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Abstract

The distribution grid is under increasing demand due to electrification and more distributed
generation. This causes the power quality of the grid to suffer, and measures to alleviate
this problem must be taken.

This project thesis investigates how a voltage source converter used in a battery energy
storage system to be used for voltage support can be modelled and linearized into a lin-
earized model. The necessary components of the battery energy storage system have been
explained and the influence it has on the voltage of the distribution grid. Nonlinear and
linear time-invariant systems have been described, and how a small-signal model of the
system can be developed. A complete model of the differential equations of the inner
loops of the voltage source converter, along with the electrical system has been developed
and then linearized around an equilibrium point. This model has been verified against a
detailed Simulink model.

The results show a discrepancy between the linear model and the Simulink mode. There
are oscillations in the linear model that do not exist in the nonlinear model. The results also
show that the discrepancies are not a result of where the linearization point occurs. The
eigenvalues of the system do not change much, and the oscillation is similar for different
points. The report concludes that further work into the modelling must be done to verify
the model such that it can be used to accurately describe the physical system.
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Introduction

The increase in distributed energy generation and societies’ shift to more electrification
has increased the demand for the distribution grid. This increase is attributed to the shift
from fossil fuels to renewable energy sources like wind turbines or solar power. This
increased demand causes the voltage quality, and sometimes the power quality (explained
in section 1.3 in the grid to suffer and necessary measures must be introduced to maintain
the voltage quality. Previously the most common method to solve these problems has been
grid reinforcements.

1.1 Battery Energy Storage System

An energy storage system is a system that is capable of storing energy to be used at a later
time. A BESS utilises a battery as the underlying storage technology. a BESS consists of
four main hardware components and software [1] [2].

* Battery Pack
* Power conversion system (PCS)
¢ Battery management system (BMS)

* Supervisory control system (SCS)

1.1.1 Battery Pack

The battery pack is the actual storage device holding the energy. Individual battery cells
are assembled in series and parallel depending on the voltage and current requirements into
modules. These modules are assembled into a battery pack capable of supplying sufficient
energy and power needed for the application. The battery pack is connected to the PCS.




1 Introduction 1.1.2 Power Conversion System

1.1.2 Power Conversion System

The PCS is a four-quadrant operated alternating current/direct current (AC/DC) converter
connecting the battery pack (DC) to the electrical grid (AC). The PCS controls the current
flow between the electrical grid and the battery pack. And in result, the active and reactive
power. Multiple different types of converters can be utilised, in this thesis, a voltage source
converter (VCS) is examined.

1.1.3 Battery Management system

The battery management system monitors the state of the battery pack and individual bat-
tery cells. For larger battery systems, multiple BMS may be used to monitor a single
module each. They communicate back to the SCS. The BMS monitors the battery cells to
maintain safe and optimal operating conditions. It measures the temperature, voltage and
current of each cell to ensure it is within the tolerated limits. Based on these measurements
the BMS estimates critical conditions of the battery like state of charge (SOC) and state of
health (SOH).

1.1.4 Supervisory Control System

The supervisory control system monitors and controls the full system of the battery pack.
It controls the energy flow between the battery pack and the electrical grid. The control
strategy is dependent on the application requirements of the battery pack.

1.2 BESS in the Distribution Grid

The intermittent energy characteristics of renewable energy sources like photovoltaics
(PV) may cause voltage variations throughout the day. Incorporating a BESS into PV
systems allows for a more balanced energy flow into the distribution grid [3]. Some use-
cases of the BESS can be: Peak load shaving when the demand on the grid is high or
power curve smoothing when the PV output is high [4].

1.2.1 Influence on Voltage

The VSC controls the active P and reactive () power that flows between the BESS and
the distribution grid. Assuming that the distribution grid is symmetric, the effect that the
active and reactive has on the grid voltage can be simplified to [5]

P+ X
AU:Ul*Uzzw (1.1)
2

where Ry n and X is the line’s resistance and reactance. U, is the connection point of
the battery system and U7 is the point of common coupling (PCC), assumed stiff (constant)
and not affected by the BESS. Figure 1.1 shows a line-diagram of how a battery system
can be connected to the grid and its effect on the voltage. From (1.1) it can be seen that
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1 Introduction 1.3 Power Quality

a load in the grid always causes a voltage drop. The influence a BESS has on the grid
depend on the active and reactive power that flows into the grid, as well as the total line
impedance Zyxy = Ry + 7 - XN

U, Us
T Z=R+jX
Q P
BESS

Figure 1.1: One-line diagram of battery effect on grid voltage

Any reactive power is not dependent on the battery capacity or charge, only on the con-
verter. Operating the converter in four-quadrant operation allows the BESS to indepen-
dently control the reactive and active power flow. In the distribution grid, the % is nor-
mally high, meaning that it is not enough to control the reactive power flow in and out of
the grid to control the voltage, as is usually done in the high voltage transmission grid.
The placement of the battery and the line impedance has an effect on how much the BESS
is able to influence the voltage. For an optimal control strategy with control of both active
and reactive power, the ratio % at the battery placement should be known.

1.3 Power Quality

Power quality can be divided into two sections: reliability of supply and voltage quality
[6]. FoL [7] defines the power quality parameters and sets limits on the allowed deviation
for the voltage problems.

1.3.1 Reliability of Supply

Reliability of supply defines the grid’s ability to deliver energy to the end user. It describes
both the frequency and duration of voltage interruptions. The interruptions are divided
into two classifications

¢ long-term duration of 3 minutes or more.

¢ Short-term duration of less than 3 minutes.

1.3.2 Voltage Quality

Voltage quality defines the quality when there is no interruption of delivery. The voltage
quality can be reduced in multiple different ways. The voltage qualities that are of interest
in this thesis can be divided into these groups and subgroups: [8]

* frequency




1 Introduction 1.3.2 Voltage Quality

* RMS value
— long-term voltage variations
— short-term voltage variations
% rapid voltage changes
+ under voltage (dip)

% over-voltage (swell)

Long-term Voltage Variations

FoL defines long-term voltage variations as the RMS value of the voltage over a one-
minute interval. The quality limits FoL sets are that the voltage value should not exceed
+10% of the nominal voltage, measured over a one-minute interval at the connection point
of the distribution grid. For a supply voltage of 230V the limit values are 207V < U <
253V, with U being the RMS value of the voltage at the measured location.

Problems that might arise from long-term voltage variations are faults, disconnections
or a breakdown of electrical equipment. This may lead to a shortened life span of the
equipment. The most common reasons for long-term voltage variations can be local energy
production, changes in the load or a faulty transformer.

Rapid Voltage Changes

FoL defines rapid voltage changes as a change in the RMS voltage inside +10% of nominal
voltage that happens faster than 0.5% of the agreed voltage level per second [7]. Rapid
voltage change values are expressed as stationary change and maximal change during a
voltage change characteristic. Which is defined by FoL as the change in the voltage RMS
value evaluated per half period as a function of time, between periods where the voltage
has been stable for a minimum of a second. The voltage is considered stable when it is
between +0.5% of the agreed supply voltage.

AU

%Ustationary = W -100% (1.2)
agreed
AU,
P%Umaz = T 100% (1.3)
Uagreed

Where Usiationary 18 the stationary voltage change during the voltage change character-
istic, AU,,qz 18 the maximal voltage difference during the voltage change characteristic
and Uggreeq is the agreed voltage supply voltage. Table ?? shows how many violations are
allowed within a 24-hour time period.

4



1 Introduction 1.4 BaSS Project

Short-term over voltage, short-term under | Maximum number allowed within
voltage and rapid voltage changes 24 hour period

0.23kV < Uy < 35KV
PUstationary > 3% 24
YU maz>5% 24

Table 1.1: Maximum allowed voltage violations within a 24-hour time period.

Short-term under voltage(dip)

FoL defines dip as a fast reduction in the RMS voltage to under 90% of the nominal voltage
(or agreed supply voltage), but greater than 5%, with a period between ten milliseconds
to one minute[7]. The maximum allowed deviations are the same as for rapid voltage
changes and can be found in Table ??. Voltage dip is together with disconnections the
power quality problem that inflicts the most economical losses [6]. The most common
causes of dips are short circuits in the grid, reconnection of faults and large load changes.
It can cause failure or disconnections of electrical equipment.

Short-term over voltage(swell)

FoL defines swell as a fast increase in the RMS voltage to over 110% of the nominal
voltage (or agreed supply voltage), with a period between ten milliseconds to one minute.
The maximum allowed deviations are the same as for rapid voltage changes and can be
found in Table ??. A common cause of swells can be a sudden disconnection of large
loads. Swells are less common than dips, and in Norway, they are ten times less likely to
occur [6].

1.4 BaSS Project

The BaSS project (batteri som spenningsstgtte or electrochemical battery for voltage sup-
port in distribution grid) is a research project at SINTEF Energy. It is researching how
to facilitate that battery energy storage systems (BESS) can become an alternative to grid
reinforcements, and when this is the most socio-economic solution [8].

BaSS has different work packages that aim to research different topics for a BESS [9]

* BESS as a grid service: Research into when a BESS can contribute with voltage
support and when it has limited value.

¢ Operation strategies and communication needs for operating a BESS: Control
and operation strategies for a BESS including simulation.

» Testing BESS as voltage support: Testing out operation strategies in both a Smartgrid-
lab and on real distribution grids.
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* Developing a methodology for assessment and specification of BESS as voltage
support: Develop methodologies for evaluating a BESS against traditional grid
reinforcement.

This project is under the second work package as modelling is an integral part of develop-
ing control strategies for a system.

1.5 Motivation and Scope

The goal of this project thesis is to create a small-signal linearized model of the voltage
source converter and the electrical grid it is connected to. This model is to be verified that
it properly describes the dynamic system that is linearized. When the linearized model
has been properly verified, it is to be utilized in a master’s thesis to develop a control
algorithm for voltage support in the distribution grid. This project does not go into any
control strategies, it is solely a description of the modelling and linearization of the VSC
model.




Method

2.1 State-Space Model

A state-space model is a system that relates state variables and input variables together
with a first-order differential equation. The equations can be nonlinear or linear. A state-
space model is used to accurately describe the physical system that we wish to control.

2.1.1 Nonlinear Time-invariant System

Most systems that accurately describe the physical world are non-linear and time-variant.
[10] These can be written on the form

2.1

where f and g are nonlinear functions. The system in this project is a nonlinear time-
invariant (NTI) system. By using the dg-transformation explained in section 2.4, the time-
varying system can be transformed into a NTI system under steady-state conditions. [11]
The NTI system is expressed on the form

= f(z, u)
y=g(z,u)

z=[r1 )" 22)
u= [ul Us un]T
y=[n wv yn) "




2 Method 2.1.2 Linear Time-invariant System

where f and g are the same nonlinear functions as above, x is a vector of the state space
variables, w is a vector of the state space inputs and vy is the output vector of the system.

2.1.2 Linear Time-invariant System

For some nonlinear systems, it is possible to approximate linear equations that accurately
describe the system under certain conditions. A linearized model is easier to analyze when
it comes to stability, and control strategies that are dependent on a linear model can be
utilized. With the input signals wg and state variables x(, the equilibrium point for the
nonlinear system can be expressed as

f(xo,ug) =20 =0 (2.3)

This is a steady-state point of the system, and (2.3) can be solved for the steady state
variables x( as a function of the input signals ug. For some small perturbation Aw in the
input signal, there is only a small perturbation Ax in the state variables. Expressing the
input signals and state variables with small perturbations as

T =x9+ Az

2.4)
u = ug + Au

the system can be linearized using the first order Taylor-series of the nonlinear equations
(2.2) and a linear time-invariant (LTT) state space model is expressed on the form

Az = AAz + BAu 03
Ay = CAz + DAu ‘

where the system matrices A, B, C and D are found using the jacobian of the nonlinear
functions. (2.2). This is the small-signal model of the system, where the system matrices
are

PR AN (GO
ox u;ug ou u;ug
(2.6)
o 9w gl u)
- Oz |z=Z0? - Ou 1z=Zo
u=ug u=uo
2.1.3 Transfer Function Representation
For a lumped LTI system, expressed as a set of equations on the form
&(t) = Ax(t) + Bu(t
(t) = Aa(t) + Bu( o
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the transfer function matrix G(s) can be calculated by applying the Laplace transform on
(2.7). [10] G can be expressed as

i)=Y _cisr-a) ' B+D 2.8)

The transfer function matrix is unique and contains every combination of input-to-output
functions. G makes it possible to extract the SISO transfer functions from each input u to
each output y.

The converse problem, to find a state space representation on the form (2.7) from the
transfer function matrix (2.8) can also be done. This is called realization. If a realization
is possible to implement, there are infinitely many representations making the problem
complex. The realization of the transfer matrix is not discussed more in this project as the
state space representation is derived using the physical model of the converter.

2.2 Stability analysis

The small-signal dynamics of the LTI-system can be analyzed using the eigenvalues A of
the A-matrix. The location in the complex plane of the eigenvalues determines some of
the dynamics of the system. The eigenvalues \ are defined as the non-trivial solution to
the equation[12]

AP, =\ P; (2.9)
where ® is the right eigenvector of A. The non-trivial solutions can be found by solving
the characteristic equation

det (A— M) =0 (2.10)
The eigenvalues of the system may be real or a complex conjugate pair written on the form

\i = o+ jw (2.11)

By defining the left eigenvector W which satisfies

VA =\, 2.12)

and normalizing the vectors such that

U, =1 2.13)

it is possible to define a system A, together with a decoupled system with the diagonal
matrix A, where the diagonal are the eigenvalues )\;. of the original system. The original
system and the new decoupled system are described as

Ad = AAx (2.14)

9



2 Method 2.3 Per-unit system

Ak = Bz 2.15)
2=Az (2.16)

The dynamics of the decoupled system z can easily be found by solving the differential
equations, and because A is a diagonal matrix, each time response will only be dependent
on its eigenvalue. The solution of the decoupled system is

2i(t) = 2;(0)eM? (2.17)

The time response of the decoupled system can be found for real and complex eigenvalues.
A positive real eigenvalue leads to an exponential increase, while a negative real eigenvalue
leads to an exponential decay in the response. The complex part contributes to a sinusoidal
response. This means that for an asymptotic stable response, the real part of the eigenvalue
must have a negative part. The time response for the original state variable x; can be found
from

Ax(t) = ®;¥;Az(0)eM (2.18)
i=1

It can be seen that the time response of the original system Ax is given by a linear com-
bination of the decoupled time responses. And the stability of the small-signal model can
be determined based on the decoupled system.

2.3 Per-unit system

For electrical systems, different systems operate on varied amount of voltage levels and
frequencies. This makes it cumbersome to compare systems with each other. Instead of
representing parameters with their actual value, a per-unit system is introduced. The values
are expressed as a fraction of base quantities. The per unit (pu) value is defined as [13]

actual quantity

pu quantity = (2.19)

base value of quantity

The necessary base values of the system are: Apparent power S, voltage Vj, current I,
impedance Z;, and angular velocity wy. For a three-phase system, S5 is chosen as the rated
apparent power, V is chosen as the peak nominal voltage and wy, is chosen as the grid’s
angular velocity. I, and Z; are chosen as

25,
Iy =-— 2.20
b3V (2.20)
Zy = E 2.21)
Iy
It is also useful to define a resistance base R and the inductance base L, as
Zb = Rb = WbLb (222)

10



2 Method 2.4 Two-Phase Representation in Synchronous Reference Frame

2.4 Two-Phase Representation in Synchronous Reference
Frame

A three-phase electrical system consisting of three voltages and three currents. For a bal-
anced three-phase system where the phase shift between the phases is 120°, it is possible
to represent these in an equivalent two-phase system in space vector form.[14] For an un-
balanced system it would be necessary to also represent a zero-sequence component. This
component is disregarded in this project. The transformation into a two-phase representa-
tion is done via Clarke and Park transformation explained below.

2.4.1 Clarke transformation

The three-phase system is represented in a two-phase system on the o3 plane. This is seen
as a complex plane with v and 8 on the real and imaginary axis. The space vector notation
is represented as ®? = 2 + j - 2%, The space vector 7 is said to be in stationary
reference coordinates. This means that the a3 space vector has the same frequency as the
original three-phase system in abc. The transformation from a three-phase system can be
expressed in matrix form as

(IIO( 72 1
2?7 3|0

The constant % is used for scaling the space vector to the same amplitude as the phase
variable. The v®? representation rotates at the same sinusoidal frequency as the three-
phase system. This implies that if we want to control any of these signals we need to track
and control a sinusoidal signal. A PI-controller is not able to ensure zero steady-state error,
and because PI-controllers are to be used as explained in section 3.4 and section 3.3 this is
not optimal. The Park transformation is introduced below which solves this.

o

1
F (2.23)

|
"’@ow
w
[y}

o
8 8 8

2.4.2 Park Transformation

Because the Clarke representation is in a stationary reference frame that rotates at some
angular frequency it is possible to represent the space vector in a rotating reference frame.
This reference frame can be expressed as

xl = gBe=i0 (2.24)
The equivalent matrix form is
2 cosf) sinf| [z*
[xq “ |—sinf cosf| |2P (225

This transformation is called Park or dq transformation, and it transforms the space vector
into a synchronously rotating reference frame. The dq transformation can be seen as an

11



2 Method 2.5 Power calculations

observation of the a3 space vector into a space vector that rotates with the fundamental
frequency § = wt. The dg space vector 2% = 2?4 j - 9. The dq frame is in a complex
plane with dc quantities in a steady state. This is useful for analysis, as well as control
algorithms like a PI-controller, as there is zero steady-state error.

2.5 Power calculations

The Clarke and Park transform is advantageous when performing power calculations. It
can be seen that in a synchronous reference frame the apparent power s can be expressed
as

s=p+j-qg=v" 3% =4 4 %9 4 j (—v%7 + vqid) (2.26)

and it can be seen that the active p and reactive g power are
p = v + 034 2.27)
q = —v%i? + 093¢ (2.28)

By using a voltage-oriented synchronous reference frame oriented in the d-axis, it is pos-
sible to obtain independent control of the active and reactive power. The apparent power
when v? = 0 becomes

s = 0%t — j (v%i9)) (2.29)

Having independent control of the active power from i¢ and reactive power from i9 allows
us to better achieve the control objectives and implement control strategies. The necessary
grid synchronization is explained in section 3.4.

12



Overview of Voltage Source
Converter

3.1 Voltage Source Converter

A two-level converter is the most commonly used voltage source converter (VSC) for
applications up to dc-side voltages up to approximately 1800V [14]. It is used in drive
systems for cars, industrial drives and low-voltage grid-connected converters. The topol-
ogy and function of the two-level VSC shown in Figure 3.2 are explained below. The
complete overview of the control system for the VSC can be seen in Figure 3.1.

Grid . Vabe
Synchronization | g
Pref
Active Power v 0
p .
Controller idref Vet

Current Pulse Width 816 Converter

Ot lg,ref Controller Varef Modulation "
Reactive Power
a Controller Ij
— + | -

Figure 3.1: Overview of control system for VSC

13



3 Overview of Voltage Source Converter 3.2 Pulse Width Modulator

Two capacitors are connected in series across the DC input (in this case a battery). The
capacitors act as short-term energy storage, and it is assumed that the capacitors are suffi-
ciently large such that the voltage stays constant. Three phase legs are connected in par-
allel to the capacitors, with two controllable switches connected in series. These switches
can be either an insulated gate bipolar transistor (IGBT) or a metal-oxide-semiconductor
field effect transistor (MOSFET). One anti-parallel diode is connected to each controllable
switch [15]. The output on the AC side is connected to the midpoint of each phase leg.
The voltage on the phase leg only depends on the DC side voltage and the status of the
switches controlling that phase leg.

3.2 Pulse Width Modulator

The Pulse width modulator (PWM) is the connection between the control system and the
physical converter. The PWM controls the controllable switches in the VSC. To be able
to control both the amplitude and the frequency of the output voltage, different control
strategies can be used. A common method is to use a sinusoidal control signal v.op¢; at
the desired frequency that is compared to a triangular carrier signal vy,.; [15]. The switches
will turn on and off depending on the state of these two signals. Every pair of gates are
controlled by one sinusoidal reference signal and a carrier signal. For full utilization of
the DC voltage, it is possible to use a strategy called third harmonic injection, this allows
for a higher output voltage. For modelling purposes, the carrier method, with a switching
period of T, is assumed.

The PWM time delay can be approximated by a first order time delay transfer function
dependent on the switching period.

= 1 3.1)

1
he(s) =
(S) 1+ T;w - S 1+ Tsum,c -8

The modulation index relates the amplitude of the alternating voltage component to dc-
side voltage [14], and choosing a base value for the DC voltage as V;, q. = 2V},. It is
assumed that the output voltage of the converter v%4 is equal to the voltage reference value
v:9_ The modulation index is then defined as

cv

d *,d,
dq:2ch:LCgNLUq (32)
Vdc Vdc Vdc

The output voltage of the converter can then be approximated as

1 1
dq o 1y daq PO %]
v ~M " Ve "V T 33
v de 1 + Tsum,c + S v 1 + Tsum,c - S ( )

The nonlinearity introduced by the DC-voltage is removed by using the pu value of the
voltage reference as the modulation index for the PWM-signal. Figure 4.2 shows how

14



3 Overview of Voltage Source Converter 3.3 Current Controllers

this is implemented in the controller by dividing the reference voltage signal with the DC-
voltage.

3.3 Current Controllers

The current controllers are implemented in the dg frame rotating with the angular speed
wg = 2w f,y, with f, being the grid frequency [16]. The goal of the controller is to have
independent control of i% and i to control the active and reactive power as explained in
section 2.5. This is done by using voltage-oriented control (VOC). Obtaining this can be
done by manipulating the voltage balance equation (4.5). This can be rewritten into

ly d .
vffg = dq +ry qu + dt Lo da 4 j. wglfz q (3.4)

These can be re-written into their respective d and ¢ components

ly d

vd - U + Tf7cu + 7% gu wglfigv (3.5
ly d

vl = v 4 rpid, + iazgv + wglfifv 3.6)

It can be seen from (3.5) and (3.6) that the output current i 7 is controlled by the converter
voltage v94. The controller is chosen as a PI-controller w1th a voltage feedforward term
and decouphng terms for the dg-axis. The controllers are

q ly d
v}i;IJrvgfwglfz = v +7'jzw+—f%zfv*wglfzcv 3.7
q q YL 'q ligq 14i¢ 3.8
UPI+Uo+w9chv_vo+ercv+w dtlcv+wgfzcv ()

The implementation of the decoupled controllers is shown in Figure 4.2. From (3.7) and
(3.8), the transfer functions for the converter currents are

vda(s) 1 1 1
hii(s) = <=2 = — = (3.9)
Zgg(s) Tf+%8 rf 1+Te s

The multiple-input multiple-output (MIMO) system has been reduced to two equal single-
input single-output (SISO) systems. Using this transfer function together with the transfer
function obtained for the converter (3.1). A PI-controller is implemented. The resulting
transfer function for the complete inner loop current controller is
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3 Overview of Voltage Source Converter 3.4 Grid Synchronization

1+T s 1 1 1
Tic-s 1+ Tsume-s 15 1+Te-s

hal o (s) = kpe (3.10)

The inner loop current controllers are tuned using pole cancellation by modulus optimum.
The proportional gain is tuned to achieve critical damping of the closed loop function. The
PI-controller parameters are

Ti,c = Tc,v G.1D)
ch “Tf
Fpe = 57— ! (3.12)

3.4 Grid Synchronization

Grid synchronization must be done to achieve independent control of active and reactive
power as shown in section 2.5. The method for grid synchronization that will be used is
a Phase-Locked Loop (PLL) system. The PLL is a closed-loop system that outputs the
angle 6 used in the dg-transformation. Figure 4.4 shows the feedback loop of the PLL. It
works on the concept that v, = 0 when the SRF is synchronized with the grid voltage.
The estimated vg and v, values are filtered through a first-order low-pass filter and sent
through an inverse tangent function to estimate the phase angle error [17].

The PLL is a nonlinear closed-loop system because of the dg-transform. It is possible to
linearize the system using a small-signal model. Assuming small deviations from the grid
orientation the nonlinear parts are linearized around this. This is a valid assumption during
normal operation [14].

sin A8 =~ Af (3.13)
cosAf ~ 1 (3.14)

The PI-controller for the PLL is designed using the small signal model of the PLL. The
open loop model of the current controller is modelled as the transfer function

L+ Tipu-s 2m 1
" koo tepucS ST L 3.15
ol,pll(s) p,pll Tipu - 5 s 1+Ttpu-s ( :

The PLL controller is tuned using symmetrical optimum. This is a standard method of tun-
ing transfer functions containing two integrators [16]. The idea is to choose the crossover
frequency of the transfer function as the geometric mean of the two corner frequencies.
this is done to obtain the maximum phase margin . The Pl-controller parameters are
chosen as

Tipu = & - Tp p (3.16)
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3 Overview of Voltage Source Converter 3.5 Outer Control Loops

1
k =— 3.17
p,pll -2 Tf,pll ( )

Where « is a free tuning-variable that can be chosen depending on the phase margin re-
quirements.

3.5 Outer Control Loops

The outer control loops control the reference value 3*:%7 that is used for the current con-
trollers in section 3.3. Depending on the control objective, different types of outer control
loops can be implemented. The relevant control objectives for voltage support in the dis-
tribution grid are

* Control of active power flow on AC-side
* Control of reactive power flow on AC-side
* Control of AC-side voltage

As shown in subsection 1.2.1 the line resistance and reactance ratio % in the grid deter-
mines the optimal control strategy for the outer loop controllers. The modelling of the
outer loop controllers is not within the scope of this thesis, and is not looked further into.

[~ A l +
— YY" \—u Converter | [] Voc==
Ve R Le o Vo Ri o L Vg T.
y
= G [ A
= 816
. Vo, Vad,d,ref
Pref ) lev,d,ref
—> Active Power P
—»| Controller C; LER) PWM
p
N icv,d
» abc dq Mabe
PLL el
> dq abc
lev,g
Qref] l

—»{ Reactive Power C:
—» Controller |
q

|cv,q,ref

Vo,q Vad,q,ref

Figure 3.2: Detailed overview of control system for VSC
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Modelling of Voltage Source
Converter

In chapter 3 the complete model of a VSC is explained. In this chapter, an NTI model of
the VSC is developed, which can be linearized into an LTI system. As the focus of this
project is the inner loop of the VSC, the two outer loop controllers from section 3.5 have
not been developed. Figure 4.1 shows which parts of the VSC that is being modelled,
including the electrical system. The outer control loops for the active power and reactive
power are not found. The method used for finding the non-linear equations is based on the
approach in [18][17].
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4 Modelling of Voltage Source Converter 4.1 Modelling conventions

R l +
— Y Y"— Converter | [] Voc==
Vg Re LE lo Vo R¢ lev Lt Ve s TI
= I G - <
= 816
i Vo,d, Vad,d,ref
cv,dref
—>O—> k. +&
124
- S PWM
icv,ci
» abc dq Mabc
Wil
PLL . dq b
> - abc
levg
L5

lev,q,ref

Vo,q Vad,q,ref

Figure 4.1: Model of VSC that model is developed after

4.1 Modelling conventions

The naming convention for the model is that upper-case letters are physical values, while
lower-case letters are in per-unit. Superscripts describe which reference frame the pa-
rameter is in, while subscripts describe what signal it is. Space vectors are bolded, and
represented as in subsection 2.4.1. An explanation of subscripts and superscripts can be
found in Appendix A.

4.2 Electrical system

Using voltage balance, three differential equations can be derived in the dg-reference frame
describing the electrical system for the AC-side in Figure 4.1. L¢, C'y and R describe
the filter components of the converter, while L, and R, are the grid’s inductance and
resistance. In the a;/3 frame the equations are

d
Vel = VPP RIS + Ly T (“.1)
d af af af
Cf£VO =1I;7 —1I; 4.2)
d
af _ p poB af | o
V= RoI 4 Ly o I 4V 43)
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4 Modelling of Voltage Source Converter 4.3 Inner Loop Current Controllers

By converting the equations into per-unit and transforming them into the dg-frame. the
nonlinear equations for the system become

d W . wp .
&v(‘f‘] = azfﬁ — 249 — . wwpvd 4.4)
d . wp wy Wy . .
azi‘j = ﬁv‘fg - ﬁvgq - (chf + 5 - wawp | 1% 4.5)
d . wp wp Wy . .
azgq = l—vgq - Z—v‘;q - ( “; +j - wgwy ) 124 (4.6)
g g g

4.3 Inner Loop Current Controllers

The inner loop current controllers are controlled by PI-controllers as described in sec-
tion 3.3. The voltage reference v*;%4, expressed as (4.7) is the output of the decoupled
current controllers with a feedforward term for the active damping and the voltage at the
connection to the grid. The integrator states of the current controllers are expressed as

(4.8).

* N . . . *,d
vc’Zqu = fp,e (lci)dq - Zgg) + kiaC’ydq + J- lprllzgg + ,U(C)lq ~ Vad ! (47)
d d <%, d, et
S =z — il (48)

Vo,d Vad,d,ref Vdc

Icv,q,ref

Vo,q

Vad,q,ref Vdc

Figure 4.2: Decoupled inner loop current controller
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4 Modelling of Voltage Source Converter 4.4 Active Damping

4.4 Active Damping

Active damping of the output voltage of the current controllers is implemented. This is
done to cancel out oscillations in the LC filter of the VSC. Figure 4.3 shows how the filter
is implemented in this case. by using a low-pass first order filter to isolate high-frequency
oscillations in the reference voltage. This is then subtracted from the voltage reference
going to the gate signal. The state 0% for the filter is given by (4.9) and output of the filter
that is fed back into the reference voltage is given by (4.10).

d

@(pdq = Wad (vgq — godq) 4.9)

V5 = Fgq (02— ™) (4.10)
Vo ) Wad ¢ - . Vad,ref

S+ wgg ad

Figure 4.3: Active damping of voltage reference

4.5 Phase Locked Loop

The phase locked loop described in section 3.4 is implemented as shown in Figure 4.4.
The filtered voltage state leql for the PLL is given as (4.11). An inverse tangent function is
used on the low-pass filtered voltage measurements, giving the integrator state €,;; for the
PI-controller as given by (4.12). The phase angle difference d6,;; between the PLL and
grid voltage is given by (4.13). The algebraic equations (4.14), (4.15) and (4.16) are the
output of the PI, the angular frequency of the PLL and the grid voltage as a function of the
PLL.

d
%v;}gz = Wippit (vgq _ vgg) @.11)
d Unpll
—epu = arctan [ =L 4.12
dtap” arctan (vp”’d> ( )
d
%6917” = &up”wb (4.13)
Upy
5wpll = kihpll - arctan % + ki,pll - €Epll 4.14)
Upil
Wy = dwpy + Wy 4.15)
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4 Modelling of Voltage Source Converter 4.6 Nonlinear State Space Model

d A —j50 N -
vy = dge 7 =0, - (cos (00p1) — j - sin (60,11)) (4.16)
Wpll R
Wg "
0 ki,pll 6('L)p" N Wp ep” =
kp'p“ + T > T >
A 4
Vil Wippll AVo,q
M S+ wppn | dCI Vo,abc
atan2 Vo d ——
T TR P abc
Voll,d stwppu |7

Figure 4.4: Phase Locked Loop diagram

4.6 Nonlinear State Space Model

The complete model of all differential equations on the d and g¢-axis can be found in
appendix B. The linear state space model that is used for further work is calculated using
this NTI system. As explained in subsection 2.1.1 this system is time-invariant due to
dg-transformation.

4.7 Linear State Space Model

The LTI system is derived using the methods explained in subsection 2.1.2. The complete
linear state space model can be found in appendix C. The system has the state variable
vector x and input signal vector u.

vg il il oyt At i i et oty ol e 00 @1
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Simulation Results

5.1 Verification of linearized model

A detailed Simulink model of the VSC with decoupled current controllers, feedforward
and PLL has been developed at SINTEF. The linearized model is compared with this to
verify the accuracy of the linearized model.

The NTI system is linearized around i;* = 0.5 to compare it to the detailed model.
Figure 5.1 shows the comparison of the two models. A step response from 0.5 pu to 0.6 pu
in the reference current is tested. The figure shows that there are oscillations in the linear
model that are not present in the detailed Simulink model. This is the case both around
the linearized point i¥;¢ = 0.5 and for the higher value in the step response. Figure 5.2
compares the two models during the transient stage of the step response. The Simulink
model has some overshoot, but settles down quickly, while the linearized model has less
overshoot, but starts oscillating as shown in Figure 5.1. The same response is found when
the step response goes back to the linearized point. The cause of the oscillations of the
system can be found in the eigenvalues seen in Figure 5.5, where all the eigenvalues are
on the negative real part of the plane, with complex conjugate parts. It can be seen that
the rise time of the two models is the same, and the sudden change of value during the
transient period occurs for both models, at slightly different amplitudes.
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5 Simulation Results 5.1.1 Removing active damping
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Figure 5.1: Comparison of detailed Simulink model and linearized model

Simulink Model
Linearized Model

06— V7 = —

pu current d-axis
o °
& &
g g
T T
|

o

@

{
T
1

0.5 =
I I I I I I I
0.485 049 0495 05 0505 051 0515
Time [s]

Figure 5.2: Comparison of detailed Simulink model and linearized model during transient state

5.1.1 Removing active damping

By setting the active damping constant k.4 = 0 and linearizing the model with i%;¢ = 0.5,
it can be seen from Figure 5.3 that the oscillations disappear. The transient period can be
seen in Figure 5.4. The detailed model does not have the same quick dampening of the

oscillations when the active damping has been removed.
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5 Simulation Results 5.2 Linearization around different equilibrium points
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Figure 5.3: Comparison of detailed Simulink model and linearized model with no active damping
of voltage
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Figure 5.4: Comparison of detailed Simulink model and linearized model with no active damping
of voltage during transient period

5.2 Linearization around different equilibrium points

To see if the linearized model will change much for different linearization points, the
system is linearized around different input values of i*;%. The system has been linearized
with a current reference in the d axis sweeping from a value of -1 to 1 pu. This corresponds
to the full range of the BESS. In Figure 5.5 all eigenvalues of the system are shown.

Figure 5.6 shows the eigenvalues that are close to the origin. The eigenvalues of the
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5 Simulation Results

5.2 Linearization around different equilibrium points

linearized model do not change much for different linearization points for ¢
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Figure 5.6: Eigenvalues of the linearized system close to the origin. .
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Discussion

It can be seen from Figure 5.1 and Figure 5.2 that the linearized model does not accurately
represent the detailed model in steady-state. There are oscillations in the linearized model
that do not occur in the Simulink model. Because this occurs around the linearization
point, where the model should be accurate, it will be necessary to go back to the modelling
to see where the error is made.

A simulation of a linearized model of the active damping constant k,; = 0 was tested.
This resulted in the oscillations of the linear model being removed and it became a first-
order response. The response of the linearized model still does not accurately represent
the detailed model, so the fault may lie somewhere else. As Figure 5.4 shows, the detailed
Simulink model also becomes more oscillating, meaning that removing the active damping
is not a good solution for the final model.

It can be seen that the A-matrix in appendix C is mostly not dependent on the lineariza-
tion point, meaning that the system matrix does not change much for different values of
i*:4. This causes the eigenvalues of the linearized model to not change much, as seen in
Figure 5.5 and Figure 5.6. The oscillation frequency of different linearization points will
not vary much either because of the similar eigenvalues.

6.1 Further work

It is necessary to go over the linearized model to see what causes the deviation from the de-
tailed Simulink model before doing further work that requires using the linearized model.
When the linearized model has been properly verified, the outer control loops can be de-
signed to achieve the control objective. The final control objective for the voltage support
is to be defined in the master’s thesis, along with suitable control strategies.
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Conclusion

In this project thesis, a model of a voltage source converter to be used in combination
with a battery energy storage system for voltage support in the distribution grid has been
developed. This model was linearized around an equilibrium point and a verification of
the linearized model was done against a detailed Simulink model. The verification anal-
ysis showed that the linear model does not accurately represent the detailed model, with
oscillations in the linearized model that do not exist in the detailed model. This discrep-
ancy needs to be further looked into. setting the active damping constant to zero yields no
oscillations in the linearized model, but it also does not represent an accurate model of the
system.

The linearized model’s system matrices do not depend on many of the internal states,
meaning that a change of reference current does not drastically alter the system matrices
or their respective eigenvalues. This means that the oscillation found in the linear model
does not disappear for a different linearization point.

The errors found in the linearized model must be found and a new verification of the model
must be done before any further work using the linearized model is to be done.
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Appendix

A Subscripts and Superscripts

Sub-/superscript Description

d d-axis

q q-axis

Q@ Q-axis

B (-axis

cv VSC terminal/going out of VSC
o Connection to distribution grid
f filter

c current controller

lp low pass filter

pll phase locked loop

ad active damping

* reference value

P proportional gain

i integral gain

b base value

0 linearization point

Table 7.1: Explanation of subscripts and superscripts.

B Nonlinear Differential Equations

d w w
d b .d b .d
%luo - ;ch - 6720 + wgCUb’Ug
d Wy Wy
q _ iq 'q d
%Uo - E cv T azo — Wy,
d d Wb kp,c x,d wp - k . -d Wy Tf .4 Wp ki,c d Wy - ke d
alcv - lf e T lf tew i Loy + lf - lf o
q
wp - Kad 4 ) Uit \ .
=+ ;i @ —wp - ki pu - €pir - 18, — W -+ kp pu - arctan o i,
f pll
iiq _ Wy - kp,cz.*ﬁq . Wy - kp,cl.q i Wy - rfiq + Wy - ki,c q Wy - kadvq
dt cv lf cv lf cv l Ccv lf ’y lf o
q
W - kad .d YUpll \ .a
+7lf O+ wh - ki pii - €pli - Beyy + W - kppir - arctan - %,
pll

(7.1)
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(7.3)

(7.4)
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