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Abstract

The grid-forming (GFM) concept is an inverter control method that deploys the inverter’s
power modulations to regulate the system voltage and frequency. A variety of GFM con-
troller topologies can be found in the literature. Mainly a GFM controller consists of a layer
that mimics synchronous machine characteristics and a current-limiting loop. Depending
on the controller topology and parameters, a GFM inverter’s dynamics can spread over a
wide bandwidth leading to a wide range of interactions. The full disclosure of the root
causes of interactions that can be excited by a GFM inverter is still lacking in the literature.
Therefore, in this research small-signal, model-based eigenvalue analysis is conducted on
commonly-used GFM controller topologies with different ac- and dc-side system configura-
tions to reveal the full causes of interactions that can happen in a GFM inverter system.
The virtual electromechanical interaction between GFM inverters and other GFM inverters
and synchronous machines, high-frequency network interactions, and interactions between
the dc-side circuitry and GFM controller, LC' filter components, and the governor-turbine
of synchronous machines are revealed and verified by PSCAD/EMTDC simulations. This
comprehensive analysis unfolds the main driving factors behind the critical interactions in

GFM inverter systems and proposes effective mitigation methods.
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Chapter 1

Introduction

1.1 Background

Technological advances in power electronics and control methods have led to the large-
scale adoption of grid-tied inverters to connect renewable generation resources and energy
storage devices. Replacing conventional synchronous generation units with inverter-based
resources deteriorates the inertia and the strength of the grid that would, otherwise, have

been provided by synchronous machines.

System inertia is a measure of system’s resiliency to frequency changes. Synchronous ma-
chines consist of heavy rotating elements that provide inherent resistance to rapid changes
in machine’s speed following mismatches of power supply and demand. The rotors of syn-
chronous machines gradually release or absorb the energy imbalance as kinetic energy and
help to avoid large frequency excursions. The ability to maintain the system stability during
and following disturbances is determined by the system strength. The impedance of the grid
plays a major role in determining the strength of the gird at an interconnection point [1].
A strong system has a low source-impedance, which indicates that electrically the ability of

the system to impede fast changes of bus voltage and frequency.

Conventionally a grid-tied inverter is controlled as a grid-following inverter, which injects



the power generated from the primary energy source while following the grid’s voltage [2].
Furthermore, grid-following inverters require a phase-locked-loop (PLL) whose proper oper-

ation demands a strong ac network.

With inevitable weak grid conditions in modern power systems, the active participation of
grid-tied inverters to assist in, or even take charge of, maintaining the system’s frequency and
voltage through power modulations without relying on a PLL has attracted much attention,
and has led to the concept of grid-forming (GFM) controls. There are many GFM control
concepts suggested in the literature [2-4]; they can be broadly categorized as droop-based

and other types.

The droop-based controller is the simplest and the most widespread GFM controller
topology, which enables parallel operation between the units under droop control, even
in the absence of a communication system [2-4]. The active power-frequency (P-f) and
reactive power-voltage (Q-v) droop relationships used in the governor and the automatic
voltage regulation of conventional synchronous machines, respectively, are viewed under
this category. The coupling between these two relationships is minimized in inductance-
dominant networks. With significant resistive characteristics seen in low-voltage networks,
either a modified droop relationship or virtual inductance as in [5] has to be introduced.
In [6] integral and derivative control actions are introduced to conventional droop scheme

to improve the transient response.

While P-f droop emulates the primary frequency response of a synchronous machine,
to explicitly emulate the inertial characteristics, the swing equation is commonly embedded
with the P-f droop relationship. This GFM control topology is identified as the virtual

synchronous machine (VSM) [2].

The other GFM control topologies that do not explicitly emulate the synchronous ma-
chine’s dynamics are of different forms. Virtual Oscillator Control (VOC) in [7] is a non-
linear controller based on the Van der Pol oscillator. The inductance and capacitance of the

oscillator are selected to achieve the resonant frequency at the nominal frequency. In [8], a
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phase-locked loop (PLL) has been used as a part of the power controller of the GFM scheme.
The phase detector of the PLL generates a signal proportional to the active power generated
from a voltage source, which is then processed to obtain the current reference for the inner
current controlling layer. The matching control concept is based on the duality between the
rotational kinetic energy stored in the rotor of a synchronous machine and the electrostatic
energy stored in the dc link capacitor and the other energy sources on the dc-side. This
method explicitly looks at the physical realization of inertial and damping characteristics

through physical quantities of the inverter [9].

A widely-used GFM control topology for grid-tied inverters is the VSM. Thus it is impor-
tant to do an in-depth study and understand VSM. VSM controls the converter as a voltage
source. However, due to the limited over-loading capability of power electronic switches,
an explicit current-limiting method is required. An overview of existing current-limiting

methods are discussed in Chapter 4 in detail.

Depending on the controller topology and its parameters, GFM inverters’ bandwidths
may lie over a broad frequency range, which evokes a much wider range of interactions than

those in systems comprising conventional synchronous machines.

Poorly selected controller parameters and network conditions may easily lead to sustained
or growing oscillations. Frequency-domain models have been developed for single GFM
inverters for parameter selection [10]; however, extending their conclusions is impractical
for parallel-connected GFM inverters as such systems are prone to interactions. In a few
references, active power oscillations have been observed in parallel-connected GFM inverters
[11-13]. These oscillations have been reduced by introducing more damping to the system

via controller modifications without clear explanations of the root causes of the interactions.

There have been other attempts, e.g., by neglecting the dynamics of current-limiting
loops [11-14] and use of constant-admittance network models [11], to simplify stability anal-
ysis of GFM inverter systems. These simplifications, however, have detrimental impacts on

the discovery of critical interactions that may occur with high-bandwidth controllers [15]
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and also overlook high-frequency interactions that can only be captured with proper repre-
sentation of the network’s dynamics [16]. Furthermore, most of the GFM inverter stability
assessments have considered an ideal dc-side. However, ac-side dynamics are coupled with
dc-side dynamics via the dc-bus voltage controller and dc-link capacitor dynamics. A de-
tailed review of considering dc-side dynamics in the GFM inverter system’s stability analysis
is given in Chapter 5.

To analyze the stability of inverter-tied systems, impedance-based [17] and eigenvalue-
based [13] methods are commonly used. Impedance-based analysis provides design-oriented
insight into the effects of the controllers on the converter terminal quantities [18]. However,
compared to impedance-based analyses, eigenvalue-based methods have the superior capa-
bility to identify the key parameters that significantly participate in oscillatory mode(s) [19],
allowing the discovery of the root causes of interactions. An overview of the small-signal sta-
bility assessment is given in Appendix A. Furthermore, small-signal modeling and eigenvalue-
based analysis have been heavily used in stability assessment [20] and controller design [21]

of GFM inverter-based systems, and are used in this study as well.

1.2 Research Objectives

The main objective of the research is to reveal the full causes of interactions that can happen

in GFM inverter systems. To achieve this main objective the following tasks are identified.

e Develop EMT models in PSCAD/EMTDC with different GFM controller topologies

and test system configurations, considering both ac and dc sides.

e Develop small-signal models of different GFM inverter systems and validate against
detailed models in PSCAD/EMTDC. Include full dynamics of the GFM controller, ac

and dc network components.

e Conduct eigenvalue analysis on the developed small signal models to identify critical

interactions under different GFM controller topologies and test system configurations.
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Identify the root causes of those interactions and develop mitigation methods for such

interactions.

1.3 Research Contributions
A summary of key contributions are listed below.

e Development and validation of small-signal models that include the full dynamics in-

troduce by the GFM controller, ac network, and dc-side circuitry of the GFM inverter.

e Identification of the wide range of interactions that can be excited by different GFM

controllers.

e Revealing the root causes of critical interactions that can be observed in GFM inverter

systems.

1.4 Thesis Outline

This thesis consists of six chapters, as described below:

Chapter 1: Includes background information of the research and the research objectives.

Chapter 2: Identifies the interactions that can happen in a parallel-connected GFM
inverter system in islanded mode.

Chapter 3: Analyzes the interactions that can happen between a GFM inverter and a
synchronous machine.

Chapter 4: Includes an analysis of the effect of current-limiting algorithms in causing
interactions in GFM inverter systems and a comparative analysis of the fault-ride-through
capability of the selected current-limiting methods.

Chapter 5: Analyzes the effect of GFM inverter’s dc-side dynamic on the interactions

in GFM inverter systems.



Chapter 6: Presents the conclusions drawn from the studies conducted, contributions

made, and suggestions for future research work.



Chapter 2

Modeling and Analysis of Interactions
between Parallel-Connected

Grid-Forming Inverters

This chapter presents small-signal modeling and eigenvalue-based analysis to identify the
root causes of interactions that may happen in a system with multiple grid-forming inverters.
For this purpose, an exemplar two-inverter system is considered. This basic test system
replicates aggregate models of GFM-controlled inverter systems in islanded operation and
provides detailed insight about the key parameters affecting critical oscillatory modes in such
systems. Network dynamics are included through dynamic phasor modeling of its elements,
and controller dynamics are fully included. The dc-side dynamics are excluded by adopting

an ideal dc-side. In Chapter 5, this model is extended by including dc-side dynamics.

Section 2.1 discusses the study system and the adopted GFM controller. The small-signal
model development is discussed in section 2.2 followed by eigenvalue analysis in section 2.3.

A summary of the chapter and its key contributions are given in section 2.4.
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2.1 Test System

In the test system considered, two-level voltage source converters with GFM control loops are
connected to a common point-of-interconnection (POI) via LC filters, step-up-transformers,
and short transmission lines as shown in Fig. 2.1. The parameters of the test system are
given in Table 2.1. Although nominally-identical GFM inverters are considered, sensitivity
studies are conducted to identify the effect of non-identical GFM inverter systems on critical
oscillatory modes of the systems. The adopted GFM controller topology and its parameters

are given in section 2.1.1.

Step-up IT mod.el of the
.  LCfilter  Transformer line
I GFM lev Lf it Rtx th itx POI
| Vaetink | 1nyerter-1 v + ( Q ) +
= _ ov Ve Vpi Cyi
= =[G A )T_LT- pT
f ViviViy ™ | 1
prosemmreemeeeeeeenh Ry
kGFMController Reference Frame: GFM Inverter - 1
R e T Reference Frame: GFM Inverter -2 |
L '
' GFM Ly Ry Ly !
A Vaetink| 1verter-2 1T |

Impedance
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|

|

|
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| ViviVay ™ | | 1
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Fig. 2.1: Test system to study interactions between parallel connected GFM inverters.

Table 2.1: Parameters of the Test System Consisting of Paralleled GFM Inverters

Source rating: | Switching frequency: Load: dc-link:
25 MVA 4 kHz Ry, =553Q, L, =03 H | Vi = 26 kV
LC filter:L; = 2.0 mH, Cty = 34.8 uF, Ry = 1.8 Q)
Transformer: Viy:Vyy = 13.8: 44 kV, Ly = 0.1 pu, Ry = 0.01 pu
m-section: Line length = 10 km, Ly = 10.74 mH, Ry = 1.03 Q, Cp; = 5.46 pF




2.1.1 Grid-forming controller

The high-level block diagram of the GFM controller is given in Fig. 2.2. The GFM controller
consists of an active power-frequency (P-f) controller, a reactive power-voltage ((Q-v) con-
troller, and a current controller based upon a virtual impedance (VI). Each of these control

blocks is described next.

Itg Vg Tevghp

i\ qdor—» Ve qdor—>
I Ved icvdhp

abc \—p abc \—p

+ A
[P-f Controller |——-

VI based
Controller

| O-v ControllerI

Fig. 2.2: Block diagram representation of the GFM controller.

In the P-f controller (Fig. 2.3(a)), the P-f droop relationship generates a power com-
mand that passes through a block that emulates the swing equation of a synchronous machine
to obtain the virtual rotational speed of the GFM inverter. The damping coefficient corre-
sponding to mechanical friction and windage losses of a conventional synchronous machine
is not included in the GFM controller. The reactive power-voltage regulation is carried out
through the Q-v droop relationship as shown in Fig. 2.3(b). The GFM inverter terminal’s
reference voltage (v7,,) is generated by the Q-v controller. The P-f and Q-v controllers

emulate a low-order synchronous machine model, and hence the controller scheme is termed

a virtual synchronous machine (VSM).



P fmref

g ey I
fmref gim |
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Fig. 2.3: Block diagrams of (a) P-f and (b) Q-v controllers.

The output commands of the P-f and Q-v controllers operate the GFM inverter as a
voltage source. However, during overloads and faults, an explicit current-limiting method
is required to prevent over-current conditions for the converter’s sensitive semiconductor
devices. Fig. 2.4 shows the VI-based current controller adopted from [22]. The VI-based

controller consists of a current-dependent virtual impedance path and a transient virtual

impedance path.

PR
vi
icvd
a)gmevi Vo
. viq
Levdhp 3
wgmeviO @
icvth

(a) (b) (©)

Fig. 2.4: VI-based controller block diagram: (a) current-dependent virtual resistance and
inductance calculation, (b) d-axis virtual voltage drop calculation, and (¢) g-axis virtual
voltage drop calculation.

Fig. 2.4(a) shows the current-dependent virtual impedance calculation. If the con-
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verter current’s peak value, icypx = (iCVdQ + icqu)l/ 2 exceeds the specified current threshold,
Tthreshold, the difference between the two is multiplied by the gains K ry1 and Kppyy to obtain
the magnitudes of virtual resistance (R,;) and virtual inductance (Ly;), respectively. As
shown in Figs. 2.4(b) and 2.4(c) the virtual voltage drop between the converter terminal
and the filter inductance (Lg) is calculated by multiplying R,; and Ly; by the correspond-
ing dq components of the converter current. This virtual voltage drop is subtracted from
the voltage reference generated from the (-v controller (Fig. 2.2) to reduce the terminal
voltage during over-currents, leading to a lower current injection from the converter. In
the transient VI path, the constant virtual resistance value (Ryi) and the constant virtual
inductance value (Lyj) are multiplied by the high-frequency components of the converter
current’s dq components (Figs. 2.4(b) and 2.4(c)). This path also emulates a voltage drop
between the converter terminal and the filter inductance. Those high-frequency current
components will appear following the transients in the converter current and, therefore, this
path acts as an active damping path on the converter currents. The parameters of GFM
controller are given in Table 2.2. Development of the test system’s small-signal model is

discussed in detail in the next section.

Table 2.2: Parameters of the GFM Controller

P-f controller parameters

Wetmret = 1.0 PU, Pypmrer = 0.7 pu, Hopn = 28, Dpgrn = 0.03 pu, T, = 0.01 s, wy, = 377 rad/s

Q-v controller parameters

Qref = 0.35 pu, Eres = 1.05 pu, Dy = 0.03 pu, Ty =T, = 0.01 s, K,= 0.1, T; = 0.25 s

VI-based current controller parameters

Uthreshold = 1.1 pu, Kpryt = 9, Koyt = 0.0, Ryip = 0.25, Lyio = 0.0, fup, = 0.5 Hz

2.2 Small-Signal Model Development

Firstly, the regions to be modeled in each source’s reference frame are assigned as depicted
in Fig. 2.1. The selection of the reference frame for the passive network components is

arbitrary. Regions included in the GFM inverter-1’s reference frame are denoted within a
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set of solid lines, whereas those in the other GFM inverter’s reference frame are denoted

within a dashed box.

The boundary state variables (i.e., bus voltages and line currents) that interconnect the
two reference frames require transformation from one frame to another. In [16] a common
reference frame is used; however, this requires all the individual dynamic devices to have
a boundary with a single machine, identified to be the common reference frame generator.
This is generalized in this work with the aim of enhancing the flexibility in selecting the
regions to be modeled even if the number of reference frames (i.e., regions corresponding to
dynamic devices) is more than two. Transformation of variables from reference frame ¢ to
reference frame j (rotating with speeds of w; and wj;, respectively) as shown in Fig. 2.5 may
be done as follows.

[ra; 2q]" = Tjlrai wal” (2.1)

The transformation matrix, T5;, is given in (2.2).

1’;.]. _ COS((SZ‘J') — Sin(éz-j) (22)
sin(d;;)  cos(d;5)

where

(.Sij = W; — Wj (23)

q; Ag;

Fig. 2.5: Rotating reference frames.
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The component connection method [18] is used to develop the small-signal model. In
this method, the power system is decomposed into its sub-components (e.g., grid-forming
and grid-following inverters, synchronous machines, filters, mw-sections, etc.) and each sub-
component is linearized locally to obtain its linear, time-invariant model. These models
are then interconnected using linear algebraic relationships defined by their input-output
variables. Compared with a generic state-space model [18], this method greatly reduces the

computational effort of constructing a small-signal model and preserves modularity.

The small-signal model of each sub-component is described next, where all measurements
and system parameters are considered in per-unit. The base rotational speed for all reference

frames is denoted as wy,.

2.2.1 Reference frame transformation

The state equation of the angle for reference frame transformation between GFM inverter-1

and GFM Inverter-2 is given by (2.4).
5= Wh (Wefmy — Wefmy) (2.4)
The linearized version of (2.4) is given by (2.5).
AS = Wh(AWgfmy — AWgfin ;) (2.5)
Alternatively, (2.5) may be written in the form shown in (2.6).
AJ = AsAS + Asgrng AXgng + AsgimyA Xegtms (2.6)

The expanded form of the matrices in (2.6) are given in Appendix B.1. The components of

A Xy, are explained in subsequent sections.
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2.2.2 Power controller

The power controller consists of P-f and )-v paths. The inverter’s output active power,

P;, and reactive power, ), are calculated at the terminals of the LC' filter of the inverter.

The dynamics of the proportional-integral (PI) controller in the @-v control loop is modeled

by the state variable x;. The resulting set of non-linear equations that describes the power

controller is given by (2.7)-(2.11).

dwgfm/dt = (1/2Hgfm) (ngmref - Pf + (wgfmref - wgfm)/ngfm)

AP /dt = —(1/T,) (Pt — P,)

AQe/dt = — (1/T,) (Qs — Q)

dE¢/dt = — (1/Ty) (Ey — Ey)
A/t = Dy (Ques — Qr) + Evt — Fi

where

Pt - (de + (icvd - 2:td)Rf)Z.td + (qu + (icvq - itq)Rf)itq
Qt = (qu + (icvq - itq>Rf)itd - (de + (icvd - itd)Rf)itq
Ei = ((via + (ieva — isa) Re)? + (Vg + (fevg — itq)Rf)2)1/2

After linearizing (2.7)-(2.11) the following equation is obtained.

AXP = ApAXp + Aprc.AXrcr + ApnA XN + ApLAXy + BpAUgtm

The @Q-v controller’s output, vy, is given by (2.13) and is linearized as in (2.14).

cvq’

Vovg' = —Kp(Dg(Qrer — Q) + Erer — Er) — 21/ T}

14
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AUCVq* = CEAXP -|— DEAUgfm (214)
where

T
AXp = [Awgﬁn AP AQ: AE; Axl}

T
A—X_LCL = |:Aicvd Aicvq A"de Aqu Aitd Aitq Aicvdhp Aicvth:|

T T
A)(N = |: Avpid Avpiq Aitxd Aitxq :| AXL = |: AULd A’ULq AiLd AiLq :|

T
AUgfm - |: Angmref A-Pgﬁrmref ACQref A-Eref :|

The expanded forms of the matrices in (2.12) and (2.14) are given in Appendix B.2.

2.2.3 LC filter and transformer

The dynamics of the LC filter and the transformer are included as explained in this section.
High-frequency converter current components, which are introduced by the transient VI-
based current controller, are included in this section for convenience. In this study the
converter is operated below #ipreshola; therefore, the dynamics of the current-dependent VI
path are excluded. The dq domain non-linear equations that govern the dynamics of the

considered subgroup are given in (2.15) - (2.22).

dicvd/dt = (wb/Lf> (Rf(itd - 7:cvd) + wgmeficvq + Vevd — de) (215>
diCVQ/dt = (wb/Lf> (Rf(itq - Z.cvq> - ngmLficvd + Vevg — qu) (216)
ded/dt == (wb/C'f) ( wgmefoq - itd + icvd) (217)
dqu/dt = (Wb/Cf) (_wgfme'de - itq + Z.qu) (218)
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ditd/dt = (wb/Lt) (_<Rf —|— Rt)itd —|— Rficvd + wgmetitq + Vtd — Upid) (219)

ditq/dt = (wy/Ly) (—(Re + Ry)isg + Retevg — Wetm Leitd + Viq — Upiq) (2.20)
Qieyanp/dt = (—1/Thp)icvanp + dicya/dt (2.21)
Qievgp/dt = (—1/Thp)icvqnp + dievq/dt (2.22)

where Ty, = 1/27 fi, (Refer to Fig. 2.2). Linearization of (2.15) - (2.22) results in (2.23).

. ArUcvd AfUpid
AXicrL = AvcLdaA Xver + Brordai Awgsm + Brcraz + Brcras (2.23)
A'Ucvq A’Upiq
After accounting for the output of the @-v controller and the transient VI path the relation-
ships given in (2.24) - (2.25) are obtained for the expected dq components of the converter
terminal voltage. Note that the transformer’s winding configuration introduces a 30" phase

shift, which is considered in these equations to refer all the low-voltage side quantities to

the high-voltage side.

Vevd = (Ucvq*) Sin(_goc) - RViOiCthp + wgmeviOicvth (224)

Vevg = (Ucvq*) COS(_goo) - RViOicvth - wgmeviOicvdhp (225)

Linearizing (2.24) - (2.25) yields the following.

AUcvd
= AvcquAXP + AvcvquCLAXLCL + BvcvquUgfm (226)

Agyq
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Substituting (2.26) in (2.23) yields (2.27).

AXyor = ArctpAXp + ArcrAXrer + ArcinA XN + Arcrn A Xy + BicLAUgtm
(2.27)

The expanded forms of the matrices in (2.23), (2.26) and (2.27) are shown in Appendix B.3.

2.2.4 Network

The inverter-side capacitor and the inductance of the m-section are considered in developing

the dynamic equations in (2.28) - (2.31).

dvpia/dt = (wb/Cpi) (Wein CpiVpiq + (it — ftxa)) (2.28)
dvpiq/dt = (Wi Cpi) (—wWetmCpivpia + (itq — fixq)) (2.29)
ditxd/dt = (wb/th)( wgmetXitxq - Rtxitxd + Upid — ULd) (230)
dith/dt = (wb/th)(_wgmetxitxd - Rtxitxq + Upiq - ULq) (231)

The expression in (2.32) are obtained after linearizing (2.28) - (2.31).

. Aigq Avrg
A XN = ANaA XN+ Bnd1 Awgim +Bna2 + Bnas(BNdaAd+ Bnas ) (2.32)

Aitq AULq

Since the load is modeled in the GFM inverter-1’s reference frame, the network component
in GFM inverter-1’s reference frame will have BnazBngaAd = 0451 and Bngs = Iox2. The

equation (2.32) can be represented as in (2.33).

AXN = AnsAS + AnpAXp 4+ AnpenAXrer + ANA XN + ANLA XY, + BNAUggn,
(2.33)
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The expanded forms of the matrices in (2.32) - (2.33) are shown in Appendix B.4.

The above state equations are developed in individual inverter reference frames. There-

fore, the overall state equations for the i*" inverter are obtained as follows.

A-}(.gfm,,; = Agfm(siA(s + AgfmiAngmi + AgmeoadiAXL + BgfmiAUgfmi (234)

where,
T
Angmi = |: AXP AXLCL AXN :|
T
Agtms; = [ Os5x1 Osx1 Ans ]
Ap Aprcr ApnN
Agfmi = | Arctp ArcL AvcLy
Anp AnicL An
T T
Agmeoadi = | Apy, ALCLL AnL Bgfmi = | Bp Bicr Bn
2.2.5 Load

The dynamics of the load-side capacitances of each transmission line and the load inductance
are modeled in GFM inverter-1’s reference frame. The non-linear dynamic equations of this
sub-group are given in (2.35)-(2.38). CY, is the total shunt capacitance and N is the number
of parallel active devices that inject current to the load via m-section components. Current
flows in the transmission lines are the inputs to this section. The current flow in the line
that connects the GFM inverter-2 must be transformed to GFM inverter-1’s reference frame

using the transformation matrix given in (2.2).

N
dULd/dt = (wb/CL)( wgfmchULq — de/RL — iLd + Z itxdi) (235)

i=1
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N

dvgq/dt = (w/CL)(~Wetim; CLVLa — Viq/Br — g + Y dixqi) (2.36)
i=1

dZLd/dt = (wb/LL)( wgfmlLLiLq + ULd) (237)

dirg/dt = (wb/L1)(—Wetm, L1ird + vLq) (2.38)

After linearization of (2.35) - (2.38) the state equation given in (2.39) is obtained. The

expanded form of matrices in (2.39) are given in Appendix B.5.

. N Aitxdi
AXjy, = ApgA Xy + Brai Awggm, + Bra2 ARy, + Bras Z(BLdéL,; Ad + Bras,
i=1 AT
(2.39)
Since load is modeled in GFM inverter-1’s reference frame Brqz3Brdgs, A0 = 0441 and

Bras, = I»xo. Eq. (2.39) can be rearranged as shown in (2.40). The expanded form

of matrices is given in Appendix B.5.

N
A}(L = 14Load6A(S + Z(ALoadgfmiAngmi) + ALoadAXL + BLoadAUL (240)

=1
2.2.6 Overall system

The small-signal model of the entire system can be obtained by combining the linearized

equations of the sub-components as shown in (2.41).
AX = AAX + BAU (2.41)

where

T
AX = {A(s AXgtm, AXgtm, AXL}

T
AU:{AUgfml AUy, ARL}
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2.2.7 Small-signal model validation
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The developed small-signal model is validated against a detailed electromagnetic transient

(EMT) model in PSCAD/EMTDC. The time-domain responses obtained from the linearized

model and the detailed EMT model to a 10% decrement of load resistance at t = 5 s and

a 2.5% increment of load resistance at ¢t = 7.5 s, a 1% increment of voltage reference of

GFM inverter-1 at t = 5 s and 1% increment of GFM inverter-1’s active power reference at

t = 5 s are given in Figs. 2.6(a), 2.6(b), and 2.6(c), respectively. These tests and others

(not shown for brevity) verify the developed small-signal model’s ability to track the EMT

model’s low-frequency content for adequately small disturbances around an operating point.
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Fig. 2.6: Small-signal vs EMT response for (a) AR, = —10% at t = 5 s and AR, = 2.5%
at t = 7.5, (b) ABs, = 1% at t =5 s and (¢) APy, = 1% at t = 5's.
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2.3 Eigenvalue Analysis

The eigenvalues of A in (2.41) reveal a critical mode in the system as described in Table 2.3.
The virtual electromechanical parameters significantly participate in this mode. Therefore,
this mode is identified as a virtual electromechanical mode. Multi-synchronous machine
systems show inter-machine oscillations around the same oscillation frequency range [19]
when low damping is present. Since the considered GFM controller emulates a low-order
model of the synchronous machine, a similar inter-machine oscillation appears. The ability
of the GFM inverter to introduce a wide range of interactions depending on the controller
and circuit topologies will be revealed in the next chapters.

Table 2.3: Major Participants in the Critical Mode

Mode | Freq. (Hz) | ¢ (%) Major participants

O[100%],  wetm, [43%)],  wetm, [43%)], icva, [36%],
1 2.2 3.7

icvdg [36%]7 icvdhpl [35%]7 icvdhpz [35%]

According to participation factor analysis, the dominant states are chiefly associated with
the P-f controller and the transient VI paths. The inertia time constant (H,gpy,) and droop co-
efficient (Dpgtm) mainly govern the dynamics of the P-f controller, while the dynamics of the
transient VI are determined by the gains (Ryio, Lyio) and the cut-off frequency (fip). Other
than the controller states, converter currents’ d-components have significant participation.
Therefore, the LC filter’s inductance is changed to evaluate its impact. The list of control
and network parameters that are selected to identify their effect on the critical mode is given

below.

e The parameters related to virtual electromechanical characteristics (Hggm, Dpgfm)-

e The control parameters of transient virtual impedance path (Ryio, Lyvio,s fup)-

e The LC filter inductance (Lg).
The results obtained for the above parameter changes are presented in the following sections.
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2.3.1 The effect of virtual electromechanical characteristics

The virtual electromechanical characteristics are chiefly governed by the virtual inertia time
constant (Hggy) and the virtual P-f droop co-efficient (Dpgp). Therefore, this section ana-

lyzes the effect of those parameters.

Effect of H,p,

To analyze the effect of Hgyy,, its value is changed from 0.1 s to 5 s in one of the GFM
inverters (e.g. GFM-inverter-1) and equally in both the GFM inverters. The movement of
eigenvalue corresponding to these changes is depicted in Fig. 2.7a. This shows that either
one of the GFM inverters or both the GFM inverters with large inertia time constants tend
to interact more. The GFM inverters that emulate large inertia time constants prone to
disturbances with low-frequency excursions and oscillatory frequencies. However, due to
the sluggish controller action with a high inertia time constant, the oscillations will take
a longer time to decay. With low-inertia time constants, the GFM controller can fast act
to changes. Though relatively a high-frequency oscillation is observed than GFM inverters
that emulate large inertia time constants, those oscillations can decay faster.This explains
the reason behind the effect on the virtual electromechanical mode from the virtual inertia

time constant.

Hgfml = Hgfm, Q\?
increase 101} i :
+ngfm1 = ngfm2 = 0.03 pu
V+ngfln1 = ngme =0.02 pu
+ngﬁn1 = ngme =0.01 pu

-10+ *\*—*;/)/.//X./'l

Hgfml
increase -

-10 - —e— Effect of Hgfml
| +Effect Of Hgfn11 - Hgfm:\.jx

Imaginary (rad/s)
o
Imaginary (rad/s)
o

-1 0 1

N

30 -25 -20 -15 -10 -5 0 -5 -4 -3 -
Real (1/s) Real (1/s)
(a) (b)

Fig. 2.7: Locus of eigenvalue for changes in (a) Hgypy of one of the GFM inverters and both
the GFM inverters (b) Dpgm and Hgg, of both the GFM inverters.
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For some large inertia time constant values, the system can even reach instability. The
stability of parallel connected GFM inverters with large inertia time constants can be im-
proved by introducing more damping. The blocks of P-f controller (in Fig. 2.3a) that

generate wgpy, can be represented from (2.42).

2HgfmdAwgfm/dt = ngmref — Pf — (]_/ngfm)Awgfm (242)

As shown in (2.42), (1/Dpgtm)Awgsn introduces a damping power. Therefore, by reducing
Dpetm, more damping can be introduced. To test this, as shown in Fig. 2.7b, Hgs, of both
the GFM inverters are changed between 2 s and 5 s, with Djgp, of 0.01 pu, 0.02 pu and
0.03 pu in both the GFM inverters. The arrow by each graph shows the direction of the
eigenvalue movement with increments of Hgpy,. This shows that GEM inverters with large

inertia time constants can achieve improved stability by decreasing P-f droop co-efficient.

To validate the results of the eigenvalue analysis, PSCAD/EMTDC responses are ob-
tained for the operating points marked using red circles in Fig.2.7 by applying a 5% Pamref,
impulse a t = 5 s for 0.1 s. The improper selection of the disturbance can not excite
the mode as explained in [23]. Therefore, following the controllability matrix analysis the
aforementioned disturbance is selected for this study. As shown in Fig.2.8 the low-inertia
time constant of GFM inverters gives improved damping for inter GFM inverter interac-
tions at electromechanical oscillation range. Further, negatively damped interaction among
GFM inverters with large inertia time constants (Fig.2.8b) can be improved by introducing

additional damping via P-f droop co-efficient (Fig.2.8¢).

Effect of Dpgpm

The effect of Dpgpn on the critical mode is analyzed by changing its value from 0.01 pu to
0.05 pu in one of the GFM inverters and equally in both the GFM inverters. Fig.2.9 depicts

the movement of eigenvalue with these changes. Large Dy values of either one of the GFM
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Fig. 2.8: The rotational speed variation for a 5% Pgpmrer, impulse at t = 5 s for 0.1 s with
(a) Hgtm = 0.5 8 with Dpgpn =0.03 pu (b) Hgpy = 5 s with Dpgpn =0.03 pu and (¢) Hgpm =
5 s with Dpepm, =0.01 pu.

inverters or both the GFM inverters reduce the stability of the system, as the increment of
P-f droop co-efficient reduces the amount of power exchange for a given frequency deviation.
To validate this argument, PSCAD/EMTDC responses for a 5% Pifrer, impulse at t= 5 s
for 0.1 s with Dpgpm of both the machines at 0.01 pu and 0.04 pu (marked in red circles in
Fig.2.9) are obtained and given in Fig.2.10. As shown in Fig.2.10a, Dy = 0.01 pu value
has given an improved damping to the system, while Dpen = 0.04 pu has brought the system

to instability (Fig.2.10b). This verifies the results obtained from the eigenvalue analysis.

15

D pgfm,;

107 A increase

a) ngfml = ngfmz
increase

=~

Imaginary (rad/s)
o

10 0 Effect of Dpgpm,
—a— Effect of Dygn, = Dpgtm,
-15 ‘ ‘ | |
5 0 5 10 15
Real (1/s)

Fig. 2.9: Locus of eigenvalue for changes in Dy, of one of the GFM inverters and both the
GFM inverters.
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Fig. 2.10: The rotational speed variation for a 5% Phypmrer, impulse at t = 5 s for 0.1 s with
(a) Dpgim = 0.01 pu and (b) Dpgpm = 0.04 pu.

As mentioned under the effect of Hypy, and Dy, the effect of changing either one of the
GFM inverter’s parameters or both the GFM inverter’s parameters preserves the same trend
in impacting the critical mode. However, the mode is significantly sensitive to the change
in both the GFM inverters. Therefore, the rest of the sensitivity studies are conducted by

changing the corresponding parameters in both the GFM inverters.

2.3.2 Effect of transient VI path

The effect of the transient VI path is mainly analyzed by changing Ryi, Lvio and fi,, while
some extended studies are conducted to analyze the effect of X /R ratio and the magnitude of
the transient VI (Z;0). The traces of eigenvalue corresponding to these changes are depicted
in Fig.2.11. The arrows by each curve show the direction of eigenvalue movement with the
increment of the corresponding parameter.

The traces in Fig.2.11a are obtained with f,, = 0.5 Hz. To analyze the effect of R
its value is changed from 0 to 1 pu while keeping L.y = 0. Similarly, the effect of L is
analyzed. As shown in Fig.2.11a, the increment of transient virtual resistance value reduces
the damping of the mode, while the increment of transient virtual inductance improves the

damping of the mode. To analyze the effect of the X/R ratio of the virtual impedance on
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the critical mode, its value is changed from 0.1 to 5, while keeping the magnitude of the
transient virtual impedance at 1.0 pu. Fig.2.11a shows that a large X/ R ratio gives improved
damping. This is because of the improved decoupling offered by the increased X/ R ratio for
P-f and Q-v droop paths. Further, the effect of the transient virtual impedance’s magnitude,
Zyio, is analyzed by changing its value from 0 to 1.0 pu, while keeping the X/R ratio at 2

(as this shows improved damping). Fig.2.11a shows that large Z,;o values give improved

—>
b 2.5 Hz

fup = 1 Hz hp =

damping.

DO
o

20
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Fig. 2.11: Locus of eigenvalue for changes in (a) Ryio, Lvio, X/R ratio and Zyip and (b) fup
with two Z,;o values.

The effect of the high-pass filter cut-off frequency, fi,, is analyzed by changing its value
from 0.1 Hz to 20 Hz. As shown in Fig.2.11b the selection of the cut-off frequency to
pass the critical mode’s oscillatory frequency has improved the damping of the mode. The
sensitivity of the mode to fy, is significant with large Z,ip values as it increases the contri-
bution of the transient VI path in the GFM controller. To validate the eigenvalue analysis,
PSCAD/EMTDC responses for a 5% Pefmrer, impulse at t = 5 s for 0.1 s are obtained for
the operating conditions marked in red circles in Fig.2.11a. As shown in Fig.2.12a without
transient VI path, the system experiences a low-damped oscillatory mode as predicted by
the eigenvalue analysis. This can be worsened with a high R, value and improved with a
high X/R ratio as shown in Figs.2.12b and 2.12¢, respectively. Therefore, careful selection

of transient VI path parameters can improve the damping of this critical mode.
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Fig. 2.12: The rotational speed variation for a 5% Pjymyrer, impulse at t = 5 s for 0.1 s with
(a) RviOILViOIO, (b) Rviozl and LViOIO and (C) RV10:0.44 pu and LviOIO.88 pu.

2.3.3 Effect of filter inductance

Due to the substantial participation of d-components of the converter current in the critical
mode, the LC filter inductance of both the GFM inverters is changed from 0.03 pu to 0.30
pu. This will change the tuned frequency of the filter and it is recommended to change
the filter capacitor value along with it. However, due to the low-frequency interaction of
interest, this change will not affect the following results. The tendency to reach instability
with low filter inductance values is shown in Fig.2.13. The decrement of the X/R ratio of
the network and the reduction of the electrical distance between two GFM inverters have
evoked the tendency to interact between these two inverters. The benefit of having an
inductance dominant system is observed with the transient VI path in section 2.3.2 as well.
However, the selection of the upper limit of the filter inductance value is subjected to the
voltage drop across it. PSCAD/EMTDC responses for a 5% Phyfmrer, impulse at t = 8 s for
0.1 s are obtained for the operating points marked in red circles in Fig.2.13. As shown in
Fig.2.14, low values of filter inductance can lead to system instability and properly sized
filter inductances provide damping to interactions between GFM inverters. This validates

the results obtained from eigenvalue analysis.
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Fig. 2.14: The rotational speed variation for a 5% Phypmrer, impulse at t = 8 s for 0.1 s with
(a) Ly = 0.03 pu and (b) L¢ = 0.15 pu.

2.4 Summary

This chapter analyzed the interactions that may occur in a parallel-connected GFM inverter

system in the islanded mode. The key contributions of the chapter are:

e Development and validation of a small-signal mode for the exemplar system of parallel-
connected GFM inverters in the islanded mode by including the full dynamics of the

VSM layer, transient virtual impedance path, and network.

e Identification of root causes for the virtual electromechanical interaction between par-

alleled GFM inverters as high virtual inertia time constant, high Af/AP coefficient,
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i.e., Dy, and low X/R ratio in the impedance (i.e., both virtual and actual).
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Chapter 3

Modeling and Analysis of Interactions
between Grid-Forming Inverters and

Synchronous Machines

3.1 Introduction

The interaction analysis of a multi-GFM inverter system in the islanded mode was discussed
in Chapter 2. This chapter extends the analysis by identifying the interactions that can hap-
pen in the grid-connected mode of the GFM inverters. To represent a more general scenario
a local load is added to the point of interconnection. A system consisting of a GFM inverter
in parallel with a synchronous machine that utilizes an exciter and a governor-turbine sys-
tem is studied. This represents a common configuration in modern applications, where the
synchronous machine and the GFM inverter represent aggregate models of synchronous ma-
chines and GFM inverters in the system, respectively. Furthermore, utilizing a synchronous
machine for external ac system representation allows capturing system dynamics that would

otherwise have been overlooked by an ideal Thevenin equivalent.

The test system and its parameters are discussed in section 3.2. The small-signal model
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development of the GFM inverter and the network components are similar to Chapter 2.
Therefore, the small-signal model development is limited to the synchronous machine as
shown in section 3.3. The eigenvalue analysis in section 3.4 is followed by the chapter

summary and its key contributions in section 3.5.

3.2 Test System

Fig. 3.1 gives the considered test system for interaction analysis in the grid-connected mode
of the GFM inverter. The GFM controller topology, the parameters of the controller and
the network are the same as in Chapter 2. A round rotor synchronous machine model is

considered in the study.

Step-up IT model of the
s F | LCfilter  Transformer line

Too | e | o L R Ly ix POl
[ . dclink Inverter Veu + J_+V .

T - T A T m CpT
Viv:Vay © L
................... L Ry =

;GFM Controller

Reference Frame: GFM Inverter

Reference Frame: Synchronous

I Machine Ry -I‘-)L Ly
: /\/ Rtx th I -—

| (] >TVVW""'CJ_ 171
| i

| Jr_| Jr_l p

|

|

|

|
|
Synchronous L _T | Constant
Machine Viv:i Vi < | = Impedance
: Load
- - - - 4

Fig. 3.1: Test system to study interactions between a GFM inverter and a synchronous
machine.

The governor-turbine models that are applicable for load-frequency studies are adopted
from [19] and depicted in Fig.3.2(a). The AC4A exciter model is used whose block diagram
is given in Fig.3.2(b). The parameters of the synchronous machine, governor-turbine, and

exciter are given in Table 3.1.
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Fig. 3.2: Block diagram representation of (a) governor and turbine model, and (b) AC4A

exciter model.

Table 3.1: List of Parameters of the Synchronous Machine

Ratings: Vi ms = 7.97 kV, L, = 1.046 kA

Mechanical parameters: Hy, = 3 s

Steady-state parameters:
R, = 0.0014 pu, x; = 0.134 pu,
Tq = 1.25 pu, 4 = 1.25 pu

Transient-state parameters:
zy = 0.232 pu, 2, = 0.715 pu,
Ty, =475, T,y = 1.5

Sub-transient-state parameters:
xg = 0.15 pu, xg = 0.15 pu,
Ty, =0.059s, T, =021s

Governor-turbine parameters and inputs
Psmref =0.7 PU, Wsmref = 1.0 pu,
Dpsm = 0.03 pu, Tg = 0.2 s, Teg = 0.3 s

AC4A exciter parameters and inputs
Vamret = 1.05 pu, K = 200.0, Ty, = 0.015 8,73 = 10.0s, Tc = 1.0, T, = 0.02 s

3.3 Small-Signal Model Development

This section explicitly discusses the small-signal model development of the synchronous

machine as GFM inverter’s and network components’ small-signal model development have

been discussed in Chapter 2.

3.3.1 Reference frame transformation

The reference angle required for the transformation of boundary state variables between the

synchronous machine’s reference frame and the GFM inverter’s reference frame is obtained

from (3.1). The linearized representation of (3.1) can be obtained as shown in (3.2) whose

expanded form of matrices given in Appendix C.4.1.

dé/dt = wp(Wsm — Wepm)

A6 = AsAS + AsginAXgrm + AsemA Xom
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3.3.2 Synchronous machine modeling

Synchronous machine modeling is based on the guidelines in [19]. The mechanical dynamics
of the synchronous machine is modeled using the swing equation in (3.3), where T}, and T,
are the input mechanical torque and the output electrical torque of the synchronous machine

in per unit, respectively.

dwen/dt = (1/2Hyn) (To — To — Kp(wem — Womnrer)) (3.3)

The electrical dynamics of the synchronous machine are modeled by the stator and rotor
fluxes as detailed in [19]. Since network dynamics are modeled using dynamic phasors, the
synchronous machine’s stator winding dynamics need to be considered. To derive a linearized
model of the synchronous machine that provides a seamless integration with the rest of the
linearized components of the system, the synchronous machine’s connecting transformer
impedance is assumed in series with the stator winding. The steps in the derivation process
are given in Appedices C.1-C.3 and the resultant set of dynamic equations that govern the

electrical dynamics of the synchronous machine is given in (3.4)-(3.9).

diq/dt = (wp/Ly) (—Rila — Upid + €d + Liwsmiq) (3.4)
dipsa/dt = k1tbra + kathra + ksia + kaFEigg (3.5)
dipra/dt = ksta + ketbra + kriq (3.6)

dig/dt = (wp/Ly) (—Ryiq — Vpiq + €q — LtWsmia) (3.7)
dip1q/dt = ksthrq + kothaq + Kioiq (3.8)

dtheq /At = ky1thiq + k1athaq + ki3iq (3.9)

The constants k; — k13 depend on the synchronous machine parameters and mentioned in
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Appendix C.1. Linearization of (3.3)-(3.9) results in (3.10) whose expanded form of matrices

are given in Apppendix. C.4.2.

AX, = A A X+ AperAXar + AppAXEg + ApnNnAXN + At AXy + B AU,
(3.10)

where,

T
AXy, = |:Awsm ta Vi Yia tq Yiq ¢2Q}

T

T T
A—)(GT = [A[L’g ATm:| A)(E = {Avsmf AJTg AEfd:| AUsm = |:Apsmref Avsmref]

3.3.3 Governor-turbine system

The dynamic equations that describe the considered turbine and governor models are given

by (3.11)-(3.12).
dws/dt = (1/T%) (—22 + Panret + (1/Dysm) (Wemref — @om)) (3.11)

The linearized form of (3.11)-(3.12) is given in (3.13) and the corresponding expanded form

of matrices are given in Appendix. C.4.3

AXgr = AgrmAXm + AgrAXgr + AgreAXE + AgTnAXN + AgrLAX L+

BerAU,, (3.13)
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3.3.4 Exciter system

The dynamics of the AC4A exciter model are represented using (3.14)-(3.16).

AVant /At = (1/T3) (—vgms + (€3 + €2)2) (3.14)
dxg/dt = (1/TB) (—ZE3 + Vsmref — Usmf) (315)
dEfd/dt = (1/TATB)(—TBEfd -+ KA((TB — Tc)[l?3 + Tc(vsmref — Usmf))) (316)

Linearization of (3.14)-(3.16) results in (3.17) of which the expanded form of matrices is

given in Appendix C.4.4.

AXE = AgmA Xy + AgerAXgr + AEAXg + AgnA XN + AgL A Xy, + BgAUgn

(3.17)

3.3.5 Network

The dynamics equations set (2.28)-(2.31) in section 2.2.4 are linearized in synchronous ma-

chine’s reference frame and given in (3.18).

. Aig Avpg
AXN = ANaA XN+ Bnda1Awsy + Baz + BNas(BnaaAd + Bnas ) (3.18)

Aiq AULq

The expanded forms of the matrices in (3.18) are shown in Appendix B.4. Eq.(3.18) can be

rearranged as shown in (3.19).

AXN = AN,;A(S + ANmAXm + ANGTAXGT + ANEAXE + ANAXN + ANLAXL+

BNAU,, (3.19)
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The expanded forms of most of the matrices in (3.19) are shown in Appendix B.4 while
newly introduced state matrices by the synchronous machine are shown in Appendix C.4.5.

The above state equations are developed in synchronous machine’s reference frames.
Therefore, the overall state equation for the components in the synchronous machine refer-

ence frame is obtained as follows.
Aj(sm = AsméA(S + AsmAXsm + AsmLoadAXL + BsmAUsm (32())

Here,
T

AXgm = {AXm AXagr AXg AXy

Agtm Agr Agre ActN

T
Asms = [ 071 0251 051 Ans } Asm =
Agm Agcr Ag  Agn

ANm ANGT ANE AN

T

T
AsmLoad = |: AL AGTL Agr AnNL :| B, = |: B,, Bgr Bg Bn

3.3.6 Load

The dynamic equations set in (2.35)-(2.38) and their linearised representation in (2.39) are
valid for the load model in this test system as well. Eq.(2.39) is rearranged for GFM inverter

parallel with synchronous machine test configuration as shown in (3.21).
A:XL = ALoad5 A6+ ALoadgfmAngm + ALoadsmAXsm + ALoad A‘XL + BLoadAUL (321)

Except Apcadsm, the expanded form of other state matrices are given in Appendix B.5. Since
load is modeled in GFM inverter’s reference frame Apoadgsm is equivalent to Aroadgfm, in

Appendix B.5. The expanded form of Apgadsm is given in Appendix C.4.6.
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3.3.7 Overall system

The small signal model for the entire system can be obtained by combining the linearized

equations of the sub-components above as shown in (3.22).

AX = AAX + BAU (3.22)
Here
T T
AX =| Ad AXgm AXen AXy AU = | AUy, AU, ARy
A(5 Aﬁgfm Aésm 01><4 014 01><2 01><1
A— Agfm5 Agfm 017><16 Agmeoad B— Bgfm 017><2 01><1
Asms 016x17 Asm  AsmLoad O16x4 Bsm 0O1x1
L ALoad6 ALoadgfm ALoadsm ALoad i L 04><4 04><2 BLoad ]

3.3.8 Small-signal model validation

To validate the developed small-signal model against a detailed electromagnetic transient
(EMT) model in PSCAD/EMTDC, the time-domain responses are obtained from the lin-
earized model and the detailed EMT model to a 10% decrement of load resistance at t = 15 s
and 2.5% increment of increment of load resistance at t = 20 s, 1% impulse of voltage ref-
erence of exciter for 0.1 s at t = 15 s and 5% increment of GFM inverter’s active power
reference at ¢ = 15 s and given in Figs. 3.3(a), 3.3(b), and 3.3(c), respectively. These
tests and others (not shown for brevity) verify the developed small-signal model’s ability to
track the EMT model’s low-frequency content for adequately small disturbances around an

operating point.
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Fig. 3.3: Small-signal vs EMT response for (a) AR, = —10% at t = 15 s and ARy, = 2.5%
at t =20 s, (b) AvVgnret, = 1% at t = 15 s for 0.1 s and (¢) APygmrer = 5% at t = 15 s.

3.4 Eigenvalue Analysis

Eigenvalue analysis of the linearized (small signal) model reveals critical modes at 2.2 Hz
and 0.4 Hz. Table 3.2 summarizes the characteristics of these critical modes as well as the
state variables that significantly participate in them.

Table 3.2: Major Participants in the Critical Modes

Mode | Freq (Hz) | ¢ (%) Major participants
1 2.2 77| O[100%], wem[P9%], @Werm[A0%], icva [23%], tovdnp [22%)
T [100%)], 22 [T4%)], wWem [53%)], wsm [48%], a1 [37%],
ievq [32%), dovqnp [32%]

2 0.4 51.9

Mode 1 has significant participation from states that govern the electromechanical char-
acteristics of the synchronous machine and the emulated electromechanical characteristics
of the GFM inverter. Therefore, mode 1 is identified as a virtual electromechanical mode.

Governor and turbine state variables significantly contribute to mode 2. Therefore, mode 2
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is identified as a governor mode. Filter inductor current and its high-frequency components
have considerable effect on both modes. The dynamics of the ()-v controller has a significant
effect on mode 2. Figs. 3.4a and 3.4b give the mode shape diagrams for the critical modes
1 and 2, respectively. Figs. 3.4a shows the interaction between the GFM inverter’s and
the synchronous machine’s rotational speeds. Fig. 3.4b reveals the prominent interaction

between the governor-turbine system and the synchronous machine.

Fig. 3.4: Mode shapes of major participants from GFM inverter (solid line), synchronous
machine (dashed line) and both (dotted line) for (a) mode 1 and (b) mode 2.

Following the participation factor analysis the below-listed control and network param-
eters are selected to identify their effect on the critical modes. The effect of GFM inverter

penetration level is also studied. The results obtained from eigenvalue analysis are verified

using PSCAD/EMTDC results.

e Electromechanical characteristics governing parameters(Inertia time constant and droop-

coefficient of each machine).

Parameters of governor-turbine system (7g, Tcn)-

Parameters of the Q-v controller (T})

Effect of transient VI path (Ryio, Lvio)-

e GFM inverter penetration level.
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3.4.1 Effect of electromechanical characteristics governing param-

eters

The emulated electromechanical characteristics of the GFM inverter are mainly governed by
the virtual inertia time constant (Hgypy,) and the virtual droop co-efficient (Dpgpy) in the P-f
controller. Similarly, the inertia time constant (Hy,) and P-f droop coefficient (D, ) dictate
the electromechanical characteristics of the synchronous machine. Additionally, the turbine-
governor dynamics of the synchronous machine affect the electromechanical characteristics

of the synchronous machine.

Effect of inertia time constant

To analyze the effect of the virtual inertia time constant, its value is changed from 0.5 s
to 8 s while keeping the inertia time constant of the synchronous machine constant at 3 s.
Next, the inertia time constant of the synchronous machine is changed from 0.5 s to 8 s while
keeping the GFM inverter’s inertia time constant at 3 s. The synchronous machine’s inertia
time constant is not variable in real systems. However, this analysis considers scenarios with
different synchronous machines of different inertial levels connected to the test system.

The movement of the eigenvalue corresponding to mode 1 with changes in inertia time-
constants of each machine is given in Fig.3.5. Although both modes have significant par-
ticipation from the rotational speed of their respective machine, the effect of inertia time-
constants of each machine on mode 2 is less due to its higher damping than mode 1. There-
fore, the locus of eigenvalue corresponding to mode 2 is not shown for brevity. As shown
in Fig.3.5, the inertia time-constants of each machine affect contrary to mode 1. i.e., high
virtual inertia time-constants of the GFM inverter reduce the damping of mode 1 while high
inertia time-constants of synchronous machine improve the damping of mode 1.

This opposite behavior can be explained as follows. The synchronous machine has a slow-
acting capability due to its sluggish governor-turbine model. In contrast, the GFM inverter

is capable of fast action with the instantaneous governor-turbine model adopted in the GFM
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Fig. 3.5: Locus of eigenvalue corresponding to mode 1 for changes of inertia time constants
in GFM inverter and synchronous machine.

controller (i.e., explicit, governor-turbine models are not included in the GFM controller).
The increment of the virtual inertia time constant slows down the GFM inverter and brings
its bandwidth close to that of the synchronous machine. This increases the tendency to
interact between these two sources. On the other hand, a large inertia time constant in the
synchronous machine makes it slower, leading to a narrower bandwidth compared to the

fast-acting GFM inverter. This bandwidth separation discourages interactions.

The participation factor analysis for Hym= 0.5 s and Hyp= 8 s scenarios (marked with
red circles in Fig.3.5) reveals that the participation of wggy, has reduced from 60% to 21% and
the participation of wgy, has increased from 26% to 80% in mode 1 with the increment of the
GFM inverter’s inertia time-constant. This shows that with large inertia time constants of
the GFM inverter, the synchronous machine dynamics govern the system responses. Fig.3.6
gives the time-domain responses obtained from PSCAD/EMTDC for a 5% Pefmrer impulse
for 0.1 s at t = 15 s. The GFM inverter with a low inertia time constant (Fig.3.6(a)) has
well-damped oscillations compared to the GFM inverter with a high inertia time constant

(Fig.3.6(b)). This verifies the results obtained from the eigenvalue analysis.
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Fig. 3.6: The rotational speed variation for a 5% Py, impulse at t = 15 s for 0.1 s with
Hgy = 3 s and (a) Hypy = 0.5 s and (b) Hgy = 8 5.

Effect of P-f droop co-efficient

The P-f droop coefficient of one of the machines is changed from 0.01 pu to 0.08 pu while
keeping the P-f droop coefficient of the other machine at 0.03 pu. Fig. 3.7(a), and Fig.
3.7(b) give the movement of eigenvalue corresponding to modes 1 and 2, respectively, with
changes in P-f droop coefficients of each machine. As shown in Fig.3.7, the P-f droop
coefficients of each machine type affect both mode 1 and mode 2 conversely; i.e., large P-
f droop coefficient values of the GFM inverter reduce the stability greatly, while large P-f
droop coefficient values of synchronous machines slightly improve the stability of the system.

Furthermore, a minimal effect on the oscillatory frequency can be observed.

This behavior can be explained similarly to section 3.4.1. The increment of Dpgpy, in-
creases the time-constant of the P-f controller, which is given by 2Hgpy Dpgfm. Therefore,
the bandwidth of the GFM inverter will be close to the bandwidth of the synchronous ma-
chine. This increases the machines’ tendency to oscillate against each other. On the other
hand, the sluggish synchronous machine will be further slowed down with higher P-f droop
coefficient values (Dpsm). Therefore, the tendency to interact between the slow-acting syn-
chronous machine and the fast-acting GFM inverter will be reduced, leading to well-damped

oscillations. Another perspective for this phenomenon is that a large P — f droop coefficient
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Fig. 3.7: Locus of eigenvalue corresponds to (a) mode 1, and (b) mode 2, for changes in P-f
droop co-efficient of the GFM inverter and synchronous machine.

of the synchronous machine reduces its contribution allowing the fast-acting GFM inverter
to dictate system dynamics and vice versa. This shift of power contribution for a given fre-
quency deviation between the fast-acting and slow-acting machine increases and decreases
the damping of the inter-machine interaction, respectively.

Further, the sensitivity of modes to Dygy, is lower compared to Dpgs. The feedback of
the speed deviation is instantly applied in the GFM controller, compared to the prolonged
feedback coming via the governor-turbine model of the synchronous machine. This is the

reason for the lower sensitivity to Dy, compared to the Dpgpy,.

3.4.2 Effect of governor-turbine system

Though the swing equation and the P-f droop characteristic are implemented in both
sources, the ultimate effect from these two loops is altered due to the presence of the slow-
acting governor and turbine system in the synchronous machine. To validate this argument
the following study is conducted.

The inherent delay introduced through a turbine system cannot be changed in real sys-
tems. However, this analysis intends to highlight the effect of governor-turbine delays.

Therefore, the time constants of the governor and turbine models are changed from 0.001 s
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to 0.4 s. At each Tz (=Tcn) value, the value of the synchronous machine’s inertia time con-
stant is changed from 0.5 s to 8 s. The movement of the eigenvalue corresponding to mode 1 is
plotted in Fig.3.8. The arrow by each graph shows the direction of the eigenvalue movement
with the increment of the synchronous machine’s inertia time constant. A governor-turbine
system with fast-acting capability moves the eigenvalue corresponding to critical mode, sim-
ilar to the GFM inverter. This verifies that the slow-acting governor-turbine system alters
the response of the synchronous machine and that a fast-acting governor-turbine system

can bring the synchronous machine’s operating characteristics closer to the fast-acting GFM

inverter.

3.4.3 Effect of Q-v controller

Due to the significant participation of z; in mode 2, the integrator time constant of PI
controller in the (-v controller is changed over [0.025, 0.625] s to identify its effect on the
critical modes. The effect on eigenvalues corresponding to modes 1 and 2 are shown in
Fig.3.9. The impact of the @)-v controller dynamics on these two critical modes is minimal.
However, a significant sensitivity to (-v controller dynamics is observed with a non-ideal

dc-side and detailed discussions are given in Chapter 5.
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3.4.4 Effect of transient VI path

To analyze the effect of the transient virtual impedance path, values of Ry, Lvio, X/R
ratio, and Z,;y are changed as mentioned in section 2.3.2. The eigenvalue analysis reveals
that mode 1 is susceptible to the transient VI path’s changes compared to mode 2. The locus
of eigenvalue corresponds to mode 1 with changes of transient VI path parameters shown
in Fig. 3.10. The arrow by each curve shows the direction of the eigenvalue movement with

the increment of the relevant parameter.
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Fig. 3.10: The locus of eigenvalue corresponds to modes 1 with changes in Ry, Lyio, X/R
ratio and Z;.

As shown in Fig 3.10, introducing neither the transient virtual resistance nor the tran-

sient virtual inductance improves the damping of the virtual electromechanical mode. This
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behavior contradicts the improved damping observed in the virtual electromechanical mode
of the parallel connected GFM inverters in section 2.3.2 with increased transient virtual
inductance. This can be due to the prominence of the sluggish GFM inverter’s tendency to
interact with the slow-acting synchronous machine over the positive impact provided by the
improved decoupling between P-f and @)-v controller paths with increased transient virtual

inductance.

3.4.5 GFM inverter penetration level

The eigenvalue analysis is extended to study the effect of the GFM inverter penetration

level. The sizes of each machine, connecting transformers, and the filter elements are set as

shown in Table 3.3.

Table 3.3: Network Parameters for Different GFM Inverter Penetration Levels

Parameter Value
Sarm (MVA) 5 10 15 20 25 30 35 40 45
Ssm (MVA) 45 40 35 30 25 20 15 10 5

L (mH) 10.12 | 5.06 | 3.37 | 253 | 2.02 | 1.69 | 1.45 | 1.26 | 1.12
Cr (uF) 6.96 | 13.93 | 20.89 | 27.86 | 34.82 | 41.78 | 48.75 | 55.71 | 62.68
R; (22) 898 | 449 | 299 | 224 | 1.79 | 1.50 | 1.28 | 1.12 | 0.99

The traces of eigenvalue correspond to mode 1 and mode 2 with different GFM inverter
penetration levels are given in Fig.3.11. The large penetration of fast-acting GFM inverter
has damped both the critical modes.

The detailed time domain rotational speed variations obtained from PSCAD/EMTDC
for a 5% impulse given to Pymrer for 0.1 s at t = 15 s are given in Fig. 3.12. Responses
for the GFM inverter penetration levels of 10% and 90% (marked in red circles in Fig.3.11)
are given in Figs. 3.12a and 3.12b, respectively. Time domain responses verify the ability
of the GFM inverter dominant systems to damp inter-machine interactions as predicted by

the eigenvalue analysis.
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Fig. 3.12: The rotational speed variation for a 5% Pygmrer, impulse at t = 15 s for 0.1 s with
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3.5 Summary

This chapter analyzed the interactions that may occur between a GFM inverter and a syn-

chronous machine. Eigenvalue analysis revealed a similar inter-machine interaction identified

with parallel connected GFM inverters in Chapter 2. Additionally, a well-damped governor

mode was identified. The key contributions of the chapter are:

e Development and validation of a small-signal model for the exemplar system of parallel-

connected GFM inverter and a synchronous machine by including the full dynamics

of the VSM layer, transient virtual impedance path, network, synchronous machine,
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governor-turbine system, and exciter.

e Identification of a contrary behavior between the GFM inverter and synchronous ma-
chine in affecting the critical modes in the system. The effect of the synchronous

machine’s governor-turbine system in evoking the contrary behavior was revealed.

e Demonstration of the ability of a GFM controller with a low bandwidth to dominate

the power system.
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Chapter 4

Effect of Grid-Forming Inverter’s

Current-Limiting Methods

A GFM inverter must have an explicit current-limiting algorithm to avoid thermal overload-
ing of power electronic switches. Current-limiting methods for GFM inverters are discussed
in [2,22,24] under different categorizations. The most common categories are the no-loop
and multiple-loop current-limiting algorithms. The no-loop category limits the converter’s
terminal voltage to limit the current output from the converter. This is commonly carried
out using a current-dependent virtual impedance [15] or a predefined voltage-current droop
relationship [25]. The multi-loop control structure utilizes inner control layers that consist

of either only a current-limiting loop [26] or both voltage- and current-limiting loops [27,28].

The multi-loop control structures shift the inverter’s operation to a current source dur-
ing over-currents, while no-loop controllers preserve the voltage source characteristics. This
behavior of the multi-loop control structure minimizes the overlap between the pre-fault
and during the fault power angle curves, leading to a challenging fault recovery [29]. The
reduction of voltage reference generated by ) — v controller via current-dependent vir-
tual impedance [22], decrease in set values of active power and reactive power according

to the voltage at the point of common coupling [24], and reduction of current references
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proportional to over-current levels [30] have been implemented to retain the voltage source
characteristics of the inverter in the multi-loop control structure. Though the majority of
controllers focus on balanced faults, there are controllers in the natural reference frame
(i.e., abc domain) [30], stationary reference frame (i.e. «f domain) [31], and synchronous

reference frame (i.e., dq domain) [32] that can handle unbalanced faults.

The eigenvalue analysis of the current-dependent virtual impedance-based no-loop con-
trol strategy was discussed in Chapter 3 with the parallel connected GFM inverter and
synchronous machine-based test system. Using the same test system, eigenvalue analyses
are conducted on two of the multi-loop control structures. The virtual admittance-based in-
ner current controller consists of the inner current controller for which the current references
are obtained by a virtual admittance [26]. The other multi-loop control structure consists
of inner voltage and current controllers, which is referred to as cascaded voltage-current
controllers [28].

Section 4.1 discusses the two multi-loop current-limiting methods. The small-signal
model developed in Chapter 3 is modified according to the considered current-limiting
method, and the steps are included in section 4.2. FEigenvalue analysis for the virtual
admittance-based inner current controller and the cascaded voltage-current controller are
included in section 4.3. The possibilities of causing interactions due to the current-limiting
method are also investigated. Proper current controller parameters are selected following the
eigenvalue analysis. Section 4.4 includes detailed PSCAD/EMTDC results to demonstrate
the Fault-Ride-Through (FRT) capability of the considered current-limiting methods. The

chapter summary is included in section 4.5.

4.1 Current-Limiting Methods

Chapter 3 discussed the virtual-impedance-based current controller. Therefore, this chapter

discusses the virtual admittance-based inner current controller method and the cascaded
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voltage-current controller.

4.1.1 Virtual admittance-based inner current controller

The high-level representation of the GFM controller with the virtual admittance-based inner
current controller is shown in the block diagram given in Fig. 4.1. The P-f and @Q-v controller
loops are the same as the controller loops used in Chapter 2. The virtual admittance block
and the decoupled current controller are elaborated in Figs. 4.2 and 4.3, respectively. The
control parameters in Table 4.1 are used, while keeping the other control and the network

parameters at the values given in Chapter 3.

itq qu Z.cvd
i qdo= qdo—>» ; qdoFp
I Vig lev
abc \[—p abc \ | abe \ |2V
4 5 X
P-f Controller 0
Vev i lev " Vev
O-v Controller —— Vlr.tual BEIIN Decoupled | Yeva |
Vevd =0 « |Admittance| i.q Current | vew
Block Controller

Fig. 4.1: Block diagram representation of GFM controller with virtual admittance based
inner current controller.
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Fig. 4.2: Converter current reference calculation from virtual admittance block for (a) d -
axis (b) q - axis.

The converter terminal’s expected voltage (Vevq®, Ueva™ = 0) generated by the Q-v con-

troller is taken as the input to the virtual admittance block. The virtual admittance block
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assumes a series connected virtual resistance and reactance (Ryix + jXyiry) between the
converter terminal and the point of common coupling (terminal of LC' filter). Z . is
the magnitude of the series virtual impedance. The expected converter terminal current
components (cydref, levqref) are limited according to i, prioritization logic. Using g-axis

current limits given in Table 4.1 d-axis maximum and minimum values are calculated as

ax 2 ax

. 2\1/2 . min __ . m
- chqref ) / and Levdref = —levdref

: max __ (; m
Leydref - (@quref

Fig. 4.3: Block diagram representation of decoupled current controller.

As shown in Fig. 4.3, the limited converter terminal current references (icva®, fevq”) are
compared with the instantaneous converter terminal current components (icyd, fevq) and
the error signals are passed through the conventional decoupled current controller. The

decoupled current controller issues the converter terminal voltage commands (veyq and veyq)-

Table 4.1: Control Parameters for Virtual Admittance based Inner Current Controller

Virtual admittance block Decoupled current controller
' " Xvirt = 1, Rvirt ;no Ky = 0.1, T = 0.05 5
levgref =1.1 Pu, levgref =-1.1 pu
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4.1.2 Cascaded voltage-current controller

Figure 4.4 gives the high-level representation of the GFM controller with the cascaded
voltage-current controller. The P-f and @-v controller loops are identical to the corre-
sponding controller loops used in Chapter 2. The decoupled current controller is the same
as in Fig. 4.3. Compared to the previously mentioned current-limiting methods, the output
of the @-v controller is the expected voltage at the filter capacitor instead of the converter
terminal voltage. This voltage reference is then passed through a voltage controller that is
developed based on the voltage drop across the filter capacitor. The block diagram of the
decoupled voltage controller is given in Fig. 4.5. The control parameters shown in Table 4.2
are used together with the other relevant control and network parameters given in Chapter 3.

These control parameter values are selected through a genetic algorithm-based optimizer in

PSCAD/EMTDC.
I v Iey
i qdO|> qdO=> ;- qdoFy
itd Ved icv
abc \—p abc \—p abc 4

£ 5 5
|P—f Controller l*ig

| O-v Controll erl Vig 5| Decoupled levq »| Decoupled | Veva
Vid —o Voltage iovd Current | Veyq

4> ]

Controller Controller

Fig. 4.4: Block diagram representation of GFM controller with cascaded voltage - current
controller.

Table 4.2: Control Parameters for Cascaded Voltage-Current Controller

Q-v controller | Decoupled voltage controller | Decoupled current controller
K, = 0.998, Ky =0.969 , K,, =2 K = 0.430,
T, =0284s T,y = 0.374 s T = 0.241 s

The decoupled voltage controller outputs the converter terminal current commands
(Zevdrefs fevaret). Those current commands are limited according to the i, prioritization logic

explained in section 4.1.1
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Fig. 4.5: Block diagram representation of decoupled voltage controller.

4.2 Small-Signal Model Development

The details related to the small-signal model derivation of P-f controller, ()-v controller,
network, and synchronous machine have already been discussed in Chapters 2 and 3. The
high-frequency converter current components (icydnp, fevqnp ) €xclusively belonging to the
transient virtual impedance path will not apply to the virtual admittance-based inner current
controller and the cascaded voltage-current controller. Therefore, the linearized model of

the LC filter and the transformer will be represented using the states given in (4.1).

T
AXLeL = |Adeyg Aieyq Avig Aveq Aidgg Aitq] (4.1)

New states will be added according to the current controlling strategy. The virtual admittance-
T
based inner current controller introduces two states represented by A X¢cc = { Az, Az } .
On top of these two states the cascaded voltage-current controller introduces two additional
T
states represented by AXvyc = [ Az Azy } . Those relevant modifications will be dis-
cussed for the virtual admittance-based inner current controller and cascaded voltage and

current controller in sections 4.2.1 and 4.2.2, respectively.
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4.2.1 Virtual admittance-based inner current controller
Power controller

The small-signal model derivation of this component is similar to section 2.2.2. The lin-
earized representation of the power controller corresponding to the virtual admittance-based

inner current controller embedded GFM controller is given in (4.2).

(4.2)

The expanded form of matrices in (4.2) are similar to expanded matrices given in Ap-

pendix B.2, except, Apcc and Aprcr that are shown in Appendix D.1.

Virtual admittance block

In developing the small-signal model, it is assumed that the dq components of the converter
current are below the limits. Therefore, the virtual admittance block output can be repre-
sented as in (4.3)-(4.4). Here, vtq and vy, are the the output of the @-v controller concerning

the high voltage side of the connecting transformer

Rvirt X virt

M(Utd - Upccd) + m(vtq — Upccq) (4.3)

.k
levd =

X virt
2 2
Rvirt + X virt

Rvirt
2 2
Rvirt + X virt

.k
levg = —

(Vta — Upccd) + (th - Upccq> (4.4)

The linearized representation of (4.3)-(4.4) is given in (4.5). The expanded form of the
relevant matrices is given in Appendix D.2.
T
{ Aicvd* Aicvq* } - AicvdqrefPA-XP + AicvdqrefLCLAXLCL + BicvdqrefAUgfm (45)
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Decoupled current controller

The set of non-linear equations that govern the dynamics of the decoupled current controller
is given in (4.6)-(4.7).
dl’4/dt = icvd* — icvd (46)

A5 /At = eyq” — fevq (4.7)

Linearizing (4.6)-(4.7) and substitution of (4.5) yields (4.8). The expanded form of the

relevant matrices is given in Appendix D.3.

AXcc = AccpAXp + AccAXce + AccrenA Xrer + AcoenA XN + Acer A X+

BcecAUggn  (4.8)

LC filter and transformer

The dg-domain non-linear equations that govern the dynamics of the LC' filter and the
transformer are similar to the equations in (2.15)-(2.20). The linearized representation of
this component in the virtual admittance-based inner current controller embedded scenario

is given in (4.9). The expanded form of the relevant matrices is given in Appendix D.4.

AXpcr = ArcLpAXp+ArcreccAXco+AcAX oL+ ALcinA XN+ ApcLL A XL+

BrcrLAUgs, (4.9)

Network

The small-signal model derivation of this component is similar to Section 2.2.4. The corre-

sponding linearized representation with the virtual admittance-based inner current controller
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is given in (4.10).

AXN = AnpAXp+AnccAXcect+Anct A X oL FANAXN+HANLA X, +BnAUggn,

(4.10)

The expanded form of matrices in (4.10) are similar to expanded matrices given in Ap-

pendix B.4, except, Ancc and Anpcr, that are shown in Appendix D.5.

The overall state equation for the components above in the GFM inverter’s reference

frame can be represented as shown in (4.11).
Angm = AgfmAngm + AgfmsmAXsm + AgmeoadAXL + BgfmAUgfm (411>

Here,

Angm: AXP AXCC AXLCL AXN

Ap Apcc  AprcL Apn
Accp Acc Accrcr  Acen
Agfm =
Apcre Awrcrcc Arcrn AvcLn
Anp  Anxcce AnLoL An

T
Agmeoad = [ Apr, Accr Avcun Anw }

T
Bgfm = {BP Bce Birci Bn }
Agfmsm = O17x16

The linearization of the synchronous machine and the load components in section 3.3 will be
intact in the presence of the virtual admittance-based inner current controller. Therefore,

the overall system’s state matrix can be obtained similarly to section 3.3.7.
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4.2.2 Cascaded voltage-current controller
Power controller

The small-signal model derivation of this component is similar to section 2.2.2. The lin-
earized representation of the power controller corresponding to the cascaded voltage-current

controller embedded GFM controller is given in (4.12).

AXP = ApAXp + ApycAXvc + ApccAXce + AprcLAXLoL + ApnA XN

+ Ap AXy, + BPAUgfm (412)

The expanded form of matrices in (4.12) are similar to expanded matrices given in Ap-

pendix B.2 and Appendix D.1. Here, Apvc = O5yo.

Decoupled voltage controller

The input to the decoupled voltage controller block is the output of the Q-v controller

referred to the high voltage side of the transformer, which is given in (4.13)- (4.14).

de* = Sin(_?’oc)(_Kp(Dq(Qref - Qf) + Eref - Ef) - '171/7—‘1) (413)

tg" = c08(—30) (= Kp(Do(Qret — Qt) + Eret — Et) — 21/ T}) (4.14)

The linearization of (4.13)-(4.14) results in (4.15).

Avgg* sin(—30") sin(—30")
— CeAXp + DeAUgn, (4.15)
Avgy* cos(—30") cos(—30")

The expanded form of matrices in (4.15) are similar to the matrices given in Appendix B.2.

The set of non-linear equations that govern the dynamics of the decoupled voltage controller
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is given in (4.16)-(4.17).
dl’ﬁ/dt = de* — Vgd (416)

do;/dt = ve,™ — vy, 4.17
q q

Linearizing (4.16)-(4.17) and substituting (4.15) yeilds (4.18).

AXVC = AvepAXp+AvcAXve+AvecccAXce+AvercLAX oL + AvenA XN+

AvcLAXy + BycAUg, (4.18)

The expanded form of matrices is in Appendix E.1.

Decoupled current controller

The input to the decoupled current controller is the output from the decoupled voltage

controller given in (4.19)-(4.20).

icvd* = va<vfd* — de) + (1/ﬂv)xﬁ + itd — WCfoq (419)

Z.cvq* = va(qu* — qu) + (1/711\,)177 + itq —+ (A)Cf'de (420)

The linearization of (4.19)-(4.20) and substitution of (4.15) results in (4.21).

Aicvd*
= AicvdqrefP A)(P _'_AicvdqrerC AJX-VC +AicvdqrefLCL A)(LCL +BicvdqrefA Ugfm
sk
AV

(4.21)

The dynamics of the decoupled current controller can be represented similarly to (4.6)-(4.7).

The lineaization of (4.6)-(4.7) and substitution of (4.21) results in (4.22). The expanded
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form of the matrices is given in Appendix E.2.

AXCC = AccpAXp+AccvecAXve+AccAXce+AccrecAX oL + AcenA XN+

ACCLAXL -+ BCCAUgfm (422)

LC filter and transformer

The small-signal model derivation of this component is similar to section 4.2.1. The lin-
earized representation of this component in the cascaded voltage-current controller embed-
ded scenario is given in (4.23). The expanded form of the relevant matrices is shown in

Appendix E.3.

AXLCL = ArcLpAXp + ArciveAXve + ArcreccAXce + ArcAX oL

+ ApciNA XN + Apctt A XL + BrerAUgs,  (4.23)

Network

The small-signal model derivation of this component is similar to Section 2.2.4. The cor-

responding linearized representation with the cascaded voltage-current controller is given

in (4.24).

AXN = AnpAXp + AnveAXve + AnccAXce + AnnenAXpon + ANA XN

+ ANLA XL + BNAUgtn  (4.24)

The expanded form of matrices in (4.24) are similar to expanded matrices given in Ap-

pendix B.4, except, Anvc, Ancce and Anycr, that are shown in Appendix E.4.

The overall state equation for the components mentioned above in the GFM inverter’s
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reference frame can be represented as shown in (4.25).

Angm = AgfmAngm + AgfmsmAXsm + AgmeoadAXL + BgfmAUgfm (425)

Here,
T
Angm = AXP AXVC AXCC AXLCL AXN

Ap  Apvc Apcc Aprcr Apn

Avcp Avc Avcce Avcrcn Aven

Agtm = | Accp Accve Acc Accrcrn  Accen

Apcre Arcive Awvcrcc Apcrn AvrcLN
| Anp Anve  Ancce  Anpow AN |

T
Agmeoad = |:APL Avcr Accr Avcin ANL:|

T
Bgtm = [BP Byvc Bcc Bico BN]
Agfmsm = O19x16

The linearization of the synchronous machine and the load components in section 3.3 will
be intact in the presence of the cascaded voltage-current controller. Therefore, the overall

system’s state matrix can be obtained similarly to section 3.3.7.

4.2.3 Small-signal model validation

This section validates the small-signal models developed for the aforementioned current
controllers against corresponding detailed EMT models in PSCAD/EMTDC. Figs. 4.6 and
4.7 give the time-domain responses obtained from the linearized model and the detailed
EMT model of virtual admittance-based inner current controller embedded GFM inverter

and cascaded voltage-current controller embedded GFM inverter systems, respectively. The
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following disturbances are applied to obtain the subplot of each graph: (a) Awgmresr = 1%

at t = 15 s for 0.1s, (b) AR, = —10% at t = 15 s and ARy, = 2.5% at t = 20 s and (c)

AFE.s = 1% at t = 15 s. These tests and others (not shown for brevity) confirm that the

developed small-signal models can track the low-frequency oscillation of the EMT model for

adequately small disturbances around an operating point.
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Fig. 4.6: Small-signal vs. EMT response for virtual admittance based inner current controller

embedded GFM inverter system.

4.3 Eigenvalue Analysis

This section discusses the results obtained from eigenvalue analysis for the above-mentioned

current controllers’ embedded scenarios.
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Fig. 4.7: Small-signal vs. EMT response for cascaded voltage-current controller embedded

GFM inverter system.

4.3.1 Virtual admittance-based inner current controller

Besides the two critical modes identified with the virtual impedance-based current controller

embedded scenario (Chapter 3)

duces two additional modes. Table 4.3 summarizes those critical modes’ characteristics and

significantly participating state

Table 4.3: Major Participants in the Critical Modes with virtual Admittance based Inner

Current Controller

, the virtual admittance-based inner current controller intro-

variables.

Mode | Freq (Hz) | ¢ (%) Major participants
1 1.8 13.4 S[100%], wem[56%)], werm[45%]
T [100%], 22 [7T3%], wem [67%], Yt [46%)], wsm [33%)],
2 0.4 63.3 1 [24%), 6 [23%]
5 183 c0s | feva 00K, icwq [95%], a4 [66%], w5 [62%], iq [41%];
14 [40%]
Ut [100%], v [100%)], iova [66%], ievq [66%], ira [52%),
4 3338 | 75 g [52%), doa [27%)], i [27%]
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Modes 1 and 2, respectively, correspond to virtual electromechanical mode and governor
mode identified in Chapter 3. Therefore, mode shape diagrams are given only for modes 3
and 4 in Figs.4.8a and 4.8b, respectively. As shown in mode shape diagrams, modes 3 and

4 are network modes excited by the virtual admittance-based inner current controller.

(b)

Fig. 4.8: Mode shapes of major participants from GFM inverter (solid line) and synchronous
machine (dashed line) for (a) mode 3 and (b) mode 4.

This eigenvalue analysis reveals that high-bandwidth inner controller loops lead to high-
frequency network interactions. Therefore, depending on the GFM controller topology, GFM
inverters can excite interactions in a wide frequency range.

A separation of significantly participating state variables in the low-frequency modes
(i.e., modes 1-2) and high-frequency modes (i.e., modes 3-4) can be observed in Table 4.3.
Further, the effect on low-frequency modes from their significantly participating control
and network parameters have already been discussed in Chapters 2 and 3. Therefore, the

sensitivity analyses are limited to the following list.

e Effect of virtual admittance

e Effect of the inner decoupled current controller

e GFM inverter penetration level.
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Effect of virtual admittance block

The effect of the virtual admittance block is analyzed by changing Ry, Xvire, X/R ratio,
and Zyyi. Xyirg 18 changed between 0.1 pu - 1.2 pu while keeping R,y = 0. Similarly,
the effect of Ry is analyzed. To analyze the effect of the X/R ratio, its value is changed
between 0.1 and 5 while keeping Z,;¢ at 0.5 pu. Zyi is changed between 0.01 pu and 1 pu
with a X/R ratio of 2 to analyze the effect of Z,;. Except for mode 2, all the other modes
are significantly affected by the changes in the virtual admittance parameters. Figs. 4.9a,
4.9b and 4.9¢ give the locus of eigenvalues correspond to modes 4, 3 and 1, respectively.
The arrow by each curve shows the movement of the eigenvalue with the increment of the
corresponding parameter.

As shown in Figs. 4.9a and 4.9b, the increment of the virtual impedance (i.e., either
Xyirt, Ryiry or both) has improved the damping of these two network modes. The increment
of the virtual impedance reduces the sensitivity to voltage changes between the converter
terminal and PCC, leading to a slower GFM controller. Such slow controllers discourage
network interactions. Oppositely, the increment of virtual impedance (i.e., either Xy,
Ryirt, or both) has reduced the damping of the virtual electromechanical mode as shown in
Fig. 4.9c. This is because the sluggish GFM inverter encourages the interactions between
the GFM inverter and the synchronous machine. In particular, the increment of R, has
worsened the damping of mode 1 due to the increased coupling effect between P — f and
() — v droop paths.

The operating conditions marked from red circles in Fig. 4.9 correspond to (a): Xy =
0.35 pu, Ryt = 0 and (b): Xy = 0 pu, Ryiry = 0.8 pu. Filter capacitor voltage’s q-axis com-
ponent variation following a ARy, = -0.1 pu at t = 10 s is obtained from PSCAD/EMTDC
and given in Fig. 4.10a. Negatively damped oscillations at the frequency of mode 4 can be
observed in vg. Fig. 4.10b gives the wg, variation following a 0.1 pu Wgfmrer impulse at t =
10 s. This shows the highly under damped oscillations correspond to mode 1. These verify

the results obtained from eigenvalue analysis.
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Fig. 4.9: Locus of eigenvalue for changes in Ry, Xyirt, X/R ratio and Z;¢ in (a) mode 4,
(b) mode 3 and (c) mode 1.
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Fig. 4.10: PSCAD/EMTDC responses for (a) Xyix = 0.35 pu, Ryiry = 0 and (b) X6 = 0
pu, Ry = 0.8 pu.
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Effect of inner decoupled current controller

The inner decoupled current controller effect on the critical modes is first analyzed by chang-
ing the PI controller’s integral time constant (7};) in the range of 0.005 s - 0.1 s while keeping
proportional gain (/) of the PI controller at 0.1. Then K; is changed from 0 to 1 while
keeping T3 = 0.05 s. The movement of the eigenvalue corresponding to each critical mode
reveals that the effect of the inner controller dynamics on the low-frequency interactions,
i.e., modes 1 and 2, are negligible. However, the impact on the network modes, i.e., modes
3 and 4 are significant. Figs. 4.11a and 4.11b give the locus of eigenvalue corresponds to

mode 4 and 3, respectively.
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Fig. 4.11: Locus of eigenvalue corresponds to (a) mode 4 and (b) mode 3 for changes in
inner decoupled controller dynamics.

As shown in Fig. 4.11, the increment of T}; has increased the damping of both the network
modes. This is because of the sluggish GFM controller’s reluctance to excite high-frequency
network modes. However, large values of K,; reduce the damping of mode 4 while increasing
the damping of mode 3. Therefore, there is a limited region for K;, which makes this GFM
inverter system stable. The operating points marked from red circles in Fig. 4.11 corresponds
to (a) T = 0.02 s, K3 = 0.1 and (b) T3 = 0.05 s, K; = 0.01. PSCAD/EMTDC responses
for -20% and -10% step changes in load resistance, respectively, for operating conditions

(a) and (b) are given in Figs. 4.12a and 4.12b, respectively. Under damped oscillations
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corresponding to mode 4 can be observed in 4.12a. The negatively damped oscillations
corresponding to mode 3 are observable in 4.12b. These verify the results obtained from

eigenvalue analysis.
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Fig. 4.12: PSCAD/EMTDC responses for (a) T;; = 0.02 s, K; = 0.1 and (b) T} = 0.05 s,
K, = 0.01.

GFM inverter penetration level

To analyze the effect of virtual admittance-based inner current controller embedded GFM
inverter penetration level on the system stability, the network parameters are changed as
mentioned in Table 3.3. The eigenvalue analysis reveals that compared to mode 4, all the
other modes are negligibly sensitive to the inverter penetration level. Fig 4.13 shows the
impact of GFM inverter penetration level on mode 4. As shown in Fig 4.13 the virtual
admittance-based inner current controller embedded GFM inverter’s dominance has pushed
the system to instability. On the contrary, the virtual impedance-based current controller
embedded GFM inverter penetration level improves the system stability in section 3.4.5.
This is because the virtual impedance-based current controller does not have high-bandwidth
inner control layers that will excite network modes. Therefore, this clearly shows the high-
bandwidth inner control layers in the GFM controller topology restrain the possibility of

reaching high GFM inverter penetration.
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Fig. 4.13: The locus of eigenvalue corresponds to mode 4 with changes in GFM inverter
penetration level.

4.3.2 Cascaded voltage-current controller

The eigenvalue analysis for cascaded voltage-current controller embedded GFM inverter
system reveals three critical modes as shown in Table 4.4. Modes 1 and 2, respectively, cor-
respond to the virtual electromechanical mode and the governor mode identified in Chapter
3. Mode 3 corresponds to the 48.3 Hz network mode identified in the virtual admittance-
based inner current controller embedded GFM inverter system in section 4.3.1. However, the
mode 3 of the cascaded voltage-current controller embedded scenario shows a significantly
lower damping compared to the virtual admittance-based inner current controller embedded
scenario.

Table 4.4: Major Participants in the Critical Modes with Cascaded Voltage-Current Con-
troller

Mode | Freq (Hz) | ¢ (%) Major participants
1 2.6 14.6 S[100%], wem]50%], werm]50%)]
2 0.5 57.9 T [100%], @2 [77%], wetm [67%], wom [45%),

fevg [100%], icva [T6%), da [67%)], iq [67%)], isq [41%)],

3 39.1 6.4 ia [39%)], Er [26%)], iixq [22%)], itxa [20%)]

Though the effect on those modes has been discussed with different GFM controllers, this
section analyzes the impact of cascaded control structure on system stability. It also analyzes

the effect of cascaded voltage-current controller embedded GFM inverter penetration.
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Effect of cascaded voltage-current controller bandwidth

To analyze the effect of the cascaded nature of the controller on the system stability, firstly,
the most inner current controller’s bandwidth is changed by changing the integral time con-
stant of the PI controllers in that layer from 0.01 s to 0.45 s. Then, the voltage controller’s
bandwidth and current controller’s bandwidth are changed. For this exercise, the integral
time constants of the voltage control layer are set between 0.025 s and 0.5 s. Further, to
extend the analysis, the ) — v controller’s bandwidth is changed along with the aforemen-
tioned time constants for the inner control layers. To accomplish this, the integral time
constant in the () — v controller path is changed from 0.05 s to 0.55 s.

The eigenvalue analysis shows that the changes in the cascaded controller bandwidth do
not significantly affect the virtual electromechanical and governor modes. The movement of
eigenvalues of mode 3 to the changes in the bandwidths of current controller, both voltage
and current controllers and all three control layers, i.e., () —v, voltage and current controllers
are shown in Fig. 4.14.

As shown in Fig 4.14, mode 3 is majorly sensitive to inner current controller dynamics.
i.e., the faster the inner current controller, the higher the possibility of reaching instability.
The fast-acting capability of both the inner control layers (i.e., voltage and current) reduces
the stability further. However, the sensitivity to outer () — v controller dynamics is minimal.
It is worth noting that even the inner control layers of the cascaded voltage-current controller
have comparative bandwidths to the current controller in the virtual admittance-based inner
current controller, the high-frequency interaction in the LC' filter components (i.e., mode 4
in section 4.3) is not excited. This demonstrates the cascaded voltage-current controller’s

ability to dampen the LC' filter interactions.

GFM inverter penetration level

The impact of cascaded voltage-current controller embedded GFM inverter penetration is an-

alyzed by setting the network parameters as mentioned in Table 3.3. According to eigenvalue
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Fig. 4.14: The locus of eigenvalue corresponds to mode 3 with changes in cascaded voltage-
current controller bandwidth.

analysis, modes 1 and 2 are negligibly affected by the cascaded voltage-current controller
embedded GFM inverter penetration level compared to mode 3. The movement of eigenvalue

corresponds to mode 3 is shown in Fig. 4.15.
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Fig. 4.15: The locus of eigenvalue corresponds to mode 3 with changes in GFM inverter
penetration level.

Significant penetrations of cascaded voltage-current controller embedded GFM inverter
reduce the stability slightly, however system remains in the stability region. The possibility
of extending the GFM inverter penetration level is promising in the cascaded voltage-current
controller utilized GFM inverter scenario compared to the virtual admittance-based inner

current controller utilized GFM inverter scenario.
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4.4 Fault-Ride-Through Capability

Following the eigenvalue analysis for the GFM inverter systems consisting of a virtual
impedance-based current controller, virtual admittance-based inner current controller, and
cascaded voltage-current controller, the parameters in Table 4.5 are selected. The current
dependent virtual impedance path’s parameters (i.e., Kpryr, Kpivt and dgpresnola) of the vir-
tual impedance-based current controller are selected following detailed PSCAD/EMTDC

simulations as mentioned in [33].

Table 4.5: The Selected Control Parameters for each Current Limiting Method

Virtual impedance based current controller
Korvi = 5, fthreshold = 1.1, Ryig = Lyio = Kprvi = 0
Virtual admittance based inner current controller
Xyirt = 0.49, Ry = 0.098, Ky = 0.05, T;; = 0.07 s
Cascaded voltage-current controller
T, =0284s, T, = 0374 s, T; =0.241 s

To compare the robustness of the current limiting methods, the GFM inverter is con-
trolled using each of those above current limiting algorithms. At each current controller-
embedded scenario, a three-phase-to-ground fault is applied to the LC filter terminal for
0.1 s. The obtained results from each current limiting algorithm are shown in Fig. 4.16.
Here, VICC: virtual impedance-based current controller, VAICC: virtual admittance-based
inner current controller, and CVCC: cascaded voltage-current controller. The detailed time
domain results verify the ability of each current limiting algorithm to limit the converter

current well below 2.0 pu and successfully fault-ride-through with the synchronous machine.
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Fig. 4.16: The fault responses corresponding to phase-a current of (a) converter, (b) syn-
chronous machine, phase-a terminal voltage of (c) converter, (d) synchronous machine, active

power output of (e) converter, (f) synchronous machine, and reactive power output of (g)

converter, (h) synchronous machine from the test system consisting of parallel connected
GFM inverter and synchronous machine.

The study is extended by analyzing the ability of the above current-limiting algorithms
to fault-ride through with a single GFM inverter in the islanded mode. The same fault
condition as mentioned above is applied. The detailed time domain responses obtained from
PSCAD/EMTDC are shown in Fig.4.17. This shows the ability of each of the considered

current limiting algorithms embedded GFM inverters in islanded mode to feed and recover
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from a three-phase-to-ground fault at the converter terminal.
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Fig. 4.17: The fault responses corresponding to converter’s (a) phase-a current, (b) phase-
a terminal voltage, (c) active power output, and (d) reactive power output from the test
system consisting of a GFM inverter in the islanded mode.

The ability of the parallel-connected GFM inverter system (in Chapter 2) to fault-ride
through with a three-phase-to-ground fault applied at one of the GFM inverter’s LC' filter
terminal is also studied. The detailed PSCAD/EMTDC results are shown in Fig. 4.18.
This indicates that although all three current limiting algorithms can successfully limit the
fault current, the cascaded voltage-current controller can not recover from the fault. Both
GFM inverters act as current sources, leading to challenging fault recovery in multi-loop
structures. However, the virtual admittance-based inner current controller recovers from the
fault due to its fast-acting capability compared to the sluggish response from the cascaded

voltage-current controller.
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Fig. 4.18: The fault responses corresponding to phase-a current of (a) converter-1, (b)
converter-2, phase-a terminal voltage of (c) converter-1, (d) converter-2, active power out-
put of (e) converter-1, (f) converter-2, and reactive power output of (g) converter-1, (h)
converter-2 from the test system consisting of parallel connected GFM inverters in the is-
landed mode.

The FRT test results from different system configurations reveal the ability of the no-
loop current controller to ride through faults with all the tested system configurations.
However, the current limiting is less tight in no-loop (i.e., when only the current dependent
virtual impedance is used) compared to multi-loop controllers. The cascaded voltage-current
controller fails to ride through faults when only parallel GFM inverters are present. This is
because its operation as a sluggish current source during the fault. The multi-loop controller

with only an inner decoupled current controller allows successful fault-ride-through under
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all the tested conditions and provides a tighter current control with compared to other

considered current-limiting methods.

4.5 Summary

This chapter analyzed the effect of no-loop (virtual impedance-based current controller) and
multi-loop current controllers (virtual admittacne-based inner current controller, cascaded
voltage-current controller) in causing interactions in GFM inverter systems. A compara-
tive analysis of the FRT capability of each considered current limiting method was also

conducted. The key contributions of this chapter are:

e Demonstration of the ability of multi-loop control structures to excite high-frequency
network modes compared to the no-loop current controller, which challenges the multi-

loop controllers embedded in GFM inverters to dominate the power system.

e Identification of the ability of fast-acting inner controllers to reduce the damping of
the network modes while having a negligible impact on virtual electromechanical and

governor modes.

e Revealing of the opposite effect of virtual impedance (i.e., used for current reference
calculation in the virtual admittance-based inner current controller) in the network

modes and the virtual electromechanical mode.

e [llustration of the capability of the cascaded voltage-current controller structure to
damp filter interactions compared to the virtual admittance-based inner current con-

troller, which consists of only an inner current controller.

e Demonstration of the ability of the considered current limiting methods to limit the
fault current well below 2.0 pu in the systems consisting of only GFM inverters and

GFM inverters in parallel with synchronous machines.
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e Demonstration of the inability of the slow-acting multi-loop cascaded voltage-current
control structure to recover from fault, especially when there are no other voltage

sources in the system.
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Chapter 5

Effect of the DC-Side Dynamics

The power modulations carried out by a GFM inverter are profoundly affected by the ca-
pability of the inverter’s dc-side circuit to support such modulations. Virtual synchronous
machine-based power management controllers have been introduced to dc microgrids through
extensive consideration of different dc-side dynamic devices, including renewable energy
sources, energy storage devices, dc loads, etc., [34-36]. However, these studies do not in-
clude an analysis of interactions or ac-side dynamics. An example of stability analysis of a
dual-droop-controlled dc microgrid without considering the ac-side dynamics can be found

in [37].

The effects of de-side dynamics on GFL inverters have been extensively studied for multi-
terminal HVDC [38], solar PV [39], and wind plant applications [40]. However, most studies
of GFM inverters assume an ideal dc side [11-13] that can meet the ac-side power mod-
ulation requirements. Interactions are, however, influenced by the dc-side circuitry and
controller(s), and ignoring them leads to incorrect and incomplete conclusions. These dc-
side limitations can lead to power imbalances, interactions, and degradation of the dc-link
voltage, jeopardizing the overall performance of the GFM inverter. The survey of contempo-
rary literature clearly shows a gap in knowledge for analyzing the root causes of interactions

in GFM inverter systems considering both dc and ac dynamics.
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This chapter presents an in-depth study of the interactions in grid-forming inverter sys-
tems, considering the critical dynamics contributed by the inverter’s dc-side and ac-side.
The test system with the parallel connected GFM inverter and the synchronous machine is
selected for the study with the virtual admittance-based inner current controller in Chapter
4. A dc-source connection via a bi-directional de-de converter is considered for the de-side
of the GFM inverter, as this test system represents several practical applications.

The discussion on dc-side circuitry and controller is given in section 5.1, and the dis-
cussions on the GFM controller and the ac network components can be found in Chapters
2 to 4. Section 5.2 includes the modification to small-signal modeling from section 4.2.1.
The eigenvalue analysis is included in section 5.3. The results of the eigenvalue analysis are
compared with section 4.3.1 that considered the ideal dc-side. A chapter summary and a

list of contributions are given in section 5.4.

5.1 Test System

The test system considered for the study is depicted in Fig.5.1. The ac network parameters
are similar to Chapter 3. The topology and parameters of the virtual admittance-based
inner current controller embedded GFM controller are given in Chapters 2 and 4. The ideal
dc-side and the dc source connected via a bi-directional de-dc converter are identified as
configuration A and configuration B, respectively, in Fig.5.1.

Configuration B consists of a smoothing inductor (L), de-link voltage filter capacitor
(Cqc), and a bi-directional de-de converter with its controller. The de-de converter controller
consists of an outer dc-link voltage loop and an inner source-current loop (see Fig. 5.2). The
duty cycle (d) generated by the de-side controller is compared against a high-frequency saw-
tooth waveform to generate the switching commands for the bi-directional dc-de converter.
Since the current flowing out of the battery is considered positive, Sy is treated as the

main switch and S; receives a complementary switching command. The dc-side circuitry
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Fig. 5.1: Test system to study dc-side effect on GFM inverter interactions.

Table 5.1: Control and Network Parameters of the DC Side

DC-circuitry parameters

Vdclink = 26 kV, Vbat =13 kV, Lbat =25 HlH7 Cdc = 7.5 mF

DC-voltage loop parameters

Vdcref = 26 kv7 ﬂvdc =0.1 S,

K

vde = 0.5, Tygqe = 0.01 s

DC-current loop parameters

ﬂibat = 0.05 S, Kpibat = 057 ﬂbat = 0.01 S, ﬂdc =0.0ls

parameters and the dc-side controller parameters are given in Table 5.1.

Ldc o 1 Ldcf
ng 1+ Tiges l dX'g
Vdcref d_l 1 E
> < ) > + =
KPVdC Tivch _>

v, .
i’ 1 ]{ J Vdef lbat. 1 ibatf

ha vdo 1"i_TibatS

K ot
Pibat T i e

Fig. 5.2: Control block diagram of the de-dc converter.
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5.2 Small-Signal Model Development

5.2.1 DC-side circuitry and controller

The integration of dc-side configuration A with the rest of the model has already been
discussed in previous chapters. To include configuration B in the model, the output of the
Q-v controller is assumed to be the modulation index, m, for the PWM modulator of the
GFM inverter. In per-unit, the relationship between the dc-side voltage, vq., and the peak

voltage of the ac side voltage of the converter terminal, vy, is given in (5.1).
Upk = MTUqc (51)

The expected converter terminal voltage’s dq components generated by the ()-v controller
to the high-voltage side of the transformer are identified as v¢q and vy and calculated as per

(5.2). The 30° phase shift is due to the A — Y transformer.
Vta = Mg sin(—30°) Vtq = MUge cos(—30°) (5.2)

Assuming a lossless converter, the power balance between dc and ac sides is as shown in
(5.3), where iq is the dc line current. The d and q components of the converter current are

given by teyq and icyq, respectively.
'Udcidc = Utdicvd + thicvq (53)
By substituting (5.2) in (5.3), (5.4) can be obtained.

iqe = sin(—30")Micya + cos(—30°)Micyq (5.4)
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The non-linear equations that describe the dynamics of the dc-side circuitry and the dc-side

controller are given in (5.5)-(5.11).

dipat/dt = (wn/Lpat) (Vat — vac(1 — d)) (5.5)
dvgc/dt = (wh/Cdc) (—iae + fbat(1 — d)) (5.6)
dvger/dt = (1/Tvqe) (Vae — Vaef) (5.7)

diger/dt = (1/Tiac) (ide — Paet) (5.8)

diate/dt = (1/Tibat) (fbat — Fbatt) (5.9)

dag/dt = Vicret — Vdet (5.10)

dag/dt = Kpvac(Vaeret — Vact) + (1/Tivdc) s + ddet — Tbatt (5.11)

The output of the dc-side controller, which is the de-de conventer’s duty cycle (d), is given

by (5.12).

d = (1/Tivat) 9 + Kpibat (Kpvde(Vaeret — Vact) + (1/Tivde) s + Gdef — Tbatt) (5.12)

Readily the linearized versions of (5.5)-(5.11) can be obtained as shown in (5.13).

AXDC = ApcAXpc+ApcpAXp+ApcccAXcec+ApcLecAX oL+ ApenA XN+

Apcr.AXy, + BDCgfmAUgfm + BpcAUpc (513)

Here, AXp, AXcc, AXicL, AXn, AXy, and AUggy, are similar to section 4.2.1. AXpc

and AUpc are defined as follows;

AXDC = | Aipyy Avae Avges Adger Nipag Azg A

82



A UDC = |:Avdcref:|

The expanded forms of the matrices in (5.13) are in Appendix F.1.

5.2.2 Power controller

The small-signal model derivation of this component is similar to section 4.2.1. The lin-

earized representation of the power controller with de-side configuration B is given in (5.14).

AXP = AppcAXpc + ApAXp + ApccAXce + AprcLA XrcL + ApNnA XN

+ Apr,AXy, + BpAUggm + BppcAUpc  (5.14)

The expanded form of matrices in (5.14) are similar to expanded matrices given in Ap-

pendix B.2 and Appendix D.1, except, Appc = 05«7 and Bppc = O5y1.

5.2.3 Virtual admittance block

The dynamics of virtual admittance can be represented by (4.3)-(4.4) as mentioned in section
4.2.1. The linearized representation of (4.3)-(4.4) with dc-side configuration B is given by
(5.15).

AZ.cvd*

— 4 1icvdqrefDC AX DCT < 1icvdqref'l:‘ AX P14 1icvdqrefLCLA; X LCL -BicvdqrefAL gfm
cvq

(5.15)
The expanded form of Ajcvagrefrcr is the same as in Appendix D.2. The expanded form of
Aicvdgretp and Bicvdqrer are Uqqo times the corresponding matrices in Appendix D.2. Here,
Vgeo 18 the per unitized dc-link voltage from configuration B at the considered operating

point. Appendix F.2 gives AjcydgrefDC-
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5.2.4 Decoupled current controller

The dynamics of the decoupled current controller can represented using (4.6)-(4.7) in section

4.2.1. The linearized representation with the de-side configuration B is shown in (5.16).

AXcc = AcepcAXpe+AccpAXp+AccAXce+AccrenAX oL+ AcenA XN+

AccLAXy, + BecAUgtm + BeepcAUpe  (5.16)

By considering the expanded forms of matrices in (5.15), the expanded forms of matrices

in (5.16) can be obtained similar to Appendix D.3, except, Accpc = Aicvdgretpc and

Bcepe = 0241

5.2.5 LC filter and transformer

Similar to section 4.2.1, the linearized representation of this component can be obtained as

shown in (5.17) for the de-side configuration B embedded scenario.

AXypcr = ArcLpcAXpe + ArcrpAXp + ArcreccAXce + AncLAXLer

+ ArciNA XN + ArcLLA Xy + Brer, AUggm + BreupcAUpe  (5.17)

The expanded forms of matrices in (5.17) can be obtained as shown in Appendix D.4
while incorporating the changes introduced by (5.15). The expanded forms of Apcrpc and

BicLpc are given in Appendix F.3.

5.2.6 Network

The linearized model of this component can be obtained as mentioned in section 4.2.1. The

small-signal model for the dc-side configuration B embedded scenario can be represented as
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(5.18).

AXN = AnpcAXpe + AnpAXp + AnccA X e + AnLeLA X oL + ANA XN

+ ANLAXL + BNAUgfm + BNDCAUDC (518)

The expanded forms of matrices can be found in Appendix B.4 and Appendix D.5, except,
Anpc = 04x7 and Bnpe = 04x1-
The overall state equation for the components above in the GFM inverter’s reference

frame can be represented as shown in (5.19).

A)égfm - AgfmAngm + AgfmsmAXsm + AgmeoadAXL + BgfmAUgfm + BgmeCAUDC
(5.19)

Here,

Angm: AXDC AXP AXCC AXLCL AXN

[ Apc Apcp Apccc Abcrcrn  Apcn ]
Appc Ap  Apcc  Aprc Apn
Agim = | Accpc  Acce Acc Accrc Accen
Arcipc Avcre Arcrcc Apcr AvcLn

Anpc  Anp Ancce  AnNLoL AN |

T
Agmeoad = |: ADCL APL ACCL ALCLL ANL :|
T
Bgfm = [ BDCgfm BP BCC BLCL BN :|

T
BgmeC: |:BDC Bppc Bccepe Brcupc BNDCj|
Agfmsm - 024>< 16

The linearization of the synchronous machine and the load components in section 3.3 will be
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intact in the presence of the virtual admittance-based inner current controller and the dc-

side configuration B. Therefore, the overall system’s state matrix can be obtained similarly

to section 3.3.7.

004 T T R T T T T T T
- == Small-signal model
o 002r PSCAD/EMTDC mode 7
§ O 11111 " B LT L LT rv: P
a r’
_0'02 i ! ! ! ! ! ! ! ! ]
15 16 17 18 19 20 21 22
@
011  —Small-signal model ' ' '
3 PSCAD/EMTDC model
Z 0 mﬁ‘&
< %{ﬁ;ﬂAmngﬁr¥Wﬁ' Y X 2 PR N
_01 L L L L L
15 16 17 18 19
(b)
= 01 : —— Small-signal model
~ B PSCAD/EMTDC model
£ 0.05 a‘g\
2 PN
A Qpsd Y e s i i
[ | "‘T"""' - ‘_T | | | | 1
145 15 155 16 165 17 175 18 185
(©
006f [t .
- 0.04 H ‘E ._5 i
doo2f §% ; ——— Small-signa model -
0 ke Y PSCAD/EMTDC mode |
20 21 22 23 24 25
(d)
time (s)

Fig. 5.3: Small-signal model vs EMT responses for (a) ARy, =-10% at t = 15 s and ARy, =

2.5% at t = 20 s,

(b) ARy, =-10% at t = 15 s and ARy, = 10% at t = 20 s (¢) Avgerer=10%

at t =15 s for 0.1 s and (d) APgpmret = 0.1 pu of GFM inverter at ¢t = 20 s.

5.2.7 Small-signal model validation

The small-signal model with the dc-side configuration B is validated against the detailed

EMT model in PSCAD/EMTDC. The responses obtained from the linearized and detailed
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EMT models at the operating point specified in section 5.1, with SCR = 2, when the GFM
inverter is 90% loaded, and when the GFM inverter is in charging mode are given in Figs.
5.3(a), 5.3(b), 5.3(c), and 5.3(d), respectively. These tests and others (not shown for brevity)
confirm that the developed small-signal model can track the low-frequency oscillation of the

EMT model for adequately small disturbances around an operating point.

5.3 Eigenvalue Analysis

A comparative eigenvalue analysis is carried out considering the two dc-side configurations.
Four critical modes are identified for dc-side configuration A in section 4.3.1. An additional
two oscillatory modes (modes 5 and 6) are introduced by the dc-side configuration B. Fig.
5.4 depicts the locus of identified critical modes using white and black markers for dc-side
configuration A and B, respectively, and Table 5.2 lists major participants in the six critical
modes identified for dc-side configuration B. The mode-shapes for the identified six critical

modes with the dc-side configuration B are given in Fig. 5.5.
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Fig. 5.4: Locus of eigenvalues corresponding to the critical modes with dc-side configuration
A (white markers) and dc-side configuration B (black markers).
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Table 5.2: Major Participants in the Critical Modes of Configuration B

Mode ]EE(;? (éo) Major Participants
1 1.80 | 14.2 d[100%)], wem[61%)], wWetm [46%]
2 0.40 | 29.0 | as[100%], T1n[62%)], x2[47%], £1[39%)], vac[39%)], wWsm[38%]
3 49.0 | 60 Geva[100%], Gevq[99%)], 24[65%)], x5[64%)], i4[42%)], i4[42%]
4 333.7 | 7.5 | vgg[100%)], va[100%)], teyq[66%], teva[66%), itq[52%)], ita[52%)]

Vdc[100%], x8[79%)], wem[60%)], 1t [39%], wem[37%],

5 0.70 | 60.0 Tin[34%], x2[31%)
6 36.2 | 12.5 ibat[100%)], dpate[94%]

Fig. 5.5: Mode shapes of major participants in dec-side config. B from GFM inverter (solid),
synchronous machine (dashed), both GFM inverter and synchronous machine (doted) and
dc side (dash-dot) for (a) mode 1, (b) mode 2, (¢) mode 3,(d) mode 4, (e) mode 5 and (f)
mode 6.

As shown in Fig. 5.4, modes 1-4 are common between the two dc-side configurations.
Participation factor analysis for modes 1,3, and 4 of both dc-side configurations shows a
similar set of major participants as reflected in Table 5.2. This reveals that for the tested
conditions, the dc-side dynamics do not interact with these relatively high-frequency modes.

The mode shape diagram for mode 1 in Fig. 5.5a shows the virtual electromechanical
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interaction identified in section 4.3.1. Fig. 5.5c¢ and 5.5d show the two network modes
corresponding to modes 3 and 4 in section 4.3.1.

DC-side configuration B introduces major participants from dc-side circuitry and its
controller to mode 2 compared to dc-side configuration A as shown in Fig. 5.6. This
discloses possible interactions between the dc-side circuitry and its associated controller
with the synchronous machine and its governor-turbine system. This clearly shows that
proper modeling of the dc-side circuitry and controller is vital in capturing all the root
causes of interactions in a GFM inverter system. The mode shape diagram for mode 2 in
Fig. 5.5b confirms possible interaction between the dc-side circuitry and the synchronous
machine. Both modes 2 and 5 have a similar set of significantly participating state variables
while mode 5 is well damped compared to mode 2. The mode shape diagram for mode 5 in
Fig. 5.5e shows possible interactions between the dc-side controller and the governor-turbine
system of the synchronous machine. Therefore, modes 2 and 5 are identified as controller
modes. Mode 6 is a controller mode that has major participants from the dec-side circuitry

and its controller. Eigenvalue analysis identifies mode 6 as a critical mode due to its low

damping.
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Fig. 5.6: Comparison of major participants in mode 2 with dc-side configurations A and B.

The following sections analyze the sensitivity of the identified critical modes to dc-side

and GFM controller parameters. According to participation factor analysis, the electrome-
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chanical characteristics of the synchronous machine, L' filter parameters, and control pa-
rameters of the virtual admittance block and the decoupled current controller also affect the
six critical modes. However, as this study’s main focus is to demonstrate the effect of the
dc-side dynamics in GFM inverter systems, the presented sensitivity analysis is limited to

the following list.

e Effect of dc-side parameters.
e Effect of GFM controller parameters.

e Effect of both dec-side and GFM controller parameters.

5.3.1 Effect of dc-side parameters

The dc-side circuitry and controller parameters are varied to identify their effect. The
integral time constants of the dc-link voltage loop and the dc-source current loop controllers
were changed over [0.02,0.8] s and [0.01,0.4] s, respectively, to obtain both fast- and slow-
acting dc-side controllers. Similarly, Ly, and Cy. were changed from over [0.005,0.2] H and

[0.0015,0.06] F, respectively, to create high to low bandwidths.

» 4
T2y
1000 - <0 ; v
g 2
500 o .
= A0 Red(Uy 20
> 0 - — — =
@ T Aa, W v+ @ v o
£ Mode5 — >
& -500+ Faster dc-side
E
-1000 + .
_1500 | | I | |
-60 -40 -20 20 40 60

Redl (1/9)

Fig. 5.7: Locus of critical eigenvalues corresponding to modes 5 and 6 for changes in dc-side
dynamics.

The locus of the eigenvalues corresponding to the six critical modes reveals that for the

given GFM controller, the effects of the dc-side dynamics on modes 1 to 4 are negligible
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(not shown for brevity). However, modes 5 and 6 reach instability with fast-acting dc-
side circuitry as shown in Fig. 5.7. Participation factor analysis at the unstable operating
points reveals that these instabilities are indeed due to the dc-side controller and circuitry
interactions. For the operating point marked with red circles in Fig. 5.7, PSCAD/EMTDC
simulation results are shown in Fig. 5.8 for a 0.1 pu Vgeer pulse of 0.1 s. The traces verify
the negatively damped, aggressive battery current oscillation and its interactions with the

dc-link voltage.

| ——10 * Avge

F -
F

-5 I I I I
14.95 15 15.05 15.1 15.15 15.2 15.25 15.3
time (s)

Fig. 5.8: PSCAD/EMTDC simulation results for the considered example case to demonstrate
dc-side circuitry interactions.

5.3.2 Effect of GFM controller parameters

GFM controller dynamics are mainly governed by its virtual inertia time constant (Hyfy, ) and
the integral time constant (7;) of the @Q-v controller path. Therefore, to obtain fast-acting
to slow-acting GFM inverters, Hgyp, and 7; are varied over [0.3,7.5] s and [0.025,0.625] s,
respectively.

The eigenvalues’ movement of six critical modes shows that modes 3, 4, and 6 are least
affected by GFM controller dynamics. This is due to the absence of GFM controller states’
participation in these three critical modes. However, modes 1, 2, and 5 are significantly
affected by the dynamics of the GFM controller, and the corresponding traces are given in

Fig. 5.9. The arrow in each graph shows the direction of the corresponding parameter’s
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increment.

Fig. 5.9: Locus of critical eigenvalues corresponding to modes (a) 1, (b) 2, and (c) 5 for
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changes in GFM controller dynamics.

As shown in Fig. 5.9(a), mode 1 is highly sensitive to the virtual inertia time constant
(Hgfm). The increment of the virtual inertia time constant has reduced the damping of
mode 1. This behavior is also observed with dc-side configuration A (section 3.4.1). Large
virtual inertia time constants bring the dynamics of the GFM inverter close to the sluggish
governor-turbine-equipped synchronous machine’s dynamics. Therefore the tendency to in-

teract between these two sources increases. This is the reason for the compromised damping
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of mode 1 for high virtual inertia time constant values.

As shown in Figs. 5.9(b) and 5.9(c), modes 2 and 5 are highly sensitive to @-v controller
dynamics. Fast-acting GFM controllers bring the system to instability. The participation
factor and mode shape analysis (not shown for brevity) at the unstable operating points
reveal that mainly the interaction between -v controller and dc-link voltage has led to
system instability. The instability of mode 2 with a fast-acting GFM controller was not
observed with de-side configuration A (section 3.4.3), whereas mode 5 is not modeled in
configuration A. Therefore, this analysis clearly shows the importance of considering dc-
side dynamics in selecting GFM controller parameters for a given dc-side configuration.
Considering the operating point marked with red circles in Fig. 5.9, PSCAD/EMTDC
responses are obtained for a 0.1 pu pulse applied to Wgfmrer at ¢ = 15 s for 0.1 s. The un-
damped response of )-v controller state, x; in Fig. 5.10 verifies the predictions of eigenvalue

analysis.

15 16 17 18 19 20
time (s)

Fig. 5.10: PSCAD/EMTDC simulation results for the considered example case to demon-
strate system instability.

Generally, dc-side dynamics are to be aligned with the GFM controller’s dynamics to
achieve the desired power balance between the dc and ac sides. Therefore, these sensitivity

analyses are extended by incorporating matching GFM controller’s bandwidths with each
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dc-side’s bandwidth considered.

5.3.3 Effect of both dc-side and GFM controller parameters

The overall performance of the GFM inverter depends on the dynamics of its dc-side and the
associated GFM controller’s dynamics. Therefore, the changes in sections 5.3.1 and 5.3.2 are
carried out simultaneously to obtain fast-acting to slow-acting GFM inverters. The control
and network parameters used in each of the test scenarios are given in Table 5.3. Figs.
5.11a and 5.11b show the locus of eigenvalues corresponding to modes 1-3 and modes 4-6
with the changes in GFM inverter (both dc and ac sides) dynamics. They clearly show that
fast-acting GFM controllers accompanied by fast-acting dc-sides can easily bring the system

towards instability.

Table 5.3: The Network and Control Parameters at each Test Scenario

Values at Test Scenarios

1 2 3 4 5 6 7
Ly (mH) 5 7.5 10 25 50 100 | 200
Cyc (mF) 1.5 | 25 | 3 | 75| 15 [30] 60
Tivae (8) 0.02 | 0.03 | 0.04| 0.1 0.2 [04] 08
Tiat (s) 0.01 | 0.015]0.020.05] 0.1 02| 04
Hgpm () 0.3 0.6 1.2 3 4.5 6 7.5

T (s 0.025 | 0.05 | 0.1 [0.25|0.375| 0.5 | 0.625

Parameter

Participation factor and mode shape analysis at unstable operating points reveal that a
fast-acting dec-side can easily interact with the GFM controller, synchronous machine, and
LC filter. The exemplar operating point that is marked with red circles in Figs. 5.11(a)
and 5.11(b) corresponds to test scenario 1. The mode shape diagrams for the unstable modes
(i.e., modes 2, 4, and 5) at this operating condition are given in Fig. 5.12.

As shown in Fig. 5.12a, mode 2 has reached instability with the interaction between the
governor-turbine system and the dc-side controller. Fig 5.12b shows that the interaction
between the dc-side and the LC' filter components has made mode 4 unstable. The mode

shape diagram for mode 5 in Fig. 5.12c shows that the dc-side’s interactions with the
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Fig. 5.11: Locus of critical eigenvalues corresponding to (a) mode 1-3, (b) mode 4-6 for
changes in GFM inverter dynamics.

GFM controller push the system to instability. This clearly shows the ample possibilities
of interactions between the dc-side and the rest of the network and control blocks. For the
same exemplar operating point, the responses obtained from PSCAD/EMTDC for a 0.1 pu
Vieret pulse of 0.1 s at t = 15 s is given in Fig. 5.13. This verifies the existence of adverse

interaction between the dc-side circuitry and the LC filter components.

Participation factor analysis is conducted for all six critical modes in each test scenario.

Then the percentage of participation from dc-side states in each oscillatory mode at each
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Fig. 5.12: Mode shapes of major participants for the considered example case from GFM
inverter (solid), synchronous machine (dashed), GFM inverter and synchronous machine
(dotted) and dc side (dash-dot) for (a) mode 2, (b) mode 4, and (c¢) mode 5.
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Fig. 5.13: PSCAD/EMTDC simulation results for the considered example case to demon-
strate the dc-side circuitry and the LC filter components interactions.

tested condition is calculated and presented in Fig.5.14. As shown the dc-side significantly
participates in all modes in fast-acting GFM inverters. However, with slow-acting GFM
inverters (Test Scenarios 6-7) the dc-side participation is greatly reduced in modes 1 to 4 and
is limited to appear in modes 5 and 6. Modes 1 to 4 appeared even in dc-side configuration A
(i.e., with an ideal dc source). Modes 5 to 6 were introduced by dec-side configuration B (i.e.,
with bi-directional de-de converter and dc-side controller). Therefore, under such sluggish
GFM inverter conditions, the GFM inverter can be modeled without paying attention to dc-

side dynamics. However, the control and network parameters corresponding to test scenarios
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Fig. 5.14: The participation of dc-side state variables in each critical mode for each test
scenario.

6 and 7 give the GFM inverter an extremely sluggish action. This jeopardizes the fast-acting
capability of power-electronic inverters. Therefore, for the practical operating range of GFM
inverters, the dc-side dynamics are required to be modeled in order to capture the full range
of interactions that can happen in a GFM inverter system.

To analyze the validity of the results, the same sensitivity study is conducted with
different short circuit ratios, different loading levels of GFM inverter, and different charging
levels of GFM Inverter. The tested operating conditions and the system’s stability are

summarized in Table 5.4.
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Table 5.4: Effect of GFM Inverter Parameters under Different Operating Conditions

Operating Condition

Operating Condition-Specific Parameters

Stability at Test Scenarios

1 2 3 4-7

SCR = 7 tx line length = 5 km I\E) ‘;S(:zbé% 1\}{) rﬁ;b}s‘j ; 1\50 I;S(f;b;% Stable

SCR = 5 tx line length = 10 km Mg&gﬁgi - 1\2) ngb; ; 1\50 I;S(f;bé% Stable

SCR = 2 tx line length — 40 km Mggsgazlz - Mgg‘jﬁi{; ; 1\23 ngbé% Stable

GFM Inv. 50% Loaded Pytinret = 0.5 pu, Pyprer = 0.9 pu Mgcrlls;azl;, 5 Mgg:;ag{g 6 NE) I:issjbé% Stable
GFM Inv. 70% Loaded Pytmret = 0.7 pu, Pyprer = 0.7 pu Mgéless;azl,z,f) l\/Eo Iziset::béeﬁ NEO I:iséc;bé(} Stable
GFM Inv. 90% Loaded Pytmret = 0.9 pu, Pynrer = 0.5 pu NE) r(lisécsbé% l\/E) I(ljsetzbéeﬁ NE) r(ljsssb;(j Stable
o o | T P (il | e | Dt T




As shown, the extensive studies on different operating conditions verify that fast-acting
GFM inverters have limited stability. Participation factor and mode shape analyses (not
shown for brevity) at these unstable modes show possible interactions between dc-side con-
troller and dc-side circuitry, dc-side and GFM controller, de-side and governor-turbine sys-
tem and dc-side and LC filter components. This verifies the robustness of the study results

even under different operating conditions.

5.4 Summary

This chapter analyzed the effects of GFM inverter’s dec-side dynamics on interactions. The
dc-side dynamics were introduced by a dc-source connected via a bidirectional de-dc con-
verter and the dc-side controller. Eigenvalue analysis revealed the significant presence of
dc-side dynamics in a wide range of inverter and grid operating conditions. Therefore, the
inclusion of dc-side dynamics during the controller design stage and the system studies stage

is necessary. The list of contributions of this chapter is mentioned below.

e Development and validation of a small-signal model for an exemplar system of a GFM
inverter paralleled with a synchronous machine by including the full dynamics of the

dc-side circuitry, VSM layer, current limiter, network, and synchronous machine.

e Computation and comparison of the system eigenvalues with and without the dc-side

dynamics to highlight the importance of modeling the dc-side dynamics.

e Identification of possible dc-side interactions with the GFM controller, ac network

components, and synchronous machine.

e Detailed analysis of the role of operating conditions on the dc-side’s impact on system

stability.
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Chapter 6

Conclusions, Contributions and

Future Work

GFM controller is a promising converter-control method, which provides controllability over
the converter terminal’s voltage and frequency through power modulations. There are nu-
merous GFM controller topologies in the literature. However, there existed a research gap
in identifying the root causes of interactions that can be excited by a GFM controller.
Therefore, in this research, a small-signal model-based eigenvalue analysis was conducted
on commonly used GFM controller topologies with different ac and dc side system configu-
rations to reveal the full causes of interactions that can happen in a GFM inverter system.
The overall conclusions drawn from the study are mentioned in section 6.1. The key contri-
butions made by the study are given in section 6.2. Recommendations for future work are

given in section 6.3.

6.1 Conclusions
A summary of major conclusions are given below.

e The GFM controller’s topology, GFM controller parameters, ac network configuration,
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dc-side circuitry, and dc-side controller lead to interactions that spread over a wide
frequency range. Inter-machine interactions (virtual electromechanical interactions),

controller interactions and network interactions were identified during the study.

A GFM controller with low bandwidth outer power controller that emulates inertial
and primary frequency responses of a synchronous machine can lead to virtual elec-
tromechanical interactions between GFM inverters with similar outer control layers or
synchronous machines. The small virtual inertia time constants and small Af/AP

co-efficient values improve the damping of those inter-machine interactions.

The utilization of decoupled current controller in the GFM controller can lead to high
frequency network interactions. However, with the help of a virtual impedance with
large X/ R ratio, the damping of the network mode can be improved. This concludes
the necessity to consider network dynamics and full dynamics of the GFM controller

in stability analysis studies of GFM inverter systems.

Even if an arbitrary selection of GFM controller parameters is granted, the dc-side

dynamics dictate the range of values that can be used.

The fast-acting GFM controller accompanied by the fast-acting dc-side can reduce
the stability due to interactions between dc-side and GFM controller, dc-side and
LC filter components, and dc-side and governor-turbine system. Therefore, though a
generic dc-side representation was considered in the study, it showed the importance
of considering dc-side dynamics, especially during the controller design and system

studies stages.

This study broadened the interaction analysis of GFM inverter systems by including

dynamics of GFM controller, ac-side, and dc-side of the GFM inverter system. The key

driving factors behind the critical interactions in the GFM inverter system were revealed

using eigenvalue analysis and verified by PSCAD/EMTDC simulation results. Therefore,

the extensive information derived from this study can be logically applied to large networks.
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6.2 Contributions

The key contributions of the study are as follows.

e Development and validation of small-signal models for the following scenarios to ac-
commodate the step-by-step expansion of the dynamics to be considered in the study.
Parallel connected two GFM inverters in the islanded mode: Consider dynamics of
the VSM layer and transient virtual impedance (no-loop current controller) and net-
work. GFM inverter in parallel with a synchronous machine: Consider dynamics of
the VSM layer, the no-loop and two of the multi-loop current controllers, synchronous
machine (including exciter and governor-turbine systems), network, dc-side circuitry,

and dc-side controller.

e Identification of root causes for the virtual electromechanical interactions that can be
excited by the low-bandwidth layer of the GFM controller (i.e., VSM layer) as high

virtual inertia time constant and high Af/AP co-efficient.

e Revealing the reason for the contrary effect from inertia time constant and P-f droop
co-efficient of GFM inverter and synchronous machine as the explicit sluggish governor-

turbine system in the synchronous machine model.

e Demonstration of the ability of high-bandwidth inner control layers to excite the net-
work modes while having a negligible impact on the virtual electromechanical and

governor modes.

e Revealing and verification of the effect of virtual impedance on the network and virtual

electromechanical modes.

e Showing the ability of the considered current-limiting methods to limit the fault current
well below 2.0 pu in systems consisting of only GFM inverters and a GFM inverter in

parallel with a synchronous machine.
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e Comparative eigenvalue analysis with and without dec-side dynamics to demonstrate
the importance of considering dc-side dynamics in GFM inverter systems during the

controller designing and system studies stage.

e Revealing possible interactions between dc-side circuitry and dc-side controller, dc-side

and GFM controller and de-side and network.

These contributions have led to the following publications;

1. T. Thilekha, S. Filizadeh, U. Annakkage, C. Karawita, and D. Muthumuni, “Effect of
DC-Side Dynamics on Interactions in Grid-Forming Inverter Systems”, IEEE Trans.

Energy Convers., to appear.

2. T. Thilekha, S. Filizadeh, U. Annakkage, C. Karawita, and D. Muthumuni, “Grid-
Forming Inverter Interaction Studies Using Small-Signal Stability Assessment,” in

Proc. CIGRE Canada Conf. Ezxpo, (Manitoba, Canada), Oct. 2024.

3. T. Thilekha, S. Filizadeh, U. Annakkage, C. Karawita, and D. Muthumuni, “Analysis
of interactions among parallel grid forming inverters,” FElectric Power Syst. Res., vol.

223, p. 109652, Oct. 2023.

4. T. Thilekha, S. Filizadeh, U. Annakkage, D. Muthumuni, and C. Karawita, “Parallel
operation of grid-forming inverters with synchronous machines,” in Proc. CIGRE

Canada Conf. Ezxpo, (Calgary, Canada), Oct. 2022.

6.3 Recommendations for Future work

This study has widened the horizon of interaction analysis in GFM inverter systems by
including the dynamics of both the dc and ac sides of the GFM inverter and the full dynamics

of the GFM controller. The following directions are suggested for future pursuit.
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e The three commonly used current-limiting algorithms that were explicitly designed
to handle balanced faults were incorporated into the study to analyze their effect on
causing interactions. However, the most common types of faults in power system are
unbalanced faults. Therefore, the development of linearized models of controllers that
can handle unbalanced faults and analysis of their impact on critical interaction is an

important research direction.

e The dc-side dynamics were considered through a generic representation. However,
different dc-side configurations will provide case-specific information regarding the
system stability. For example, widening the study for wind turbines with machine-side
converters and rectifiers behind dc transmission lines in HVDC systems can provide

more insight into the interactions in such GFM inverter systems.

e Modular multi-level converter (MMC) applications in the HVDC transmission are
prominent. MMCs introduce converter dynamics due to sub-module capacitors and
arm inductors. Therefore, extending the stability analysis with an MMC-based GFM
inverter system would suitably extend the interaction analysis in GFM inverter sys-

tems.

e The realization of a synchronous machine by utilizing the electrostatic energy stored
in the dc-link capacitor and other energy storage devices on dc-side is another GFM
controller realization method that is becoming increasingly attractive. Therefore, in-

teraction analysis with such a GFM controller can be a potential research direction.
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Appendix A

An overview of the small-signal stability assessment is given in this section and a detailed
description can be found in [19]. Small-signal stability is the power system’s ability to
maintain synchronism when subjected to small disturbances [19]. A disturbance is small
enough when the equations describing the system’s resulting response can be linearized for

the analysis.

A.1 State-Space Representation

States are the minimum set of linearly independent system variables that along with the
system inputs provide a complete description of the system [19]. The behavior of a dynamic
system can be represented by a set of first order non-linear differential equations that ex-
plains the behavior of the states as shown in (A.1). Here x and u represent the matrices

corresponding to states and inputs, respectively.
x = f(x,u) (A1)

The output variables which can be observed in the system may be expressed in terms of

states and input variables as shown in (A.2).

y = g(x,u) (A.2)
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A.2 System Stability

The stability of a non-linear system is governed by the type and magnitude of the input,
and the initial state. The small-signal stability (i.e., the stability under small disturbances)
of non-linear systems can be carried out by linearizing the non-linear equations around an

equilibrium point.

A.2.1 Linearization

Equations (A.1)-(A.2) can be linearized around an equilibrium point by assuming pertur-
bations are small enough so that second and higher order terms of Ax and Au can be

neglected in the Taylor series expansion. This assumption will result in (A.3)-(A.4).
Ax = AAx + BAu (A.3)

Ay = CAx + DAu (A.4)
The Laplace transformation of (A.3) results in (A.5).

_adj(sI - A)

AX(s) = T A)

(Ax(0) + BAu(s)) (A.5)
The poles of (A.5) are given by the roots of (A.6).

det(sI —A) =0 (A.6)

s values which satisfy (A.6) are identified the eigenvalues of matrix A.

A.2.2 Stability analysis

According to Lyapunov’s first method, the small signal stability of a non-linear system is

given by eigenvalues of A as follows:
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e When the real part of the eigenvalues are negative, the original system is asymptotically

stable.
e When at least one eigenvalue has a positive real part, the original system is unstable.

e When the eigenvalues have zero real parts, the first approximation is insufficient to

comment about the stability.

A.3 Eigenvectors and Modal Matrices

A.3.1 Right eigenvector

For any n column vector ¢, which satisfies (A.7), is called the right eigenvector of A asso-

ciated with the eigenvalue )\;. Here : = 1,2,....n
Ad; = N, (A7)

A.3.2 Left eigenvector

For any n row vector ¥, which satisfies (A.8), is called the left eigenvector of A associated

with the eigenvalue \;. Here 1 = 1,2, ...,n

UA =\, (A.8)

A.3.3 Modal matrices

To express eigenproperties of A, it is convenient to define the following modal matrices.

(b = [¢1a¢27"7¢n] (Ag)

U =[v," v, v, T (A.10)
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A = diagonal matrix, with the eigenvakues A, o, ..., A\, as diagonal elements

(A.11)

A.4 Free Motion of a Dynamic System

The (A.3) can be represented as (A.12) for the free motion (i.e. with zero input) study.
Ax = AAx (A.12)

As shown in (A.12), the rate of change of each state variable is a linear combination of all
the state variables. This cross-coupling of state variables challenges the discovery of factors
which significantly affect the oscillations. To eliminate this cross coupling the following

transformation is introduced.

Ax = ¢z (A.13)

By substituting (A.13) in (A.12), the following relationship can be obtained.
z=Az (A.14)

Equation (A.14) gives n decoupled first order differential equations as shown in (A.15). Here
1=1,2,..,n

The time domain response of each mode is given by (A.16).
zi(t) = 2(0)eM! (A.16)

Therefore, it can be concluded that the time dependent characteristics of a mode is dependent

on an eigenvalue as follows:
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e A real eigenvalue corresponds to a non-oscillatory mode.

e Complex eigenvalue (occurs in complex conjugate pairs) corresponds to an oscillatory

mode.

For a complex conjugate pair of eigenvalues;

A=o0*+ jw (A.17)
Frequency of oscillation in Hz is given by;

f=w/2r (A.18)

The damping ratio is given by;

(=—0/Vo?+w? (A.19)

A.5 Mode Shapes and Participation Factor

A.5.1 Mode shape

According to (A.13), the magnitude of the elements of ¢; gives the extent of the activities of
the n state variables in the i*" mode. The angle of the elements of ¢; gives phase displacement
of the state variables with regard to the mode. If the mode shape of any of the state variables
are close by (i.e., around 0° phase displacement) these states are identified to be oscillating
together when the i*" mode is excited. The states are identified to be oscillating against
each other when the phase displacement is around 180°. Out of significantly participating
state variables, the state variables that can lead to adverse interactions can be found out by

the mode shape analysis.
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A.5.2 Participation factor

The participation factor for the i'" state variable is calculated as follows:

T
Pi=| ¢,0: $olip . . . $uls, (A.20)

Here; ¢ = k'™ entry of the right eigenvector ¢; ¥, = k'™ entry of the left eigenvector W,
pri = $riW, is the relative participation of the k™ state variable in the i*" mode. Sum of
participation factors associated with any mode ()", _, px; = 1) or with any state (D, pri =
1) is equal to 1. Therefore, in this study the participation factors of all the states in a
particular mode are divided by the maximum participation factor of that mode to normalize

the participation factors.

A.6 Controllability and Observability

Equations (A.3)-(A.4) can be represented using modes as shown in (A.21)-(A.22).
z= Az + B Au (A.21)

Ay =C'z+DAu (A.22)

Here, B'= ¢ !B and C' = C¢. The i*® mode is uncontrollable if the i** row of B’ is equal

to zero. The i** mode is unobservable if the i*® column of C’ is equal to zero.
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Appendix B

Appendix A includes the expanded form of the matrices relevant to the small-signal repre-

sentation of each sub-component of the GFM inverter.

B.1 Reference frame transformation

The expanded form of relevant matrices in section 2.2.1 is mentioned under this section.

As; =0 Asgfm, = [ —wy  Oix16 } Asgtmy = [ Wy Oix16 }

B.2 Power controller

The expanded form of relevant matrices in section 2.2.2 is mentioned under this section.

b w0 000
0;—5 0 00

Ap = 0 0 ;—ioo
0 0 0;—30

I 0 0 —Dg =1 0
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0 0 0 0 0 0 0 0
Reirag  Biitqo  dtag  Gq0 d e 00
P Ty Tp Tp Ty Tp
A = | Brita0 —Rritap %a0  —itdo f g
PLCL " T i o 0 0
aRy bR¢ a b —aR —bRs
C C C C C C 0 0
0 0 0 0 0 0 0 0
Here;
a = Vo + (lovdo — o) R, D = Vgqo + (fevqo — tiqo) Rr, ¢ = Ty Va2 + b2
d = Vgao+ Rricyao—2Reltd0, € = Vigo+ Rilevgo —2Rritqo, f = —(Viqo+ Relevqo)s & = Vsdo+ Rricvdo

Apn = Apy, = O5x4

smp; am 0 0
0 0 00
Bp = 0 0 00
0 0 00
| 0 0 Dy 1
Ce=|0 0 K,D, K, —H DEz[o 0 —K,D, —K,
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B.3 LC filter and transformer

The expanded form of relevant matrices in section 2.2.3 are mentioned under this section.

_L—Iff Wefmo Z—I} 0 % 0 0 .
—Wgfm0 _L—Iff 0 z_fl 0 % 0 .
@ 0 0 Watmo o 0 0 0
AjcrLa = wy 0 le —Wefmo 0 0 5_3 0 0
% ’ LA 0 w Wefm0 0 0
t N "
O m 0 & e TEE0 0
_L_}?f e z_fl 0 % 0 Tk;tldb 0
T

BLCLdl = Wb 7;cqu _icde Vtq0  —Vtdo ith _itdO icqu _Z.cvd()

T
L 00000+ o0
Brcraz = wp | ™ X b )
0 I 00 00 0 .
T
00 00O Z_tl 0 0 0
Bi,cras = wy
0000 O 2—3 00
sin(—30°) Z.cv hpO
Aycdqp = | Ce + Lvio . [1 000 0]
cos(—30") —levdhpo
000000 0 — R0 WefmoLivio
AvcquCL:
0 0 0 O O O —wgmeLVio _Rvi()
sin(—30")
Bvcdq: . DE
cos(—30)
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Arcrp = BrcrLai [1 000 O] + Brcra2 Avedqp

ArcL = Arcrd + Brcrdaz AvedqLoL

ApcrL = Osyxa

B.4 Network

1000

ArcLN = BLrcLras

0100

BLCL = BLCLd2Bvcdq

The expanded form of relevant matrices in section 2.2.4 is shown in this section.

0 w =1 0
gfm0 Chi
gfm0 o
Ang = wp "
1 ~Rix
th 0 th wgfmo
1 _ —Rix
O th wgfmo th
T
L 000
Bnaz=wy|
Nd2 = Wh
0 = 00
Chi
—sin(dy)  cos(do) ULdo
Bnas =
—cos(dp) —sin(do) VLqo
Ans = BnasBnaa

000O01O0O0®O0

Anvcr = Bna2

000O0O0OT1TQO0®O0

1000

An1L = BnasBnas

0100

Bngi = wy,
Bnas = wy,
Bnas =

Upiq0  —Upido Z-tqu
T
00 7 0
00 O L’—;
cos(dg) sin(dp)

Anp =
AN = Ang
BN - 04><4
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B.5 Load

The expanded form of matrices in (2.39) are given below.

ALd =

BLd2 =

BLd42 =

Wh

Wh

_—-1
CLRLo

V1.do

— SiIl((SQ)
cos(do)

Wgfm10

—1
CLRLo

ULq0 O

L CL Rio CL Rio

— cos(dg)

— Sin((50>

itde

Ytxq0

Brai = wp
Bras = wp
BLd52 =

The expanded form of matrices in (2.40) are given below.

ALoadgfm, = BLd1[1 00 0 0] 04«8 BrasBuras,

ALoadgfm2 =

ALoad = ALd

04><5

ALoad6 = BLd3 BLd42

04><8

0 0

ByasBras,

0 0

BLoad = BLd2
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T
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0010
0 0 01
10
0 1
AUL:ARL
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Appendix C

The set of differential equations from [19] are used to model the dynamics of the synchronous

machine.
dwgm/dt = (1/2H) (T — (Yaiq — Yqia) — Kpwsm) (C.1)
depg/dt = wp(eq + wsmtPq + Raia) (C.2)
dtra/dt = wy (e — Regiga) (C.3)
dipra/dt = wy(—Riqirg) (C.4)
dvpq/dt = w(eq — Wsmta + Raiq) (C.5)
dtp1q/dt = wy(—Riqi1q) (C.6)
difing /dt = Wy (— Raqizg) (C.7)

The first step to modify the above mentioned differential equations is to replace the rotor

current components using the rotor’s flux components and stator current’s dq components.

C.1 Representation of rotor current components

The equivalent circuits for the d and ¢ axis of the synchronous machine which show flux

linkage and current relationship of each path are given in Figure C.1.
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Fig. C.1: Synchronous machine’s equivalent circuit for (a) d-axis and (b) g-axis

From the d-axis equivalent circuit:

VYag = Laa(—ta + ia + t1a)

ita = (Vra — Vaa)/Lta
i1da = (Y14 — Yaa)/L1a

By substituting (C.9) and (C.10) in (C.8), .

17

VYad = Laq(—ia + Vsa/Lta + Y1a/ L1a)

Here

Similarly for the g-axis

ilq = (¢1q - ¢aq>/L1q
loq = (¢2q - ¢aq>/L2q

@Z’aq = Laq(_iq + 7vblq/qu + 7v/}201/L201)

Here

(C.11)

(C.12)
(C.13)

(C.14)



Therefore rotor current components can be represented using rotor flux components and

stator current’s dq components.
ita = Pra/Lta — (Lug/Lia)(—ia + ¥t/ Lta + P1a/Lia)

ira = ¥1a/Lia — (Lug/L1a)(—ia + ¥/ Lia + 14/ L1a)
ilq = wlq/qu - (L;q/qu)(_iq + @Z)lq/qu + 7vZ)Qq/L?q)
Z‘201 = ¢2q/L2q - (L;q/L2q)(_iq + wlq/qu + ¢2q/L2q)

According to [19],

et = (Ria/Lag) Eta

(C.15)

(C.16)
(C.17)

(C.18)

(C.19)

By substituting (C.15)-(C.19) in (C.3)-(C.7), the following equation set can be obtained to

model the dynamics of the rotor flux linkages.

dipgg /dt = kitbeq + kothra + ksiq + ks Eia

diprq/dt = ksiirq + ket1a + kria
d¢1q/dt = kSwlq + kaQq + kl(]iq

dapaq/dt = k1191q + k12W2q + K13ig
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Here,

R L Ry L’ —wp R L
by = WpLifd (_1+_ad) fey = WhLfd Logg k‘g _ WhLtfd Loyg
Lig Lig LigLnq L
k4 _ Wbed ]{‘5 - wledLgd k‘ﬁ _ wled (_1 + %)
Log LiqL14 Liq Liq
k7 _ —WledL;d ]{,‘8 _ wleq 1 L;q \ wleqL;q
le qu qu quL2q
—wy Ry L, wyRog L, R L,
k1o = S ki = ——a e k12 = b 1+
Liq LiqLog Log Log
L —wp Roq Ly
13 Lo

C.2 Representation of stator flux components

This section shows the steps for replacing the dq components of the stator flux linkage with

the dq components of the stator current and the rotor flux linkages. From Fig.C.1a:
iq = (Vad — Ya)/Ln (C.24)

iq = (Yaq — Ya)/Ln (C.25)

By substituting (C.24) in (C.11), (C.26) can be obtained.

Vad = Lppa(Va/Ln + ¥ta/ Lea + 114/ L1a) (C.26)

Here
1

1 1 1 1
L + Laq + Lgq + Liq

Lppd =

Similarly, by substituting (C.25) in (C.14), (C.27) can be obatained.

1/’aq = Lppq(wq/Ll + @blq/qu + ¢2q/L2q) (0-27)
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Here
1

1 1 1 1
L + Lag + Liq + Log

L

ppq —

By substituting (C.26) in (C.24), (C.28) can be obtained.

la = mitha + Mot + msthia (C.28)
Here
my = —Lypa/L1Lyg ma = Lypa/Li L m3 = Lypa/L1L1g
Similarly, by substituting (C.27) in (C.25), (C.29) can be obtained.
lq = Muthq + msih1q + Methag (C.29)
Here
My = —Lyppq/LiLy ms = Lppq/L1L1g Mg = Lppq/L1Lag
By re-arranging (C.28) and (C.29), (C.30) and (C.31) can be obtained, respectively.
depa/dt = (1/mq)(diq/dt) + (—ma/mq)(dipra/dt) + (—ms/my)(depra/dt) (C.30)

dipg/dt = (1/my)(dig/dt) + (—ms/my)(de)1q/dt) + (—me/my)(depag/dE) (C.31)
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By equating (C.30) and (C.2), (C.32) can be obtained.

diq/dt = (maoks + msks + miwy Ra)iq + (moky + msks)g + (maks + make )i+
((Miwpwsm) /M4 )iq + ((—m1imswpwsm)/ma)h1q + ((—mM1imewpWsm ) /M) Paqg

+ (mlwb)ed -+ (m2k4)Efd (C32)

Similarly by equating (C.31) and (C.5), (C.33) can be obtained.

diq/dt = ((—mawbwsm)/m1)ia+((MamowswWsm ) /m1) s+ ((MamawpWsm) /M1 ) P1a+(Maws ) eq

(mskio + mekiz + muwp Ra)iq + (msks + meki1)1q + (msky + meki2)2q  (C.33)

eq and e, in (C.32) and (C.33), respectively, have to be replaced with the other state vari-
ables. For this, the connecting transformer impedance is assumed in series with the stator

winding and the detailed derivation is discussed in section C.3.

C.3 Representation of stator terminal voltage compo-

nents

Transformer
L R

Synchronous

Machine T_

Fig. C.2: Synchronous machine and step-up transformer configuration in the test system

Figure C.2 focuses on the network configuration of the synchronous machine and the

step-up transformer in the test system. The dynamic equation which governs the dynamics

121



of the transformer inductor current is given in (C.34).

die/dt = (—Ry/Ly)ic + (—1/Le)vgi + (1/Ly)e (C.34)

From (C.34), the dq components of the stator current can be obtained as shown in (C.35)-
(C.36).

diga/dt = (wp/Ly)(—Ryita — Vpia + €4 + LiWsmitq) (C.35)
diyg/dt = (wn/ L) (—Riisg — Vpiq + €q — LiWsmita) (C.36)

By equating (C.32) and (C.35), (C.37) can be obtained.

ed = bea1la + beda2Wid + beaztia + bedalq + beasViq + beds¥2q + +bearVpia + beasEwa  (C.37)

Here,
bedl _ mgk‘g -+ m3k7 + mlwbRa + Rtwb/Lt bed2 _ m2k1 + m3k5
wb(l/Lt—ml) wb(l/Lt—ml)
b Moko + msks - WpWsm (M /my — 1)
ed3 — edd —
wb(l/Lt —ml) wb(l/Lt —ml)
bogs — wasm(—m1m5/m4) begs = wbwsm(—m1m6/m4)
wy(1/Ly — my) wy(1/Ly — my)
bed7 = Wb/Lt bed8 = m2k4
wp(1/Ly — my) wp(1/Ly —my)

Similarly, by equating (C.33) and (C.36), (C.38) can be obtained.

€q = beqlid + beq2¢fd + beq3¢1d + beq4iq + beq5¢1q + beq61/)2q + +beq7vpid + beq8Efd (038)
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Here,

b WpWsm (1 — myg/my) . WhWsm (Mamy /M)
eql — eq2 —
d wb(l/Lt —m4) d Cdb(l/Lt —m4)
wbwsm(m3m4/m1) m5k10 -+ m6k13 + m4wbRa + Rtwb/Lt

beas = = T — o) beat = wn(1/ Ly — my)

b o — mskg + mekiy b — mskg + mekia

B wn(1/Ly — my) 0 wn(1/Ly — my)

L
beq7 — Wb/ i bqu — 0

wp(1/Ly — my)

C.4 Linearization of components in the synchronous

machine’s reference frame

C.4.1 Reference frame transformation

The expanded form of matrices in section 3.3.1 are given in this section.

A§ =0 A5gfm = [ —wp  O1x16 :| A&sm - |: wp  O1x15 :|

C.4.2 Synchronous machine

The expanded form of matrices in section 3.3.2 are given with the intermediate steps of

deriving them. The linearization of (3.3)-(3.9) can be firstly represented as (C.39).

. At Aeq Avpiq
A-)(m - AmdAXm + Bmdl + Bmd2 + Bmd3 + Bmd4ATm+
Aty Aeg Avpig

BmasAEy  (C.39)
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Here;

—Kp
2H

Za0 000 0 0 0
Bmd1: 2'H

_;—;;00000

0 - 0 0 0
Bmd3: Ly

0 000 —=

Ly

Buas=|0 0 k 00 0 0

Pq
2—; 0 0
—wp Rt
Ly
ks ki ko
kr ks kg
—Wsm0oWh 0 0
0 0 O
0 0 O
T
0
Bmd2
0
T
0 0
Bmd4
0 0
T

0 0|
0 0
0 0
0 0
0 0
ks ko
k’ll k12 i

=2 00 000

Ly

By rearranging and linearizing (C.28)-(C.29), (C.40) can be obtained.

A
l/Jd - MsiquXm
At)g
Here
0 & o o 00
Msidq =
0 0 0 0 — = =6
ma4 maq ma4q
By linearizing (C.37) and (C.38), (C.41) can be obtained.
Aed
= elAXm + Me2 + Me3AEfd
Aeg Avpig
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Here

Mel -

beda ; beds bede beda beds bede
Wsm 2q0 + Wsm 2/}1qO + Wsm 7~p2q0 bcdl bod2 bod3 Wsm Wsm0 Wsm Wsm0 Wsm Wsm0
beql . beq2 beq3 beql beq2 beq3
Wem 140 + Wem wde + Wem wldO Wem Wsm0 Wem Wsmo Wem Wsm0 beq4 beq5 beq6

bed? 0 bed8

Me2 — Me3 -
0 beq? beq8

By substituting (C.40) and (C.41) in (C.39), (3.10) can be obtained. The expended form

of matrices in (3.10) are given below.

Am = Amd + BmdlMsidq + Bmd2Mel AmGT == Bmd4 |: 01 1

1 0 00
AmE = (Bmd2Me3 + Bmd5) |: 0 0 1 :| AmN = (BdeMeZ + Bmd3)
01 00

AmL - 07><4 Bm = 07><2

C.4.3 Governor and turbine

The expanded form of matrices in section 3.3.3 are given with the intermediate steps of

deriving them. The linearization of (3.11)-(3.12) can be firstly represented as (C.42).

AXgr = AgraAXgr + Barar Awan + Baraz A Panret (C.42)
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Here;

Bgrda1 =

- TGDpsm

(C.42) can be rearranged as shown in (3.13). The expanded form of matrices in (3.13)

are given below.

AGgtm = Bgra1

Agte = 02x3

Agtr = 0254

C.4.4 Exciter

1 000000

AGT = AGTd

AgrNn = 02x4

Bgt = Bgraz [ 10 ]

The expanded form of matrices in section 3.3.4 are given with the intermediate steps of

deriving them. The linearization of (3.14)-(3.16) can be firstly represented as (C.43).

Here

Bgag2 =

1
T 0
_ 1 _ 1
1B 1B
KaTc Ka 1— Ic
TaTs  Ta T

€do
2 2 2
1y \/6d0+€q0 Ty \/ed0+eq0

0 0
0 0

AXg = AgaAXg + Bgai AVsmres + Braz
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(C.43) can be rearranged as shown in (3.17). The expanded form of matrices in (3.17)

are given below.

Agm = Bga2Me Agct = 0352
1 0 0 O
Ag = Agq + Bra2Mes [ 00 1 } AgN = Bga2 M2
0100
Agr, = 0354 Bg = Bga1 [ 0 1 }

C.4.5 Network

The expanded form of matrices in (3.19) are given in this section.

01 000O0O0O0

ANm=Bnai |1 0 0 0 0 0 0 | + Bwa2
0O 00O01O0DO0

ANGT = 04><2 ANE = 04><3

C.4.6 Load

The expanded form of Arpeadsm in (3.21) is given here.

0010

Aroadsm = |0ax7 0ix2 04x3 BrasBuras
00 01
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Appendix D

Appendix C includes the expanded form of the matrices relevant to the small-signal model

of each sub-component in the GFM inverter with the virtual admittance-based inner current

controller (section 4.2.1).

D.1 Power controller

The expanded form of matrices relevant to section 4.2.1 is mentioned in this section. AprcL

in section B.2 will be modified as shown below.

0 0 0 0 0 0
Ryitao Rritq0  dtdo Ha0 d e
p Tp Tp TP TP Tp
A =0 A — | Btitqo —Ryitgo a0  —itao _f = _g
PCC 5%2 PLCL T = -1, 1, T, -
aRy bR; a b —aRf —bRs
C C C C C C
0 0 0 0 0 0

D.2 Virtual Admittance Block

The expanded forms of matrices relevant to section 4.2.1 are mentioned in this section.
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The linearizarion of (4.3)-(4.4) can be firstly represented as in (D.1).

. *
Achd Qi bvi AU‘cd —Qyi — bvi ArUpccd
~ (D.1)
. *
Achq _bvi Qi Ath bvi —Qyi A'Upccq
Here
o Rvirt . Xvirt
Ayi = vi —

2 2 2 2
Rvirt + Xvirt Rvirt + X virt

For the convenience of representation, the output of the -v controller concerning the

high voltage side of the connecting transformer is represented as in (D.2).

Vtd = (Vevq ") sin(—SOo) Utq = (Vevg™) COS(—SOO) (D.2)

Linearizing (D.2) yields (D.3).

Avyg sin(—30") sin(—30")
Ay cos(—30") cos(—30)

The corresponding matrices for Cg and Dg are given in Appendix B.2. The d and q

axis voltage components at the PCC (the terminal of the LC filter) are given by (D.4).

Upced = Vtd + (icvd - itd)Rf Vpceq = Vtq + (icvq - itq)Rf (D4)

Linearizing (D.4) yields (D.5).

Avpccd Rf 010 —Rf 0 AX (D 5)
= LCL .

A’Upccq 0 Rf 01 0 _Rf

By substituting (D.3) and (D.5) in (D.1), (4.5) can be obtained whose expanded forms
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of the relevant matrices are given below.

Qyi by sin(—30")
AicvdqrefP = . CE
—byi Qi cos(—30)

— Qi _bvi Rf 010 —Rf 0

AicvdqrefLCL -
bvi —Qvi 0 Rf 0 1 0 —Rf

Qi bvi Sin<—300)
D,

Bicvdqref = .
—byi Qi cos(—30)

D.3 Decoupled Current Controller
The expanded form of matrices relevant to section 4.2.1 is mentioned in this section.
Acc = 0322 Accen = AccrL = 0254 Bec = Bicvdgret

ACCP = AicvdqrefP

-1 00000

AccLcr = AicvdgrefLeL +
0 -1 0000

D.4 LC filter and transformer

The expanded form of relevant matrices in section 4.2.1 are mentioned under this section.

The output of the decoupled current controller can be represented by (D.6)-(D.7).
Vevd = Kpi(icvd* - icvd) + (1/7—11)1‘4 + Upccd - WLficvq (DG)

Ucvq - Kpi(icvq* - ZA(:Vq) + (1/7—‘11)1‘5 + Upccq + O‘)Lf,l.CVd (D7)
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The linearizing of (D.6)-(D.7) results in (D.8).

AVcvd
= AvcvquAXP + AvcvquCAXCC + AvcvquCLAXLCL + BvcvquUgfm
AVeyg
(D.8)
Here

T
Avcvqu = KpiAicvdqref'P + Lf |: _icqu Z.cde :| |: 1 00 00 :|

1T; 0
AvcvquC =
0 T,

Re 0 1 0 —Rys 0
AvcvquCL = KpiAicvdqref'LCL +
0 Re 01 0 —R

—Kp —wemoLs | |1 0 0 0 00

_l’_
wemols  —Kyi | [0 100 0 0

Bvcvdq = KpiBicvdqref

Due to the absence of high-frequency current components in the virtual admittance-based
inner current controller, the state matrices (i.e., Apcrd, Brcrar — Brcras) in section B.3

will be modified by removing elements corresponding to Aécyanp and Aieyqnp. The expanded
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form of matrices in (4.9) are given below.

Arcrp = BrcrLai [ 1000 0 ] + Bicra2Avevdqp  ArcrLcc = Brcra2Avevdgcc

Arcr = Avcra + Brcraz AvevdqLeL Arcrr = Ogxa
1 0 0 O
ApcLN = Brcras By,crL = Brcra2Bvevdq
01 00

D.5 Network

The expanded form of matrices relevant to section 4.2.1 is mentioned in this section.

000010
Ance = 0452 Anvcr = Bnaz
00 0O0O01
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Appendix E

Appendix D includes the expanded form of the matrices relevant to the small-signal model

of each sub-component in the GFM inverter with the cascaded voltage-current controller.

E.1 Decoupled Voltage controller
The expanded form of matrices in Section 4.2.2 is given in this section.

T
Avcp = [ sin(—30") cos(—30") } Cr Avc = Avcee = 0242

00 —1 0 0 0
AvcLcL = Aven = Aver = 02x4
0 0 0O -1 0 0

T
Bvcc = { sin(—30") cos(—30") } Dg

E.2 Decoupled Current controller

The expanded form of matrices in Section 4.2.2 is given in this section.

T

T
Ajcvdgrete = Kpv | sin(—30") cos(—30") } Ck + Ck [ —Vgg0  Ufdo ] [ 10000 ]
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1T, 0 00 —Kp —wCt 1 0
Ajcvdgrefve = AjcvdqgrefLCL =
0 1/Tiv 0 0 woCt -K, 01

T
Bicvdqref = va sin(—30°) COS<—30°) DE

ACCP = AicvdqrefP ACCVC - AicvdqrerC ACC = 02><2

-1 000 0O
Accrcr = AicvdgrefLeL +
0 -1 0000

Accen = Accr = 02x4 Bcc = Bicvdgret

E.3 LC filter and transformer

The expanded form of matrices in Section 4.2.2 is given in this section. The outputs of
the decoupled current controller in (D.6)-(D.7) are a set of input for this component. The
linearized representation of (D.6)-(D.7) in cascaded voltage-current controller embedded

scenario is given in (E.1)

Achd
= AvevdqgpAXp + Avevaqvc A Xve + AvevaqccA X oo + Avevdagqren A X e
AVeyg
+ ByevaqAUgsm (E.1)
Here,

T
Avcvqu = KpiAicvdqref'P + Lf |: _icqu iCVdO :| |: 1 00 00 :|

AvcvquC = KpiAicvdqrerC
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Ty 0
Ayevdgqee =
0 1/T;

Re— Ky —wolg 1 0 —Re 0
AvcvquCL = KpiAicvdqrefLCL +
wOLf Rf — Kpi 0 1 0 —Rf

Bvcvdq = KpiBicvdqref

Due to the absence of high-frequency current components in the virtual admittance-based
inner current controller, the state matrices (i.e., Apcrd, Brcrar — Brcrdas) in section B.3
will be modified by removing elements corresponding to Aigygnp, and Aégygnp.- The expanded

forms of matrices in (4.23) are given below.

Arcrp = Brcrai { 1 00 0 O } + BLCLd2Avcvqu

Apcive = BrcrazAvevdqve Arcrcc = Brcra2zAvevdqcc
1 00O
Arcr = Avcra + Brcraz AvevdqLeL ArciNn = Brcras
01 00
ApcrL = Ogxa Byc1, = Brcra2zBvevdg

E.4 Network

The expanded form of matrices relevant to section 4.2.2 is mentioned in this section.

000010
Anve = Ance = 04x2 Anwrcr = Bna2
00 0O0O01
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Appendix F

The expanded forms of matrices relevant to Chapter 5 are given here.

F.1 DC-side Circuitry and Controller

The expanded forms of matrices in the section 5.2.1 are mentioned in this section along with

the intermediate steps. The modulation index m is calculated from (F.1).
m= _Kp(Dq(Qref - Qf) + Eref - Ef) - zl/ﬂ (Fl)

The linearized form of (F.1) is given by (F.2), whose expanded forms of matrices are given

in Appendix B.2.

The linearization of (5.4) is given by (F.3).
Aige = AjaePAXp + AigecLA X1cn + BiacAUgtm (F.3)

Here;

Aidep = (levdo Sin(—30°) + deyqo cos(—30°))Cr

AjdeLeL = | mgsin(—30°) mgcos(—30°) 0 0 0 0
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Bidc = (icde sin(—30°) + icqu COS(—SOO))DE

Linearization of (5.12) is given by (F.4).

Ad = AchAXDC + BchAUDC (F4)

Here;

AdDC = 0 0 _Kpibathvdc Kpibat _Kpibat Kpibat/ﬂvdc 1/,—Tiibat

BdDC = |:KpibathVdc:|

The expanded forms of matrices in (5.13) are given below.

—(wp(I —=do)/Lvat) [ 0 1 0 0 0 0 0 |+ (Wpvaco/Lar)Adapc
(Wp(1=do)/Cac) | 1 0 0 0 0 0 0|~ (Whivato/Cac)Adpc
{o 1/Toae —1/Toge 0 0 0 o}

[o 00 —1/Tige 0 0 o}

[1/Tibat 00 0 —1/Tipw O 0}

{00—10000}

|:0 0 _vadc 1 -1 1/iTivdc O:|

T
ADCP:[01x5 (—wb/Cac)Aidep 01x5 Aidep/Tiac O01xs Oixs 01><5:|

T
ADCLCL:{lea (—wb/Cde)Aidercr, 01x6  Aiderer/Tide 01x6 O1xe 01><6:|
Apccc = O07x2

Apcn = Apcr = O7x4
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T
BDCgfm:{Olm (—wb/Cac)Bide 01x4 Bide/Tiac 01xa 01x4 01><4}

T
Bpc = [ (whVdco/Lbat) Bapc  (—whibato/Cac)Bapc 0 0 0 1 KPVdC}

F.2 Virtual Admittance Block

The expanded form of Ajeyagretpc in (5.15) is given in this section. m is given in (F.1).

Ayi by sin(—30°)
AicvdqrefDC:mO 01 0O0O0O0O O
—byi Qi cos(—30°)

F.3 LC filter and transformer

The expanded forms of Apcrpc and Brcrpc in section 5.2.5 are given in this section.

Arcupc = Arcr + Brcra2AvevdgDe Bicrpc = Ox1
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