Stefan Leitner

Internal Model-Based Control Strategies for
Voltage Source Converters

Master’s Thesis

Submitted in Partial Fulfillment of the Requirements for the Degree of

Diplom Ingenieur
(Dipl.-Ing.)

n

Electrical Engineering

at

Graz University of Technology
In Cooperation with
Washington State University, Pullman, WA, USA

Univ.-Prof. Dr.-Ing. Annette Miitze
Electric Drives and Machines Institute

Graz University of Technology

2016






Statutory Declaration

I declare that I have authored this thesis independently, that I have not used other
than the declared sources/resources, and that I have explicitly marked all material

which has been quoted either literally or by content from the used sources.

Graz,

Date Signature

Eidesstattliche Erklarung

Ich erkldre an FEides statt, dass ich die vorliegende Arbeit selbststandig verfasst,
andere als die angegebenen Quellen/Hilfsmittel nicht benutzt, und die den benutzten
Quellen wortlich und inhaltlich entnommenen Stellen als solche kenntlich gemacht

habe.

Graz,

Datum Unterschrift

L&E/ i} Ty






Contents

Table of Contents I

Thesis Outline A%

Acknowledgements VII

Abstract IX

Zusammenfassung XI

Keywords XIII

I General 1

1 Microgrid 3
1.1 Introduction . . . . . . . . . . . 3
1.2 Microgrid Control Structure . . . . .. ... .. ... ... ...... 4
1.3 Challenges . . ... ... ... ... .. L 5

2 Theoretical Background
2.1 dg0Reference Frame . . . ... ... ... ... ... ... . ......

2.2 Linearization Procedure . . . . . . . . . . . ..

3 Internal Model Control (IMC) 11
3.1 Introduction . . . . . . . . . . 11
3.2 IMC Control Structure . . . . . . . . . . . . . 12
3.3 IMCBenefits . . . . . . . . . o 13

FaE/ I Ty



Contents

I Small-Signal Stability Analysis of an Inverter-Based Mi-
crogrid with Internal Model-Based Controllers 15

4 Introduction Part I1 19

5 Small-Signal Stability and Sensitivity Analysis of Internal Model Control 21

51 Control StructureofaDGUnit . . ... ... ... ... ... ..... 21
5.2 IMC-based Current and Voltage Controllers . . . . . . ... ... ... 22
521 IMC-Based Current Controller . . . ... ... ......... 24
522 IMC-Based Voltage Controller . . . . . . ... ... ....... 25

5.3 Tuning the Control Parameters . . .. ... ... .. ... ....... 27
53.1 Inner Current Controller . . . . . ... .. ............ 27

53.2 Outer Voltage Controller . . . . .. .. ........... ... 28

5.4 Conventional PI-based Current and Voltage Controllers . . . . . . .. 29
5.5 State-Space Model of a Generic Microgrid . . . . .. ... ... ... .. 30
5.5.1 Power Controller Model . . . . ... ... ............ 30

5.5.2 Filter and Grid ConnectionModel . . . ... .. ... ... .. 33

5.5.3 Transformation of Inverter Parameters . . . . . ... ... ... 34
554 Complete Model of Inverteri . . .. ... ... ......... 34

5.5.5 Complete Model of all Inverters in the Microgrid . . . . . . . . 35

55.6 Lineand LoadModels . ... ... ... ............. 37
5.5.7 Complete Microgrid Model . . ... ... ... ......... 40
558 SystemMatrix . . . ... ... oo 41

5.6 Eigenvalue and Sensitivity Analysis of the Study Microgrid . . . . . . 41
5.6.1 LocusofEigenvalues . . ... ................... 43
5.6.2 Eigenvalue Sensitivity to Real Power Droop Gain . . . . . .. 46
5.6.3 Eigenvalue Sensitivity to Reactive Power Droop Gain . . . . . 47

5.7 SimulationResults . . .. ... ... ... ... ... . 0 0L, 48
6 Conclusion Part II 53

lll Internal Model-Based Active Damping Current Control
for a Grid-Connected Voltage Source Converter with an
LCL Filter 55

7 Introduction Part II1 59

LaE/ il gty



Contents

8 IMC-Based Active Damping Current Controller 63
8.1 Controller Development . . . ... ... ................. 64
8.1.1 Detailed Model . ... ... . .. . . .. 64

8.1.2 Simplified Model . . . . ... ... ... o o L 66

9 Frequency Domain Analysis 67
9.1 BodePlots . . . . . . . . . . 67

10 Other Active Damping Methods 71
10.1 Virtual RCDamping . . ... .. ... .. .. ... ........... 71
10.2 Notch Filter Damping . . . . . ... ... ... .. ... ... ...... 72

11 Time Domain Simulations 75
11.1 Transient Performance . . . . . . . . . . . . . . . .. . . ... 75
11.2 Filter Robustness . . . . . . . . . . . . . . e 78
11.3 Grid Connection Robustness . . . . . . . . . ... ... ... . ..... 83

12 Conclusion Part III 87
Future Work 90
Bibliography 91
List of Figures 99
List of Tables 103
K&/ 11 Ty






Thesis Outline

Within the framework of this thesis, advanced control strategies of voltage source
converters in microgrids are developed, discussed, and analyzed in detail. There-
fore, both the islanded and grid-connected operating modes of the microgrid are
investigated in two separate studies. In either case, the focus is on the controlled
injection of power by the voltage source converter into the microgrid and/or main
grid. Internal model-based control strategies are developed, utilized, and analyzed
and in turn compared with common control practices.

This thesis encompasses three major parts:

e Part I, with the title General, introduces the concepts of microgrid, dq reference
frame, linearization of sets of non-linear differential-algebraic equations, and
internal model control, necessary to fully comprehend the material presented
in Part IT and Part III of this thesis.

e Part II, with the title Small-Signal Stability Analysis of an Inverter-Based Micro-
grid with Internal Model-Based Controllers, deals with state-space modeling and
eigenvalue analysis of current and voltage controllers of voltage source con-
verters incorporated in an islanded microgrid. It builds upon the work of
Dr. Mehrdad Yazdanian and Dr. Ali Mehrizi-Sani [1-3]. The findings of Part II
have been submitted to IEEE Transactions on Power Systems as Leitner et al. [4].

e Part III, with the title Internal Model-Based Active Damping Current Control for
a Grid-Connected Voltage Source Converter with an LCL Filter, proposes a novel
internal model-based current controller for active resonance damping of an
LCL filter. The findings of Part III have been submitted to IEEE Transactions on
Power Delivery as Leitner et al. [5].

The study was conducted at Washington State University, Pullman, WA, USA, in
cooperation with Graz University of Technology, Graz, Austria. The research was
supported in part by the Austrian Marshall Plan Foundation through scholarship
number 639 848 22 15 2015.
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Abstract

Microgrids provide an effective means for the integration of distributed energy re-

sources (DER) in the power grid. Commonly, power electronic converters, e.g.,

voltage source converters (VSC), serve as an interface between the distributed gen-

eration (DG) and the grid. While extensive research has already been conducted on

control strategies for VSCs, there are still gaps in improving their stability, transient

behavior, and power quality, especially when it comes to dealing with resonance

phenomenons which can jeopardize the system stability.

This thesis is divided into three major parts:

e Part [ serves as an introduction to microgrid, dg reference frame, linearization,

and internal model control.

Part II studies the performance of cascade internal model-based current and
voltage control loops by deriving a state-space small-signal model and per-
forming eigenvalue analysis on an islanded inverter-based microgrid system.
The results are compared with those of the same system but with conventional
proportional-integral (PI)-based current and voltage controllers. Simulation
case studies are performed in PSCAD/EMTDC environment to compare the
transient behavior of both methods. The results confirm the superior per-
formance of the internal model-based controllers. Compared with Pl-based
controllers, the characteristic behavior of internal model-based voltage and
current controllers includes 1) increased damping ratios and frequencies of
sensitive eigenvalues, 2) increased robustness against parameter changes, 3)
faster step response, and 4) reduced over/undershoot in current and voltage

transients.

Part III proposes a novel active damping current controller based on the in-
ternal model principle for grid-connected VSCs integrated with LCL filters for
the reduction of switching current ripples. The controller can be considered
a high-order multi-input multi-output (MIMO) filter, implemented in the dg
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reference frame, including decoupling terms for improved transient behavior.
Simulation case studies are performed in PSCAD/EMTDC environment to rat-
ify the controller’s functionality, evaluate the transient behavior, and test its
robustness against parameter changes. The results are compared with those
of two existing active damping strategies. The study confirms the superior
performance of the proposed internal model-based active damping current
controller which shows 1) improved transient behavior, 2) increased robust-
ness against parameter changes, and 3) simpler tuning compared with existing

control strategies for active resonance damping of LCL filters.
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Zusammenfassung

Inselnetze, die sowohl autonom wie auch im Verbundbetrieb mit dem tibergeord-
neten Netz operieren kénnen, werden als Microgrids bezeichnet. Ein Microgrid kann
als eine Akkumulation dezentraler Energieerzeuger und -speichermdglichkeiten in
unmittelbarer Ndhe von Verbrauchern gesehen werden. Sie bieten eine gute Mog-
lichkeit, dezentrale Erzeugungsanlagen ins Stromnetz zu integrieren. Bindeglied ist
meist ein leistungselektronischer Konverter (z.B. Voltage Source Converter), fiir dessen
Regelung bereits eine grofle Bandbreite an verschiedenen Reglerkonzepten entwi-
ckelt wurde. Jedoch gibt es noch immer Verbesserungspotenzial, was die Stabilitét,
das transiente Verhalten und die Qualitdt der gelieferten Energie angeht, insbeson-
dere da unter bestimmten Umstdnden Resonanzerscheinungen auftreten konnen,
die die Systemstabilitadt erheblich gefahrden konnen.

Die vorliegende Masterarbeit ist in drei Teile eingeteilt:

o Teillerkldrt den Begritf Microgrid und widmet sich den Themen Linearisierung,

rotierende Koordinatensysteme und Internal Model Control.

e Teil II umfasst die Entwicklung von Kleinsignalzustandsraummodellen fiir
kaskadierte Strom- und Spannungsregler, die auf dem Internal Model-Prinzip
basieren. Diese werden in weiterer Folge in das Kleinsignalzustandsraummo-
del eines Test-Microgrids integriert, um mit der resultierenden Systemmatrix
Eigenwertanalysen durchzufiihren und Aussagen iiber die Stabilitét treffen zu
konnen. Die Ergebnisse werden mit jenen von konventionellen proportional-
integral (PI)-basierten Strom- und Spannungsreglern verglichen. Dartiber hin-
aus werden mit dem Computerprogramm PSCAD Simulationen im Zeitbereich
durchgefiihrt, um die untersuchten Reglerstrukturen auf ihr transientes Ver-
halten zu priifen. Die Ergebnisse bestdtigen das tiberlegene Verhalten der un-
tersuchten Strom- und Spannungsregler, die auf dem Internal Model-Prinzip
basieren. Verglichen mit Pl-basierten Reglern, Strom- und Spannungsregler

die auf dem Internal Model-Prinzip basieren zeigen 1) erhohte Frequenzen und
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Dampfungsmafie kritischer Eigenwerte, 2) hohere Robustheit gegen Parame-
tervariationen, 3) schnellere Sprungantworten und 4) reduziertes Uber- und

Unterschwingen der transienten Strom- und Spannungsverlaufe.

Teil I1II beinhaltet die Entwicklung einer neuartigen Reglerstruktur, basierend
auf dem Internal Model-Prinzip, zur aktiven Dampfung von Resonanzerschei-
nungen die bei Voltage Source Converter im Zusammenhang mit LCL-Filter zur
Stromglattung auftreten konnen. Der vorgeschlagene Regler kann als multi-
input multi-output (MIMO) Filter hoherer Ordnung angesehen werden, dessen
Modellierung in einem rotierenden Koordinatensystem erfolgt, einschliefSlich
Kopplungsterme, die das transiente Verhalten verbessern sollen. Simulationen
im Zeitbereich mittels PSCAD werden herangezogen, um die Wirksamkeit und
Robustheit des Reglers zu testen. Der entwickelte Regler wird mit zwei aus-
gewdhlten bereits etablierten Regelstrategien zur aktiven Resonanzdampfung
verglichen. Die Untersuchungen zeigen, dass der entwickelte Regler erhebli-
che Vorteile im Hinblick auf 1) transientes Verhalten, 2) Robustheit und 3) Ein-
fachheit des Reglertunings gegeniiber existierenden Regelstrategien fiir diese

Anwendung aufweist.
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Chapter 1
Microgrid

The following three sections deal with the concept of microgrid including its defini-

tion, control structure, and challenges faced.

1.1 Introduction

For the most part, today’s power grids were built decades ago and were designed to
have fewer but larger central generating stations which are easy to manage and con-
trol. Beside a steady increase in power demand, the utilization of distributed energy
resources (DER) is, due to the high number of small-scale distributed generation
(DG) units and their distributed nature, accompanied by several challenges for the
conventional power grid. That is why currently the trend is toward smart gird, as
an intelligent electric network, including enhanced employment of communication
and automation technology, to ensure a safe, reliable but also efficient operation of
the grid.

Microgrids can be considered main building blocks of a smart grid and can help
integrate DG units into the grid, improving thereby the power grid’s reliability and
sustainability. A microgrid is a single controllable entity and defined as a collection

of DG and distributed storage units in close proximity of the loads [6].

A microgrid can operate in both grid-connected and islanded operating modes
[7-9]. In the grid-connected mode, the voltage and frequency are dictated by the
main grid. However, in the islanded mode, the controllers of the DG units in the
microgrid are responsible for regulation of voltage and frequency and for power
sharing between DG units [10-13].
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Chapter 1 Microgrid

1.2 Microgrid Control Structure

In order to guarantee a safe, reliable, and efficient operation, a functioning microgrid
control structure is inevitable. The principal roles of the microgrid control structure
are [11]:

e Voltage and frequency regulation;
e Proper load sharing and DER coordination;
e Microgrid resynchronization with the main grid;
e Power flow control between the microgrid and the main grid;
e Optimizing the microgrid operating costs.
These requirements are of different significance and time scales. That is why the

hierarchical control strategy consists of four levels, namely, zero-level, primary,

secondary, and tertiary controls [11]:

e Zero-level control consists of inner current and outer voltage control loops and

is responsible for output current and voltage regulation of the DG unit;

e Primary control provides set points for the zero-level control and is responsible
for power sharing and voltage and frequency stabilization subsequent to load

and generation changes;

e Secondary control compensates for the voltage and frequency deviations caused
by the primary control; and

e Tertiary control manages the power flow between the microgrid and the main

grid and facilitates an economically optimal operation.

Zero-level control shows the fastest dynamics followed by primary, secondary,
and lastly tertiary control. This difference in time scale allows for individual designs

of the four control levels.

FaE/ 4 Ty



1.3 Challenges

1.3 Challenges

In conventional power systems, the rotating mass of large generators can compensate
sudden imbalance between generation and consumption. As mentioned before, DG
units such as fuel-cells, photovoltaics, and microturbines are often interfaced to
the network through power electronic converters, which make the source more
flexible in its operation and control compared to conventional electrical machines.
However, inverter-based microgrids exhibit negligible physical inertia making them
potentially prone to oscillations resulting from generation and load changes, and
network disturbances [14]. In addition, these power electronic converters require
output filters (L, LC, LCL, etc.) to decrease switching harmonics. High-order output
filters (e.g., LCL filters) are economically advantageous for high-power applications
but can also cause resonance problems that may jeopardize the stability of the system.

Ergo, improving voltage and current transients in microgrids and ensuring proper
resonance damping are of utmost interest allowing for a more effective utilization of
the electric power delivery infrastructure and also prevention of operation limit vio-
lations [3]. As a consequence, the stability margin of the microgrid can be increased.

Part II of this thesis studies the stability of internal model-based current and
voltage controllers (i.e., zero-level controllers) proposed by [1, 3], by developing a
small-signal state-space model which, in further consequence, is utilized for eigen-
value and sensitivity analysis of a test microgrid with three DG units, connected via
two lines, and supplying two loads.

Part III of this thesis proposes an active damping current controller (i.e., zero-
level controller) based on the internal model principle for grid-connected voltage
source converters with LCL filters. The controller can be considered a high-order
multi-input multi-output (MIMO) transfer function, implemented in the dg reference

frame, including decoupling terms for improved transient behavior.
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Chapter 2

Theoretical Background

The following sections are partly based on [15,16] and serve as a short introduction
to rotating reference frames (RRF) and the linearization procedure utilized for the

small-signal state-space modeling.

2.1 dq0 Reference Frame

As an extension of the Clark transform, the dgq0 or Park transform is a space vector
transformation of three-phase time-domain signals from a stationary phase coordi-
nate system (ABC) to a rotating coordinate system (dg0) [15].

The following equation shows how the time-domain voltages u,, up, and u, trans-
form into the dg0 reference frame where u, is the direct-, u, is the quadrature-, and

Uy is the zero-component:

Uy cos(0)  cos(0 —3)  cos(0 + &) ||u,

uy| =3 —sin(0) —sin(0 — &) —sin(0 + ) ||us|, (2.1)
1 1 1

Uo 2 2 2 Ue

where 0 = wt and w is the angular speed of the rotating reference frame.

The inverse transform is defined as follows:

Uy cos(0) —sin(6) 1wy
up| = [cos(0 — &) —sin(6—F) 1||ug]. (2.2)
uc| |cos(6+3F) —sin(0+ ) 1]|uo

For balanced systems, i.e., sinusoidal current and voltage waveforms and system
symmetry (same amplitudes and 120° phase shift between quantities), the zero-

component is zero and can therefore be omitted.
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Chapter 2 Theoretical Background

The instantaneous output power 5 of a DG unit can be calculated in the dg reference

frame as follows:
S=vi" = (v; + jvq)(id + jiq)* = (vg + jvq)(id - ]lq)

=105 — jvdiq + jvqid + Z)qid = (Z)did + Uql'q) +j (qud — Z)diq), (23)

p q
where p, and § are the instantaneous real and reactive power components of the
instantaneous power §; and vy, v,, ig, and i, are the dg-components of the output
voltage and current of the DG unit (v, and i, in Fig. 5.1).
The synchronous reference frame can be aligned to rotate with the voltage (e.g.,
voltage source converters) or with the current (e.g., current source converters). When
it is aligned to the d-component of the voltage, the quadrature component u, = 0.

Ergo, the power equations reduce to:

p = uglq (2.4)

(7 = —l/ldiq. (25)

Striking is the fact that now the real power i solely depends on i; while the reactive
power j solely depends on 7,. In other words, setting 1, to zero enables independent
control of real and reactive power.

For balanced three-phase systems, the dq0 transform has the following advanta-

geous characteristics [15]:

e The dq0 transform reduces three-phase AC quantities (e.g., u,, up, and u.) into
two DC quantities (e.g., 4, u,). For balanced systems, the zero-component is

zero. The DC quantities facilitate easier filtering and control.

e Active and reactive power can be controlled independently by controlling the

dg-components.

2.2 Linearization Procedure

In general, the set of non-linear differential-algebraic equations are of the following
form [16,17]:

X = f(x,e,u), 0=g(x,€eu), y=hxe), (2.6)

(772, 8 Ty



2.2 Linearization Procedure

where x represents the state vector having n states, € the r algebraic variables, u the
m system input variables, and y the p output variables.
In steady state, time-derivates become zero (& = 0) and the following set of equa-

tions results:

0= f(x0,€o, up), 0= 8(x0,€o, up), Yo = h(xo, €0). (2.7)

This is the operating point (equilibrium) around which the system is to be linearized.

Its neighborhood can then be described as:

x=x0+Ax, €e=€y+Ae, u=uy+Au, y=1yo+Ay. (2.8)

Since small perturbations are assumed, the nonlinear function y = h(x, €) in Equa-
tion 2.6 can be approximated by a first-order Taylor’s series expansion. The ith of p

outputs, y;, then yields:

oh; oh; oh; oh;
Yi = Yo + Ayz = hi(xo, €0) + a—lel .+ a—anxn + 8_61A€1 + ...+ a_Q,Aer’ (29)
where the partial derivatives gi, a=1,..n and 3—2, b =1,..,r are evaluated at

the initial steady state operating point (xo, eo). Since yip = hi(xo, €9) in Equation 2.9,

the linearized output equation reduces to:

ah 8hl 8h1 ahz
Ayi a—xlA 1+ ...+ 8—anxn + 8_61A€1 + ...+ 8_€r

Applying a first-order Taylor’s series expansion to the remaining non-linear equa-

Ae,. (2.10)

tions in Equation 2.6 results in:

Zaf]A ZggAb Zaf]A (2.11)

and
9 9
0= Z LY\ gkAb Z agk (2.12)

Equations 2.10, 2.11, and 2.12 can be used to linearize non-linear dynamic systems.
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Chapter 3

Internal Model Control (IMC)

Both Part II and Part III of this thesis deal with controllers based on the internal
model principle. Therefore, the following sections provide insights into the concept

of internal model control.

3.1 Introduction

Internal model control (IMC) is an alternative to conventional feedback control
and has a long history in the process industry. In fact, IMC is a popular control
method in chemical and mechanical engineering; however, its employment in the
tield of electrical power systems is a relatively new trend [1]. IMC is utilized in load
frequency control [18,19], the control of DC/DC converters [20], permanent magnet
synchronous machines (PMSM) [21,22], and induction machine applications [23-25].

IMC is based on the internal model principle, which states that: Control can be
achieved only if the control system encapsulates, either implicitly or explicitly, some repre-

sentation of the process to be controlled [26].

Internal model control utilizes special PID controllers, occasionally augmented
by a first-order lag, having only one tuning parameter (closed-loop time constant
or bandwidth) as opposed to the three modes (k., 7;, and 7p) of ordinary PID con-
trollers [27]. IMC combines the benefits of both the feedforward and feedback con-
trol methods. It is know for its simple design procedure making a trade-off between
closed-loop performance and robustness against inaccuracies of the model [1,27].
As its name implies, IMC’s salient feature is the directly embedded model of the

process to be controlled.

LaE/ 11 Ty



Chapter 3 Internal Model Control (IMC)

3.2 IMC Control Structure

Fig. 3.1 shows a block diagram of the internal model control method. The transfer
functions Gp(s), Gp(s), and G(s) represent the process, the model of the process, and

the controller, respectively.

r(s) e(s) Controller u (S)
+ A Gc (5)

d(s)

v
Plallt Model B )
Go(s)

Figure 3.1: Block diagram of the internal model control (IMC) method [1].

d(s)

Applying the control signal u(s) to both the process Gp(s) and its model Gp(s) is
distinctive of internal model control. Due to the parallel structure, the feedback
signal d(s) contains information about the disturbance d(s) but also the mismatch
between the process and its model (missing information). The feedback signal d(s)
is then deducted from the set point r(s). The resulting error e(s) is in turn applied
to the controller G¢(s) which generates the control signal u(s). Salient is the feature
that the error e(s) is equal to the set point 7(s) in case of perfect tracking, while for
the same scenario e(s) = 0 in standard feedback control [1].

However, the control structure shown in Fig. 3.1 is inappropriate for practical
implementation. In order to rearrange it into the classical feedback form, the sub-
traction point leading to d(s) is moved to the input of the controller G¢(s) resulting
in the block diagram shown in Fig. 3.2.
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3.3 IMC Benefits

d(s)

Controller
G (s)

Planj Model
Gy (s)

Figure 3.2: Block diagram of the internal model control (IMC) principle (classical

feedback rearrangement) [1].

The equivalent standard feedback form of the IMC controller K(s) is [1]:

K(s) = Gc(s)

= — (3.1)
1 - Gc(s)Gr(s)

where Gp(s) is the plant model and G¢(s) is the inner controller. Ideally, G¢(s) is
chosen as the inverse of the plant model (G¢(s) = Gp(s)™!). To make G¢(s) proper, it
is combined with a low-pass filter Gpg(s) of order n:

1

Ge(s) = Gp(s) ' Grer(s) = GP(S)_lm, (3.2)
where A is the tuning parameter.
The overall IMC-based controller K(s) in Equation 3.1 then yields:
_ Gp(s)™!
K(s) = Ms+ D=1 (3.3)

3.3 IMC Benefits

Reference [1] proposed a novel current controller for a voltage source converter based
on internal model control. The authors ascertained that the IMC control approach,
implemented in the dg reference frame, has superior control performance compared

with conventional PI-based current control methods in the dg reference frame:
1. Faster step response;

2. Less overshoot in the transient response;
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Chapter 3 Internal Model Control (IMC)

3. Higher axes decoupling; and
4. More robustness against faults.

Characteristics 1-3 are further investigated and elaborated in Part II and Part III of
this thesis.
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Small-Signal Stability Analysis of an
Inverter-Based Microgrid with
Internal Model-Based Controllers
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The findings of Part II of this thesis have been submitted to IEEE Transactions on

Power Systems as Leitner et al. [4].
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Chapter 4

Introduction Part I1

Due to anincrease in environmental awareness in recent years, cut-backs on the use of
fossil fuels and developments in the alternative energy sector have been accelerated.
As a consequence, the electricity generation from renewable energy sources (RES),
i.e., wind turbines, hydroelectric plants, photovoltaics, micro turbines, and fuel cells
has increased significantly.

The integration of these mostly distributed generation (DG) units into the conven-
tional power grid faces several challenges. As opposed to large central generating
stations, control and management of a large number of small-scale DG units are
difficult to accomplish [28-30].

Microgrids can help integrate DG units effectively and in turn improve the power
grid’s reliability and sustainability [6]. Many DG units utilize power electronic
inverters, especially voltage source converters (VSC), to interface with the microgrid
[31,32]. The key advantages of a power electronics-based interface are [33]:

e Improved power quality;

e Improved voltage regulation;

e Improved fault current coordination; and
e Reactive power (VAr) support.

On the downside, inverter-based microgrids are characterized by low inertia which
causes challenges in maintaining stability and mitigating oscillations.

The use of Pl-based controllers in zero-level control [11] dominates the control
practice in inverter-based microgrids. PI-based controllers are extensively used and

studied in the literature [10,11,34-37]. However, improving stability and transient
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behavior of voltage and current is imperative for microgrids to allow more effective
utilization of the assets and prevent violation of the operational limits [38,39].

Recently, [1-3] proposed a cascade internal model control (IMC)-based voltage
regulator consisting of an inner current controller and an outer voltage controller,
as shown in Fig. 5.2. The authors perform time-domain simulations for a single DG
unit and show that compared with Pl-based controllers, the IMC-based approach
has superior transient performance and is more robust against system parameter un-
certainties. However, these studies are limited to a single DG unit and no systematic
stability analysis is performed. In fact, while small-signal models are widely used
in the literature, especially for PI-based controllers [10,40], small-signal models for
IMC-based controllers have not been developed yet.

Part II of this thesis studies the small-signal stability and transient behavior of
a microgrid which incorporates IMC-based current and voltage controllers, giving
an insight into the characteristic behavior of IMC controllers. As the first step, the
state-space models of the current and voltage controllers are developed. Then, the
state-space model of a microgrid incorporating IMC-based controllers is developed
following the procedure presented in [10]. Using this state-space model, a detailed
small-signal stability analysis is performed for a study microgrid system with three
DG units. The results are compared with those of the same microgrid but with
cascade Pl-based controllers utilized in [10]. Moreover, PSCAD simulation case
studies on transient behavior of the microgrid are performed for both methods to
confirm the results of small-signal analysis. This study shows that compared with
PI-based controllers, the characteristic behavior of IMC-based controllers includes:

¢ Increased damping ratios and frequencies of sensitive eigenvalues;
e Higher robustness to parameter changes; and

e Faster step response and reduced over/undershoot in current and voltage tran-

sients.

These advantages agree with the transient behavior of a single DG unit obtained
from time-domain simulation case studies in [2].

The rest of Part Il is organized as follows. The small-signal analysis is performed
in Chapter 5, where the state-space small-signal models of the IMC-based voltage
and current controllers are derived and incorporated into the model of a generic
microgrid, and eigenvalue and sensitivity analysis are conducted. Finally, Chapter 6

recapitulates Part II and draws conclusions.
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Chapter 5

Small-Signal Stability and Sensitivity
Analysis of Internal Model Control

The following sections deal with the state-space modeling of a microgrid and its
analysis. The voltage and current controllers of DG units are discussed, modeled,
and tuned in detail. The state-space model of a generic microgrid with all its com-
ponents is developed. The model is then used to perform eigenvalue and sensitivity
analysis. The results are backed up by time-domain simulation case studies.

5.1 Control Structure of a DG Unit

Generally, the voltage source converter (VSC) of a DG unit is connected to the
microgrid via a filter (e.g., RLC filter) in order to mitigate current and voltage
harmonics and thereby improving the quality of the injected power, see Fig. 5.1.
The zero-level control of the VSC usually comprises an inner current control loop
and an outer voltage control loop [41,42].

When the microgrid is in the islanded operating mode, the current controller
regulates the injected current through the filter inductor, while the voltage controller
regulates the DG unit output voltage (capacitor voltage). Hence, as can be seen in
Fig. 5.1, the control of the DG unit is based on local measurements.

Although there exist different control approaches, PI-based voltage and current
controllers dominate this application [10,11,34-37]. Assuming a balanced system
with sinusoidal voltage and current waveforms, a rotating reference frame (RRF) is
usually used to regulate the DG unit quantities in the direct and quadrature axes (4

and g axes). As pointed out in Section 2.1, utilizing a RRF, independent control of
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Figure 5.1: DG unit block diagram including controllers, VSC, filter, and grid con-

nection.

grid-injected real and reactive power is facilitated.

As can be seen in Figs. 5.1, 5.2, and 5.3, depending on the DG unit output power to
be delivered, the power controller provides the reference set-points (v, and v;,) for
the outer voltage controller which in turn delivers the reference set-points (i}, and
i;q) for the inner current controller. The output of the current controller (v;; and v;;)
then determines the gating signals of the VSC. In Part II of this thesis, for the sake of
simplicity, the VSC is approximated with controlled voltage sources.

5.2 IMC-based Current and Voltage Controllers

Reference [2] recently proposed a novel cascade current and voltage control structure
based on the internal model principle in the rotating dg reference frame shown in
Fig. 5.2. The transfer functions of the outer voltage control loop K,(s) and K(s) are
PD and PI controllers and the transfer functions of the inner current control loop
K.(s) and K/(s) are PID and PI controllers. The tuning of the IMC-based voltage and
current controllers is shown in Section 5.3.

In the following subsections, the state-space small-signal models for the IMC-
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5.2 IMC-based Current and Voltage Controllers

Figure 5.2: Block diagram of the IMC-based cascade voltage and current controllers
of a VSC in the rotating dg reference frame [2].

based voltage and current controllers illustrated in Fig. 5.2 are derived. Generally,
the integrator outputs are selected as state variables, which in turn makes their
inputs derivatives of the state variables. Hence, the state equations of the inner

current control loop, in direct and quadrature axes, are

d .

% = lld — 14 (51)

dy, ..

d—: = llq — l]q, (52)
and those of the outer voltage control loop are

dpg

di; =0, — Vod (5.3)

d¢

d_tq = Upy — Vog, (5.4)

where V4, 74, ¢4, and @, are the respective state variables. For brevity, time functions
are stated without (). The definition of all voltages and currents are based on
Fig. 5.1. Subscripts d and g represent direct and quadrature axes, respectively, and
+ refers to the reference value of a variable. Throughout Part II of this thesis, d-
and g-components of the input vectors, output vectors, and state variables of the

state-space small-signal models are aggregated as Az, = [Azs Az,]".
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5.2.1 IMC-Based Current Controller

This subsection derives the small-signal model of the inner current control loop
shown in Fig. 5.2. In [2], the transfer functions K.(s) and K/(s) are PID and PI con-

trollers, respectively, with the tuning parameters Kp., K, Kp, K}, and K} .. However,

Pc’
since a state-space representation requires proper transfer functions, the derivative
terms of controllers are neglected, which is justifiable in this study as Kp, and K|, are
four and six orders of magnitude greater than Kp,, see Section 5.3. From Fig. 5.2, the

output equations of the inner current control loop are

0u(S) = Doa(s) + [Kpc + KTI] |i1,(6) = ()] - |I<;C + = [i1.) = i(s)] (5.5)
— ————
Kele) Ki(s)
B Kic 11 . , e |7 :
Vig(8) = Voqg(s) + [Kpc + T] [zlq(s) - zlq(s)] + [Kpc + — [lm(s) — zld(s)] . (5.6)
— —_—

Kc(s) K'(s)

Applying inverse Laplace transform to Equations 5.5 and 5.6 and taking Equa-
tions 5.1 and 5.2 into account yields

Ujg = Uog + KPci;d - KPcild + chyd - Pc zq + KPcllq ;cyq (57)

_ o . ] % 7 2 4
Vig = Ugg + Kpcllq — Kpeiyy + Ky + Kpiyy — Kpia + K ya (5.8)

By linearizing and combining Equations 5.1, 5.2, 5.7, and 5.8, the small-signal model

of the inner current control loop in state-space form is obtained as

0 0 0 0 o]
Aydq [ ] qu [ ] ldq] [ 1000 o] i?‘)d” 59)
odq
K -K Kpe =Kplr s 7.[-Kpe Kpo 1000 .
[Avidq] K, KICIC [A%iq] K, K [Al;dq]+ ~K}, —IZ.C 0100 Z,)Odq '
1
Cr Dp Dr X
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(5.10)

The calculation of the control parameters Kp., K., K}, , and K] is presented in Sec-
tion 5.3. The values are also listed in Table 5.1.
Finally, Equations 5.11 and 5.12 represent the linearized small-signal state-space

model of the IMC-based current controller as a linear time-invariant (LTI) system:

Ay
Allq

AV Avod

Ay A
de = A Vd | 1B, (5.11)
Ay, Ay, Ay, Avy
V —— N—— Aiod
Xi() Xi(#) Un(t) )

| Ay |

——
Up(t)

+B11

Aild
Ay,
Avod

A i A Ai
vid = C] v +D[1 ld +D[2 , (512)
Avj, Ay, Avy,

S~— ~— — Aiod
Yi(t) Xi(t) Un(t) .
i Aiyg ]

——
Up(t)

where the vector X;(t) represents the states, vectors Uy (t) and Up(t) represent the
input quantities, and vector Y;(f) represents the output quantities of the current

controller.

5.2.2 IMC-Based Voltage Controller

This subsection derives the small-signal model of the outer voltage control loop
depicted in Fig. 5.2. In [2], the transfer functions K,(s) and K}(s) are PD and PI
controllers, respectively, with the tuning parameters Kp,, Kp,, K}, and K} . The
derivative terms are omitted since a state-space representation needs proper transfer
functions, which is justifiable in this study because Kp, is 500 times smaller than Kp,,

see Section 5.3. The output equations of the outer voltage control loop can be derived
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from Fig. 5.2 as follows:

o Ki,
i) = foa($) + Kpo_[07(5) = 0aa(9)] = Koy + =2 | [034(6) = 0q(5)] (5.13)
N——
Ka(s) —
Ky(s)
i) = fog(8) + Koo [034(5) = 00g(9)] + | K, + —][ U3a(8) = va(9)] (5.14)
N——
Ko(s) —
K(s)

Applying inverse Laplace transform to Equations 5.13 and 5.14, and taking Equa-
tions 5.3 and 5.4 into account, the following algebraic equations for the outer voltage
control loop can be derived:

o . *
Ly = log + KPUUOd — KpyVos — va og

+ K 00y — K, (5.15)

i;q = ioq + KPUU;q — vavoq + K;vazd — K;vaod + K;v(Pd' (516)

By linearizing and combining Equations 5.3, 5.4, 5.15, and 5.16, the small-signal
model of the outer voltage control loop in state-space form can be written as follows:

Aildq

, 00 — 0 00
[A(Pd’?] = [O 0] [A¢dq]+ } Avodq] [O 0O 0 -1 0 0] i?o‘i‘i (517)
Lod
—— ~—— q
Ay By By
0 -K Kpo —K. 00 —Kp, K, 1 0"
[Al;d ] = lo [A(qu]'i_ Fo Po [Av*d ]+ i Po Avodq .
ko Kp, Keo |" “7]0 0 —Kp, —Kpo 0 1|
Lod
———— ————— q
Cy Dy, Dy»
(5.18)

The calculation of the control parameters Kp,, K}, and Kj is presented in Section 5.3.

The values are also listed in Table 5.1.
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Finally, Equations 5.19 and 5.20 represent the linearized small-signal state-space
model of the IMC-based outer voltage controller as a linear time-invariant (LTI)

system:
,Aild—
Ai,
Ad A Av* A
|: (Pd] = Ay (Pd Ugd +sz Cod (519)
Ad, A, A, AV,
—— —— —— Aiod
Xy (b Xv(t) Uy (t) .
~Azoq_
~——
Uya(t)
[ Ay |
Ai,
AT A Av* A
_id = CV ¢d +Dv1 Uid +DV2 Cod , (520)
Aii A, D, AV,
—— —— —— Aiod
Yy(t) Xy (b Uy1(t) .
| Ay |
——
Uya(t)

where the vector Xy () represents the states, vectors Uy (t) and Uy,(t) represent the
input quantities, and vector Yy(t) represents the output quantities of the voltage

controller.

5.3 Tuning the Control Parameters

In this section, the control parameters of the IMC-based inner current and outer

voltage controllers are determined based on [1, 3].

5.3.1 Inner Current Controller

The transfer functions of the IMC-based inner current controller in Fig. 5.2 utilizing

PID and PI controllers are:

kas® + kys + ki
K(s)= 2 0 (5.21)

S
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/ /
kps + kl.

K/(s) = (5.22)

The control parameters of the current controller are calculated based on the used RL
tilter of the DG unit and are tuned with the only tuning parameter A.. The VSC is
modeled as a time delay (digitalization and PWM transport delay) which is assumed
as Trwm = 1/(2fsw) = 1/(2 x 8000Hz) = 6.25 X 10~° s. With a tuning parameter of

A. = 1072, the control parameters of the current controller result in:

R/T; +L -5
kp — KPC — OPWMTRS _ 0.10%6.25x10°s+1.35mH _ 135.625

A 105
R¢+T Lraw? -5 2
_ _ Rp+TpwmLrw®  0.10Q+6.25x105sx1.35mHx(2n50Hz)?
ki=Ke=———F—"= 05 =9.1673 x 10° (5.23)
T L -5
kd — KDc — PV;’\IZ/I f — 6.25><10105_>5<1.35mH — 00084
and

K =K. = 20LfTrwM _ 2x2150Hzx1.35mHx6.25x105s __ 5.3014

(2 Pc — Ac - 105 - 5 24)
2(Ls+RfTrwm)  2(1.35mH+0.1Qx6.25x107%s) 4 ( ’

! !’ — —_—

kl. = ch = i = 105 =4.2608 x 10*.

The control parameters of the IMC-based current controller are also listed in Table 5.1.

5.3.2 Outer Voltage Controller

The transfer functions of the IMC-based outer voltage controller in Fig. 5.2 utilizing
PD and PI controllers are:

kd52 + kpS

Ky(s) = ——— (5.25)
k's+ k!

Ki(s) = —~ - L (5.26)

The control parameters of the voltage controller are calculated based on the used
C filter of the DG unit and are tuned with the only tuning parameter A,. Since the
outer voltage controller delivers the set points for the inner current controller, the
time delay of the current control loop (including VSC delay) needs to be taken into
account and is assumed as T, = 2 ms. With a tuning parameter of A, = 2 x 107#, the

control parameters of the current controller result in:

ky = Kpy = 2L = 2~ .25

— 2x104
; 5.27)
CfT, 50uFx2ms _ (
ki=Kp, = 4~ = S =5x 107
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and
y _ r _ CpoTc _ 50uFx2m50Hzx2ms _
ki, = === IXI0E =0.1571 (5.28)
r_ qr _ 2C0 _ 2x50uFx2m50Hz .
ki =K}, = =~ = =555 = 78.5398.

The control parameters of the IMC-based voltage controller are also listed in Table 5.1.

5.4 Conventional PI-based Current and Voltage

Controllers

Fig. 5.3 shows the control structure of the conventional PI-based cascade current and
voltage controllers, where K (s) and K, (s) are PI-based current and voltage controllers
in the d and q axes and wC and wL are the cross-coupling terms aiming to improve

the transient behavior.

Outer Voltage Control Loop

Figure 5.3: Block diagram of the conventional PI-based cascade voltage and current

controllers of a VSC in the rotating dq reference frame [3].

Using the procedure from Subsection 5.2.1, the state-space small-signal model of

the conventional PI-based inner current control loop in Fig. 5.3 can be derived as [10]:

Aildq

[A))dq]=[8 8] [Ayay] + [ ] in] + [ _01 8 8 8 8 AVuy (5.29)
N _ Aioclq

Ac BC
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Aildq
K 0 Kp. 0 ) —Kpe —w,Ly 0 0 0 0O
Avjg, | = AV |+ AT, [+ AUy | -
[ 0] [o KI][ ya [o Kpj[ ] L)an ~Kpe 00 0 0] ol
S — Lodg
Cc Dc1 Dcz
(5.30)

Similarly, using the procedure from Subsection 5.2.2, the state-space small-signal

model of the PI-based outer voltage control loop can be derived as [10]:

Aty
. 00 10 00 -1 0 0O
[Aqbdq]:[o 0] [A¢)dq]+[o 1} [Avodq]+[0 0 0 -1 0 0] Avey|  (5.31)
AV
~—— ~—— 0
Ay By By

Ay

. Ky, O Kp, 0 0 0 —Kp, —w,Cf F O
AT, | = A + v AUpis | -
R [ L | s  Fe
Lod
— — oaq

Cy D1 Dy

(5.32)

The control parameters used in this paper for the conventional PI-based method

(Kpe, Kie, Kpy, and K,) are the same as those reported in [10].

5.5 State-Space Model of a Generic Microgrid

This section discusses the small-signal model of a microgrid study system that in-
cludes power controllers, filters, inverters, lines, and loads based on [10]. It is shown
how the previously derived IMC-based current and voltage controllers are combined
with the submodels of the power controllers, filters, inverters, lines, and loads to
form the linearized system matrix Ayic. The notation diag() is used to show the

nonzero elements of a diagonal matrix.

5.5.1 Power Controller Model

This subsection focuses on the power controller block in Fig. 5.1. In this study, power

controllers utilizing conventional droop control (see Fig. 5.4) are employed to share
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real and reactive power between inverters in the microgrid shown in Fig. 5.5.

a) *
_%. P @, -m P @
S+ o,
W v,
ey | :
S+ o,
Power Calculation LPF Droop v
0
0w

Figure 5.4: Block diagram of the power controller [4].

As derived in Section 2.1, the instantaneous power § in the dg-frame can be calcu-

lated as follows:

§ = (vgig + vgly) +] (V4ig — Vgiy), (5.33)

p q

where 7, and § are the instantaneous real and reactive power components of the
instantaneous power §; and vy, v,, iy, and i, are the dg-components of the output
voltage and current of the DG unit (v, and i, in Fig. 5.1).

The instantaneous real and reactive power components are then passed through
a low-pass filter (LPF) with the cut-off frequency w, to yield the average real and
reactive power values P and Q which are in turn used in the droop equations.

As can be seen in Fig. 5.4, in conventional droop control, an increase in the real
output power artificially reduces the reference value of the inverter frequency ".

Similarly, an increase in the reactive output power reduces the reference output

*

voltage v}, of the inverter while v;,

is set to zero. The equations of the conventional

droop control are:

W' = w, —m,P (5.34)

U;d = Oodn — an/ (535)

where w, and v,4, are the nominal values of the inverter angular frequency and the
output voltage d-component. The coefficients m, and n, are the real and reactive

power droop gains which depend on the DG unit capacity (Pmax, Qmin, Qmax) and
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grid code (fmin, Vmax, Vmin) [43]. With Equation 5.34, the inverter angle in the

rotating dg reference frame can be determined as

5= f (@ = Weom)dt, (5.36)

where w.om represents the angular speed of the reference inverter (side note: the
angle of the reference inverter is 0 as " = @W¢om in that case).
Deriving Equation 5.36 with respect to time yields the linearized state equation of

the respective inverter angle:

AS = =, AP — Awcom. (5.37)

Similarly, taking the power calculation in Equation 5.33 into account and apply-
ing the procedure presented in Section 2.2 to Equations 5.34 and 5.35 yields with
Equation 5.37 the small-signal state-space model of the power controller utilizing

conventional droop control:

NS [0 -m, 0 ][As] [-1
AP =10 —W; 0 AP|+ 10 chom

AQ| [0 0 -w.||lAQ 0
N——

Ap Bpwcom (5,38)
00 0 0 0 0 Ay,

+10 0 wlos wclog @ Vg @cVoy ||AVgiy

00 _(Ucloq a)clod (UcVoq _chod Aiodq

Bp
Aw® 0 -m, 0 |[As
Av . |=l0 0 -n, [|AP
Av;, 0 0 0 ||AQ 5-39)
Cp
Cpa
c, = | [Crolial (5.40)
[CPU]2X3 3%3

The quantities Iy, l,;, Vos, and V,, are steady state values taken from [10] and

represent the operating state in whose neighborhood the linearization takes place.
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5.5.2 Filter and Grid Connection Model

Due to switching, output currents and voltages of power electronic converters (e.g.,
VSCs) are significantly distorted and contain harmonics. In this study, a low-pass
filter plus grid coupling inductor provide a remedy (see Fig. 5.1). The linearized
small-signal state-space model of the output LC filter and grid coupling inductance
L. (including equivalent series resistors Ry and R,) is as follows [10]:

Aijgg Aty
Aaq| = Avrcr | AUdg | + Breri[Avigg] + BreralAviag] + Brers[Aw], (5.41)
Adygy Adoiy
where
—R _
L_ff Wy L_; 0 0 0
—R _
—wy L—ff 0 7 0 0
1 -1
AcL=| R 01 (5.42)
0 %f —wy 0z
—R.
0 LLC 0 I o
0 0 0 £ -w T
T
L ?
05
0 O
Bicui = (5.43)
0 O
0 0
_0 0_
0 0]
0 0
0 0
Bicrz = 0 0 (5.44)
70
0 2
' T
Bics = Iy —liu Vog —Vea Iog _Iod] : (5.45)

The quantities are defined in Fig. 5.1 and the system parameters in the above matrices
are listed in Table 5.1.
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5.5.3 Transformation of Inverter Parameters

In this study, a rotating reference frame (RRF) is utilized to describe the voltages
and currents in the microgrid. Generally, one of the inverters is chosen to be the
reference inverter while the lines, loads, and other inverters are translated into the
so called common reference frame. Ty; is used to transform the dg-components of

inverter i into the DQ reference frame [44], rotating at a speed of wu:

cos(0;) —sin(6;)

sin(d;)  cos(6;) }[qui]' (546)

[focil = {

Ts;
where 6, is the angle of inverter i.
The output variable of the inverter i is its output current, which can be transformed

into the RREF, resulting in the output current [Ai,poi], as
[Aiopoi] = Tsil Adpagi] + Tci[ASi], (5.47)

where

T. = C?S(éoi) — sin(do;) ’ (5.48)
| sin(d0i)  cos(bai) |, ,

[ —Loa: Sin(S01) — ogi i
T = 4i SIN(00;) — Iog c.os((So) ’ (5.49)
| Lodi €08 (60i) = Logi Sin(doi) |, |

and 0y is the steady state inverter angle (initial condition displacement).
The input variable of the inverter i is the bus voltage [ Avyg,], which can be obtained
from the bus voltages in the RRF [Av,pp;] as follows:

[Avpag] = T} [Avppoil + Tyt [AS], (5.50)

where

—Vpi sin(6o;) + Vipgi cos(doi)

Tyt = (5.51)

—Vipi €08(00) = Vingi sin(dui) |, , .

5.5.4 Complete Model of Inverter i

In this subsection, the small-signal models of the derived current and voltage con-
trollers, along with the power controller, filter, and grid coupling inductor combine

to form the complete model of inverter i (model of the DG unit shown in Fig. 5.1):

[Axinvi] = Anvil Axinvi] + BiwvilAvpoi] + BiocomA@eom (5.52)
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Aw; C wi
.wl = [ Y [Axiil, (5.53)
Aiypgi Cinvei
where
[Axinvi] = [AS; AP; AQ; Augi Ay agi Adtagi AVodgi Nioggi]™ (5.54)
0
Binvyi = [B[]%(z—l] (5.55)
reils; |y,
Bpacom
Biwcom = Jrweom (556)
[0]10><1 13x1

Cpo 0 ... 013 =1
Cinvei = (Cr hoas (5.57)

[0] 1513 i#1

Cinvei = [TCz‘§ [0]2510 | TSi]2 (5.58)
x13
Api C e [0k Bpi
,,,,,,,,,, BviiCpoi i 0o [0l ©  Bvai
o BviiDviCroi 1 BciiCvi i Oy @ BcuDvai+Becai
Amvi = § | | . (5.59)

Brcr1iDc1iDv1iCpoi | | A
oy | | | LCLi
+Brcrai |T 1 [0]2x2] { BuertiDetiCvi | BreriiCei
L | e "1 +BrenilDeniDvai + Deal
+BLcL3iCpui |

413x13

5.5.5 Complete Model of all Inverters in the Microgrid

Using the previously derived small-signal model of inverter i, this subsection shows
how these individual inverter models can be combined to form the generic small-

signal model of k inverters in a microgrid with m nodes:

[Axinv] = Anv[Axinv] + Biav[Avppg] (5.60)

[Aiopo] = Cinve[Axinv], (5.61)
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where
[Axigv] = [Axivvi Axinya - Axinvicdgg (5.62)
[Avypc] = [Avpct AVsDG: - AVDGH]Y (5.63)
By = diag([Binvi, Bivva, - - -, Binvi])13kxam (5.64)
Cinvve = diag([Cinver, Cinvvea, - - - » Cinver]) 2kxask (5.65)
[ Anvi* BlocomCinver | Ohsas  [Ohgas) o 0 Ohsas
,,,,,,,,,,,, Xwp Azt BrcomCivvaz Ohgas | o 1 Ohsas
Anv=| Xmp . Ohsas T L
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, e
X, [0]13513 oo 1 [0h3xas | Avi + Brocom Cinvark | 13kx13k
(5.66)
[0 m, 0 0
0O 0 0 ...0
X, = S ! (5.67)
O 0 0 ...0
i li3x13

where inverter 1 (entry Anv(1, 1)) is chosen to be the common reference frame. The
m, entry in Equation 5.67 influences the angles of the remaining inverters in the RRF
and accounts for rotational speed changes of the reference inverter (inverter 1).

The studied microgrid has three DG units (see Fig. 5.5). Applying the derived
generic small-signal inverter model to the study microgrid system having three

inverters, the matrices Biny, Cinve, and Ay in Equation 5.60 and 5.61 reduce to:

BINVl [0]13><2 [0]13><2

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

BINV = [0]13><2§ BINVZ 3[0]13x2 (5-68)

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

[0]13x2  [0l13%2 | Binva 396
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5.5 State-Space Model of a Generic Microgrid

Cinvet | [0]1352 | [0]1352

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Cinvve = | [0li3x2 | Cinvez | [0]13%0 (5.69)

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

[0]13><2 [0]13><2 CINVc3 6x39

Avi + BlocomCINVar | [0]13x13 [013513
Ay = Xom, { Ainv2 + Baweom Cinvan | [0l13x13 . (5.70)
Xom, [0]13x13 L AINvk + Brawcom CiNvaok

39%39

5.5.6 Line and Load Models

This subsection presents the generic state-space small-signal models of n lines and

p loads of the study microgrid; both of which are modeled with lumped RL circuits,

see Fig. 5.5. The generic small-signal state-space model of the lines of the microgrid
(network) reads [10]

where

[Airinepg] = Aner[Aitineng] + Biner[Avsng] + BaneTAcom, (5.71)

ANgr = diag([ANETl, ANET1, - - - » ANETn]) 2020 (5.72)
—RLINEi
—UNE

ANETi = [ FLN —RLIONEi] (5 73)
—@Wo LLINE:

Biner = [Bineri Bingr2 - - - BlNETn]zTnxzm (5.74)

1 -1

o ... 0o ...

BiNgTi = { LyiNEi . LUINEi ., (575)
T 0 Lunei © 7 0 Lune:  * " "loxom

Bongr = [Bangri Bangr - - - Bangtala, (5.76)

Bongti = [Tinegi — Tinedil 1 (5.77)
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Chapter 5 Small-Signal Stability and Sensitivity Analysis of Internal Model Control

Applying these small-signal models to the two lines (line 1 and line 2) of the study

microgrid system shown in Fig. 5.5 yields:

—RpiNE1
LLiNE1
[0]2><2
_ —RLINE
LLINE
ANET =
—Rpingr
LLiNg2
[0]2><2
_ —RLINE2
LLiNg2
14x4
1 -1
LLINEI LLINEI 0
0 1 0 —1
BiNgT = LuNgr LuNgr
o o0 L o I
LINE2 LINE2
0 0 0 1
LLINE2
ILinte
_ _ILineDl
BZNET -
ILineQZ
—I.
| LineD2 4x1

(5.78)

(5.79)

(5.80)

Similar to Equation 5.71, the generic small-signal state-space model of the loads is

[AiLoadpo] = ALoap[AiLeadpo] + BiLoap[Aving] + BaroapA om,

where

ArLoap = diag([ALOADl,ALOADz, . -/ALOADp])ZpX2p

—RroADi
A . — | Lroapi @Wo
LOAD: = —Rioapi
—@Wo Lroapi
1

BlLOAD = [BlLOADl BlLOADZ s BlLOADp]

2px2m

(5.81)

(5.82)

(5.83)

(5.84)
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5.5 State-Space Model of a Generic Microgrid

1
e 0 .
Biroapi = LL%ADi 1 (5.85)
T Lioapi  * " doxom
T
Baroap = [B2LOAD1 Boroaps --- BZLOADp]prl (5.86)

T

BZLOADi = [ILoain - ILoadDi] (587)

1x2°

Applying these small-signal models to the two loads (load 1 and load 3) of study

microgrid system shown in Fig. 5.5 yields:

—RroAD1
L
o [0]2><2 [0]2><2
—wy T
Aoap =\ [0, [Ohe  [0he (5.88)
—RroaD3 0
LLoaps
[0]p2 [0]2x2
—-R
o ]
— 0 00 0 0
LOADI
0 —4— 00 0 0
LOADI1
0 0 00 0 0
Biroap = 0 0 00 0 0 (5.89)
0 0 00 LLolAm 0
1
0 0 00 Lroaps d6x6
[ ILoadQl ]
_ILoale
0
Boroap = 0 . (5.90)
ILoadQ3
| _ILoadD3 lox1
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Chapter 5 Small-Signal Stability and Sensitivity Analysis of Internal Model Control

5.5.7 Complete Microgrid Model

The small-signal model of the node voltages in the microgrid can be written as [10]

[Avppo] = Ry(Minv[Aiopo] + MiroaplAircadnol + MNet[AiLinenol), (5.91)

where Ry = 7n - [I]omxom, the mapping matrix Miny = [I]omx2s which maps the inverter
connection points onto the network nodes. [I] is the identity matrix and ry is a large
virtual resistor (ry = 1000 Q) introduced that all voltages in the system are well
defined. MroAD2mx2p MAPpPs load connection points onto the network nodes with -1,
and Mngr2,x0n Maps the connecting lines onto the network nodes with +1, whether
the current enters or exits the node.

Applying these small-signal models to the study microgrid system in Fig. 5.5

results in:
[/ 0 0 0 0 O]
0 rvw 0 0 0 0
0 0 0 0 0
Ry = N (5.92)
0 0 0 ry 0 O
0 0 0 0 ry O
|00 0 0 0 v,
(1 00000
010000
M 001000 593)
Tl 00100 '
000010
(00000 1]
-1 0 00 0 O |
0 -1 00 0 0
u |0 0000 O 5.9
AT 0 0 00 00 '
0 0 00 -1 0
0 0 00 0 -1
| 16x6
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-1 0 0 0
0 -1 0 0
1 0 -1 0
Mner = 0 1 0 -1 (5.95)
0 0 1
| 00 0 1 | .

5.5.8 System Matrix

Finally, in this subsection, the previously derived small-signal state-space submodels
that make up the microgrid (inverters, filters, lines, and loads) are combined to form

the system matrix Ayc.

Axiny Axiny
Airinepo | = AMG | AiLineD0 (5.96)
AZLoadDQ A1L0adDQ
 Amnv+BinvRNMinvCinve 0 BiyRnMner 0 BinvRNMioap
AMG = |__BinerRyMinyCinve + BonerCinve, | Aner + BingrRyMuer | BingrRNMroap
B1LoADRNMINVCiNve + B2oaDCiNve | BiLoADRNMNET | ALOAD + BiLOADRNMLOAD ]49%49

(5.97)

This matrix is used for the eigenvalue and sensitivity analysis presented in Sec-
tion 5.6, where the eigenvalue locations of the system are studied and their move-
ment subsequent to system parameter changes is investigated.

5.6 Eigenvalue and Sensitivity Analysis of the Study
Microgrid

In this section, the location and behavior of the eigenvalues of a study microgrid
subsequent to changes in power controller parameters are investigated. Further-
more, the sensitivity of different modes to state variables is studied by calculating
participation factors.

Fig. 5.5 shows the study microgrid; it operates in the islanded mode, supplies two

loads, and includes three DG units connected by two lines.
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V|
ot RLoab1 LLoap1
AMN I
DG 1 |
RLiNEL § =
| Lioaps
Liines g
1 RLoaD3
Vb2 Vb3
DG 2 B wﬂ LLine2 DG 3
AYYY

Figure 5.5: Study microgrid system.

Initial conditions, filter, line and controller parameters are selected to be the same

as in [10] to facilitate the comparison. Table 5.1 shows the parameters of the study

microgrid.
Table 5.1: Study System Parameters Part II
Parameter Value Parameter Value Parameter Value
f 50 Hz A 107 K, 78.5398
Ly 1.35mH Ay 2x107 Rroap1 25Q)
Ry 0.1Q T. 2 ms Rroaps 20Q)
Cr 50 uF Kpe 135.625 RiNgr 0.23 Q)
L. 0.35 mH K. 9.1673 x 103 RiuiNg2 0.35Q
R. 0.03 Q Kj, 5.3014 Lioap1 10 nH
W, 31.41 rad/s K, 4.2608 x 10* LioaDs 10 nH
m, 9.4x107° Kpy 0.25 LyiNg: 318.31 uH
ng 1.3x1073 K, 0.1571 Liing? 1.8 mH
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5.6 Eigenvalue and Sensitivity Analysis of the Study Microgrid

5.6.1 Locus of Eigenvalues

The MATLAB function eig() is employed to calculate the eigenvalues of the system
matrix Avig and its corresponding right and left eigenvectors. Fig. 5.6 shows the
locus of eigenvalues of the complete model of the study microgrid using both IMC

and conventional PI-based controllers.

X 103
8 T T T T T T
oL ke |8
Conv :

3 ‘ E bl

< 4 z B

= . on

o : s

qb)D O .................................... l}\'//".‘ ......

= I _C 2

£ oF % ......................... Lo 1,‘A‘“3:' .....

g R ¥ e

? o Tl

g

% .

E g bR
_6 S R
-8 1 1 1 1 1 1

-12 -10 -8 -6 -4 -2 0
Real Part of Eigenvalue X 104

Figure 5.6: IMC vs. conventional method: Locus of eigenvalues of the study micro-
grid grouped into clusters (Fig. 5.7 shows a zoom of the clusters 1-3 and
A-B for —6000 < Re{A} < 1000).
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Chapter 5 Small-Signal Stability and Sensitivity Analysis of Internal Model Control

Fig. 5.7 shows a zoom of the clusters 1-3 and A-B for —6000 < Re{A} < 1000.

X 103
8 T T T T T T
6 ¥ IMC
Conv \ :
s L. : | :
R |
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”b_p 2 s SN /:,./ ........... e S R R
& z "3 2
't: O L : (\;Q\-/ ..........
& A
R S P W SO O O S
k= :
20 E
& -4 _.‘..*‘..s‘l.e;lg . ..........................................................................
- .
S
-8 1 1 1 1 1 1
-6 -5 -4 -3 -2 -1 0 1
Real Part of Eigenvalue X 103

Figure 5.7: IMC vs. conventional method: Locus of eigenvalues of the study micro-

grid grouped into clusters (zoom of Fig. 5.6).

The complete system has eigenvalue clusters A, B, and C with IMC controllers,
and eigenvalue clusters 1, 2, and 3 with PI controllers. Similar to the conventional PI-
based approach, the IMC eigenvalues form a low-frequency cluster near the origin
(cluster A in Figs. 5.6 and 5.7). However, it can be seen that the IMC clusters B and
C have significantly improved damping ratios compared with clusters 2 and 3 of the
conventional method. Cluster A, on the other hand, features more low-frequency
eigenvalues than cluster 1 and is therefore studied in Subsections 5.6.2 and 5.6.3 in
more detail (see Figs. 5.8 and 5.9).
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5.6 Eigenvalue and Sensitivity Analysis of the Study Microgrid

The participation factor relating the kth state variable to the ith eigenvalue, in a

system with a total of n eigenvalues, is defined as

A illwp
L N L z (5.98)

i Y loallwg
where A; is the ith eigenvalue, ai is a diagonal element of the system matrix, and
wy; and vy; are the kth elements of the left and right eigenvectors associated with
the ith eigenvalue [45]. The participation factors of the most critical modes A;_, and
A1-3, where the subscripts indicate which inverters are affected the most, are listed
in Table 5.2.

Table 5.2: Sensitivity of Critical IMC Low-Frequency Dominant Modes

Sensitivity of A1_, Sensitivity of A1_3
State Participation | State Participation

P, 0.313 Py 0.236

Q1 0.109 Q1 0.091

P, 0.375 P, 0.148

Q> 0.106 P3 0.384

P; 0.066 Qs 0.116

The participation factors show that, similar to the conventional approach studied
in [10], low-frequency modes in cluster A are largely sensitive to the state variables
of the power controller. Cluster B contains high-frequency modes sensitive to power
controller state variables and output voltage Av,4,, where the latter is a state variable
of the filter and indirectly influences the state variables of the voltage controller,
see Equations 5.3 and 5.4. High-frequency modes in cluster C are sensitive to state
variables of the filter and indirectly affect the state variables of the current controller,

see Equations 5.1 and 5.2.
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Chapter 5 Small-Signal Stability and Sensitivity Analysis of Internal Model Control

5.6.2 Eigenvalue Sensitivity to Real Power Droop Gain

This subsection studies the sensitivity of the eigenvalues to the real power droop gain
m, to evaluate and compare the robustness and stability of both methods. For this
purpose, the real power droop gain is varied between 1.57 X 10™° < m, < 3.14 x 10~
and Fig. 5.8 shows the corresponding locus of low-frequency modes. The two critical

eigenvalues of the sensitivity analysis listed in Table 5.2 are marked.

100 ) ; ; ; ! ;

Imaginary Part of Eigenvalue

100 A S S S
Real Part of Eigenvalue

Figure 5.8: IMC vs. conventional method: Locus of low-frequency modes as a func-
tion of real power droop gain (for 1.57 X 10™° < m,, < 3.14 X 107%).

While the eigenvalues of the conventional control method deeply enter the right
half plane and therefore become unstable, IMC eigenvalues remain in the left half
plane and retain stability. Fig. 5.8 confirms that the IMC approach has superior
stability performance compared with the conventional approach.
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5.6 Eigenvalue and Sensitivity Analysis of the Study Microgrid

5.6.3 Eigenvalue Sensitivity to Reactive Power Droop Gain

In this subsection, the sensitivity of eigenvalues to the reactive power droop gain 7,
is studied. Fig. 5.9 shows the locus of eigenvalues near the origin subsequent to a
change in reactive power droop gain in the range of 3.17 X 10™* < n, <7 x 107>

500 ! ! ! !
ngincreasing ' : :

Imaginary Part of Eigenvalue

-200 -150 -100 -50 (0]
Real Part of Eigenvalue

Figure 5.9: IMC vs. conventional method: Locus of low-frequency modes as a func-

tion of reactive power droop gain (for 3.17 x 107* < n, <7 x 107%).

For IMC, eigenvalues located farther away from the real axis exhibit slightly
larger imaginary parts compared with those of the conventional method. On the
other hand, IMC eigenvalues located near the origin show slightly reduced real and
imaginary parts with respect to magnitude as shown in Fig. 5.9. The eigenvalues
of the conventional method become unstable by entering the right half plane while

IMC eigenvalues remain in the left half plane and retain stability.
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5.7 Simulation Results

This section discusses simulation case studies to evaluate the performance of the
IMC-based control approach and the PI-based approach. The study microgrid shown
in Figs. 5.1 and 5.5 is modeled in PSCAD/EMTDC environment. For the simulation
case studies, the loads shown in Fig. 5.5 are excluded. Instead, for comparison with
the results of [10], a large step change (from no load to 27 kW) is applied at bus 1 in
order to pointedly capture the high-frequency modes which are dominated by the
voltage and current controllers and not dominated by the power controller.

Figs. 5.10(a) and (b) show the real and reactive output power of the three DG units,
respectively, caused by a 27 kW step change in load at bus 1, comparing IMC and
the conventional method.

10

(kW)

P .
01
[9)]
T

(b)

Conv.
—IMC

100 200 300 400 500
Time (s)

Figure 5.10: IMC vs. conventional method: Real and reactive output power re-
sponses of DG units (i = 1,2,3) subsequent to a 27 kW step change in

load power at bus 1.
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5.7 Simulation Results

However, graphs of both methods overlap. As anticipated, both methods have
similar results since they utilize the same power controller. It can be seen that low-
frequency modes of around 7 Hz in cluster A dominate the transient response in real
and reactive power, which agrees with results of [10]. Because no load is connected
to the microgrid before t = 0.1 s, both the real output power and the reactive output
power are zero. It can be seen that eventually the load of 27 kW is shared equally
between the DG units. The DG unit with the shortest electrical distance from the
load change responds the fastest but also shows the largest overshoot in its real

power response. DG units inject reactive power according to the feeder impedance.

Figs. 5.11(a) and (b) illustrate the d- and g-components of the filter current i
responses of the three DG units, respectively, comparing IMC and conventional

methods.

(4)

Ui

A)

(b)

lqi

100 150 200 250 300 350
Time (s)

Figure 5.11: IMC vs. conventional method: Filter current (d- and g-axis) responses
of DG units (i = 1, 2, 3) subsequent to a 27 kW step change in load power
at bus 1.
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Again, real power is shared equally since the d-components of the currents adjust
to the same steady state value while g-components are according to reactive power
sharing. Figs. 5.11(a) and (b) show that IMC has less overshoot and faster response
than the conventional method, which agrees with [1,2].

Fig. 5.12 shows transient responses of DG unit output voltages v, (i = 1,2,3)
induced by the applied load step change. It can be seen that IMC significantly
reduces the transient voltage undershoot. The conventional method causes voltage
undershoots up to 20%. However, the IMC-based method has a maximum voltage
undershoot of only about 1.7%. This behavior agrees with the results of the single DG
unit case presented in [1,2]. Reference [10] shows that the cluster 2 eigenvalues are
responsible for the output voltage transients with frequencies around 350 Hz. IMC
transients in the voltage show frequencies of around 1000 Hz and correspond to high-
frequency modes in cluster B. Cluster B eigenvalues exhibit higher frequencies but
have significantly improved damping ratios compared with cluster 2 eigenvalues.
This explains the drastic reduction of voltage undershoot with IMC.

400 ! ! ! ! ! ! !
Z L B Conv.| |
- 350 ——IMC
O .
=
: !
. © 100 : 100.2 : 100.4 .
300 | | | | | | |
98 100 102 104 106 108 110 112 114
Time (ms)

Figure 5.12: IMC vs. conventional method: Output voltage (d-axis) responses of DG
units (i = 1,2,3) subsequent to a 27 kW step change in load power at
bus 1.

It is important to point out that the waveforms of the Pl-based approach start
oscillating earlier than those of IMC as the real and reactive power droop gain

coefficients 1, and n, are increased (not displayed). This agrees with the results

FaE/ 50 gty



5.7 Simulation Results

of the small-signal analysis in Subsections 5.6.2 and 5.6.3, which predict that the
conventional method becomes unstable earlier than the IMC method as m, and 7,
are increased (Figs. 5.8 and 5.9).
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Chapter 6

Conclusion Part 11

In this part of the thesis, a small-signal model of an inverter-based microgrid utilizing
IMC-based controllers is derived. The model is used to perform eigenvalue and
sensitivity analysis. Simulation case studies verify the results of this small-signal
analysis. The results are compared with those of the same study microgrid utilizing
conventional PI-based controllers.

Sensitivity analysis, employing the calculation of participation factors, shows that
low-frequency modes are highly sensitive to the parameters of the power sharing
controller of the DG units for both methods. Yet, the small-signal analysis finds the
following;:

e The roots for the drastically reduced voltage undershoot lie in the increased

frequencies and damping ratios of sensitive eigenvalues; and

e By varying the droop coefficients m, and n,, compared with the PI-based
approach, the study microgrid with IMC controllers exhibits superior stability

performance.
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The findings of Part III of this thesis have been submitted to IEEE Transactions on
Power Delivery as Leitner et al. [5].
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Chapter 7

Introduction Part 111

Distributed generation (DG) units are usually interfaced to the grid via pulse-width
modulated voltage-sourced converters (VSC) [31-33,46]. Owing to the switches,
VSCs produce sinusoidal waveforms that have harmonic components. Low-power
applications with high switching frequencies can utilize simple L filters to reduce
these switching harmonics. However, for high-power applications with low switch-
ing frequencies, L filters are costly and bulky [47-50] and LCL filters are utilized
instead. The low-frequency behavior of an LCL filter is similar to that of an L fil-
ter but the LCL filter has improved damping performance at high frequencies. The
downside of an LCL filter is the large peak at the resonance frequency in its frequency
response. This resonance complicates the current control design to preserve the sys-
tem stability [47,50,51]. Consequently, appropriate resonance damping methods
should be employed for VSCs with LCL filters.

Significant research effort has been put into developing damping strategies to
effectively deal with this resonance problem. Passive damping strategies, using
physical resistors to pointedly dissipate power [48], are an effective means for low-
cost low-power applications. However, medium- and high-power applications call
for sophisticated active damping control strategies to improve efficiency, where the
word active signifies that the VSC injects currents such that the resonance is not

excited. Active damping strategies can be divided into two main categories [50]:
1. Additional feedback methods; and
2. High-order controllers (filters).

Category 1 control strategies usually require additional sensors, feeding back ei-
ther the capacitor current or voltage to stabilize the system [47,52-55]. As they
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require additional measurements, both the cost and complexity of the system in-
crease. While estimation-based sensorless active damping methods exist [51, 56],
their performance is still not satisfactory. Category 2 control strategies usually
use notch or biquad filters in series with the current controller to compensate for
the resonance peak of the LCL filter [57-60]. These methods do not require ad-
ditional measurements but often lack in robustness or bandwidth. Filter-based
damping methods are especially desired when measurements of additional filter
states are not possible (e.g., for cable-connected DG units). References [57,59, 60]
use proportional-resonance (PR) current controllers in series with high-order filters
to regulate single-phase systems but [57] also uses PR controllers in a stationary ref-
erence frame for three-phase systems. Reference [58] utilizes proportional-integral
(PI) current controllers plus a high-order filter (low-pass, lead, notch, or biquad) in
each axis of a rotating reference frame.

Part III of this thesis proposes a high-order filter active damping current controller
based on internal model control (IMC) for a grid-connected VSC with an LCL filter.
The proposed controller is implemented in the rotating dq reference frame to allow
independent control of injected three-phase real and reactive power. As opposed
to the existing Category 2 methods, the IMC active damping controller 1) takes the
decoupling terms for d and g axes into account to achieve better transient behavior, 2)
is simultaneously both the controller and the filter due to the internal model principle,
and 3) has a very simple design procedure with only one tuning parameter.

As its name implies, the IMC controller includes a model of the controlled plant
and has the following characteristics:

e Increased robustness against system parameter changes;
e Improved transient behavior;

e Easy tuning with only one tuning parameter; and

e No need for additional sensors;

which significantly increase the system stability, facilitate the active damping of the
LCL filters of a VSC, and keep the system cost low. Simulation case studies confirm
these superior characteristics of the proposed IMC-based active damping current
controller.

The rest of Part III of this thesis is organized as follows. In Chapter 8, the proposed

IMC-based AD current controller is derived. A frequency response analysis of the
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controller is presented in Chapter 9. Chapter 10 gives a short introduction to two
existing active damping methods. In Chapter 11, the results of the time domain
simulation case studies are discussed. Finally, Chapter 12 recapitulates Part III and

draws conclusions.
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Chapter 8

IMC-Based Active Damping Current

Controller

This chapter shows the design procedure of the IMC-based active damping current
controller shownin Fig. 8.1, given the plant model (LCL filter) and the IMC procedure
presented in Section 3.2. As shown in Fig. 8.1, the controller inputs are the filter
output voltage v, and current i,. The complex transfer functions in this chapter
represent the rotating dg reference frame (RRF) and are marked with superscript dg.

The acronym ESR stands for the equivalent series resistance of a inductance.

—_—— e e e e e

/
: Controller } IMC-based e :
Vidg | Active Damping [« |

|
I Gument |« |02/9be |
: Controller | Voda — &y |
|
| |
| |
| |
\ )

Figure 8.1: Block diagram of the DG unit including controller, VSC, LCL filter, and

grid connection.
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Chapter 8 IMC-Based Active Damping Current Controller

8.1 Controller Development

The resonance frequency of the system shown in Fig. 8.1 can be calculated as fol-
lows [50]:

@ res 1 (1 1
res — = —-—|— + . 8.1
f 27 \/Cf (Ll L, + Lg) ( )

Fig. 8.2 shows the simplified block diagram of the system in Fig. 8.1.

( o
i) A, (Li(Lz+|_g)c,sz+(L1+L2+Lg)s = Vi é iy (1) [% 1 b
——b? L 2’ +3/85* +3s P ds | & F>©_>S(17+LB)+R2+R9 0
|2

IMC Active Damping Current VSC : LCL Filter Gi(s) G- (5) \ Gy(s)
Controller (ESRs not considered) ~ (Pelay) 2= L ______

Figure 8.2: Simplified block diagram of the proposed IMC-based active damping
current controller (ESRs are not considered), VSC, and LCL filter system.

8.1.1 Detailed Model

The current controller aims to control the DG unit output current i, by adjusting the
inverter output voltage v;. Applying basic block diagram reduction rules to the LCL
filter transfer functions Gi(s), Ga(s), and Gs(s) in Fig. 8.2 gives the LCL filter model
(ESRs are considered):

1
Go(s) = I(s) G1(5)G2(s)Gs(s) _ (SL1+Ry)sCr(s(La+Lg)+Ro+Rg)
P Vi(s) 1+ Gi(s)Ga(s) + Ga(s)Gs(s) 1+ (sL1+11<1)scf + scf(s(LﬁngHRﬁRg)
B 1
S asd+ B2+ ys+ 06
(8.2)
where
o= L](L2 + Lg)Cf
B =LiCs(Ra + Rg) + Ri(L2 + Lg)Cy (8.3)

)4 :Rl(R2+Rg)Cf+L1 +L2+Lg
6:R1+R2+Rg.
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8.1 Controller Development

To improve the accuracy of the model, the on-resistance r,, of the VSC switches can
be added R;. For the representation in RRF, the frequency shift s — s + jw is applied
to the plant model in Equation 8.2:

1
(s + jw)® + B(s + jw)? + y(s + jw) + O’

ndg) o
Gpl(s) = - (8.4)

where w is the angular speed of the RRF. Inserting Equation 8.4 into Equation 3.3
and selecting n = 3 to make the controller proper yields:

as® + Bs* + (y — 3w*a)s + (0 — w?p) . Baws? + 2wps + (wy — w’a)
S5 + 523)2 1 35 I e 2302 1 3As

K%(s) = , (8.5)

where A is the tuning parameter.
Fig. 8.3 shows the structure of the IMC-based active damping controller along
with the LCL filter in the dg reference frame.

3was® + 20ps + (oy — o’a)
A’s® +32%s% +31s

3was® + 20ps + (oy — o’a)
A°s® +32°s% +34s

as® + 5% + (y —3w’a)s+ (6 — o’ B)
2’s®+32°s% +31s

Figure 8.3: Block diagram of the IMC-based active damping current controller (ESRs

are considered), VSC, and LCL filter model in the dg reference frame.

Ga(s) = e71>/f models the time delay of the VSC [55]. The IMC-based controller
K“(s) in Equation 8.5 represents a high-order multi-input multi-output (MIMO) con-
troller and can be classified as a Category 2 control approach. However, compared to
other Category 2 methods [57-60], K*(s) is both the controller and the filter, with only
one tuning parameter A for both of them. The inner controller G¢(s) is the inverse
of the LCL filter model. Moreover, decoupling between d and g axes is taken into
account. These characteristics make the performance of the proposed IMC-based

active damping approach superior to existing methods.
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Chapter 8 IMC-Based Active Damping Current Controller

8.1.2 Simplified Model

If the % ratio of the LCL filter is small, the control structure can be simplified. Setting
the resistances Rj, R;, and R, in Equation 8.2 to zero yields the following transfer
function for the LCL filter without ESRs [58, 61]:

1 1 1

Gp(s) = = , 8.6
p(8) sLy(Ly + Lg)Cy 52 + W, s(a’s? +p) (8.6)
where considering (8.1) results in
a’ =Li(L, + L,)C
1( 2 g) f (8.7)

‘B,:L1+L2+Lg.

Applying the frequency shift s — s+ jw to Equation 8.6 and substituting Equation 8.6

into Equation 3.3, results in the simplified MIMO control transfer function (n = 3):

S+ jw (@'s* + B — & w?) + (2o’ ws)
Kldq o . .
) ( 5 ) ( 273 + s3A2 + 31 8.8)
—_————
MIMO Controller MIMO Filter

Fig. 8.4 shows the block diagram of this simplified controller which will be used
for frequency-domain analysis in Chapter 9.

arSZ +(ﬂ!_ara)2)
A’s? +3%s+34
20'ws
A3s? +34%s+ 31

v

2a'ws
2?2 +31%s+34

v

aISZ +(ﬁ!_a/w2)
As?+31%s+34

Ai

2q

IMC Current Controller (without ESRs) Voq

2q

Figure 8.4: Block diagram of the IMC-based active damping current controller in the

dq reference frame (ESRs are not considered).
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Chapter 9

Frequency Domain Analysis

This chapter studies the frequency responses of the LCL filter, the proposed IMC-
based active damping current controller, and their combination. The parameters of
the LCL filter are listed in Table 9.1 and taken from [50] which provides typical filter

values for medium-power applications.

Table 9.1: Study System Parameters Part III

Parameter ~ Value | Parameter Value | Parameter Value
f 60 Hz few 3780Hz A 0.0006
Ly, Ly 1.8 mH Ry, R, 0.1Q K. 15
L, 25 mH R, 0.4Q Wye 0.2
C; 27 uF V, 480 V D, 12.6381
Cpc 19280 uF Vbe 1200 V D, 10039

The bode plots are drawn based on the simplified control loop for the DG unit
output current i, in Fig. 8.2, which does not take the dq coupling terms in Equation 8.8
into account. The VSC is modeled with a time delay T, = 1.5/fy [55]. For

demonstration purposes, the ESRs of the LCL filter are neglected.

9.1 Bode Plots

In the following, the frequency response of the IMC-based controller K(s) subsequent
to a change in the order of its low-pass filter Gipr(s) (n = 3,4,5) is investigated.
Furthermore, the effect of the tuning parameter A on the open-loop transfer function
of Fig. 8.2 is studied.
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Chapter 9 Frequency Domain Analysis

Fig. 9.1 shows the bode plots of the LCL filter and IMC-based active damping
controller for different orders of n and A = 0.0007.

Lol LI i e n=3 g i
— 100 : :"'::CLF:ﬂte:r\::: ¥3 n 4 n=5
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= Controller n=4 | ::::: o oL
=300 [ — Controllern=5 | i::iiioioiibl

~
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o
—
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<
ﬁ L
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10 10 10° 10' 10°

Frequency (rad/s)

Figure 9.1: Frequency responses of the LCL filter and different orders of the IMC
controller (n = 3,4,5) when ESRs are neglected and A = 0.0007.

As expected, the LCL filter shows a high magnitude peak and a sharp phase drop
from —-90° to —270° at the resonance frequency (in case ESRs are considered, the
resonance peak is smaller and the phase drops more smoothly). Fig. 9.1 shows that
the proposed controller, which is according to the internal model principle designed
to be the inverse of the plant, produces an anti-resonance (sharp amplitude dip) at
the resonance frequency for all orders of Gipg(s). As the order of Gpg(s) increases,
the bandwidth slightly decreases and the attenuation of high frequencies increases
(both high bandwidth and high attenuation of the switching frequency are desirable).
There is a tradeoff between the speed of the system and its harmonic rejection
capability. As expected, increasing the order of Gipr(s) also adds an additional —90°

per increased order to the phase.
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9.1 Bode Plots

Fig. 9.2 shows the bode plots of the open-loop transfer function of the circuit in

Fig. 8.2 when ESRs are neglected.

1. Controller + LCL Filter :

T~

— A =0.0006
— A =0.0007
-100 A =0.0008

Magnitude (dB)
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@ 7185 [ Rhs
q_) . I ’ oy T
E R R — —. In reasn’lg}\
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< ..
ﬁ _225 ........................................... ...............
-270 k i i e
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Frequency (rad/s)

Figure 9.2: Frequency response of the open-loop transfer function of the simplified
block diagram shown in Fig. 8.2 when ESRs are neglected (n = 3).

The change in frequency response is shown for 0.0006 < A < 0.0008 (Gypr(s) with
n = 3). It is evident that the controller successfully compensates for the resonance
peak of the LCL filter. As A increases, the bandwidth decreases and the controller
becomes slower. On the other hand, the attenuation of higher frequencies increases,
which improves damping of switching harmonics. Similar to the choice of n in

Fig. 9.1, the choice of A is a tradeoff between the speed of the system and its harmonic

rejection capability.
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Chapter 10

Other Active Damping Methods

This chapter provides an overview of two selected active damping methods to
compare with the proposed IMC-based active damping current controller. From
Category 1 (additional feedback) methods, the virtual RC damping method [55]
is chosen which measures and feeds back the capacitor current. From Category 2
(high-order filter) methods, the notch filter-based approach with a PI controller [58]
is used.

Both methods are implemented with conventional PI controllers in the dg reference
frame. To achieve the best transient behavior, decoupling and voltage feedforward
terms are included. For low-frequency dynamics, the LCL filter can be approximated
with a simple L filter [48]. Taking ESRs into account, the best results are obtained
when controllers are tuned to attain zero-pole cancellation [1,62] with R = Ry +R+R,,
L=L;+L,+Lg and 7 = L/R (also considered was the symmetrical optimum tuning
method for PI controllers [49,63]).

10.1 Virtual RC Damping

Split capacitor damping is an established passive damping method in which the
tilter capacitor is paralleled with a series RC network to increase damping while
keeping the power dissipation relatively low. As a further development of the virtual
R damping method in [52], reference [55] proposed a virtual RC active damping
strategy. This method measures the capacitor current and feeds it back through a
high-pass filter to add damping. The high-pass filter acts like a virtual RC network

in parallel to the filter capacitor.
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Chapter 10 Other Active Damping Methods

Fig.10.1 shows the block diagram of the implementation of the virtual RC damping
method.

Virtual RC _
N Damper .
i Convenional
PI Controller

Figure 10.1: Block diagram of the virtual RC damping method combined with con-
ventional PI current controllers in the dg reference frame, including

cross-coupling and voltage feedforward terms.

The best results are obtained when the high-pass filter of the virtual RC method

K

oo is implemented with K,. = 15 and w,. = 0.2wg,.

10.2 Notch Filter Damping

The notch filter-based active damping approach [58] utilizes a notch filter cascaded
with a conventional PI current controller. The notch filter compensates the resonance
peak of the LCL filter with an anti-resonance at the same frequency. This method isin
general very frequency selective; hence, it is necessary to adjust the depth and width
of the notch filter to increase robustness. However, a broader filter characteristic

reduces the bandwidth of the controller.
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10.2 Notch Filter Damping

Fig. 10.2 shows the block diagram of the implementation of the notch filter damp-
ing method.

s?’+ 2w
s’+2w

res

2 V;
D,s+w; || id
2
res D ps + a)res

s?4+2w
242w

D,s+w
D,s+w

2
res ’
2

res

res

res

29 PI Controller

Figure 10.2: Block diagram of the notch filters combined with conventional PI cur-
rent controllers in the dq reference frame, including cross-coupling and

voltage feedforward terms.

The notch filter coefficients D, and D, are listed in Table 9.1 and tuned based on
the resonance peak magnitude apc.x of the LCL filter including ESRs (see Figs. 8.1
and 8.2), with recommended 10% robustness [58]. Hence, filter parameter changes
resulting in resonance frequency shifts of +10% (Aw = 0.1w,.) are covered, while
acceptable dynamic behavior is retained.
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Chapter 11

Time Domain Simulations

This chapter discusses simulation case studies to evaluate the transient performance
and robustness of the proposed IMC-based active damping current controller. The
study system shown in Fig. 8.1 is modeled in PSCAD/EMTDC environment with
the system parameters in Table 9.1. The results are compared with the two methods
discussed in Chapter 10: virtual RC damping method (see Fig. 10.1) and the notch
tilter-based damping approach (see Fig. 10.2). The three studied methods are tuned
to have similar rise times, settling times, and d-component overshoots.

As waveforms exhibit distortion during the robustness tests, the total harmonic
distortion (THD) of the injected current 7, is defined as an indicator of power quality
degradation:

63

THDy; = Z (17’1)2 (11.1)

h=2

11.1 Transient Performance

This section studies the transient behavior of the injected currents of the virtual RC,
the notch filter, and the proposed IMC-based active damping methods.

Fig. 11.1 shows the dg-components of the current i, of the three tested methods
for a step change from 50 A to 100 A in the d-component at t = 0.1 s, while the

g-component is kept at zero.
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Chapter 11 Time Domain Simulations

Figure 11.1: dg-components of the current i, subsequent to a 50 A step change in the
d-component at t = 0.1 s: (a) virtual RC, (b) notch filter, and (c) IMC.

All three methods successfully track the new operating state, having settling times
of around 20 ms and d-component overshoots of around 7%. As the insets show,
the virtual RC method exhibits small decaying transient oscillations in both d and
g axes, while the notch filter and the IMC-based methods show smooth transitions.
Notice that the IMC-based method exhibits very good decoupling between the d and
g axes, having a g-component overshoot of 2%, while the virtual RC and notch filter
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11.1 Transient Performance

Fig. 11.2 shows the corresponding injected three-phase currents iy, for the three
tested methods.

100
50

(0)
_50
-100
100

50

(a)

igubc,virRC (A)

(b)
_50
-100
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50

i;lahc,N()tch (A)

izabc,IMC (A)

-50
-100

0.08 0.09 0.1 0.11 0.12 0.13 0.14
Time (s)

Figure 11.2: Three-phase currents i, subsequent to a 50 A step change in the d-
component at t = 0.1 s: (a) virtual RC, (b) notch filter, and (c) IMC.

Again, the notch filter and the IMC-based methods show smooth transitions, while
the virtual RC method has short decaying oscillations, agreeing with what is seen in
Fig. 11.1(a).
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Chapter 11 Time Domain Simulations

11.2 Filter Robustness

This section studies the robustness of these three active damping approaches against
tilter parameter changes that alter the resonance frequency (see Equation 8.1) due to,
e.g., heat or aging. The inductance L, is increased step by step and the behavior of
the three methods is studied (alternatively, the inductance L, or the filter capacitance
Cr could be changed). THD values are provided in Table 11.1.

Table 11.1: Steady State THDg; Values for L, Changes
L, (mH) virtual RC notch filter IMC
9.6 0.64 1.10 0.82
14.5 unstable unstable  4.04

As mentioned in Section 10.2, the notch filter is designed to be able to withstand
parameter changes that cause a resonance frequency shift of 10%. It is expected that
beyond this limit, the transient response of the notch filter-based damping method
degrades significantly.

Fig. 11.3 shows the dg-currents of the three methods when L, is 9.6 mH (the design
value is 1.8 mH) and a 50 A step change in the d-component of the current is applied.

(7] 78 gty



11.2 Filter Robustness
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Figure 11.3: dg-components of the current i, subsequent to a 50 A step change in the
d-component at t = 0.1 s for L, = 9.6 mH: (a) virtual RC, (b) notch filter,
and (c) IMC.

With this value of L,, the robustness limit of the notch filter method is reached as
the resonance frequency is shifted to lower frequencies by 10% of its original value,
i.e., 540 rad/s. All three methods show steady state oscillations in d and g axes (see

Table 11.1 for corresponding THD values).

The virtual RC method has the lowest THD value but the transients in Fig. 11.3(a)
slightly degrade compared to Fig. 11.1(a), having a settling time of 50 ms and dg-
overshoots of 8% and 17.5%, respectively. The transient response of the notch filter—
based approach in Fig. 11.3(b) clearly degrades compared to Fig. 11.1(b), having a
settling time of 75 ms and dg-overshoots of 13% and 24%, respectively. This behavior
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Chapter 11 Time Domain Simulations

is expected, as the notch filter is designed for a robustness of 10% [58]. However,
the transient behavior of the proposed IMC-based method does not significantly
degrade and is still very fast with a small overshoot and very good axes decoupling
(settling time of 25 ms and dg-overshoots of 4% and 3%, respectively).

For L, < 9.6 mH, the transient behavior of the currents is similar to that in Fig. 11.1
but shows small steady state oscillations. Once the value of L, is in the neighbor-
hood of the robustness limit of the notch filter method, its transient performance
degrades significantly. Increasing L, even further increases the THD value and leads
to instability of the notch filter method.

Fig. 11.4 shows the three-phase currents i, when L; is 9.6 mH.
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Figure 11.4: Steady state three-phase currents i, subsequent to a 50 A step change
in the d-component at t = 0.1 s for L, = 9.6 mH: (a) virtual RC, (b) notch
filter, and (c) IMC.

As can be seen, all three methods are stable but the current waveforms show

distortions in their peaks (also see Table 11.1 for corresponding THD values).
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11.2 Filter Robustness

In the next step, L, is further increased to 14.5 mH. As shown in Figs. 11.5(a) and
(b), the virtual RC and notch filter damping methods lose tracking ability, leading to
instability (the L, stability limit is around 12 mH for virtual RC damping and around
10 mH for the notch filter approach).

iqu,virRC (A)

iqu,Notch (A)

(c)

iqu,IMC (A)

0 0.5 1 1.5 2
Time (s)

Figure 11.5: dg-components of the current i, subsequent to a 50 A step change in the
d-component att = 0.1 s for L, = 14.5 mH: (a) virtual RC, (b) notch filter,
and (c) IMC.

Notice that for L, = 14.5 mH, the proposed IMC-based method (see Fig. 11.5(c))
still retains stability, showing mild oscillations in d and q axes (its stability limit is
around 14.7 mH with a THD value of 4.56%). The IMC-based method is much more
stable than both virtual RC and notch filter damping methods.
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Chapter 11 Time Domain Simulations

Fig. 11.6 shows the steady state three-phase current waveforms iy, of the IMC-

based method.
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Figure 11.6: Three-phase currents i, subsequent to a 50 A step change in the d-
component at t = 0.1 s for L, = 14.5 mH using IMC method.

The waveforms show distortion; however, the THD value of 4.04% (also see Ta-
ble 11.1) is below the 5% limit [64] of the IEEE standard 1547 and hence still accept-

able.
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11.3 Grid Connection Robustness

11.3 Grid Connection Robustness

This subsection studies the behavior of the IMC controller in situations of a weak
grid connection (large coupling inductor, e.g., long transmission line). Owing to
changes of switching states in the grid, L, can change during operation which alters
the resonance frequency Equation 8.1. Therefore, L, is successively increased and
the behavior of the three controllers is studied.

Fig. 11.7 shows the dg-currents of all three methods when L, is increased from 2.5
mH to 8.7 mH.
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Figure 11.7: dg-components of the current i, subsequent to a 50 A step change in the
d-component at t = 0.1 s for L, = 8.7 mH: (a) virtual RC, (b) notch filter,
and (c) IMC.

As can be seen, the notch filter approach shows large oscillations in the d and
g axes, while the virtual RC and the proposed IMC-based approaches show very
robust behavior and no steady state oscillations. For L, > 8.7 mH, the oscillations

of the notch filter approach become larger and cause instability eventually.
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Chapter 11 Time Domain Simulations

Fig. 11.8 shows the corresponding steady state three-phase currents of all three

methods.
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Figure 11.8: Steady state three-phase currents i, subsequent to a 50 A step change
in the d-component at t = 0.1 s for L, = 8.7 mH: (a) virtual RC, (b) notch
filter, and (c) IMC.

While the virtual RC and IMC-based approaches show no harmonic distortion,
the notch filter approach has large distortion with a THD value of around 40% (see
Table 11.2).

Table 11.2: Steady State THDs3 Values for L, Changes
L, (mH) virtual RC notch filter IMC
8.7 0 40 0
10.057 0 unstable 0
10.0925 unstable unstable 0
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11.3 Grid Connection Robustness

Figs. 11.9(a) and (b) show the L, stability limits of the virtual RC and IMC damping
methods, i.e., 10.057 mH for the virtual RC damping and 10.0925 mH for the proposed

IMC-based method.
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Figure 11.9: dg-components of the current i, subsequent to a 50 A step change in the
d-component at t = 0.1 s: (a) virtual RC (L, = 10.057 mH) and (b) IMC

(L = 10.0925 mH).

The proposed method is slightly more stable than the virtual RC damping. How-

ever, a further increase in L, causes instability for both approaches.
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Chapter 12

Conclusion Part II1

High-order filter-based active damping techniques (e.g., notch filters) are effective
in damping the resonance of LCL filters but lack robustness. They are designed
to compensate the resonance peak of the LCL filter and take some robustness into
account, which compromises bandwidth. The notch filter approach requires separate
tuning of the PI controllers and the notch filters which are particularly hard to tune
as information about the resonance peak magnitude dpe,x is required. Additional
feedback active damping approaches (e.g., virtual RC) are usually more robust than
filter-based once but they need additional sensors. The virtual RC method requires
separate tuning of the PI controllers and high-pass filters.

Part I1I of this thesis proposes an internal model control (IMC)-based active damp-
ing approach. The IMC-based controller is essentially a high-order MIMO filter
which combines the advantages of both filter-based and additional feedback-based
active damping methods. It does not require extra sensors (like the notch filter ap-
proach) and has better robustness than the virtual RC method. Moreover, the tran-
sient response of the IMC controller hardly degrades when parameters are changed,
while the compared methods show large overshoots and might violate current lim-
itations. Although the IMC controller has higher complexity, it is very easy to tune
as it has only one tuning parameter. Due to the easy tuning and high robustness, the
proposed IMC-based active damping method is superior to both the virtual RC and

notch filter methods.
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Future Work

In the process of writing this thesis, several research directions for future studies

emerged and are listed below:

Part 11

1. For the sake of simplicity, the voltage source converters of the study microgrid
in Part II do not take switching into account and are essentially controlled
ideal voltage sources. For future studies, switching actions of the voltage

source converters should be considered.

2. The used power controller utilizes conventional droop control. The inter-
nal model-based controllers could be studied with other power sharing ap-
proaches, e.g., VPD/FQB, complex line impedance-based droop control, an-
gle droop control, voltage-current droop control [65], or washout filter-based
power sharing [43, 66].

3. A practical implementation of the internal model-based voltage and current
controllers in the voltage source converters of a physical islanded microgrid

would be necessary to confirm the time-domain simulation case studies.

4. Future studies could also investigate the behavior of the IMC-based voltage
and current controllers in case of non-linear loads and/or highly resistive lines

in a low-voltage microgrid.

Part 111

1. The proposed IMC-based active damping controller is studied for a single grid-
connected voltage source converter with LCL filter. As the next step, it would

be interesting to study multiple grid-connected LCL-filtered voltage source
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Chapter 12 Conclusion Part IIT

converters in parallel to study multi-resonance phenomenons as pointed out
in [50, 60].

Also, an experimental implementation of the proposed IMC-based active damp-
ing controller would be necessary to confirm the time-domain simulation case

studies.

The proposed active damping controller is designed for grid-connected VSCs
with LCL filters. It would be interesting to develop an IMC-based voltage

regulator for LCL-filtered voltage source converters in an islanded microgrid.

The discussed resonance problem could also be tackled by an active disturbance

rejection-based approach utilizing state observers.
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