estima-
tion techniques, analytical and simulation methods, computers, digital signal
processors, control hardware and software, etc. have also contributed to the
improvement in power electronics. The invention of the thyristor started the
modern era of solid state power electronics. After this invention a series of
transistors and thyristors have been developed. In the system under study
a converter consisting of 6 insulated gate bipolar transistors (IGBTs) with
power diodes in anti-parallel will be studied. The converter uses a matrix of
power semiconductor switches to convert electrical power at high efficiency.
Presently available IGBT converters for distribution use are rated at 1-2
MVA but can be connected in parallel to give overall system ratings of up to
10 MVA[6].

A distribution system with high percentage of power electronic loads may be
unstable under abnormal operating conditions like voltage sag or a phase to
ground fault. Since voltage source converters have the ability to produce and
absorb reactive power, this study will investigate a voltage source converter
for voltage support in a distributed power system. Regulated converters
with high bandwidth control systems in the power electric loads can act
as constant power loads. This type of load is the main component in the
research in this thesis. Simulation results shows how the converter regulator
design affects the voltage in the system.



Chapter 2

Background

2.1 Electrical power grid in Norway

There are three levels in the Norwegian electricity grid: main grid, regional
grid and distribution grid[7]. The main grid is the spine of the transmission
grid with voltages at 420, 300 and 132 kV. Statnett owns about 90 per cent
of the main grid and manages this system. The voltage levels of the regional
grid are often 132, 66 and 45 kV. At the lowest voltage levels the distribution
grid transport current to different loads. The distribution grid divides into
high voltage at 22- 11 kV and low voltage at 400- 230 V[8].

Figure 2.1: The Norwegian power grid.

2.2 Distributed AC system

In figure 2.1 it can look like the last part of the electricity grid only con-
tains loads. However this is very often not the case. Distributed AC system
is composed of both generation and various types of loads. It is generally
desirable to have generation of electrical energy as close to consumption
as possible. An illustration of a typical distribution system is depicted in

3



4 CHAPTER 2. BACKGROUND

figure 2.2. The generation can for instance be wind farms or small hydro-
electric power stations. If a power system has a lot of wind power gener-
ation it can result in poor power quality and poor stability margins. One
method to improve power quality and stability margins can be to use a static
compensator(STATCOM)[9]. Another method under investigation is to use
power electronic controlled loads for voltage support[10]. It is this method
that will be under investigation in this thesis.

Figure 2.2: Example of a distributed AC system.

A distributed power system is characterized by distribution of the power
processing functions among many power processing units(PPUs)[11]. One
PPU is shown in figure 2.2 and a connection of three PPUs is shown in
figure 2.3.

With the expansion of solid- state devices in AC power systems to improve
the performance and flexibility, motor drives and power electronic converters
are extensively used in loads[12]. This will be the focus of research in this
thesis.

The loads in these systems can behave passive or active. Passive loads con-
sume power from the system without regard to system stability. In contrast
an active load is an active participant in regard to system stability. An ex-
ample of the difference between these types of loads will be examined later
through simulations.

Most loads in these systems require constant voltage and frequency. Static
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Figure 2.3: Three PPUs connected together in a distributed AC system.
PCC denote point of common coupling. It is the point where the PPU
connect to the common grid.

load models express active and reactive steady state powers as functions of
the bus voltage at a given frequency. Loads in these systems are typically
categorized as follows[13]:

• Constant impedance load model, where the power varies with a square
of the voltage magnitude.

• Constant current load model, where the power varies directly with the
voltage magnitude.

• Constant power load model, where the power does not vary with changes
in voltage magnitude.

This work will involve the constant power load model.

2.3 Constant Power Load

The amount of constant power loads (CPLs) consisting of solid-state self-
regulated power converters and inverters are increasing in many electrical
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Figure 2.4: Constant power load.

power distribution systems[14]. When a power electronic converter is tightly
regulated it can behave as a CPL. Such type of load draws constant active
power from the system irrespective of system condition. It is capable of high
bandwidth regulation and high power conversion efficiency. These qualities
are desirable, but may also cause system instabilities and eventually failure
of operation if not prevented. High bandwidth regulation combined with
filtering elements in the system can result in negatively damped oscillations
in the AC system. This is known as negative resistance behaviour.

A schematic drawing of one CPL is depict in figure 2.4. −Rcpl demonstrate
the negative resistance seen from the AC distribution system. This small-
signal non-linear input resistance can be calculated from the fact that input
power and output power are equal[15]. Equation 2.1 shows this relation.
This equation is valid for frequencies below the switching frequency and
for high bandwidth regulation of the converter[14]. Differentiating the volt-
age with respect to current gives the negative input resistance as derived in
equation 2.2. The DC voltage is fixed and the amount of current drawn is
dependent on the quantity of power required by the load.
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Pin = Pout = v · i
v =

P

i

(2.1)

dv

di
= −i−2 · P = −P

i2
= −v2

P
= −Rcpl (2.2)

2.3.1 Negative resistance behaviour

Negative incremental resistance characteristic is typical for a constant power
load. Decreasing fault resistance result in reduction of AC system voltage
during a fault. As a consequence the operations of the internal controller
make the converter draw more current from the system. This voltage ori-
ented control of the converter is regulated to maintain the active power input
to the converter at a constant value regardless of system condition. A volt-
age oriented vector control technique will be presented in the next chapter.
The DC voltage and current are constant while there is a fault in the AC
distribution system.

The static input voltage - current characteristic for the load is shown in fig-
ure 2.5. The plot is a hyperbola since Pin is a constant value. Figure 2.5
shows two different values of input resistance, −Rcpl1 and −Rcpl2, at two dif-
ferent converter operating points. This curve is known as negative resistance
curve because the slope of this curve is negative. Verification of this curve
will be done for the case under study in the following chapters.

With this drawback of the CPL in regard to system stability a method to
reduce this effect is desirable. Injecting reactive current from the CPL is an
alternative presented in this thesis.

2.4 Reactive Power Compensation

Reactive power compensation, or Var compensation, is defined as the man-
agement of reactive power to improve the performance of ac power systems[16].
Most power quality problems can be attenuated or solved with an adequate
control of reactive power. Reactive power compensation is viewed from two
aspects:
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Figure 2.5: Negative resistance curve typical for CPLs.

• load compensation, for increasing the system power factor, to balance
the real power drawn from the ac supply, to compensate voltage reg-
ulation, and to eliminate current harmonic components produced by
large and fluctuating nonlinear industrial loads.

• voltage support, to reduce voltage fluctuation at a given terminal of a
transmission line.

Var compensation in transmission systems also improves the stability of the
ac system by increasing the maximum active power that can be transmitted
and by keeping a substantially flat voltage profile throughout the ac system.

Rotating synchronous condensers and fixed or mechanically switched capac-
itors or inductors have been the traditional method for reactive power com-
pensation. A synchronous condenser is simply a synchronous machine con-
nected to the power system. In recent years static Var compensators (SVCs)
employing thyristor-switched capacitors (TSCs) and thyristor-controlled re-
actors (TCRs) have been developed to provide and absorb required reac-
tive power. Another method is the use of self-commutated pulse-width-
modulation (PWM) converters that permits the implementation of static
compensators capable of generating or absorbing reactive current compo-
nents with a time response faster than the fundamental power network cycle.
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Table 2.1 compares these four basic types of compensators[16].

In this work a PWM converter controlling a constant power load for reactive
compensation will be investigated.
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Reactive compensators
Synchronous
Condenser

TCR(with
shunt ca-
pacitors if
necessary)

TSC(with
TCR if
necessary)

Self-
commutated
Compen-
sator

Accuracy
of com-
pensation

Good Very good Good, very
good with
TCR

Excellent

Control
flexibility

Good Very good Good, very
good with
TCR

Excellent

Reactive
power
capability

Leading or
Lagging

Leading
or Lagging
indirect

Leading
or Lagging
indirect

Leading or
Lagging

Control Continuous Continuous Discontinuous
(Cont. with
TCR)

Continuous

Response
time

Slow Fast, 0.5 to 2
cycles

Fast, 0.5 to 2
cycles

Very fast,
but depen-
dent on
the control
system and
switching
frequency

Harmonics Very good Very
high(large-
size filters
needed)

Good (filters
are neces-
sary with
TCR)

Good, but
dependent
on switching
pattern

Losses Moderate Good, but
increase
in lagging
mode

Good, but
increase
in lagging
mode

Very good,
but increase
with switch-
ing frequency

Phase
balancing
ability

Limited Good Limited Very good
with 1-φ
unites, lim-
ited with 3-φ
unites

Cost High Moderate Moderate Low to mod-
erate

Table 2.1: Comparison of basic types of reactive power compensators.



Chapter 3

The System Under Study

3.1 The distributed AC system

The AC distribution system contains a distributed generation system mod-
elled as an asynchronous machine, a distribution grid, two transformers with
voltage levels at 690 V and 22 kV, a constant power load and electrical lines
to connect the components together. The generation and the load operate
at 690 V and connect to the distribution grid through two transformers.
Figure 3.1 shows the system under study.

Figure 3.1: The system

The constant power load is a tightly regulated power electronic AC/DC con-
verter that keeps the power drawn from the system to the load constant.

11
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3.2 Base System for Per Unit Transformation

A per unit (PU) reference system makes it easy to determine the real value
of a generic quantity by multiplying with the base value chosen. The pu-
system gives a consistent system description that is not tied up to a particular
component through this component’s rated value. It it easy to compare
powers, voltages, currents and impedances when a common reference system
is calculated for the whole system. In the case of this thesis it is important to
compare voltages and currents on the AC and DC side of the converter and
therefore orderly with a global pu- system. The method for calculating the
pu- system is frequently used in the electric drives field of research [17]-[18].
The following reference values are chosen:

Sb = 800[kV A]

Vb1 =

√
2

3
· 690[V ] = 563.38[V ]

Vb2 =

√
2

3
· 22000[V ] = 17962.92[V ]

ωb = 2 · π · fn = 314.159[rad/s]

(3.1)

where Sb is the base three-phase power of the ac-grid while Vb1 and Vb2 are
the base peak phase voltages at the primary and secondary side of the trans-
former. fn is the nominal generator frequency and ωb is the base frequency
in rad/s. Base current and impedance of the primary side are calculated as:

Ib1 =
2

3
· Sb

Vb1

= 946.66[A]

Zb1 =
Vb1

Ib1
= 0.595[Ω]

(3.2)

while base values for current and impedance referred to secondary side are:

Ib2 =
2

3
· Sb

Vb2

= 29.69[A]

Zb2 =
Vb2

Ib2
= 605[Ω]

(3.3)

To keep the control voltage of the PWM within the peak of the triangular
waveform and prevent over-modulation, the DC side voltage should not be
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less than two times the base voltage as shown in equation 3.4. The concept
of over-modulation will be explained in section 3.7.5.

Vdc = 2 ·
√

2

3
· VLL,rms = 2 · Vpeak,ph = 2 · Vb1 = 1126.77[V ] (3.4)

With the power balance in equation 3.5 it is possible to find the base current
given in equation 3.6.

S3ph = 3 · Vph · Iph =
3

2
· Vb1 · Ib1 = Vdcbase · Idcbase (3.5)

Idcbase =
3

4
· Ib1 = 710[A] (3.6)

And base dc impedance is calculated from ohms law:

Zdcbase =
Vdcbase

Idcbase
= 1.587[Ω] (3.7)

3.3 Distributed generation

An asynchronous machine can work as a motor or a generator. It is termed
motor when it converts electrical power to mechanical power, and generator
for the opposite case. Asynchronous generators are very reliable and tend to
be comparatively inexpensive. Also mechanical properties, like generator slip
causing the speed to slightly increase or decrease if the torque varies, makes
it useful in for instance wind turbines.[19] In appendix A modelling of an
asynchronous machine with a rotating two axes reference frame is presented.

It is the rotor that makes the asynchronous generator different from the
synchronous generator. A squirrel cage rotor consists of a number of copper
or aluminium bares which are connected electrically by aluminium end rings.
The rotor is placed in the middle of the stator which is directly connected to
the three phases of the electrical grid.

A squirrel cage asynchronous generator, also called induction generator, and
a fixed capacitor forms the distributed generation in the case presented. The
capacitor bank is implemented for magnetization of the asynchronous ma-
chine in order to have correct operation. The size of this capacitor bank is
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found by adjustment in the simulation model to obtain nominal voltage on
the generator terminals. 260 kVar is found to be a suitable size and corre-
sponds well to the general relation of real power P, reactive power Q and
apparent power S given in equation 3.8. The 750 kW nominal real power of
the generator and 260 kVar reactive power from the capacitor bank gives an
apparent power of 794 kVA. This is close to the chosen base power in equa-
tion 3.1. However this is not entirely accurate because some reactive power
is drawn from the capacitive filter of the converter to the generator during
steady state operation.

S2 = P 2 + Q2 (3.8)

With these power values the power factor is given in equation 3.9. The angle
is capacitive because current is leading voltage.

cos ϕ =
P

S
=

750kW

794kV A
= 0.94458

ϕ = arccos
P

S
= −19.16 deg

(3.9)

The asynchronous generator implemented in the simulation model has pa-
rameters as shown in table 3.1.

3.4 The Transformers

Two identical transformers are inserted in the distribution system under
study. With these transformers the system has two voltage levels. The
Y-Δ connection is shown in figure 3.2. This coupling produces a phase shift.
Star point of the Y-winding is earthed. Y-winding is chosen as primary wind-
ing with a voltage level of 690 V while Δ-winding is secondary winding and
operate at 22 kV. Assuming an ideal transformer core, and disregarding sat-
uration and magnetizing current. Configuration of transformers are summed
up in table 3.2.

3.5 Three-Phase Distribution Grid

The 22 kV distribution grid is modelled as a weak grid and represented by a
three-phase voltage source behind a resistance and an inductance. Parame-
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Parameters of asynchronous machine

Nominal power 750000 [W ]
Nominal voltage 690 [V3ph,rms]
Nominal current 628 [Arms]
Nominal frequency 50 [Hz]
Pole pairs 2
Stator resistance 0.0092 [pu]
First cage resistance 0.0076 [pu]
Second cage resistance 10 [pu]
Stator unsaturated leakage reactance 0.1580 [pu]
Unsaturated magnetizing reactance 3.8693 [pu]
Rotor unsaturated mutual reactance 0.0651 [pu]
Second cage unsaturated reactance 10 [pu]
Polar moment of inertia 10 [s]
Mechanical damping 0.008 [pu]

Table 3.1: Parameters for asynchronous machine implemented in simulation
model

Figure 3.2: Y-Δ transformer coupling with earthed star point.
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Configuration of transformers

Nominal power 800000 [V A]
Nominal frequency 50 [Hz]
Winding 1 type Y
Winding 1 nominal voltage 690 [V3ph,rms]
Winding 2 type Δ
Winding 2 nominal voltage 22000 [V3ph,rms]
Delta lags or leads Y Lags
Positive sequence leakage reactance 0.06 [pu]
Ideal transformer model Yes
No load losses 0.001 [pu]
Copper losses 0.01 [pu]
Saturation enabled No

Table 3.2: Configuration of transformers implemented in simulation model

ters are given in table 3.3.

Parameters of distribution grid

Nominal voltage 22000 [V3ph,rms]
Nominal frequency 50 [Hz]
Resistance 2 [Ω]
Inductance 0.05 [H]

Table 3.3: Parameters of distribution grid implemented in simulation model

Lines

There are three lines included in the system as seen in figure 3.1. Resistances
in the lines are neglected for the lines between distribution system and grid
because the values are too small compared to reactances. The reactance Lp
from distribution grid to load is much smaller, but resistance is neglected
here also for simplicity reasons. Capacitances between lines and to earth are
neglected. Choosing an inductance value of 1 mH/km the lines get values as
seen in 3.10
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L1 = 1[mH]

Lg = 50[mH]

Lp = 0.1[mH]

(3.10)

3.6 The Constant Power Load

Figure 3.3: The implemented converter with load

Figure 3.3 display the CPL from converter filter to DC-link and load. Lf is
chosen to be 5 % of base impedance. This is minimum required inductance
for practical thyristor converters resolved by the German VDE standards[1].
Resistance Rf is chosen to be 1 % of base impedance. Rf and Lf are calcu-
lated in equation 3.11.

Rf = 1% · Zb1 = 5.95[mΩ]

Lf = 5% · Zb1

2πfn

= 0.0947[mH]
(3.11)

A capacitive filter is inserted to filter out current sags and switching tran-
sients. Cf is chosen to have three capacitors of 1000 [μF].

The voltage source converter consists of IGBT switches with anti-parallel
diodes that will conduct reverse current. Switching of these IGBTs is done
by a pulse width modulation (PWM) technique at a frequency of 5 [kHz].
A DC-link capacitor with a value of 4000 [μF] is connected in parallel to
the load. This load is modelled as a dependent current source that use a
manually specified value of power divided by measured dc voltage. This is
depict in figure 3.4
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Figure 3.4: Configuration of load.

3.7 Control of converter

The converter control is the most essential area of the thesis and will be
thorough explained.

A voltage oriented vector control is implemented to maintain the real power
to the load constant. This control strategy is advantageous for its fast dy-
namics and decoupled control ability[20]. The control scheme of the converter
with ability to control reactive current is shown in figure 3.5.

Figure 3.5: Converter control diagram when the converter has reactive cur-
rent control

By keeping iqref fixed at zero and excluding vq and id · ω · L the converter
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does not compensate reactive current during faults. The control scheme then
looks like figure 3.6.

Figure 3.6: Converter control diagram when the converter does not have
reactive current control

Each block in these schemes will be explained in the following subsections.

3.7.1 Two phase representation

With the chosen control strategy a two-axis system is desirable in contrast to
the three-phase stationary axis system. The d-q rotating coordinate system
simplifies the representation of voltage and current. The transformation is
done through the α-β stationary coordinate system.

Clark transformation

Clark transformation convert the phase values of voltage and current into
stationary α-β reference frame. Opposite will the Inverse-Clark transforma-
tion convert stationary α-β quantities to three-phase stationary quantities.
The two coordinate systems are shown in figure 3.7.

α-axis is aligned with the three phase a-axis to keep the analysis as simple
as possible. The matrix for clark transformation is shown below.
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Figure 3.7: The three-phase coordinate system(black) and the α-β coordinate
system(red)
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⎡
⎣vα

vβ

v0

⎤
⎦ =

2

3
·
⎡
⎣1 −1

2
−1

2

0
√

3
2

−
√

3
2

1
2

1
2

1
2

⎤
⎦ ·

⎡
⎣va

vb

vc

⎤
⎦ (3.12)

Note that v0 denotes a zero-sequence voltage, which is assumed to be zero.
This voltage would only have non-zero values for unbalanced conditions. The
presumption of symmetric currents and phase voltages that sum up to zero
justifies to neglect the zero sequence[21]. With this assumption the matrix
looks like equation 3.13. This matrix is used in the model built for this thesis
and for the following calculations.

[
vα

vβ

]
=

2

3
·
[
1 −1

2
−1

2

0
√

3
2

−
√

3
2

]
·
⎡
⎣va

vb

vc

⎤
⎦ (3.13)

The matrix for Inverse-Clark transformation is given in equation 3.14.

⎡
⎣va

vb

vc

⎤
⎦ =

⎡
⎣ 1 0

−1
2

√
3

2

−1
2
−

√
3

2

⎤
⎦ ·

[
vα

vβ

]
(3.14)

Park Transformation

Park transformation convert the stationary α-β reference frame into syn-
chronously rotating d-q reference frame. The d-q reference frame is rotating
at speed ω with respect to the stationary α-β reference frame. The position
of d-axis is at any instant given by equation 3.15 with respect to α-axis.
Opposite will the Inverse-Park transformation convert the rotating d-q coor-
dinate system to the stationary α-β coordinate system. The three coordinate
systems are shown in figure 3.8.

θ = ω · t (3.15)

The matrix showing the Park transformation is given in equation 3.16 and
the Inverse-Park in equation 3.17.

[
vd

vq

]
=

[
cosθ sinθ
−sinθ cosθ

]
·
[
vα

vβ

]
(3.16)
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Figure 3.8: The three-phase stationary coordinate system(black), the α-
β stationary coordinate system(red) and the rotating d-q coordinate sys-
tem(blue). θ is the angle between α-axis and d-axis at any instant. ω is the
angular speed of the d-axis with respect to α-axis.
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[
vα

vβ

]
=

[
cosθ −sinθ
sinθ cosθ

]
·
[
vd

vq

]
(3.17)

Variables in both clark and park transformations are given as voltages, but
the same matrices are used on current transformations.

3.7.2 Phase Locked Loop

Figure 3.9: Structure of PLL

A Phase Locked Loop (PLL) is basically a closed loop frequency control
system. Its function is to control the angle θ seen in figure 3.8.

By transforming measured phase voltage to a rotating dq-reference frame
the PLL detects the phase of the grid voltage referred to the grid voltage
space vector. A filter smooths the d- and q- components of the voltage to
attenuate noise. An arc tan function calculates the phase of the voltage in
all four quadrants.

The reference angle θref is preferably set to zero and the deviation from this
value is fed into a PI-regulator. The output of the PI-regulator is the de-
viation from the base frequency. By adding the base frequency the actual
grid frequency is obtained. The grid frequency inputs a Voltage Controlled
Oscillator (VCO) which in this case is an integrator that outputs a trian-
gle waveform between 0 and 2π with a period corresponding to the grid
frequency.

This output angle is used as an input to the dq-transform, closing the loop.
It is also used in the inverse park transformation and park transformation of
measured phase currents.
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The PLL is in lock as long as the estimated angle output is correct. Then
the input of the PI-regulator is constant and it outputs a constant value
corresponding to the real frequency of the grid. If the angle differs from the
grid angle(caused by for instance faults), the frequency is adjusted by the
PI-regulator and the grid angle estimate is changed until the loop is in lock
again.[21]

Comparison of the PLL output θest and the input phase voltage is shown in
chapter 4.

3.7.3 DC-link voltage control

Figure 3.10: DC-link control block

The DC link voltage control is responsible for keeping the DC voltage con-
stant at a specified value. In this case it is desirable to keep it at the value
given in equation 3.4. This reference value is compared with the measured
value and the difference is run through a PI regulator. The output is used
as reference value for Id in the current control. This control is visualized in
figure 3.10.

3.7.4 Current control

The reference voltage for the PLL is VAC in figure 3.3 and current reference
for the control system is Iabcconv in the same figure. Hence VAC can be derived
as:

VAC = VACconv −RfIabcconv − Lf
dIabcconv

dt
(3.18)

where VAC is voltage at the capacitive filter, VACconv and Iabcconv is voltage
and current at converter, Rf is resistance and Lf is filter inductance. Trans-
forming equation 3.18 into dq- reference frame yield this equation:
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[
vd

vq

]
=

[
vdconv

vqconv

]
−Rf

[
id
iq

]
− Lf

d

dt

[
id
iq

]
− Lf

[
0 −ω
ω 0

] [
id
iq

]
(3.19)

From equation 3.19 it is possible to derive equations for each of the current
controllers:

vdconv = vd + Rf id + Lf
did
dt
− ωLf iq (3.20)

vqconv = vq + Rf iq + Lf
diq
dt

+ ωLf id (3.21)

These equations are found to control the current flowing through the CPL
and define the voltage needed to achieve constant DC voltage. The q-axis
current controller is used to control reactive power while the d-axis current
controller controls the amount of active power. Current controllers are depict
in figure 3.11. ω is grid frequency and the speed in which the dq- reference
frame rotate with respect to stationary a- axis. In this thesis the d- axis
voltage vector is aligned with the grid voltage vector and consequently q-
axis voltage vector is 0.

Figure 3.11: d-axis and q-axis current controllers respectively.

All values are per unit values referred to d- and q- axes. The q-axis current
controller in figure 3.11 is for the case of reactive current control. For the
case of no reactive control vq and ω · Lf · id is cancelled out and iqref is set
to 0.
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3.7.5 PWM

The Pulse-width-modulated (PWM) three-phase inverter shape and control
the three-phase output voltage in magnitude and frequency with the constant
input voltage Vdc. A triangular voltage waveform is compared with the three-
phase reference voltage estimate from the inverse clark transformation. These
voltages are 120 degrees out of phase and responsible for the IGBT switching.

Figure 3.12 shows the triangular voltage and each control phase voltage. Vd

in the figure demonstrate the input DC voltage. When vAN is equal to Vd

one IGBT on a inverter leg is on and conducts current. When this IGBT
switch off and vAN is zero the other IGBT is switched on. Hence there will
always be one switch on every leg conducting current.

Figure 3.12: Three-phase PWM waveform. Depicts a triangular voltage sig-
nal, three control phase voltages and one output(referred to inverter) phase
voltage vAN [1].

Over-modulation is the area above linear modulation in figure 3.13. What
happens is that the peak of the control voltage is allowed to exceed the peak
of the triangular waveform. As a consequence the switches will be on or off at
the period in which the reference voltage is above or beneath the triangular
voltage signal. This causes great instabilities in the converter control and
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Figure 3.13: Linear and over-modulation ranges for a three-phase inverter[1].
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the AC system. ma in figure 3.13 is the amplitude modulation ratio. In
equation 3.4 ma is set to be 1 and kept within the linear region (ma ≤ 1).

3.8 Measurement

Distributed generation

Measurements of mechanical and electrical torque, output speed, and real
and reactive internal machine power are taken from "internal output vari-
ables" in the induction machine implemented in the model. Phase voltages
and currents, and real and reactive power from the distribution system are
measured on the lines between the capacitor bank and the transformer.

CPL

Real and reactive power are measured both over Lf in figure 3.3 and at the
point of common coupling to see how much power flows through the load and
how much reactive power is generated by the capacitive filter and by reactive
current injection. Current is measured in front of the converter before it is
filtered and voltage measurement is done at the terminal of the capacitive
filter. These voltages and currents are used as input to the converter con-
trol. Another input to the converter control is the DC-link voltage measured
between capacitor and load.

Grid

Power measurement is done across Lg to measure the amount of power that
is transported to the grid, or delivered from the grid.

Results

Voltages and currents are measured at the output of the two park transfor-
mations.



Chapter 4

Simulations With A Constant
Power Load

4.1 System description

The simulation model is built in PSCAD/EMTDC simulation software. It
is made with the simulations master students Moltoni and Fascendini have
done in MATLAB SIMULINK[10] as background. Some adjustments have
been done to make the model run smoother. This includes reducing the line
between load and grid. This chapter explains the system from generator to
grid, including control system of converter, through simulation. Simulation
blocks are reported in appendix B.

In the first case the system is run without any faults or other interference
reaching steady state. The objective is to explore the system from generation
to grid.

4.1.1 Operation of the distributed generation

The squirrel cage induction machine can be operated in either speed control
or torque control modes. To start up the machine it is run at 1.005 p.u.
with respect to nominal speed. After the initial transients of the machine
die out, at about 1 second, the machine is switched to torque control with a
specified value of -1 p.u. The minus indicates that the machine operates as
a generator. As seen in figure 4.2 the mechanical torque has a instantaneous
step while the electrical torque reach a steady state value of -0.992 p.u. after
a step response lasting 1.5 seconds. In the same time period the rotor speed
increase from 1.005 to 1.0085 p.u.

The internal generator powers are plotted in figure 4.3. Power direction is
referred into the machine, hence the real power is negative(produce power)
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and reactive power is positive(absorb power). The powers are given in per
unit values of the nominal machine parameters given in table 3.1. Steady
state value of real power is measured to 0.98 p.u. giving a value of 735 kW
produced. Absorbed reactive power by the generator during steady state is
0.49 p.u. corresponding to 369 kVar.The generator absorb about 107.5 kVar
from the capacitive converter filter.

Figure 4.1: Rotor speed

(a) Torque (b) Corresponding zoom

Figure 4.2: Electromagnetic torque(blue) and mechanical torque(green)

4.1.2 Voltages

After an initial transient the voltage at the generation terminals reaches
base value, or 1 per unit. This voltage is reached by regulation of the fixed
capacitor. As it is possible to observe in figure 4.4b and figure 4.5b the voltage
at generation and load has a sinusoidal trend. Load voltage is measured at
PCC between load transformer and grid.
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Figure 4.3: Internal real and reactive power of the asynchronous generator.

(a) Voltage (b) Phase voltages

Figure 4.4: Generation voltage

(a) Voltage (b) Phase voltages

Figure 4.5: Load voltage



32 CHAPTER 4. SIMULATIONS WITH A CONSTANT POWER LOAD

4.1.3 Introducing Constant Power Load

Now focus is set to the effect of the load on this system. After two seconds the
load is set to draw 220 kW, which is about 30 % of the generated real power.
The flow of power in the system is displayed in figure 4.6. Power from the
distribution system, termed Pgen and Qgen, if fairly unaffected while about
30 % of the active grid power is taken by the load. The directions of power
measurement are from generator to load, from load to PCC and from PCC to
grid respectively. The amount of reactive power remains relatively constant.

After verifying the effect of the load on system power the next step is to look
into the load itself.

DC-link

The DC-link voltage shown in figure 4.7 has a transient lasting 80 ms with
a peak of 1.16 p.u. before stabilizing at 1 p.u. Note that the voltage has
a small drop when the load switches on. Keeping this voltage stable at the
specified value is important in regard to control system and load.

The PWM current is the blue graph in figure 4.8 and the green graph is the
load current. The capacitor in parallel with the load functions as a current
filter for the load and absorbs the current transients.

4.1.4 The Control System

PLL

Measured voltage at the capacitive filter is run through clark and park trans-
formation and used as input to the PLL. The resulting d- axis and q- axis
voltage is shown in figure 4.9. Note that the q- axis voltage is zero because
the d- axis component is aligned with the grid voltage vector. The PLL then
measure the frequency of the three phase voltage and calculate the angle θ.
Comparing the phase voltage with θ in figure 4.9 it can be concluded that
they have the same period time.



4.1. SYSTEM DESCRIPTION 33

Figure 4.6: Real and active power throughout the system with the load
switching on after 2 seconds. Pgen and Qgen are power from the distributed
generation, Pload2 and Qload2 are power from the load at PCC, and Pgrid and
Qgrid are power flowing to the grid. The reactive power from the load is
generated in the capacitive filter of the converter.
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(a) DC voltage (b) Start sequence of DC voltage

Figure 4.7: DC-link voltage

(a) DC current (b) Zoomed DC current

Figure 4.8: Current on the DC side of the converter. IPWM is the unfiltered
current coming from the converter and ILoad is the load current computed
from the real power output divided by measured DC voltage.
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Figure 4.9: dfilt and qfilt are voltages in the rotating two axes reference frame.
f is the measured grid frequency. θ is the resulting angle used in the park
and inverse park transformation.
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Current control

The measured current is run through clark and park transformation as for the
voltage. After the transformation into rotating current vectors these currents
are subtracted from the reference values in the current control block. The
currents are shown in figure 4.10. From the figure it can be concluded that
it is only the d- component of the current that is affected by the load. The
q-component is kept at zero and no reactive current is injected.

Figure 4.10: idPWM and iqPWM are measured currents referred to the rotating
two axes reference frame. idref and iqref are the reference currents from the
DC-link voltage control and the manually controlled reactive current.

Resulting voltage from the current controllers are then transformed back into
three phase control voltages for the PWM through inverse park and inverse
clark transformations. This sequence is shown in figure 4.11. The three
phase control voltages are injected with a third harmonic signal to avoid
over-modulation in the PWM.

PWM

Pulse-width-modulation is the last step of the converter control. Figure 4.12
shows the triangular voltage signal and one control phase voltage. The graph
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Figure 4.11: This figure shows the inverse park and inverse clark transforma-
tion from the output current control voltage to the PWM control voltage. ed
and eq refer to dq- voltages,valref and vberef refer to αβ- voltages, and vrref3h,
vsref3h and vrref3h refer to abc- voltages.
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beneath shows how one IGBT is switched on and off as the control voltage
is over or below the triangular voltage signal.

(a) PWM (b) More zoomed PWM

Figure 4.12: PWM switching scheme with one control voltage and the switch-
ing of one IGBT.

As a verification of the theory explained with regard to over-modulation the
DC-link voltage is lowered to 0.85 p.u. and the concept of over-modulation
becomes visual. The control voltage peak increase beyond the triangular
voltage signal and the converter control does not work properly. Open or
closed switches at long periods of time result in instability in the whole
converter due to loss of control with current and voltage. The case of over-
modulation is shown in figure 4.13.

4.2 Simulations to verify constant power load

Since one of the tasks of this work is to make a simulation model with a
constant power load it is desirable to verify that the load behave as a CPL.
Obtaining the negative resistance curve in figure 2.5 will satisfy the aim.
This can be achieved by implementing a three phase resistive fault in the
grid between load connection and Lg. The fault resistances are regulated
to obtain voltage drops in the system. The resistive fault is designed as in
figure 4.14. In these simulations the control scheme in figure 3.6 is used.

Measurement of d-component of voltage(remember that the q-component is
zero) and d-component of current are done for every voltage drop. These
values are taken from the control system. Output rotating two phase voltage
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(a) Over-modulation (b) Zoomed over-modulation

Figure 4.13: The PWM goes into over-modulation mode as a consequence
of decreased DC-link voltage. The IGBT is only switching when the control
voltage is within the triangular voltage signal.

Figure 4.14: The three phase to ground fault placed beside load at grid.
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from the PLL and input current to the current controllers are used in this
experiment.

In these simulations the load is still drawing 220 kW, but now it is active
from the start of the simulation. The fault is set to switch on 2 seconds into
simulation and last 0.5 seconds.

The aim is to find fault resistances which result in 0.1 p.u. voltage drop
between each measurement. Steady state value for the voltage is found to be
1.019 p.u. and 0.272 for the current. After some trail and error 64 Ω where
found to get a voltage of 0.9 p.u. With this voltage the current is 0.307 p.u.
This can be seen in figure 4.15 and figure 4.16.

(a) Phase voltages (b) Zoomed d-axis voltage at fault

Figure 4.15: Voltages with a fault emerging at 2 seconds and lasting 0.5
seconds. The d-axis voltage drops to 0.9 p.u. while the q- axis component
remains at zero during the fault.

(a) Phase currents (b) Zoomed d-axis current at fault

Figure 4.16: Currents with a fault emerging at 2 seconds and lasting 0.5
seconds. The d-axis current increase from 0.272 p.u. to 0.307 p.u. while the
q- axis component remains at zero during the fault.

The real and reactive power, measured over the inductive converter filter Lf ,
is depict in figure 4.17. The load draws constant real power and the reactive
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power is zero during the fault. Direction of power measurement is set from
grid to load in this case.

Figure 4.17: Real and reactive power at ac side of converter with a fault
emerging at 2 seconds and lasting 0.5 seconds.

Results from these simulations are summed up in the result chapter.

4.3 Reactive current injection

Now focus is switched over to the effect of reactive current compensation on
the ac voltage. The aim is to inject reactive current from the load to the
grid to increase voltage and consequently make the system less vulnerable to
instabilities. In these simulations the reactive current is injected throughout
the whole simulation. As a consequence the voltage is increased also when
there are no faults or other instabilities. For comparison the same values of
fault resistance are used in these simulations as for the case with verification
of CPL. The control scheme in figure 3.5 is used in these simulations.

The resistance is now set to 42.1 Ω which gave a voltage of 0.8 when there
was no reactive current injection. In this case 0.2 p.u. reactive current is
injected from the load. This result in the voltage seen in figure 4.18. The
first thing to notice is that the steady state voltage is increased from 1.019
to 1.054. Secondly the voltage during the fault is increased from 0.8 to 0.83
p.u.

From the d-axis current component comparison in figure 4.19 it can be seen
that the current is decreased from 0.272 to 0.263 in steady state and 0.347
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to 0.335 in the case of a voltage drop of about 0.2 p.u. The q-axis current
components in the two cases are shown in figure 4.20

(a) Voltage without reactive current injection (b) Voltage with reactive current injection

Figure 4.18: Comparison of voltage with and without reactive current injec-
tion

(a) d-axis current without iq- injection (b) d-axis current with iq- injection

Figure 4.19: Comparison of d-axis current with and without reactive current
injection

The real power drawn by the load remains constant at the level manually
imposed whilst the reactive power is a result of the d-axis voltage component
and the amount of injected reactive current. The power relation is given by
equation 4.1 and 4.2.

P =
3

2
· (Vd · Id + Vq · Iq) = CONST (4.1)

Q =
3

2
· (Vd · Iq + Vq · Id) (4.2)

As explained earlier Vq is zero because the d-axis is aligned with the grid
voltage vector. This simplifies these expressions to:
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(a) q-axis current at zero (b) q-axis current at 0.2 p.u.

Figure 4.20: q-axis current in the two cases

P =
3

2
· (Vd · Id) = CONST (4.3)

Q =
3

2
· (Vd · Iq) (4.4)

In figure 4.17 there is no Iq, hence there is no reactive power from the con-
verter. With 0.2 p.u. reactive current injection the power relation becomes
as in figure 4.21. The reactive power has a drop in power during the fault
because it is proportional to Vd as seen in equation 4.4 while the active power
is kept constant. It is fair to say that the load behaves as a CPL. The nega-
tive value of reactive power in figure 4.21 indicate that the reactive power is
generated by the load, in contrast to the active power flowing into the load.

Figure 4.21: Real and reactive power at ac side of converter with 0.2 p.u.
reactive current injection.
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The simulation results from these simulations and simulations run with Iq =
0.4 p.u. are summed up in the result chapter.



Chapter 5

Simulation Results

5.1 Verification of negative resistance curve

As the aim of this thesis is to make a simulation model with a CPL it is
desirable to verify that the CPL has negative resistance behaviour and in
fact work as a CPL. This is done by measuring the d- component of voltage
and current at the ac side of the converter at different faults. Decreasing fault
resistance makes the voltage at the load decrease while the current increase.
The curve in figure 5.1 demonstrate the behaviour of the CPL.

Figure 5.1: Negative resistance behavior of the CPL under study

Table 5.1 shows the values of the fault resistances used in the simulations
and measured voltage and current.
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Simulation results
Resistance[ohm] Vd[pu] Id[pu]
steady state 1.019 0.272
64 0.9 0.307
42.1 0.8 0.347
31.1 0.7 0.399
24.2 0.6 0.465
18.8 0.5 0.565
14.7 0.4 0.712
11.4 0.3 0.979
10.5 0.25 1.2
10.4 BD BD

Table 5.1: Voltage and current with different fault resistances. With a fault
resistance of 10.4 Ω the DC voltage collapse and the converter breaks down.
Note that the resistance values are not related to the negative input resistance
derived in equation 2.2.

5.2 Negative resistance curve with reactive cur-
rent compensation

To investigate the effect of reactive current compensation simulations with
current injection of iq = 0.2 [pu] and iq = 0.4 [pu] are done. The results are
given in table 5.2 and visualized in figure 5.2.
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Figure 5.2: Negative resistance behavior of the CPL under study with(red
and green curve) and without reactive current injection(blue curve).

Simulation results
iq = 0 iq = 0.2 iq = 0.4

Resistance[ohm] Vd[pu] Id[pu] Vd[pu] Id[pu] Vd[pu] Id[pu]
steady state 1.019 0.272 1.054 0.263 1.09 0.257
64 0.9 0.307 0.933 0.298 0.965 0.29
42.1 0.8 0.347 0.83 0.335 0.86 0.326
31.1 0.7 0.399 0.726 0.384 0.754 0.372
24.2 0.6 0.465 0.629 0.446 0.665 0.43
18.8 0.5 0.565 0.526 0.536 0.552 0.514
14.7 0.4 0.712 0.428 0.666 0.453 0.632
11.4 0.3 0.979 0.328 0.888 0.356 0.82
10.5 0.25 1.2 0.295 1.01 0.324 0.912
10.4 BD BD 0.291 1.02 0.320 0.924
9.8 0.250 1.20 0.296 1.01
9.7 BD BD 0.292 1.02
9.3 0.263 1.1
9.2 BD BD

Table 5.2: Voltage and current with different fault resistances. BD signify
breakdown of the converter.
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Chapter 6

Discussion

The results presented are measured on the ac side of the converter before
the line between load and grid. Hence the effect of the load on the grid is
not investigated to full potential. The measurements should have been done
at the point where load connects to grid to see how the load influences the
system voltage. However these results give a plain indication on the effect of
reactive compensation.

The reactive current injection has been introduced to support the load voltage
in case of a contingency. But with this control the current is injected also
when there are no contingencies. This is not desirable because the reactive
current does not contribute to the transfer of active power. Thus it only
implies an increasing of the losses due to higher total current. The total
current is IT in figure 6.1. Id is the active current and Iq is the reactive
current. The appurtenant mathematical relation is given by equation 6.1.

Figure 6.1: Current triangle showing the global current IT , the active current
Id and the reactive current Iq.

IT =
√

I2
d + I2

q (6.1)

Another drawback is the fact that this will be economically inconvenient for
the users of the load because they have to pay for the generation of reactive
power both when there is a contingency and during normal operation. A
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control system that only generates reactive power during contingencies would
make it more justifiable.

As the total current increase with increasing reactive current injection it is
also important to increase the rating of the switches. The switches have to
be rated according to the total current.

Only the active current Id contribute to the flow of active power and the reac-
tive current reduce the active current carrying capability. On the other hand
it is positive in the sense that it support the voltage during voltage drops. As
seen from the system it can handle greater fault before the converter breaks
down.

Table 5.2 gives a better explanation of the principle of reactive current in-
jection than figure 5.2. The changes in d-component voltage and current
are not large enough to get a marked difference between the graphs. The
steady state voltage value of 1.09 p.u. in the case of 0.4 p.u. reactive current
injection is at the limit of what is acceptable pursuant to regulations in EN
50160. This state that slow variations of voltage having an amplitude until
± 10% of nominal value is acceptable.



Chapter 7

Conclusion

A simulation model has been built in PSCAD/EMTDC of a small distribu-
tion system. A description of the system trough theory and simulation has
been presented. The constant power load in this system has been the main
focus. Simulations with different voltage drops have been done to verify the
CPL. By measuring the d-axis component of voltage and current for each
voltage drop the resulting negative resistance curve could be delineated.

Simulations with and without reactive current injection have been compared
with respect to voltage support. This shows that an injection of reactive
current result in an increase of voltage both during steady state conditions
and faults. An increase of reactive current results in increased voltage and a
more rugged system in case of faults or other instabilities. With the reactive
current injection a reactive power is transported from the load to the grid.
This current does not contribute to the transport of active power but increase
the losses and rating of the IGBT switches.

There are plenty of possibilities for further work. Improving the control
system to only compensate reactive power when faults occur would remove
some of the drawbacks of the control system. One way to solve this could be
to use a voltage controller on the ac side of the converter to inject reactive
current during voltage drops and to set boundaries on the amount of current
injected in steady state.

It would also be interesting to upgrade the system to consist of more than
one CPL and compare the reactive compensation with for instance a STAT-
COM. Case studies on which configuration gives the best voltage support and
stability in the system could be done. Also upgrading the system to contain
different kind of loads, like constant current loads, constant impedance loads
or/and motor loads would be interesting. Generally investigate how the CPL
work with different kinds of loads.

A more thorough investigation on transient stability effect with regard to
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transient stability limit is desirable.
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