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ABSTRACT Electricity grids are seeing dramatic changes due to increased power converter penetration,
causing variations in grid strength, X/R ratio, and new dynamic bandwidths, which present stability
challenges that need to be captured in models. The use of appropriate modelling techniques is critical
to achieve an accurate stability assessment; however, it is also important to balance this accuracy with
computational burden. This paper compares three key small signal models of a grid following converter; a
full detail small signal model, a model order reduction (MOR) method, and a simplified phasor model. They
are compared for their ability to represent transient accuracy, eigenvalue stability and ability to identify
the presence of key modes that could cause sub-synchronous oscillations. Furthermore, the bandwidth
and accuracy of these different modelling approaches across a range of parameters, especially as extreme
conditions, needs to be defined. Therefore, this paper addresses the need for parametric sensitivity studies,
and presents a methodology of evaluation of lower detail models, for highlighting instability, and the sub-
synchronous, oscillatory modes that low detail models fail to capture, even when they are expected to.
Results show that the MOR performs slightly better than the simplified phasor model, however, both fail to
capture critical dynamic information regarding oscillatory modes at sub-synchronous frequencies in certain
parameter conditions. Additionally, they both have reduced accuracy in representing system instability,
especially at low short circuit ratios, when the full detail model should be used.

INDEX TERMS Grid-following control, model comparison, small signal modelling, sub-synchronous
oscillations.

I. INTRODUCTION connection simulation phase. Such examples occurred in

The urgent threat of the climate emergency has resulted
in a dramatic change in the power system, with traditional
synchronous generation being replaced with power converter
interfaced renewable generation [1]. The most widely used
converter control is the grid following (GFL) structure, which
utilises a phase locked loop (PLL) to synchronise to the grid
voltage at the point of common coupling (PCC), [2], [3].
System operators have observed sub-synchronous oscil-
lations (SSOs) that were not predicted during the grid
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the UK in June and July 2023, where 8§ Hz oscilla-
tions occurred on 5 separate days, resulting in tripping
of generation, an HVDC link, an inter-connector and a
transmission circuit [4]. Other cases have been reported
worldwide, such as in China and the USA, which have
been severely destructive [5]. These issues highlight the
difficulties system operators are experiencing, and the need
for accurate modelling and identification of oscillatory modal
phenomena.

CIGRE [6] stresses that SSO screening methods are
important and should be simple and easy to understand. This
is complicated considering that model accuracy could be
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impacted by low short circuit ratio (SCR) (values <2) [7],
[8], variable X/R ratio (depending on generation connection
point) [9], and variable controller gains. This paper aims
to provide the required screening to identify the ability of
the models to accurately predict SSOs across the range of
relevant conditions.

Non-linear electromagnetic transient (EMT) time domain
models offer the highest accuracy of modelling but are
associated with significant computational burden and simu-
lation time, the need for detailed understanding of the power
system parameters and dynamics, and difficulty in identifying
the source of oscillations and/or instability. Small signal
models (SSM) can offer a compromise between accuracy and
computational demand, as well as allowing the use of classic
control theory tools to assess oscillations and their instability
mechanisms [10]. Different SSMs of GFL converters have
been proposed, however there are problems that exist for
each model, ranging from computational burden, to lack of
accuracy [11], [12], [13], [14], [15].

The literature has compared different models for accuracy
and representation, such as the extensive descriptions in [12],
[13] and [16], which compare EMT models, to some phasor,
small signal and simplified models of differing dynamic
detail. However they give a theoretical overview of the
modelling capabilities and not a practical analysis of the
contained dynamic modes and instability indications across
realistic parameter conditions, as this paper aims to. Large
signal model order reduction methods and comparisons have
been presented in papers such as [17], [18] and [19], showing
a good match in response for a reduced 6th and 4th order
models, with a moderate reduction in accuracy for a 2nd
order model. [20] gives an extensive comparative review
of small signal models in terms of state space, transfer
functions, and impedance models. However, again the models
are not compared across a combination of parametric
conditions.

Therefore, this paper compares three small signal models
of varying detail, and identifies the conditions under which
each model can be used, and when the full detail SSM is
required. This is achieved by assessing if each model can
identify problematic conditions, such as sub-synchronous
oscillations, and instability. The three models assessed are the
full detail SSM, such as in [21], a Model Order Reduction
(MOR) method, from [22], and a simplified phasor model

[12]. The motivation behind selecting each model is provided
in Section III-A, with the complexity of each model described
and the derivation of the equations.

The key contributions of this paper are:

« A methodology for screening models for their modal
accuracy and capabilities of identifying oscillatory sub-
synchronous modes.

o Comparison of the accuracy of three common small
signal modelling techniques, to assess which system
and tuning conditions result in a degradation of model
accuracy.
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o A study of parameter conditions which exacerbate
the inaccuracy in lower detail models with respect to
dynamic detail in the sub-synchronous range. To the
best of the authors’ knowledge this is the first study to
complete such a sensitivity analysis.

The models are investigated under changing SCR, X/R, and
outer power loop time constant. Using the eigenvalue analysis
across the range of relevant conditions, this paper defines the
conditions that each model-type can be used by Transmission
System Operators (TSOs) to accurately identify and describe
SSOs.

Il. METHODOLOGY
The case studies presented in the results in Section IV were
completed with the following methodology.

A. IMPLEMENTATION OF SMALL SIGNAL MODELS

The motivation of this work, described in the introduction,
is to give a clear understanding of what degree of model
complexity is required across varying system and control
parameter conditions. The first step in this method is to
implement each of the small signal models, which entails the
linearisation of the VSC-grid system and control equations.
The linearised equations are expressed in state space form,
from (1) and (2)

A¥ = AAx + BAu (1
Ay = CAx + DAu (2)

where X is the state variables vector, u is the input vector, and
y is the output vector [10]. A, B, C and D are the state space
input, output, and feed-forward matrices. The derivation of
each linearised state space set of equations is detailed in
Section III.

B. IDENTIFICATION OF PROBLEM MODES

The purpose of reducing the detail in complex models
is to improve computational burden, and increase sim-
plicity. It is assumed that there will be detail missing,
such as high frequency modes, however many models,
such as the aforementioned MOR method, aim to retain
lower frequency modal information and accurately rep-
resent instability. Therefore, it is important to test the
limits of detail that can be represented by the MOR
and simplified phasor model compared to the full detail
SSM.

To understand the limitations of models, eigenvalue
analysis is used to identify cases where the full detail SSM
represents key features of the system but the MOR and
phasor model do not. The eigenvalues of the overall system A
matrix [10] are defined by A in (3), and from this the damping
of each mode can be defined by (4). The damping ratio, ¢,
indicates when a system is critically damped (¢ = 1), over-
damped (¢ > 1), or under damped (¢, < 1). The frequency
of each iy eigenvalue, defined by f;, is equivalent to b;
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in (3).
Ai = a; + jb; 3

ai

(= —— 4)
,/al-2+bl-2

From this eigenvalue analysis, it will be identified when the
MOR and simplified phasor models do not represent key
information that is in the full detail model:

1) when the system is unstable (q; > 0)

2) when there are ‘““‘modes of concern”: poorly damped
modes, with ¢ < 0.2, that occur in the sub-synchronous
(fi < 50 Hz) range.

By reviewing eigenvalue plots of the systems, modes of
concern that are missing from the lower detail models
are identified. The damping ratio of each mode has been
calculated with (4), and where the damping is less than 0.2 the
mode is highlighted. A value of 0.2 damping ratio has been
selected as outside of this range, in the literature, has been
stated as being poorly damped [10], [23]. Additionally, modes
that indicate instability that are included in the full detail
SSM, but not the lower detail models are identified.

C. PARAMETRIC OVERVIEW

TSOs, vendors, equipment manufacturers and project owners
are highlighting the importance of simplicity of modelling,
whilst balancing accuracy. Therefore, the industry needs
methods to give indications of in what conditions can
simplified models be used to accurately represent sub-
synchronous oscillations.

In Section IV-A2, for each parametric condition, the full
detail SSM is analysed to see if it contains “modes of
concern’’, or instability (defined in the previous sub-section).
The MOR and simplified phasor are then checked to see if
they also contain this modal detail, and if they do not, the
parametric value is plotted. Therefore, in these plots, the xyz
coordinates of each point are the SCR, 7, and X/R value, and
so any plotted point indicates at those values, the lower detail
model is not accurate.

IIl. MODELLING

In this Section, the three small signal models are described
in detail for their defining equations and assumptions
made.

The modelled grid-following current controller is pictured
in Fig. 1. It contains the outer power and AC voltage
control loops, and the inner current control containing
proportional and integral gains dependent on the converter
side inductance and resistance [21], based on the modulus
optimum tuning technique [24]. The power loop controller
Kp(s) has proportional and integral gains, K,pc and Kipc
respectively, and for the voltage controller Ky (s) the gains
are K,yc and K;yc. The phase locked loop (PLL) is defined
by Kprr(s) with the proportional and integral gains being
Kyprr and Kipyy . The grid side inductance and resistance are
defined by L, and R,, the converter side defined by L. and
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R, and filter capacitor by Cr. The DC voltage is assumed
to be constant, as the purpose of the models the authors are
analysing is for the identification of SSOs in the AC grid.
Some of the lower detail models do not contain DC voltage
feedback, and the goal is to test the claims of the detail
included in the simpler models, therefore the effect of the DC
link is not assessed. The operating points of the system have
been calculated using MatPower [25].
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FIGURE 1. Current control GFL topology implemented.

A. MODEL SELECTION OVERVIEW

The three small signal models analysed in this section are the
full detail SSM [21], the selected Model Order Reduction
method from [26], and a simplified phasor model. The
reasoning behind the model selections are discussed here,
highlighting the known benefits and draw backs of each
model.

The full detail SSM contains the dynamics of the
grid system, the outer, and inner current control (CC)
loops, and accurately represents the small disturbance
characteristics of the system, sub-synchronous oscillations,
small transients and instability [10], [27]. It is presented
in a state space representation, with a large number of
system states. This extensive state detail gives the ability
to obtain great insight into the cause of oscillations or
disturbances, by the use of eigenvalue analysis and par-
ticipation factors. However, a detailed knowledge of the
system is required, and the implementation of deriving all
the equations of larger systems can be impractical for system
operators.

The second model assessed in this study is the MOR
implemented from [22] and [26], and has been chosen
as it is a very popular simplification method utilised in
[28], [29], [30], [31], and is deemed to be a good “‘interme-
diate’” simplification step between the full detail SSM and the
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TABLE 1. Overview of details included in models.

Detail ‘ Full Detail  MOR  Simplified Phasor
Grid Included Included Not Included
Dynamics

Not Included, angle
PLL Included Included taken directly
Dynamics from phasor
Inner CC ‘ Included I=1% =14

simplest modelling method. It is implemented in state-space
form as a Multiple Input Multiple Output (MIMO) system
of transfer functions, allowing the use of classical control
theory tools to analyse the represented dynamics. The MOR
is stated to be used for analysis of dynamic behaviour and
system stability considering sub-synchronous modes in weak
grids (pertaining to low SCR) [26].

The simplest representation of a grid-tied GFL converter
is a phasor implementation, where the differential equations
of grid dynamics are represented algebraically, and the
converters are represented as a current source with magnitude
and angle defined by the controller. Typically they have been
employed due to the assumption that the system frequency
will remain close to the rated synchronous frequency, and
that the dynamics of the grid do not need to be represented

[12], [13]. The simplicity of this method is highly beneficial
to TSOs and those developing large system models, however
it lacks information of system dynamics and some converter
interactions.

The full detail SSM contains the grid dynamics and all
of the current controller dynamics. The selected MOR is
derived from linearised system differential equations, but is
simplified to multiple SISO transfer functions. The method
also involves further simplifications, such as assuming the
inner current loop is fast enough that the measured current
follows the reference current exactly. The simplified phasor
model contains no grid dynamic detail, as it models the grid
algebraically. Like the MOR, it also assumes the current
follows the reference exactly, however it does not represent
the grid synchronisation with a PLL, instead it directly uses
the angle from the PCC voltage phasor, losing all detail of the
PLL dynamics. Additionally, the reference frame conversion
in the MOR is simplified to neglect the initial angle deviation.
An initial overview of model detail is given in Table 1, and
Fig. 3.

B. MODEL 1: FULL DETAIL SSM

The first small signal GFL model tested is the full detail
SSM. The AC grid to converter network can be represented
by the matrices, AAg, AB,, and ACq, shown in (5) to (8),
which are defined by the impedance between the converter
and grid voltages (v44 and ey, ), and the system frequency, w.
ADy is a null matrix, in this case. In the following sections,
the variables are in either the grid frame, or the converter
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frame.
&, i _
o — 0 0 0
L. L.
—R, -1
w 3 0 - 0 0
1 ¢ C
AAg = f ) f 1
0 — - 0 0 —
Cr Cr
1 —R,
0 0 — 0
L, L,
1 —R,
0 0 0 — -
L Ly, L, |
(5)
— 1
o (1) 0 0
0O — 0 0
ABg = Le 6
0 0 Z—,f 0
0o 0 o Z
1 0 0 0
0O 1 0 0
0 0 0 O
AG=10 0 0 o0 @)
0 0 1 0
0 0 0 1
AD, = zero(4 x 4) (8)

The state variables and inputs, Ax, and Aug, are defined in
terms of the converter side currents, Aigg, Algg, grid side
currents, Aipg, Alyg, and PCC voltage Aug, Aug:

Axg = [Dica, DNieg, Aug, Aug, Aigg, Aing
)
Aug = [Ava,  Avy,  Aeq, Aey] (10)

A key feature of the grid following converter is its reliance on
an external voltage and the PLL to synchronise with the grid.
The grid angle, A6, is obtained from (11), where Gpyy, is the
PLL transfer function.

A0 Gpy  Kppros+ Kiprr (11
AUy s §2 4+ aps + bo
where ap = (Kpprrcos(6o)Uago + Kpprrsin(6o)Ug),
by = (Kiprrcos(@o)Ugo + Kiprpsin(o)Uy with the

subscript, ¢, indicating initial operating point of the
variable.

The outer loop controls and inner current loop are
modelled using the dg components to form the voltage
references to be applied to the gate drives. The grid
dq currents and voltages are converted into the converter
reference frame from the grid frame, by the linearised
frame transformation [32] and the angle given in (11). If a
component Y is defined in the grid frame by Yy, and in the
converter frame by Yf" , then the relation can be expressed
by (12) and (13) (where the superscript ¢ indicates the
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converter frame), and 6 is the angle difference between the
frames.

Yf =Y (12)
Yy =Yfe (13)

The transfer matrix from grid to converter frame needs to be
linearised, and is defined by T, and by 7! for the converter
to grid frame, which are explained in [21] and given in the
appendix in (43) and (44). The inner current loop can then be
expressed, with the state space representation shown by (14)
to (17).

AAce = zero(2 x 2) (14)
(1 0 -1 0 0 0
ABe=1lo 1 o —1 o o} (15
_ :KiCC 0
ac. = [ Kicc] (16)
AD.. — -KpCC 0 —Kpcc —wL, 1 0
cc— 0 Kpcc oL, —Kyce 0 1
(17

where the state, input and output variables are defined by
Axee, Auge and Ay,

Axee = [Aeif, Aeifl] (18)
Auce = [Aiyg, Aigg, Ay, Aigy, Aug, ug] (19)

Ay = [AvY, Avfl] (20)

The proportional and integral gains of the current loop PI
controllers are K,cc and Kjcc respectively, and Aeij; and
Aeiy are the errors between reference current and measured
current for the d and g components respectively. The outer
loop power and voltage controllers are shown in Fig. 1,
with the PI controllers defined by Kp(s) = K,pc + K‘f

and Ky(s) = Kyyc + K’—g’c for the active power and
AC voltage controller respectively. The integral gain of the
power controller, K;pc, is obtained by the proportional gain
divided by the time constant of the controller, 7; one of
the parameters varied in the study case in Section IV. The
outer loop of power and AC voltage is defined by (21)
to (24), where the state variables are the error between
reference and measured values, Ax, = [AeP, AeV], and
input variables are the reference and measured power and
AC voltage Auyp = [APref, APmeas, AUres, AUmeas]. The
measured PCC power and voltage can be calculated from
the equations in the appendix in (49) to (50). In this study,
the DC voltage is not included as an input disturbance, and
there is no DC voltage droop control to the outer loop,
as typically this control is in either active power control or
DC voltage, switching between the two [33], and in this
study, the small signal response is assessed with active power
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outer loop.
AA, = zero(2 x 2) 21
AB, = (1) _01 (1) _O]} (22)
AC, = :K"gc Ki?]c] (23)
e A

C. MODEL TWO: MODEL ORDER REDUCTION

The reduced order model uses multiple SISO transfer
functions, derived from [22], [26], to provide an input-output
relation between power and voltage references and measured
values. Reference [22] justifies this as a sufficiently accurate
yet simplified model for eigenvalue analysis, however this
only is stated for lower SCRs, and needs to be assessed
across further parameters. The following section presents an
overview of the derivation of the MIMO transfer function,
however, the reader is directed to [22] and [26] for full model
descriptions.

The plant equations of the VSC, PCC and grid voltage
are defined by, (25) and (28). This is similar to the system
equations in Section (III-B), however the filter capacitance
is not considered. The grid inductance and resistance are
indicated by L, and R,, and the combined grid and converter
impedance by L., and R,,.

Aug — Aeg = (SLg + Rg)Aicg — wLgAiy (25)
Aug — Aeg = (sLg + Rg)Aicg + wLgAicy (26)
Avg — Aug = (SLeg + Reg)Aicq — wLegAicy 27
Avy — Aug = (SLeg + Reg) Nicg + wLegAicq (28)

If (26) is substituted into the linearised PLL equation given
in (11), it can be expanded, resulting in the grid angle being
represented by (29). Note, the grid side voltages, Aegg and
Aegg, are neglected.

Abprr, = Gprr((sLg + Rg)AiCq + wLgAicg) 29)

The grid voltages and currents are then transformed between
the grid and converter frame. In the full detail model, this
is achieved using the linearised transforms in (43) and (44).
However, for this MOR, the transform is simplified to the
equations in (45) and (46), as the initial angle deviation is
assumed to be negligible.

As the current control is assumed to be fast enough to
follow the reference directly, the transient is ignored, and the
inner current loop controller is not included in the model
(resulting in the controller in (30), G(s) = 1). These
linearised reference currents are substituted into the equations
for the inner current control loop, with the converter frame
denoted by ¢ and the grid frame without any superscript.

AVGG = Aug 4 Gu(s)(Aigy — Aigy — wLeAlL,)  (30)
AVer = Aug + Ga(s)(Aig, — A, + wLAig,)  (31)
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The converter voltage equations, transformed currents and
voltages, and linearised PLL equations are substituted into
the VSC-PCC equations of (27) and (28).

After this substitution, the system can be represented in
terms of current reference, converter currents, and change
in angle. The change in angle can be represented solely in
current terms, leading to the current reference to current
output representation given by (32).

Aicg| _[A  B|[Aiy,
o e |
The relation between the measured power and PCC voltage,
to input dq current references is defined in (33). The measured

PCC power and voltage can be calculated from the equations
in the appendix in (49) to (50).

AP _[m nl[A B|[Aé
e S e [ e R

where the matrix entries A, B, C, and D are transfer functions
defined as

1

A=— — (34)
1+ GPLLXgIch

B=0 (35)

Gprr X1,

C = PLLAglcd0 (36)
14 GPLLXgIch

D=1 (37)

and m, n, p and g defined by

m = 1.5[eqo + icq0Xg + icd0Rg], p =0
n = 1.5[—icqoXy +icqoRe], g = — X,

In the matrix defined by variables m, n, p and g, the q axis
aligned voltage is simplified to just —X,/., as the infinite
bus voltage, e, is assumed to be negligible, as is the grid
resistance. The full MIMO system of input power and voltage
reference to AP and AU is given in (38). The variables
GPCO0, GACO, X and Y are defined in the appendix. The
expanded equations showing substitutions are detailed in [22]
and [26].

GPCO e
[AP]__ 14+ GPCO 1+ GACO [AP*} (38)
— G .
AU TiN GACO AU
1+ GACO 1+ GACO

D. MODEL 3: SIMPLIFIED PHASOR SMALL SIGNAL
MODEL
The simplest modelling approach does not model the system
as a series of differential non-linear equations but represents
the grid algebraically [12]. Additionally in this presented
model, it is assumed that the current loop accurately tracks
its references and the grid voltage is shown as a static gain
eg, asin [12] and [13]. The simplified phasor model is shown
below in Fig. 2.

The angle from the PCC voltage phasor, Vj, is used to
convert the dg currents to their cartesian x-y grid frame [12],

116030
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Ior = ity ||l = Ipr +
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PmTeas T
me—»@—»

Vmeas

FIGURE 2. Phasor simplified model [13].
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« Initial Angle assumed = 0 +Ed and Eq = 0 in substitutions
Simplified Phasor Simplified Phasor
«Not included *Angle taken directly from Phasor

FIGURE 3. Summary of small signal representation of equations and
assumptions used in each model.

[13], using the linearised frame transformation, 7. The output
current from this transformation is Ipg = iy +jiy, and together
with the current derived from Vj, across the parallel converter
inductance, Xpg, the source current (Iy = isx + jisy) can be
calculated.

Vv
Iy =Ipg + —— (39)
JXPR

where the PCC voltage is derived by
Vil6 = ELO + (ix + jiy)(R, + joLy,) (40)

The simple phasor model is then linearised, giving the
simplified phasor small signal model. Collecting the real parts
of the equation, these can be set equal to the cartesian x
component of the equation, and the imaginary parts of the
equation are equal to the y component.

AV | | Ra —owL, | | Aiy 1)
AVyy “ | oLy, R, Al
wl,, R,
. 1 —_— .
Ay _ + Xpr Xpr Ay (42)
Alyy —I 1 4+ Lo Aty
Xpr Xpr

The PCC voltage and power are calculated with the same
method as the full SSM, however using the x-y coordinates.
Although the PI controllers or system dynamics are not
included up to this point in the simplified phasor model,
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several papers have cited the use of outer loop controllers
even in RMS or phasor modelling, such as in [12] and [13]
due to their slower speed. Therefore the outer power and
voltage loops with PI control are included in this method,
with the same proportional and integral gains as shown
in Fig. 1.

The summary of the equations and simplifications used in
the three models can be viewed in Fig. 3.

IV. CASE STUDY

The three modelling techniques from Section III were tested
for their accuracy across varying parameters and control gains
to observe the limits of each model, using them to implement
the VSC-grid system in Fig. 1. The base system parameters
are defined in Table 2.

TABLE 2. System baseline parameters.

Parameter Value
Base Power 350 MW
Nominal AC Voltage 230 kV
Grid Resistance, R, 0.1 pu/SCR
Grid Inductance, L, 1 pu/SCR
Converter Resistance, R, 0.01 pu
Converter Inductance, L. 0.08 pu
Current Loop Time Constant 20 ms
KppLL [34] 0.002
Kiprr 0.0045
Kp[/c 0001
Kiyc 0.5
Kprc 1.0722 x 107
Kipc Eeec

The varied range of parameters, the SCR, the X/R ratio,
and the time constant of the outer power controller, T are
presented in Table 3. These parameters, especially the latter
two, lack prior study of their effect on the validity of the
reduced order models, when trying to identify poorly damped
modes, SSOs, or instability. The range has been decided
upon as the probable expected values each parameter could
be. Traditionally, a high SCR is anything above 3, and
anything below 2 is considered a low value [8]. Therefore
a suitable encapsulating range of SCR = 0.4 to 5 has
been investigated. The range of X/R selected was to test
across possible lower values that could occur with generation
connected in distribution and transmission grids, with low
values of 1 [35], and high values of up to 20. The outer
loop time constant is varied between extremes of 1 ms
and 500 ms.

The eigenvalues of each model are assessed at each
parameter condition to compare how each model represents
sub-synchronous modes and system instability. The eigen-
values are checked to see if the under-damped oscillatory
modes present in system (as shown by the full detail SSM),
are identified in the lower detail models.
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TABLE 3. Parameter range.

Parameter \ Lower Limit Upper Limit
Short Circuit Ratio, SCR 04 5
X/R 1 20
Time Constant, 7 1 ms 500 ms
— P - e ———
y s
§ 38 / g 38 yz
o / - - = /
[ Time domain model [} 4
237 —-—-Simplified SSM 337 /f  |——Time domain model
a — — MOR o i —-—-Simplified Phasor
B SSM B /[ |- - MoR
3 36 3 36 I/ | SsM
o) o) i
] — = g5 |—t
7 7.5 8 8.5 9 7 705 71 715 72 7.25
time [s] time [s]
(a) (b)

FIGURE 4. Selected power responses of 0.01 pu disturbance. a) SCR =1,
X/R=10,7 =50ms.b) SCR=4,X/R=1,7 =2.5ms.

A. RESULTS

The validation of the power responses is shown in Fig. 4a
and Fig. 4b. The models are compared to the step response
(0.01 pu active power) of an EMT time domain model of
the same system. The accuracy of the full detail SSM is
validated for both sets of parameter conditions in Fig. 4a
and Fig 4b. The MOR and simplified phasor maintain good
accuracy in Fig. 4a, with SCR = 1, 7 = 50 ms, and X/R =
10. However, in Fig. 4b, with an increase in SCR = 4, and
reduced time constant to T = 25 ms, the response of the
MOR and simplified phasor model are much less accurate
in transient response. The source of the change in accuracy
between Fig. 4a and Fig. 4b, is difficult to discern for the
wide range of potentially significant parameters. Considering
this, and the lack of information regarding mode damping and
instability available from the time-domain response, a more
thorough approach is required to clarify the impact of system
condition on model accuracy. Therefore, a comprehensive
technique is required to give an overview of the effect of
varying parameters on model accuracy.

1) EIGENVALUE PARAMETRIC SWEEPS

The following section provides examples of plots of the
eigenvalues of the three small signal models, across a series of
parametric sweeps, comparing the dynamic detail each model
represents. Instability is indicated by poles in the right hand
plane, and the poorly damped modes with damping (4) of
lower than 0.2. These eigenvalues that have a low damping
factor, are highlighted in blue circles. In Fig. 5 to Fig. 6, the
full detail SSM is represented by the*x”’,the MOR by the
triangle, and the simplified phasor model by the square.
The colour of each key in the legend indicates the first value
of the parametric sweep (for example, in the case of Fig. 5a,
an SCR = 0.5), and changes as the variable (SCR) is increased
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FIGURE 6. Eigenvalues for varying 7, 0.7 pu active power, T = 1 ms to
40 ms, SCR = 0.7, X/R = 10.

(to 6). The arrows on the figure represent the direction of the
increasing variable.

Fig. 5a shows an example of eigenvalues of the system for
each model, at 0.1 pu active power with T = 0.04 s, X/R = 20,
and iterating across SCR = 0.5 to 6. The modes of concern are
highlighted with blue circles, indicating eigenvalue damping
(¢) is below 0.2. They can be seen at —50 s~ to —100
s~!in the full detail SSM, but they are not represented in
the MOR, or simplified phasor. There are several of these
modes that are above 314 rad/s (50 Hz), however there is a
sub-synchronous mode that is only shown in the full detail,
seen at —50 s~! damping. This is important to note, as the
MOR and simplified phasor model are expected to not include
all the higher frequency dynamics, however this is a clear case
of even sub-synchronous modes not being represented in the
lower detail models. There are sub-synchronous modes close
to 300 rad/s shown in Fig. 5a, from —350 s to —150 s71,
that are present in both the MOR and full detail, however
they are very well damped and would quickly dissipate.
As expected, the simplified phasor model does not include
much oscillatory modal detail, across the sweeps, which can
be observed in the pole plot. Fig 6, shows further examples of
“modes of concern” only represented in the full detail model,
highlighted by the blue circles.

In Fig. 5b, the power operating point is increased to 0.7 pu,
with the same SCR range, and X/R ratio as in Fig. 5a, but t
of 1 ms. At this operating point, the MOR contains modes of
concern at around 300 rad/s, but it cannot show any higher
frequency modes that are seen in the full detail model.

An example of the conditions where the full detail, and
simplified phasor show instability, but the MOR does not
can be seen in Fig. 6, with system modes observed across
increasing t. The simplified phasor model and full detail
show a very unstable mode for the t of 1 ms, which is not
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0 9 scr

7[s] SCR

(a) Modes of concern: MOR

FIGURE 7. Parameter conditions at which the full detail model contains
oscillatory, poorly damped, sub-synchronous modes, but are not
identified by a) the MOR, 0.1 pu active power. b) the simplified phasor
model, 0.1 pu active power operating point.

(b) Modes of concern: Phasor

accurately represented in the MOR. In this sweep, there are
other unstable modes that the MOR does not reflect yet the
simplified phasor does, and also modes of concern that only
the full detail SSM includes. Although the specific modes
in the full detail and simplified phasor model indicating
instability are not of the same damping or frequency.

Considering the figures given in Fig. 5 to Fig. 6, itis evident
that there are conditions in which the MOR and simplified
model do not represent sufficient detail of the modes of
concern and instability. Therefore, a complete insight needs
to be given to show under which parameters these happen.
The next section presents an overview of the SCR, X/R ratio,
and time constant and their effect on the models’ abilities to
represent oscillatory modes, and instability.

2) PARAMETER OVERVIEW

For the three models, the SCR, X/R ratio and t were varied
across the range given in Table 3. At each parameter condi-
tion, the full detail model was checked for modes showing
instability, and poorly damped sub-synchronous modes, with
the identification process described in Section II-B.

The figures in this section show the parameter conditions
where the MOR or simplified phasor do not contain the modal
detail that the full detail model does. Each point is the X/R,
SCR and t value that indicates the condition where the lower
detail models fail to capture modal detail. In each figure
the green shaded areas show the full range of parameters
that were swept through, and the pink shaded area shows
the bounded area of parameters which don’t show the modal
detail in the lower detailed models.

Fig. 7a shows the parameters where there are modes of
concern represented in the full detail model that were not
present in the MOR, at 0.1 pu active power. The MOR is
capable of representing them across slower time constants,
in general, above 0.3 s. However, between 0.2 s to 0.3 s,
and increasingly below 0.2 s, the MOR is not capable of
accurate mode representation with X/R = 6 to 14, and SCR
= 0.5 to 1.5. The modes of concern represented by the
full detail model, and not the simplified phasor, are shown
in Fig. 7b, at 0.1 per unit active power. At this operating
point, the simplified phasor model does not represent any
of the modes of concern, across the full range of X/R
ratio, SCR and time constant, and so is not suitable for
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FIGURE 8. Parameter conditions at which the full detail model has
oscillatory sub-synchronous modes, but are not identified by a) the MOR.
b) the simplified phasor. 0.7 pu active power operating point.

identifying possible poorly damped modes. However, the
MOR is capable or representation of some sub-synchronous
poorly damped modes, but only above an outer power loop
time constant of 0.3 s.

If the operating point is now increased to 0.7 pu active
power, looking at Fig. 8a, the MOR fails to represent modes of
concern across a larger parameter range than at 0.1 pu active
power. In Fig. 7a, the MOR highlighted modes of concern
for time constants greater than 0.3 s, and recognised more
than the simplified model in the 0.2 s - 0.3 s range. However,
in Fig. 8a, the MOR does not recognise modes of concern
even at very slow time constants, up to T = 0.4 s, between
X/R = 51to 17, and SCR = 0.5 to 1.5. This is significant
as T > 0.2 s is a typical tuning value, about 10 times
slower than the inner current controller, [24], and therefore
the MOR is expected at typical tunings to accurately identify
poorly damped sub-synchronous modes. Fig. 8a shows that
this cannot be assumed.

Fig. 8b shows the conditions where the simplified phasor,
fails to represent the poorly damped sub-synchronous modes.
As with Fig. 7b, the points plotted entirely coincide with
all of the conditions where the full detail model has modes
of concern. That is to say, the phasor model has been
incapable of recognising the modes of concern in any of these
conditions, even the cases in the sub-synchronous range.

The modelling methods were then compared for accurate
representation of system instability. The full detail SSM
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FIGURE 9. 0.1 pu active power, parameter conditions the full detail model
indicates instability, that are not recognised in a) the MOR. b) the
simplified phasor.

highlights the conditions under which the system would be
unstable, and the MOR and simplified model are compared
to it for recognising instability, by identifying modes in the
right hand plane. The full range of parameters identified in
Table 3 were tested, however only SCR < 2 is shown in
the following figures as there were no instances of instability
above this. Fig. 9a and 9b show that for the lower power
operating point of 0.1 pu, the MOR and the simplified phasor
have very similar conditions for which they don’t represent
instability when the full detail model does. Therefore at 0.1 pu
active power operating point, for stability indication, there is
no benefit to using the MOR over the simplified phasor model
at these parametric conditions.

However, if the power operating point is increased to
0.7 pu, the modelling methods differ in their ability to
represent instability across the parametric range. From
Fig. 10a and Fig. 10b, the figures show when the simplified
phasor and then MOR do not show instability that is
represented by the full detail SSM. The MOR and simplified
phasor have similar capabilities to each other across the
parameters, however there is some variance. Across the full
range of 7, at SCR = 0.4 to 2 and X/R = 6 to 20, the models
are frequently inaccurate. At lower X/R ratios (5 to 8), and
lower SCR (0.5 to 1), the simplified phasor model is more
accurate than the MOR. Fig. 10c and 10d show when the
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FIGURE 10. Parameter conditions resulting in instability not recognised in
models, 0.7 pu active power power.

MOR recognises instability but the simplified phasor does
not, and vice versa. The simplified phasor model appears to
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identify when the system will be unstable in more situations
compared to the MOR method. However the caveats to this
are discussed in the next paragraph.

Fig. 10e shows conditions when the simplified phasor
model indicates instability, but the full detail model does not.
The full detail model obviously is more accurate than the
simplified phasor model (which can be seen in the validation
Fig. 4), and so these parameters show conditions where
the simplified phasor model is inaccurate, showing a false
positive. This leads to the conclusion also that the simplified
phasor model recognising more instability in Fig. 10c and 10d
compared to the MOR is not a sign of greater accuracy, but
the indication of false positives.

Therefore, it can be concluded that the MOR method can
represent when the system has poorly damped modes that
could cause unwanted interactions, much more effectively
that the simplified phasor model. The simplified phasor can
be slightly more suitable for identifying areas of instability at
the lower SCR ranges, however this model is more inclined to
producing false positives highlighting instability. Ultimately,
the full detail SSM is advised for anything below SCR = 2,
especially at lower 7 and X/R 15 to 20.

V. CONCLUSION

In this paper three small signal modelling methods were
reviewed for their accuracy compared to the non-linear time
domain model and their ability to predict poorly damped
oscillatory modes, and unstable operating regions. A series
of parametric sweeps were performed across SCR, X/R
ratio, and outer power loop time constant, identifying the
conditions where only the full detail SSM is capable of
accurately representing modes of concern and instability.

The MOR and simplified phasor models both fail to predict
instability in low SCR cases, therefore the full detail SSM is
required to describe instability in these conditions. If the grid
is known to be strong, since the MOR is not more accurate
than the simplified phasor, then the latter should be used.

At 0.1 pu active power, the simplified phasor model,
across the full range of parameters, had very low accuracy
in identifying modes of concern. However, with 7 > 0.3 s,
the MOR should be suitable to highlight enough oscillatory
mode detail. With low SCR (< 2) and faster time constants,
T < 0.3 s, the full detail model should be used. Increasing
the active power to 0.7 pu results in the MOR losing some
capability of identifying modes of concern even with slower
time power loop time constants up to T = 0.4 s. This indicates
that even with “typical tuning”, at weaker grid conditions
of low SCR, the MOR is not viable for model usage, likely
due simplification of the inner current controller, and the full
detail model should be used.

It is expected that lower detail models will have limitations
and will not represent high frequency oscillations. However,
it is expected that they will be accurate in indicating
instability, and lower frequency oscillatory modes. This study
highlights the parameter conditions where the lower detail
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models fail to capture this detail, and the full detail model
should be used in these situations.

APPENDIX

EQUATIONS

A. LINEARISED PARK TRANSFORM

The linearised park transform between grid reference frame,
to controller reference frame is presented by 7, and the inverse
transform by 7!. For a variable X, the linearised transform
between each frame is defined by T, with the linearisation
around Xy, and 6.

_ |: cos(6p) sin(6o)

cos(6p)

—x408in(00) + x40c0s(6p)
—sin(0p)

—x40c0s8(6p) — xq0sin(6p)
(43)

With the linearised inverse transform defined by 7!

1 |:c0s(90) —sin(6p)

—X505in(8p) — xgocos(éo)
sin(6p) cos(6p)

xgc0s(0o) — x;()sin(eo)
(44)

The transform used for the MOR is defined by (45) and (46),
for a variable F in the grid frame, and F° in the converter

frame.
. AfET]
l=lo U 7 N @)
c Afd_
Afjl |1 0 fo
b R C I Y B

B. POWER AND VOLTAGE CALCULATION

The magnitude of the PCC Power and Voltage can be
calculated with (47) and (48).

3. :
Pineas = E(udlcd + uqlcq) 47)

Vug +ul (48)

3. : . :
APpeas = E(lchAucq + icd0Alteq + uqOAlcq + ugoAicq)
(49)

U

Ug0 Aty ugoAug

AU =

2 2 2 2 (50)
Ugo T Uy Ugo + Uy
C. MIMO INPUT EXPANSION

Where the intermediate variables X, Y, M, N, GPCO and
GPCO are defined by

X = K, (s)(mA + nC),
M = Ky(s)(pA + qC),

Y = Ky(s)(mB + nD) (51)
N = Ky(s)(pB+ ¢gD), (52)

YM
GPCO=X — —— (53)
(1+N)
M
GACO=N — —— (54)
(1+X)
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