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Summary

This document summarizes the development of the complete hybrid power system simulation
framework. The hybrid power system contains the AC and DC power network interconnected
with power converters. The simulation framework uses the so-called impedance-based harmonic
assessment, which can be used further for the extensive power system stability analysis.

To represent power system components as frequency-dependent, with increased complexity,
and to ensure their proper interconnection, the multiport parameters are introduced. The
document provides ABCD parameters description and the transformations introduced, which
enable hybrid power system simulations. As the power converter’s model is developed in dqz-
frame, the transformation of the ABCD parameters from abc to dqz-frame is formulated. Also,
for the proper analysis of the DC power network, the transformation from the bipolar to the
monopolar system is applied.

Finally, in the document are given simulation guidelines and described all the structures
and procedures used for the simulator implementation in Julia programming language.



1 Introduction

At present, new power electronics-based active components are being introduced in the power
system at an astonishing rate. When considering High Voltage Direct Current (HVDC) sys-
tems, the most important circuit topology is the voltage source converters (VSC), and more in
particular Modular Multilevel Converters (MMCs), a.o. because of its lower losses compared
to traditional 2-level topologies. The MMC is characterised by its fast operation and control
possibilities [1]. The integration of these devices are bringing new requirements for the system
operation and the stability when considering their interactions, e.g. with each other or with
the surrounding passive network components. In general, it has to be ensured that the power
system operates in a stable way with the desired performance under the desired operation con-
ditions, and that it can be stabilised in the case of the disturbances [2]. The active nature of the
components makes that significant research and development efforts have historically been re-
lated to the protection and the controller design, in particular when considering multi-terminal
HVDC-based systems [3,4].

Compared to traditional AC system stability, converter controllers interact with the sur-
rounding power system, and hence also with one another, over an extended frequency region
when considering small-signal stability. The resulting negative interactions have been referred
to in recent years as "harmonic stability’ or ’electromagnetic stability’ [5]. Harmonic stability
assessment can be undertaken in the Laplace-domain or frequency-domain using either a state-
space representation or an impedance-based (admittance-based) analysis [6]. Basic electromag-
netic transient (EMT) time domain simulation tools, such as PSCAD™ and EMTP-RV™,
on the contrary give rise to long simulation times by checking the stability of each operating
condition, which renders it less suitable for a fast system performance check. Motivated by
the work initially introduced by Middlebrook [7], related to input filter design, the so-called
impedance-based stability assessment has been further investigated and implemented for the
purpose of the power system stability analysis. Impedance-based system stability is a promising
approach still gaining popularity especially for VSC HVDC systems, possibly connected in a
multi-terminal configuration [5,8-11].

In order to capture the influence of every passive and active component in the power system
over an wide frequency range, it is necessary to model components with as much mathematical
details as possible, including their frequency-dependent behaviour (e.g. lines, cables), as well
as the impact of converter controls (e.g. MMCs). EMT tools such as PSCAD do offer fre-
quency scanning routines for the passive network components (e.g. lines and cables). However,
since traditional harmonic studies are concerned with the steady-state harmonic amplification
through the network, rather than with the small-signal stability, these built-in scanning rou-
tines do not allow for including a small-signal representation of the converter and its control [5].
Therefore, in the framework of the Neptune project, the decision was made to start the de-
velopment of a software tool dedicated towards the small-signal stability screening using an
impedance-based approach in the frequency domain, including both active and passive network
components. In order to obtain the interactions using highly detailed component descriptions,
a new mathematical methodology for the modelling of the network using ABCD parameters is
proposed and developed. The next sections describe the development of the methodology.

2 Multiport ABCD representation

Classical circuit theory applied to power systems relies on the description of the system using
admittance matrices or hybrid matrices [2,12]. Commonly, the circuit equations are solved
using admittance/hybrid matrices applying Kirchhoff’s laws and Ohm’s law relying on the
Modified Nodal Analysis (MNA) approach for the components described using linear models.



The admittance based representation is also gaining popularity for the assessment of harmonic
stability in systems with power electronic components [13,14].

Although the admittance representation of the system and its components has a simple defi-
nition and a physical dimension, system and component configurations exist without impedance
or admittance parameters defined. In Fig. la, where the port voltage and current have sub-
script “p” for an input port and “s” for the output port, a case is depicted where the series
impedance cannot be represented using impedance parameters because of the open connection
at the input and at the output port. Similarly, the example from Fig. 1b shows the case of a
shunt admittance. It cannot be described using admittance parameters, since the short con-
nection between the ports would give an infinite value for the interconnection admittance. A
hybrid port representation could be applied in these cases, but its usage for determining input
and output impedance of the network is everything but intuitive.
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Figure 1: Examples of the circuit in which is not defined: a) impedance matrix; b) admittance
matrix.

To overcome the challenge of nonexistent Z or Y parameter representation, we propose a
generalised algorithm for representing the power system, and its constituting components using
multiport ABCD parameters instead (Fig. 2). Multiport networks can include polyphase AC
networks, multi-pole DC networks, etc. The motivation for the choice of the ABCD parameters’
system representation stems from the fact that ABCD parameters provide a direct connection
between the voltages and currents at the input ports, and voltages and currents at the output
ports.
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Figure 2: Polyphase power system using multiport ABCD parameters.

As explained, admittance-based representations of networks are becoming a promising ap-
proach gaining popularity to be used in impedance-based stability assessments to investigate
harmonic stability with power electronic converters [15], e.g. for Voltage Source Converter High
Voltage Direct Current (VSC HVDC) systems [5,8]. The use of ABCD parameters for such a
stability assessment, however, is only recently starting to get attention in literature. Besides [5],
where the method was proposed to build small network models for analyzing high-frequency
interactions in the kHz-range, recently, also [16] assessed interactions, but within the bandwidth
of the converter controllers (up to several 100 Hz), building on the work from [17] to create a
network equivalent containing a frequency-dependent model of a single overhead line.



What has been missing so far, however, is a generalised modeling framework that allows
automatically constructing an equivalent impedance, including both active and passive com-
ponents, at any node in the network. Therefore, a systematically derived modeling framework
using an ABCD representation for the multiport power system and its components has been
developed. Each component is represented using ABCD parameters, and its corresponding
model is presented in detail in this report. The model of the DC side impedance of a state-of-
the-art VSC HVDC-based MMC is given and the complete system modeling is presented for
a two-terminal MMC-based VSC HVDC system. The report also summarises how to use the
ABCD parameters for a harmonic system stability analysis.

2.1 ABCD parameters basics

The system is represented as an interconnection of components. To simplify the calculation of
the transfer functions and/or input and output impedances, each component is modeled as a
multiport network as depicted in Fig. 2. The input voltages and currents are vectors denoted
as V, and I,, while the output voltages and currents are V and I;. Generally, a multiport
network has the same number of input and output ports, and thus, the dimensions of the
vectors are the same, denoted as n.

A multiport network can be represented with ABCD parameters, where each of parameters
A, B, C and D represent n x n matrices and

Vv, A B V,
MRS 0
As with components in an electrical power systems, their multiport ABCD parameter repre-
sentations can be interconnected. Two possible connections are series and parallel connections.

e The series connection of two multiport networks is depicted in Fig. 3. The ABCD
multiport representation is especially desirable for this type of connection because the
new parameters are determined in a simple matter as follows.
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Figure 3: Series connected multiport networks.

e The parallel connection, depicted in Fig. 4, is more complex to calculate. In the case of
nonzero matrices B; and Bs, the parallel connection is represented as:

[Vp} _ [ (Br'+By") " (Bi'As + B, 'Ay) (By' +B;")! ] y [V}
I,|] |Ci+Cos+(Dy—D;)(B;1+By) "t (A; —Ay) Dy + (Dy—Dy)(By +B2) !By I |
AVB
C D

(3)



The formula is also valid for networks whose matrices are of dimension 1 x 1, i.e. two-port
networks. If some of the matrices cannot be inverted, the previous equation becomes:

D;p} N {Cl +Cz + (Dg _%1)]3]'_1 (A; — Ay) 1(3],-] x [\H ; (4)
< o)
C D

where 7,5 € {1,2} and ¢ denotes the invertible matrix B; with j # 4.
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Figure 4: Parallel connected multiport networks.

It should be noted that the term ‘multiport’ network encompasses both single component
with one or more input and output ports, as well as a subnetwork with defined input and output
‘ports’ (or nodes).

2.2 Determining the input/output impedance of the network

Let us assume that every output port, represented with the voltage V,; and the current [, is
closed with an impedance Z;;. Then we can write V,; = Z;; I,;, or in matrix form:

V,=Z061, =17 x1,, (5)
with ©® denoting the Hadamard product, Z; the corresponding closing impedance column vector,

and Z, = diag{Z,} (scc Fig. 5).
The input impedance can be then rewritten from:

vl -lenl et

Z,= (A xZ+B)x (CxZ+D)". (6)

as

Similarly, by closing the input ports with a diagonal impedance 'Z}, the impedance as seen
from the output ports can be estimated as:

Z,=(Z; x C—A)"' x (Z; x D —B). (7)
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Figure 5: Closing impedance on the output side.

2.3 Determination of the combined system ABCD parameters

The ABCD parameters can be used to determine the impedance “visible” from the desired node
or a component port. The power system can take forms with different number of component
‘pins’, e.g. (but not limited to) a three-phase AC system using abc (or phase) parameters with
components having 3 input and output pins, a positive sequence equivalent (components with
2 input and output pins); or a monopolar (represented by 1 input and output pin) or bipolar
DC system (2 input and 2 output pins). To determine the impedance “visible” from the desired
node/nodes in the system, the partition of the system is formed recursively, containing only
the nodes and the components included in the path between the desired nodes. The example
of the obtained subsystem is depicted in Fig. 6, where the nodes denoted as V1, Vj2 s and
Vsis, Vsas Tepresent 2 x 2 port system, respectively.

Equivalent system ABCD representation
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Figure 6: Model of the polyphase subsystem.

As can be seen from Fig. 6, the subsystem between input and output nodes contains m
components, where each component j € {1,...,m} is represented with p{ inputs and pJ outputs.
The subsystem also contains a total number of n,, nodes, of which n, nodes are output nodes
(denoted as V5 s and Vg ¢ in Fig. 6) or ground nodes. Subsystem has n. input currents/voltages
(denoted as I,; s and I in Fig. 6).

Let us assume the following naming convention. The ith component has input voltages and
currents denoted as V,,; and I,; (positive currents enter the component and exit the node), and
output voltages and currents Vy; and I,; (positive currents exit the component and enter the
node). I; are the input subsystem currents entering the subsystem and exiting the input nodes,
and I are the currents through ground(s) and the output pins, and enter the output nodes.

m

Now, the set of n,, + > 2p§, equations can be written:
i=1

e n, equations for each of the nodes inside the network denoting the sum of the currents
entering and leaving the node. By convention, a current is considered positive when it
leaves the node.



e > p; equations giving ABCD component relationships between input voltages V,, and
i=1

output voltages Vy;, and currents I;.

m

o > p, equations giving ABCD component relationships between input currents I,; and
i=1
output voltages Vy;, and currents I;.

The unknown variables are n, = n,, — n, node voltages, n. input currents denoted as I, and
m

> p;, + p’ component currents L, and I;.
i=1
m
The complete set of equations is written in a matrix form and consists of n, + > 2p;, equa-
i=1

tions with n, 4+ n. + > (p}, + p) variables and matrix of outputs with the size (nn + > Qp;;) X
i=1 i=1
2n,. It is:
MxX=NxY (8)

where the matrices M and N consist of numerical and symbolic coefficients, vector X =
[Vl e Voo Lo Ly, Ly I oo Ly Ism] consists of the unknown variables and

vector Y = [Voj, Ioj}T "

of the output and ground voltages and currents. The solution of
j=1
the previous system (8) is given as reduced row echelon (or gaussian elimination) form of

concatenated matrices [M, N].

2.4 Transformations between abc to dqz frames

The complete AC power system is modeled in dgz-frame to fit the developed power converter
model. For that purpose, it was necessary to apply abc to dgz transformation.

In order to transform three-phase voltages and currents from the stationary abc-frame to
the rotating dqz-frame, Park’s transformation defined as

9 cos(wot) cos (wot — 3F)  cos (wot — =)
Py, (t) = 3 sin(wot) sin (wot — %) sin (wot — 5) |, (9)
1 1 1
2 2 2

is employed. The inverse Park’s transformation is given as

5 L {001
Pgol(t)zﬁPZO(t)—kﬁ 00 1 (10)
00 1

For the transformation of the admittance from the abc- to the dgz-frame, the following
theorem can be formulated.

There has been reported work [18] that applies the transformation formula only for sym-
metrical systems. The formula is also successfully applied for modeling overhead lines in the
dg-frame in [19, 20].

The following theorem presents derivation of the transformation from abc-frame to dg-frame
for the only one admittance 3 x 3. In the case of the multiport parameters representation the
same formula can be used for the each of four 3 x 3 submatrices giving interconnections between
inputs and outputs.



Theorem 1. Every 3 x 3 admittance in the abc-domain Y (jw) can be transformed to the dq-
domain without loss of generality as Ya,(jw) = 3 (@Y (j(w+wo)) +aY (j(w —wo))) R{a}")ay,
where a is a transformation matrixz defined as

L eplie)  exp(2jy)
a=|j jexp(jp) jexp(2je)|,
0 0 0
for o = %’T

Proof. Currents and voltages in the dgz-frame are related to the currents and voltages in the
abc-frame as:

iqu( ) = (t) labc( )

Vig=(t) = Py (1) Vane(t),

and vice versa, abc quantities can be transformed to their dgz equivalents as:

iabc(t) = P;OI <t> iqu (t)7
Vabe(t) = PLL(t) Vaga (1),
with wy being the angular frequency of the rotation frame. In the previous equations, multipli-
cations become convolutions in the spectral domain after applying the Fourier transform, see
Appendix A.1.

In the spectral domain, the relation between the currents and voltages in the abc-frame can
be written as:

Iabc(jw) = Y(]CU) Vabc(jw)'

This equation can be further used as:

L) = 5 Pun(i) * (¥ () Vil ) = 5= Py ) ( Y0 5 P ) Vi () )

2m 2m
(1)
where the Fourier transform applied to Park’s transform gives:
27
P, (jw) = T (ad(w+ wp) +ad(w — wpy) + co(w)), (12)
where a denotes conjugate of the matrix a and

1 exp(je)  exp(2jp)
a=|j jexp(jy) jexp(25¢)| .
0 0 0

@]

I
_ o O
_ o O
_ o O

for p = %” Similarly, the Fourier transform applied to the inverse Park’s transform is given
by:

P (jw) =7 (a" §(w + wp) +a" 6(w — wp) + 2¢” §(w)) (13)
Denoting G(jw) = 5= P! (jw) * V4. (jw), one can obtain:
S s Y T N
G(jw) = 5 (a” 0(w+wp) +a d(w —wp) + 2¢” §(w)) * Vg (Jw) =
1
= 3 (@ V. (5 (w 4+ wp)) + a7 Vg (j(w — wp)) + 2¢” Vg (w)). (14)

10



Similarly, considering that H(jw) = Y (jw) G(jw), we can write:

Lig-(jw) = 3 (ad(w+wp) +ad(w—wo) +cd(w)) *H{jw) =

(aH(j(w+wo)) + aH(j(w — wo)) + cH(jw)) =

(@Y (j(w+wo)) G(j(w +wo)) +aY (j(w — wo)) G(j(w —wo)) + ¢ Y (jw) G(jw)) =
aY (j(w +wo) (2" Vg (j(w + 2wp)) + 8" Ve (jw) + 2¢” Ve (j(w + wo))) +

(J(w — wo) (a" Viga(jw) +a" Vg (j(w — 2wo)) + 2¢” Ve (j(w — wo))) +
+e Y (jw) (a" Vag: (j(w + wp)) + 8" Vig: (j(w — wo)) + 2¢” Vg (jw)))-

DA RPWIRWR,RWR

+
o
;.<

Since, we need to represent everything using d- and g-components, the corresponding ex-
pressions are zero in dq except for the zero value. These expressions are:

(aY(j(w + WO) QCT quz(j(w + wO)))dq = 02><27
@Y (j(w — wo) 2¢" Vg (j(w — w0)))ag = O2c2,
(C Y(jw) (aT quz(j(w -+ Cdo)) + ﬁT quz(j(w — CUO)) + 2CT quz(jw)))dq = 02><2.

Then,

—_

L,(jw) = Z(@Y(jw+w))a" +aY(j(w—wo))a)a Vay(jw) +

(@)

1 . : 1. _ :
b (@Y (e + 90)) 87y Vi (oo + 2u0) + & (@Y (o0~ 0)) 80y Vi (e — 20)).
Since the rotation to the dgz-frame applies spectral symmetry (by multiplying with sine and
cosine functions) around w = 0, w = wp and w = —wp, Vgu(j(w — 2wp)) = Ve (j(w + 2wy)) =

V4, (jw). Finally,

L) = 5 (@Y (i +0)) + Y (i - w0))) Ria} )iy Vg () (15)

and 1
Ya(jw) = 5 (@Y (j(w + wo)) +AY(j(w — o)) R{a}")aq. (16)
O

It should be noted that in the case of dqz-representation, the zero-sequence can be deter-
mined directly from the formula (15).

One example of the short circuit impedance of the three-phase overhead line is depicted in
Fig. 7, where the impedance can be seen before and after the application of the transformation.
The obtained diagrams correspond to the waveforms obtained in [20].

The obtained formula for the admittance can be checked on a few well-known examples:

e A three-phase inductor set described by the formula: L iabc = Vabe, Dy using formula (16)
transforms to

—jw wo
. o2 02 —2
qu(j(*)) = [ M wo ) H —jw O)] )

B L(w?—wi) L(w?-w?)

which corresponds to the results given in [21].

11
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Figure 7: Short circuit impedance of the three phase overhead line: (a) without applied trans-
formation; (b) with applied transformation.

e A three-phase capacitor set described as C'Vgpe = igpe gives

. wC  wC
YdQ(.]w) = |:;7w00 j(f)C:| ;

which corresponds to the results given in [21].

In the case of ABCD parameters (given in the abc domain), the same transformation can
be applied to every matrix A, B, C and D. The new matrices ABCD parameters in the dqg
domain are:

Auli) = 5 (@AGE + ) +3 A3 - w0) R{al
Buy() = 5 (@B(j(w + o)) + AB(i(w — ) R{a}
Canlji0) = 5 (AC((w + ) +AC( (w — ) B2}
Dyy(je) = 5 ((QD(j(w + ) +aD(i(w — ) Ra) g

2.5 Transformation from bipolar to equivalent monopolar represen-
tation

As power converters are modeled in this package as a three pins components, where one pin

corresponds to the DC side connection and two pins are used for the AC-side connection

represented in the dg-frame, it is necessary to represent the DC network with a single-pin

components. Bipolar DC components are then reduced to their 1 x 1 equivalent representation.
Bipolar DC components are represented by means of ABCD parameters as:

a1 a2 b bio

A B _ a1 Gga bar bao (17)
C D ci1 ci2 dn dig)|’
co1 Cyo dy da
and
Up1 Us1
Up2 | A B Vs2
i | [C D] “ g (18)
ip2 is2

12



For balanced bipolar DC networks connected to power converters or DC sources, the fol-
lowing relation is valid: v = —vs = % and iy = —is = i5. At the input of the DC network
component, it is known that v, = v,1 —vp2 and 7,y = —i,e = 7,. Substituting these relationships,

the equation becomes:
ai1taze—aijaz—az1  bii+boa—bia—boy
v v
Pl = 2 2 x |7 (19)
; ci1teano—cia—ca1  diitdoa—dia—day N

Zp 2 2 ls

which represents an equivalent single-pin model.

2.6 Reduction of the ABCD matrix

In the case of cross-bonded cable when the outer conducting layers are grounded, it is necessary
to reduce the ABCD parameters matrix. For that purpose it can be applied ABCD matrix
reduction formula.

The overall ABCD matrix is divided into parts: matrix part with the superscript 11 should
be kept (e.g. core layer of the cable), 22 should be removed (e.g. belongs to the sheath and
armor) and 12 and 21 are their interconnections.

All A12 Bll B12
|:A B:| _ AQI A22 B21 B22
C D Cll CIQ Dll D12

CQl C22 D21 D22

The new, reduced matrix is obtained by applying the formula:

A Ay — (A1Z, + Bio) E(Z,Co + Agy),

=By — (A12Z; + B12) E(Z, Do + Byy),
C= Ci1 — (C12Zs +D12) E(Z,Cy + Ay),
D=D; — (C12Zs + D12) E(Z, Dy + By),
E=((AxZ;+By)+Z,(CyZs;+ Dy))” Y

for Z,, and Z, being diagonal quadratic matrices representing closing loads (impedances) of the
pins that should be reduced from the input and output side, respectively.
Newly defined ABCD parameters are:

A B
C D

2.7 Conclusion

Although ABCD parameters can only be properly defined when the number of input and
output nodes (voltages and currents) are the same, this multiport representation has multiple
advantages:

e The input and output multiport impedance can be found directly.

e There is the unique representation of the each multiport network using ABCD parameters.
For instance, ABCD parameters are defined even in cases where the admittance matrix
does not exist, e.g., in case of a infinite shunt admittance.
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e ABCD parameters operate with voltages and currents and thus, the values inside the
ABCD matrix have a clear physical dimension and “meaning”. This cannot be said for
H (hybrid) parameters, which is usually used for RF and microelectronics simulations.

e There is a unique relationship between multiport Z, Y, H, S and ABCD multiport
parameters [22,23].

By the definition Z parameters, or impedance parameters, provide relation between volt-
ages and currents of the multiport network.

NI

Similarly, Y parameters, or admittance parameters, give relation between currents and

voltages.
Ip _ VP
RN

1]-neft

and S parameters like scattering parameters, are defined in terms of incident a and re-

flected b waves:
a,| a,
=5[]

Hybrid parameters are defined as

14



3 Multiport Y representation

Similarly, like with ABCD parameters, the system can be described using Y-parameters. Y
parameters of the components can be estimated using a conversion formula (23). However, the
system of equations is solved in a different manner. For an N-node network, the relationship
between currents injected at the nodes {1, ...Ix} and voltages on the nodes {V4, ...V} is given
by

(Yii Y - Yie - Yin]| i (1]
Yo Yoo - Yor - Yon| |V, I
. . : . _ 20
Yii Yie o Yip 1 Yin| | Ve Iy (20)
Y1 Yno o0 Yy o0 YN LV L In ]

It should be noted that for the construction of the voltage source, the matrix B is set to
contain very small impedances if it was a zero matrix before. This is done to avoid the inverse
of the singular matrix B, see (23). It also presents a numerically stable solution.

3.1 Input impedance determination

Similarly as for ABCD parameters, Y parameters can be used to determine impedance between
input and output pins. The input impedance can be calculated using the following steps. First,
the matrix M is constructed as a zero quadratic matrix with the size N x N. The entries that
belong to the currents of the input and output nodes, denoted as k;, i € {1,..., N}, are equaled
with M (k;, k;) = 1.

[(Yin Yip - Yig, oo Yin] [V (1
You Yoo o0 Yop, o0 Yan| |14 I
: : : : : M : ’ 51
Yer Yoo 0 Yer 0 Yin Vi I @)
_YN’1 Yyo <o+ Yng o yN7 N L VN ] i

The inverse of the matrix Y, even in the case of singularity, can be determined as [24]:
Z=TAT

where T presents column eigenvectors and A diagonal complex eigenvalues of the matrix Y.
The last step is to determine the impedances between input and output pins as:

Zey = ZM

and to pick only the values on the positions corresponding to the input and output nodes.
In order to get the impedance “visible” from the input nodes, it is necessary to perform
Kron elimination of the output nodes as the last step [25].

3.2 Reduction of the Z and Y matrix

Here we apply the so-called Kron reduction [25], often used for reducing grounded conducting
layers of the overhead lines and cables. It will be formulated only for the Y parameters, but it
can be applied in exactly the same way for Z parameters.
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The Y matrix is divided into four parts: the matrix part with the superscript 11 should be
kept, 22 should be eliminated and 12 and 21 are the interconnections.

Y Yoo
Y —
{Ym YQJ

The new Y parameters are then given by:

Y = Y- Y Y5 Yo

3.3 Transformation between Y and ABCD parameters

[{3)]

The Y matrix can be separated into submatrices belonging to input (superscript “p”), output

[A9h]

(superscript “s”), and their interconnecting nodes as:

Y Y
Y = pp ps} . 22
[Ysp Y., (22)

The Y parameters in the previous form can be obtained from ABCD parameters as follows:

(23)

y_ [PB' C-DB™'A
~|-B'  B'A

Similarly, ABCD parameters can be determined from Y parameters as:
vl vl
[A B] _ [ Yo Yoo Yo } . (24)
Yp

C D =Y, Y Y SYY,

sp
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4 Implementation of the components

The main components of the hybrid AC and DC power system are DC and AC grid equivalents
(represented as sources), impedances, transformers, transmission lines and cables, breakers,
FACTS, shunt components and converters (MMC converters, two level converters, etc.). In
this chapter, the representation of each of the components as a multiport network using ABCD
parameters is derived and presented, as implemented in the tool.

4.1 Impedance

An impedance can be defined between n input ports (nodes) and n output ports (nodes). An
impedance is represented as an n X n matrix Z:

Zi Zig o Zin

Z=]": ST
an Zn2 e Znn

An example of an impedance with two input ports and two output ports is given in Fig. 8.

Iy I
—_
Vi1 o i Var
Z12
Zn
112 122
—_—
V12 o Zoy Vaz

Figure 8: Model of the 2 input ports/2 output ports impedance.

To represent impedances as multiport components with ABCD parameters, the following
equation constructed using the Modified Nodal Analysis (MNA) approach [26] needs to be
solved.

. . |- N2,n><n ‘ Onxn -|
{dlag { > Zlij} dlag{—l}nmw " V,| " Vi

@ 3,270 nxn I,| |—diag > le diag{—1}nxn I |’
|_ Nl,nxn ‘ Onxn J i §,25i7#0 ! nxn

M1 ]-\)[r2
(25)

where matrices N; and Ny consist of n rows with n columns with entries at the position (4, 7)
equal to —% and ZL], for Z;; # 0 and Z;; # 0 (where i represents row and j column in

impedance matrix), respectively. The solution of the previous system is given as M; "M if M,
is invertible matrix, or by determining LU decomposition and reduced row echelon form if it is
not invertible.

For example, for the circuit depicted in Fig. 8, the equations would be:

1 1 0 1 0 ZL ZL 0 0
01 A +1Z_22 i Viz| _ 1Z21 1 e « | V22
{ - & [0 0 J | = - (H+4) 0 -1 0| X1,
= 0 0] [Is 0 ~(H+4) | 0o -] L
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4.2 Transformer

A transformer is modeled as in Fig. 9. The parameters of the transformer can be defined
explicitly or determined from on-site test data as described in [27]. On-site test data are
typically presented in the form of open and short-circuit values of the primary side voltage V;
and current I; and secondary side voltage V5 and current I, along with the core power losses
P core and winding power losses P yinding- The open and short-circuit test should be performed
on the secondary side.

Then the parameters from Fig. 9 can be estimated as:

Pshm"t short
Rps = slhort 27 Lps = Qihort 27
(17"rt) w(I7r)
Vopen 2 VOPCTL 2
Rm = ( lopen) ) Lm - ( ) opezz )
P Wy
Vopen
n = 10 en )
‘/21’
Rys Lys
Rp = 2p ) Lp = 2p 9
R, L
s = > Ls = 2
R 53" 53" (26)

knowing that Q3 = \/(VP*I5*)2 — PP*2.
ABCD multiport parameters are then estimated as [5,17]:

A B s
|:O D:| = Yturn X (quinding X Yiron X Nt?” X Zwinding H Zstray) X Yturna (27)
|10 » |1 sL,+ R, o 1 0 s -
where Yo = Lct J’ Buiniing = {0 1] Y T 1) B
1 1
[(1) sLs ;_ Ré} s Lstray = {O sCsimy] and Ny, = {8 8} , with n the turn ratio.

CsLTuy

n:l R L

R, L, .
e —_—
L T AT — .
()
v e %’ Ry, %’L % T a v
O

Figure 9: Model of the transformer.

Three-phase transformers can be either in the YY and AY configuration, where each of the
three single-phase transformers is represented by its equivalent from Fig. 9.

e The YY configuration is derived from the equation (27), such that

A B| [diag{A}sx3 diag{B}sx3
C D| |diag{C}sxs diag{D}3x3

e The AY configuration is more complex and it is modeled using following equations. The
inner primary and secondary stages of the transformer (i.e. all the components except
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the parasitic capacitances and the load impedance) are given by:

n+n (sL,+ R,) (Sle + ﬁ) shypthp

A B
{C’ D} = Zinding ¥ Yiron X Ny = ) ) o 28)
inner n (m + m) n
The AY configuration transforms voltages from the delta side vg’b’c to the wye side voltages
vPPe as vobe = V3 v¥P¢ while the currents are related as:
1 1
b 731 (1) IFE b
1a,0,c ___ 4 2 1a,0,Cc
L, = V3 \/31 (1] X
0 =5 &

Using the previous voltage/current relations and ABCD representation of the inner trans-
fer function in Eq. (28), the inner impedance can be obtained as:

Di\r}'ﬁer 0 . Di\r}ﬁ,er
Zinner - . _3 i ) . 3 ) (29)
dlag{Clnner \/§}3><3 — DZ\’}%ET Dé?’%eT DO
O — %ET z\r}%er
The transformer is eventually represented using ABCD parameters as:
A B
C D:| — (Yturn X (Zinner H Zstray) X thqn» (30)

4.3 Autotransformer

This type of model may be expanded into a multi-winding transformer, e.g., a three-winding
transformer. As an example, the positive and negative, and zero sequence impedance of an
autotransformer with YNaO(d) configuration is shown in Fig 10. In Fig. 10, H, X and Y refer
to the high-voltage, low-voltage and tertiary voltage side respectively. The per unit leakage
impedances may be obtained from the per unit leakage impedances Zpyx, Zpyy and Zxy, as
obtained using the short-circuit test, and impedance to ground Z, as [28]:

<] (1 1 —1] [Zux

ZY = 5 1 —1 1 ZHY , and (31)
Zy —1 1 1| |Zxy
Zxol 1 1 -1 =4 ng
Zyo|l ==|1 -1 1 -z o (32)
ZXY

2 R
Z -1 1 1 i
0 n 67,

where n is the winding transformation ratio. The phase (or physical) domain model may be
derived from these sequence impedances using the Fortescue transform.

4.4 Transmission line

The ABCD model parameters of a transmission line can be defined as [29, 30]

{A B] _ { cosh(Tl) Y Lsinh(I7)

C D| ™ |Y.sinh(Tl)  cosh(I') (33)

where I' = VZY and Y, = Z7'T', and [ standing for the line or cable length. The used formula
is based on the frequency-dependent phase domain model.
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Figure 10: Three-winding transformer model for autotransformer with YNa0O(d) configuration
in positive and negative sequence (a) and zero sequence (b).

4.4.1 Overhead line

Based on realizations of the transmission line as defined in PSCAD, see Fig. 11, five possible
realizations are defined as:

1. flat (horizontal, which presents flat configuration without ground wires),
2. vertical,

3. delta (for at least three phases),

4. offset (for at least three phases),

5. concentric (for at least three phases).

Besides, the conductor positions can be added manually as absolute (x,y) positions.

Thus, the simulator enables the creation of overhead lines with the conductors having the
properties [27] presented in the table 1. Ground wires have the properties presented in table
2.

The transmission line model is constructed using the procedure from [27,31]. The overhead
transmission line consists of n;, including sub-conductors, stranding, etc. and n, ground wires.

Each line/conductor positioned as x. relatively starting from the central tower position and
y. vertically, measured from ground, with the sag at the midpoint between towers d,,, see
Fig. 12a. Thus, the modified vertical position is used in calculations as 9. = y. — %dsag.
Conductor is formed using ng, sub-conductors grouped in the bundle, where all sub-conductors
are grouped using symmetrical equidistant pattern with the distance between the two nearest
sub-conductors being dp., or a bundle spacing. Using conductor position, the position of the
each sub-conductor can be estimated. Knowing the angle between two sub-conductors on the
circle and its radius

360°
¥ = )
Nsp

o dsb
"7 sin(p/2)’
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Table 1: OHL conductor parameters

’ Symbol \Meaning

T number of bundles (or a number of phases)
Tlsh number of subconductors per bundle
Ybe height of the lowest bundle above ground
Aype vertical offset between bundles
Az, horizontal offset between the lowest bundles
ATy, horizontal offset in the case of concentric and offset organization
dg distance between closest subconductors with equidistant
concentric organization (symmetric)
dsag maximal sag offset
Te radius of the conductor
Ry DC resistance of the conductor
Je shunt conductance of the conductor
Horc relative permeability of the conductor
positions added manually
organization | can be flat, vertical, concentric, delta and offset

Table 2: OHL groundwires’ properties

| Symbol | Meaning |

ng number of ground wires

Az, | relative horizontal distance between ground wires

Ay, relative vertical between ground wires and the lowest conductors
Tg radius of the ground wire

dgsag | ground wire sag

Ry 4. | DC resistance of the ground wires

Lr.g relative permeability of the ground wire

the position can be estimated starting from the angle ¢, = § if the number of sub-conductors
is odd, or from ¢, = % for an even number of sub-conductors, as follows:

Tpe = Te + 1 cO8(ps + k@),

) 2
Yoe = Ye + T Sm(@s +k 90) - § dsag: (35)

for k € {1,2,...,npc}. If the number of sub-conductors is equal to one, its position is given by
(2, Je). Each conductor is characterized with the relative permeability of the material p,., the
conductor dc resistance Rg4. and the radius r;.

Ground wires are modeled similarly, represented with their relative position (z,,y,), radius
14, dc resistance Ryq. and relative permeability of the material s,..

Earth parameters are given with permeability u., permittivity e, and conductivity p,.

In order to represent the transmission line using ABCD parameters, it is necessary to
calculate series impedance and shunt admittance matrices [27]. Both matrices are of the size

n X n, where n = ZC ni. + ny. The impedance matrix has the following form:
i=1

Zoy1 c++ Zogn

Z =diag(Z)+ | .

ZO,nl e ZO,nn
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Figure 11: PSCAD overhead line organization: 1) single conductor with groundwire; 2) single
conductor; 3) 2 conductors flat; 4) 3 conductors flat; 5) 3 conductors delta; 6) 3 conductors
horizontal; 7) 3 conductors vertical; 8) 3 conductors concentric; 9) 3 conductors offset.
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Figure 12: Overhead line modelling: a) tower and relative conductor positions; b) sub-conductor
bundle.

where Z; = 52¢ coth(0.733mr;) + % for the i-th conductor/sub-conductor/ground wire

and r; is its radius, resistivity p; = R 7r? and m = /jw ¥ The components Zy,;; =

7
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: Dy
Jw po i
520 log <_dij ) for

Ty

i =7,

D;; = V=) + (g ;)2 i F# 7,

N 2y17 Z:jy
Dij = /(yi +y; +2do)* + (i — 2,7,

_ ] 1
de - Jw pte(Tetjwee) (37)

The shunt admittance is a matrix formed as
Y=sP'+G (38)

from matrix P with its components P;; = 52— log <&> and G = diag{g.}.

271'60 di]‘

4.4.2 Cable

The cable groups are implemented focusing on the available configurations of the cables available
in PSCAD, where a cable can be included either placed inside the pipe, so called pipe-type
cables, or placed underground. Cables are usually coaxial with up to 4 layers of both conductors
and insulators.

Cables can be insulated or pipe-type coaxial cables. At the moment, only a group of
coaxial cables is implemented in the package. A cable group consists of n cables, each one have
maximum three conducting layers and three insulation layers, as can be seen from Fig. 13. The
conducting layers of the cable are denoted as core, sheath and armor. Between the conducting
layers, there are insulators, except for the last conductor where the insulator is not a strict
necessity, but it is common. For each conductor the following set of parameters is given: r{
and r¢ as conductor inner and outer radius in meters, conductor relative permeability ;& and
conductor resistivity p. (in [2m]). The insulator is described using the following parameters: r?
and 7! are the insulator inner and outer radius in meters, €’ is the insulator relative permittivity
and g’ the insulator relative permeability.

Figure 13: Coaxial cable.

Additionally, the configuration parameters can be modified by adding two semiconducting
layers in the insulator 1, and implementing the sheath consisting of the wire screen and outer
sheath layer. In that case, the procedure described in [17] is applied.
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e Conductor surface impedance

A hollow conductor surface impedance is given by:

c ¢ 9]
aa = 57::; coth(m(ry — 7)) + m {B] for inner surface,
(& c Q
Ly, = 2p7r7:§ coth(m(ry — 7)) + m {B] for outer surface,
pim Q
Zab = e ey SmUe =7i)) 39
b i o) csch(m(rs —7rf)) LH} (39)

where m = /jwu¢ For a non-hollow conductor, the outer surface impedance is

c 0.3179p¢ | Q
Ty = 2 coth(0.733mrs) + ——— - [—} . (40)
< mre m
e The insulator layer between two conductors has an impedance
Jwhof, o
2T °8 (Tf) (41)
e The earth return impedance of the cable and mutual between cables is
JW fig ymD 1 2
Zy="—"2 ([ —log|——)+=—=mH 42
92w<°g<2>+23m’ (42)
for
D_ V(@i —x;)2+ (y; —y;)?  for cables i # j,
T radius of the cable 17,
o1y + vy for cables i # 7,
| 2y for the cable 1,
(43)

and v == 0.5772156649 being Euler’s constant.

According to [32,33], one cable is represented with its series impedance Z;; matrix. Each
matrix Z;; has the size n. x n. and its entries for j € {1,...,n. — 1} are given by
Zi(j,j) = Zi+ Z] + ZJ,
Zii (j, ) +1) = Za (+1,5) = =23,
Ziz‘ (nc, nc> = Zl:;)c —+ Zznc -+ Z;Z, (44)

and otherwise the matrix entries are 0.

Mutual surface impedances between the cables are given by matrix Z;; having all compo-
nents equal to Zéj.

The shunt admittance matrix can be estimated as Y = sP~! and matrix P, which has the
form
Py Py - Py
P=: :
Pnl Pn2 e Pnn
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Figure 14: Cross-bonded cable.

Matrices P;; have components

Pc+Ps+Pa Ps+Pa Pa R Bz Bz
P = P+ P, Pi+P, P+ |FPi Py Py, (45)
Pa Pa Pa Pzz Pzz Pzz

where P, , belong respectively to core, shield and armor insulators and have the following

values: P = % and P; = 82M/") g 5 earth return. Matrices P;;, for i # jhave

2men
all components equal to P;; = %, where Dy = /(z; — ;)2 + (yi — y;)? and D, =
V(@i = 25)? + (yi +y;)* [32].

As it is valid to assume that sheath and armor are grounded, it is allowed to use Kron
reduction. Using Kron reduction, as proposed in [34,35], when applied to the matrices Y and
Z a compact shunt admittance and series impedance model is obtained. For determining the
corresponding ABCD parameters, the same procedure is used as for the transmission line from
equation (33).

4.4.3 Cross-bonded cables

Cables are cross-bonded in order to reduce sheath circulating currents. The cross-bonding is
made by transposing sheaths of the cable sections. As in [17], this transposition can be made
in ABCD domain.

Cross-bonded cables consists of minor sections as in Fig. 14, where the smaller sections
(referred to as minor sections) are marked with J, K and L. Minor sections are then grouped
into bigger (major) sections, for which all the cable layers except the core are short connected
to ground. Thus, the ABCD parameters of the major section can be estimated using Kron
elimination.

The procedure for determining the ABCD parameters of the whole cross-bonded cable is as
follows:

Let us assume that the ABCD parameters of each major section are marked as ABCDy.

Thus, the equivalent cable ABCD parameters are given by ABCD = [[ ABCDj, where n is
n=1
the number of major sections.
The equivalent ABCD parameters of one major section can be estimated as follows:

e Determine the ABCD parameters of the each minor section inside the major: ABC D
for i € {1,m} and m is the number of the minor sections inside 7 major section.

7,29
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e Reorganize the ABCD matrix for each minor section as: M,; = RABCD,;R™'. The
matrix R is a transposition matrix that sorts voltages and currents from the form:
[‘/1,07 ‘/1757 ‘/2767 ey [1,07 [1,3, [2,(:; ]T into [‘/176, ‘/2707 ‘/3707 ‘/175..., [1707 [2707 13’8, ]T
Basically, it groups first all core cable voltages, then all sheath voltages, ...

e Apply transposition from A-B-C to C-A-B for all minor sections except for the first:
Mcp TM,,; T~1, where Mcp introduces sheath cross-bonding losses. Matrix Mep is the
identity matrix except for the indices that belong to interconnections of sheath voltages
and currents. For example, assuming that n. = 3 (this is the number of the cables), the
sheath is the second layer of the total n; layers and thus Mcpg (n. + 1 : 2n., ne *x n; + n. + 1
diag{2ZcB }n.xn,- The impedance Zgp presents the impedance from nonideal bonding.

e Apply the ABCD reduction introduced in [17] and described in section 2.6.

According to the previous description, the ABCD parameters of the major section are given
by:

ABCD, = My, x [[Mcp (TM,,; T (46)

=2

4.4.4 Mixed OHL-cables

Mixed OHL-cable components contain OHLs and cable sections.. Each OHL and cable section
is characterized individually and a complete 'mixed OHL-cable’ component is presented with
the equivalent ABCD representation.

This ABCD representation has the form:

ABCD = |[ ABCD,, (47)

n=1

where ABCD,, are the ABCD parameters of an OHL or cable section, while n is the total
number of sections.

4.5 AC and DC grid equivalents

AC and DC grid equivalents can be modelled as either ideal AC and DC sources respectively, or
including an equivalent impedance (e.g. short-circuit impedance to model the system strength)
. These sources are described using the following relations:

V, = V,+ZI,+V,
I, = I, (48)

for V being the vector of the voltage source’s voltages, Z the series equivalent impedance
as diagonal matrix with the values: Z = diag{Z;}. As explained in 2 with I, and V, are
presented input voltage source currents and voltages, while with Iy and V4 the output currents
and voltages.

For the estimation of the equivalent impedance of the network, independent voltage sources
are short-circuited, which means that in this case, the grid ABCD parameters can be represented
as an identity matrix. Additionally, the internal grid impedance can be added as an serial
connection of the impedance and voltage source. The ABCD parameters of the equivalent

network are now given by:
A B I Z
[c D} = [o I} ' (49)
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4.6 MMC

Voltage source converters (VSC) are often implemented as modular multiterminal converters
(MMC). For example for HVDC applications, the MMC has become the de-facto industry
standard nowadays. They are used for a fast and efficient conversion of energy. In the code,
they are represented as inverters or rectifiers, which do not only consider the impedance as seen
from either AC or DC side, but also consider the coupling between the two side. Hence, they
have two DC side pins and three AC side pins. The converter is represented with its admittance
matrix, which is incorporated with the ABCD system of equations.

ldc
-

O
O

Ydc
+2

Figure 15: MMC.

4.6.1 MMC model

An MMC is depicted in Fig. 15. The variables from Fig. 15 are defined for all three phases,
j € {a,b,c}. The sets of submodules are represented by their averaged equivalent, and thus,
the following equations for voltages and currents can be written:

UL _ . UL UL

UL U,L.UL

QN =y i, (50)

UL . . . ..
where m; " are the corresponding insertion indices.
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Using ¥ — A nomenclature, the variables can be represented as:

U <[
DA v sl +
iSO T T Ty
U L U L
A _ Yo —Vgi  w Vot Ug
UC’j - 2 ) UCj - 2 )
A U L X U L
m; = m; my, mj =m; —I—mj,
U L A,S 5, A
JA Vi TN VG TG
U L IS A, A
oS Uuy UMy MGG TG UG

In order to obtain the differential equations in the dqz frame, Park’s transformation is used to
represent the system in a set of several rotating frames, each of which is related to a different
angular frequency. The Park’s transformation is as defined in (9). It should be noted that zero
sequence of the X components corresponds to the DC currents and voltages. On the other hand
Z (being Zd and Zq) incorporates third harmonic into A currents and voltages modeling,.

For the purpose of the modeling, the MMC converter is represented using 12 differential
equations for the state variables [36,37]:

dip 1 R R Lt
dt L ’
A G A ac; A ac; A
dig: R ' Régry — wligia
dt L ’
ﬁ _ sz\:/[d + Ra,rmidE - 2(4‘}[/a7'rrniqE
dt Larm 7
quE . U]z\:/[q + }%armiqE + QWLaTmidE
dt o L(zrm 7
d@ZE _ UZ%Z — % + RarmZE:
dt - Larm ’
A A A
dt 2Cm \ 2 4 d\ 2 2 a 2 2
» p)
+Zd (T + 9 ) - 2WCarm ch> )
A A, Y A A
dUC’q _ N Lg My . iEmA + Z'Z m_dA _ mgd + ZE m_q — _qu
dt 2C rm 4 =0t 9 2 i\ 2 2
) )
) m m;
i () ncia),
a  8C (igmg + 2igmyg +igmy + 2i;mg + dimz,) — 3wvgz,,
dUéZ N A . A A . A . A A
7‘1 = —30 (zq m§ + 22§mq — iy m? — QZqud + 4Z§mzq) + 3wucza,

(51)
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dvZ N A A m2  m2

G 2 (e (52 - (2-2E)) cac
dvz N A A 7n/A 7ntA

e = o (o (TR i (T ) B ) 4 %G
dvg A A, A A DD DD DNNDS

WZ = —35 (i3my +igmy + 2igmg + 2i,m, + 4i>m7) (52)

ac __ Lgr ac __ Rar ; _ A 3% A b))
where Lg = Lg+=4m and RS = Ry+-4™. The state variables are x = [ig,, i7 ., VquZ,EVCd%Z

. . . . A A A
The 12 algebraic relations used for determining 7 voltages [V, Viyg: Vi zas Vi zg> Virds Virg Vars)

: PSP A A A A ) b =7 : )
and insertion indeices [md, My, Mz, Mz, Mg, My, mz] are given as:

]T

AT A, S A, S AL AL,S s A DI I
A = Mal%q  MaVc.  MaVCa _ MzaVCa | MZq"Cq _ MdVca _ M:Vca | MqVCq
Md 4 2 4 4 4 4 2 4
s A 2, A
MG Vezq | Mg VCzq
4 4
A, S A, S A, S AT A, S 2, A 2, A 2, A
N MqVcq | Mg Vcq Mg Vo, MzqVcq  MzgVca | MaVcq | MgVca MU0y
Mg 4 4 2 4 4 4 4 2
2, A 2, A
_ MgVczqg Mg VCz4
4 4
A, AyS A2 DINWAN A DIJVAN
v __MgVcq  MgVCq  MzqVc, MgVca  MqYcq M VZ4
Mzd 4 4 2 4 4 2
A, S A, S A, T 2, A 2, A 2, A
UA o my UCq mq Vcd quUCz my UCq mq Vcd m, UZq
Mzg = 4424 4 2
A, A Ay A A, A A A A A A A DIDY DINDY
> . q q Z Z q q q q z z
oS = MaVca  MqYCq | MqVczy | MzaV%Ca | MaVZq | M2¢%Cq | MGVC. | M:VC
Md 4 4 4 4 4 4 2 2
A, A A, A A, A A, A A A A, A 2,5 2,5
s MgVza MgVcq MgVzq Mg Vcq  MczaVcq  MzqVCa | MqVc. | MU0y
UMg T Ty 4 4 4 4 A 2 5
A, A Ay A A A A A DIDY DIADY) DIDY
oS — MaYca | MaVCq | MzdVCza | M2q"Czq | MdVCa | MqVCq | MVC (53)
Mz 4 4 4 4 4 4 2
. - A .
my UMd,ref
mA A
Maq,ref
4 A
mid 9 ]\A/[Zd,ref
qu = _’UMZq,ref . (54)
me Vde >
% ]Z\:/[d,ref
m% UMq,ref
b
_mZ _ L UMz,ref

The set of the previous 12 differential equations and the set of algebraic equations are
accompanied with the 7 equations for the reference values of the voltages [vﬁdq Zirefs Vg .re 7l

— Ydc

The reference voltages are given as zero by default, except for the value of vgm § = e

4.6.2 Operating point

The converter’s operating point can be defined manually or derived as a result of solving the
power flow equations of the interconnected power system (including the converter’s steady-state
characteristics). In both situations, the following fields should be present:
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Prin, Prae | minimum and maximum active AC power of the converter
P power flow estimated or predefined active AC power
Qmin, Qmaz minimum and maximum reactive power
Q power flow estimated or predefined reactive power
Py power flow estimated or predefined DC power
Vbe DC voltage
Vin, 6 amplitude and phase of the AC voltage

Using previous fields, the converter’s operating point is estimated by solving a set of linear
differential equations to obtain converter’s steady-state. As a reference for the MMC’s initial
operating point using values obtained using power flow, we define:

ac _ 2 (7P +v7€Q)

Z e —
d,ref 2 2
3 097 + vfc

2 (7P —vi°Q)

Y

PN
3 WG 4 pGC?
q
5 o Pdc
Zz,ref - BVDC’
Pac,ref = P:
Qar,ref = Qa

Vde,ref = VDC>
2
b)) 3CarmVDC

zrref — N (55)

4.6.3 Control implementations

For the PI controls in the dqz frame additional equations have been developed [36-38]. The
different controllers are considered to be tuned using a pole placement method. Also the PLL
is implemented using a PI controller structure as in [39)].

Phase locked loop (PLL) The PLL is used to synchronize the converter’s internal controller
frequency, used to control the currents in a rotating frame, to the grid frequency. All converter

variables are mapped to the dqz frame using the same Park’s transformation without a phase
shift.
According to Fig. 16 the following equations for PLL can be written.

- G,C
a0

de

—_ = A

dt “
Aw = =Ky UqG’C + Kipu &pus

we = Aw + wp. (56)

It should be noted that the output current control and circulating current control are im-
plemented in the converter’s reference frame. Thus, the rotation should be applied to the
corresponding variables before the control law is applied. However, since the converter’s inter-
nal dynamics is analyzed in the grid’s reference frame, the output of the mentioned controls
should be restored to the grid’s reference frame using the inverse of the rotation matrix, given

by:

_ |cos(f) —sin(0)
To) = [sin(@) cos(0) } ’ (57)
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while its inverse is:

1, | cos(f) sin(f)
() = [— sin(6) 005(9)] ' (58)

Y

Kp,pll

Ki pu

Y

G _
Ygref = 0

Figure 16: PLL implementation.

The mapping of i3 from the grid’s to the converter’s reference frame is done by:
ppHg
dq,ref
i85, i3 res
re
LA’E? ] =T(0) Ld } :
qref qref

Also currents i3 and iqA are mapped to:

FEEECN A

q L%q
Similarly:
i) =) [r] ] e (1]
qref qref L°q q

DC voltage control DC voltage control (DCC) provides the reference value for iﬁf’;f, de-
pending of the variation of vg.. The control law provides the following equations

= Tge — 31 59
dt 6Coarm (iae =322 (59)
ds,,
— = -0 60
dt de,ref de»y ( )
ZdA,TC;f = _Kp,dc ('Udcmef - Udc) - Ki,dc gvdc-
- Kp,dc
Vd .
‘ p ZdAC f
- - ’
; Ki,dc
s
Vde,ref

Figure 17: DC voltage control.
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Output current control (OCC) defines the reference values for the output currents iﬁTef
and z’ﬁ,re s given in the grid reference frame. This control method adds several equations:

A
@ _ AC _ AC
dt - Zd,7‘ef g s
A
dé-q _ ,L'AC . ,L'AC
dt - q,ref q
AC _ A -AC AC ac:A\ G,C
UMdref = Kivoccgd + K, ,occ (Zd,ref 1 ) + wcLeqlq +ug,
AC _ A AC -AC ac;AC G,C
Uhigref = Ki,occéq + K ,occ (Zq,ref — 1 ) - wCLqud + Vg™ - (61)

AC AC i NS
Voltages viyg ., and vy, ... are used in grid’s reference frame for further calculations:

U]\A/[dref -1 Uﬁgref
A =T7°(0) | AC . (62)
UMq,ref UMQJ"@f

If the controller is defined only using bandwidth w, and ¢ (instead of K, and K;), the
proportional and integral gains are tuned as:
Ki,occ = LZ; wiv

_ ac ac
Kpoce = 20wnle; — Ry

el
-
-~ Kp,occ d
+
+ VAC
[ Md,ref
ea A+
P 1 d>
S Ki,occ
AC
g
— > wcl¥
AC
td
— > wcl¥
-
o Kp,occ
y —
+ ) AC
[ UMq,ref
ea *
q
> 1 > G,c
S Ki,occ Uq

Figure 18: OCC implementation.
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Circulating current control (CCC) The CCC is constructed to set the circulating current
to it reference, which is considered to be i, =0, iire s =0.
The equations added by the CCC are:

Y
s s xc
t - Zd,ref ta
)
qu _ Z-EO _ Z’EC
dr — aref q
xC _ b 3C -.C 3C
UMdyref = _K’LCCC éd - KP,CCC (Zd,ref — ) + chLarmzq )
xC _ Y 3C 3C 3C
UMagref = _Ki7CCC§q - KP7CCC (Zq,’/‘ef — ) - 2wcLarmld : (63)

To return to the grid’s reference frame, the following transformation is applied:

UZX\:/Id ref -1 U]z\:/[Cd ref
s =T(-20) | 5¢& . (64)
UMq,’/‘ef UMq,ref

The proportional and integral gains are tuned as:

2
Ki = Larm Wh,

Kp = chnLarm_Rarm-

. Kp,ccc
:3C
lgref T - =C
! <>—>O—>- Md,ref

_ e A
3C ' 1 L
1q - S - Ki,ccc

:3C

Zq

2WCLarm
:3C
tq
2C‘}C'Larm
- Kp,ccc
_ Y~ .
2
0—»@—» qu,ref
é-Z
- 9
- % - Ki,ccc

Figure 19: CCC implementation.
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Energy control and zero current control The energy control is built around the “zero”
energy and as a result, it provides a reference value for the ‘zero’ current iimf. The energy
controller involves the following equations, as visible from Fig. 20a.

36Varm
wr = ON (s + Uéq2 + 0854 + UéZqQ + g, + U(quQ +208,7),
dng
z — WZ - WZ,
dt zref z
3
Pac — 5 (,Ugvcl'c%c 4 Uf’ciqAC),
-3 _ Kp,ec (Wz%lref - WZZ) + KZ’&C&WZE + Py 65
Zz,ref - : ( )
3vdc

Additionally, the zero current control (ZCC) sets the zero current to the desired value.
The implementation of this control is depicted in Fig. 20b. It can work without the energy
controller.

(SIS S
dt = liger — U
b Vdc 5> B> b
Unzref — 7 - K]LZCC (Zz,ref - Zz) - Ki7ZCC 52 : (66)

The tuning of the ZCC employs the same principles as for CCC.

-
r Kp.ec
q 1 | E— iz
Bvac zref
+
. S
1
- s - Ki,ec
Pac
(a)
-
o Kpﬁzcc
=
UMz,ref
52
- 1 =
s Ki,zcc

Figure 20: Energy control and ZCC implementation.

Active and reactive power control An outer control loop for the control of the active and
reactive power can be added, see Fig. 21. These control loops are used to successfully estimate
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the AC currents iqu’Te ;- The control loops operate according to the following equations:

3 GC.AC | . G.CAC
Pu = 5 (€3 +000i20)
3 G,.C:AC | . G,C;AC
Qac - 5 (_'Ud’ Zq +’Uq’ (7 ),
dp,
Stae _ p _p
dt ac,ref acs
AEQ,.
dt - Qac,’ref Qam
AC Pyc Pac
Ydref = Kp (Pac,ref - Pac) + Ki fPaca
AC — ac Qac
Lgref = _KpQ (Qac,ref - QGC) - Kz anc' (67)
> K;’ac
P[ZC re +
el b —> ;AC
d,ref
- >~ §Pag
PaC  a %  a Kiljac
> K]g?ac
ac,re +
Qacres b —> _,AC
q,ref
B €Qu
Qac > % > Kic?ac

Figure 21: Active and reactive power control implementation.

4.6.4 Steady-state solution and admittance model

The previous system of differential and algebraic equations is solved for the equilibrium using
Julia package NLsolve. After determining the equilibrium, the system is represented as a multi-
input multi-output system (MIMO), where the variables

X = [iﬁq ing védqz vgdqz] represent the state-variables, whereas the input vector is given
as u = [vdc v§ vﬂ. In order to obtain transfer functions from the input to output, which

is defined as y = [32? i iqA], the previous equations are rewritten to satisfy the following

form:

x(t) = Amrvox(t) +Buruwou(t),
y(t) = Cuimox(t) +Durmou(t). (68)

The corresponding matrices Anrrao, Byurvo, Curvo and Do are determined as Ja-
cobians around the equilibrium for the state variables and inputs. The Jacobian is determined
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using the Julia package ForwardDiff [40]. Applying the Laplace transform, the previous system
of equations (68) transforms to:
sX(s) = AmrmoX(s) +BuioU(s),
Y(S) = CM[MOX(S) + DM[MoU(S). (69)

The MIMO transfer function is thus given by:

Yome(s) = Y(s)U(s) ™" = Curmo (sI— Ayino) ™ Burvo + Do (70)
The thus obtained matrix transfer function form the following matrix of admittances

Yzz Y;;d szq
Yume(s) = | Yo, Yaa Ya (71)
Yoo Yoa Yy

that connect vector of currents [ige(s), i (s), i5'(s)]” with the voltages vector [vg.(s), v5 (s), v5 (s)]".
If we model the MMC as in Fig. 22, the converter can be represented as a one input, two

output component.

Vde  tde L o

AC L 4

Figure 22: MMC block model.

As ABCD parameters can be defined properly only for the multiport networks with the
same number number of the input and the output pins, the equations which are solved for the
MMC are given with the matrix Y y/ac-

For the case when the converter controls the DC voltage, the vector of inputs and outputs
are: u = [idc vg vﬂ and y = [vdc idA i(ﬂ. Then, the system is also represented as MIMO
(70), but in order to determine Y rrarc($), a transformation is applied to change the positions
of vg.(s) and 74.($).

4.7 Shunt reactor

The simulator allows for the implementation of single-phase and three-phase shunt reactors.
It is possible to account for the layering of the component, and the winding of each phase is
constructed by connecting all layers in series, as represented in Figure 23(a). The equivalent
circuit of the single-phase model is given in Figure 23(b), where inductances, resistances, and
parasitic capacitances are modeled as lumped components.

A shunt reactor is characterised by the following set of parameters [17, Section 2.5]. For a
three-phase shunt reactor, it is assumed that each phase is characterised by the same parame-
ters. The three-phase shunt reactor can be connected in Wye or in Delta.

PIns the number of phases

N the number of layers

Ly the series inductance of layer k, with k =1,..., N

Ry the series resistance of layer k, with k. =1,..., N

Cy the cross-over resistance of layer k, with k. =1,..., N
Cr_i—1 | the inter-layer capacitance between layers k and k — 1, with k =2,.... N
Ci ke the capacitance between layer 1 and the earthed screen
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Figure 23: (a) Layers configuration and (b) equivalent circuit diagram for the shunt reactor [17]
If inductances, resistances, cross-over capacitances and inter-layer capacitances are known

for each layer, they can be provided as vectors of values. Otherwise, total or average values can
be specified, in which case the layer values are obtained Vk as:

Lo
Ly = ;Vt (72)
Ry = R]i;’t (73)
Ck = C(CO7 avg (74)
Ok,k—l - C(IL, avg (75)

where CO stands for cross-over and IL stands for inter-layer.

4.7.1 Calculation of the ABCD matrix

The procedure for determining the ABCD matrix is as follows. First, the matrix is obtained
for an N-port component, assuming that the layers are disconnected (N pins on the p side and
N pins on the ¢ side). The connection of the layers in series is done at a later stage by means
of boundary conditions. The corresponding 2/N-by-2N ABCD matrix is obtained as:

ABCD = K¢r1rg—side - Krro - Kerrp—side (76)
where the matrices are defined as (see Fig. 24):

ABCD for the overall N-port component with all layers disconnected;
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Kecrrp—sige for the N-port component comprising all p-side inter-layer capacitors;

Kpgre the N-port component comprising the RL series components in parallel with the cross-over
capacitors;

Kcir,g—sige for the N-port component comprising all g-side inter-layer capacitors.

Figure 24: Calculation example for N = 3

Matrix Kgrco
Matrix Kz can be obtained by writing the following set of equations:

(I = I
Ib2 - Ia2
Ly =1,
) bN N B B (77)
Ubl = Ual — ((SLl + R1) + 801) Ia,l
Uy = Uy — ((SLQ + Rz)_l + 302)_1Ia2
\UbN =U,n — ((SLN -+ RN)_l + SCN)_lfaN
which results in an ABCD matrix of the form:
I Z
Kric = [0 I} ; (78)
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with in particular the block element Z:

—((SLl +R1)_1 +SCl)_1 0 O
7 0 —((SLQ + Rg)il + 802)71 s 0
0 0 oo —((sLy + RN)fl + SC’N)fl

(79)

Matrices CIL—LE,p and CIL—LE,q
Matrices Crr_rg, and Crr_rg4 can be obtained by writing the following set of equations,
for example for matrix Cyp_pp -

/

Ual = Upl
Ua2 = Up2
Un=1U,
1 1 (80)
[al = [pl — 85017E<Up1 — O) + 3502,1(Up2 — Upl)
Iag = ng — 8%0271((/},2 - Up1) + S%C372(Up3 — Upg)
I,y = [pN - S%CN,NA(UpN - Up(N—1))
which results in matrices of the form:
I O I O
Kerr,g—side = {Yq I] ; Kerrp—side = {Yp I] : (81)
with in particular the block elements Y, and Y :
[—Cyp— Coy Caq 0 0o .- 0 0 0
Cya —Co 1 — (55 Cs9 0o - 0 0 0
0 C: —(C34,—Cy3 C 0 0 0
Y,-Y, - s% | 3.2 3.2 43 Uy i |
0 O O O tee C\(Nfl,N72 _CNfLN72 - CYN,Nfl CYN,Nfl
i 0 0 0 0o - 0 Cnnaa —Cn.N-1]
(82

4.7.2 Application of the boundary conditions

The application of the boundary conditions allows to define the connections of the layers in
series, such as:

D1 Po (83)
G2 < q3 (84)
P3 < P4 (85)
Ga < G5 (86)

(87)

39



which results in the following set of conditions:

(

Up = Upp
Up =Ugs
Ups = Upa
Ugr = Ugs

Iy+1,=0
Lo+ I5=0
Ls+ 1y =0
Lyu+ L5 =0

:
These conditions can be imposed to the system by a series of rows and columns operations. A

transformation from ABCD to Y makes the application of the boundary conditions easier, as
it gathers all voltages in the input vector and all currents in the output vector.

U, (A B| |G, L -B'A B! ][0,

8 I s R
The equality of voltages U, and U, is expressed by adding column y to column z, removing
column y and replacing U, by U,. This voltage is an intermediate voltage of the series connection
which is not relevant and will be eliminated later.

The fact that the sum of two currents I, and I, is equal to zero is expressed by adding row y
to row x, removing row y and replacing I, by 0.

4.7.3 Reduction of the system

The system is reduced by eliminating all intermediate voltages from the voltage vector and all
zero entries from the current vector. This is done by first exchanging the intermediate voltages
with the zero entries. The procedure to do so is explained in [17]. After the exchange, the
columns corresponding to zero currents and the rows corresponding to intermediate voltages
can simple be removed.

Eventually, we obtain an admittance description of the form:

Ll _|Yu Y| |U
[Io] - [Yﬂ YQJ {U} 60
4.7.4 Single-phase and three-phase connections

For all connections presented in Fig. 25, we obtain an ABCD representation in the form of:

U,l |TI 0| |U;

)= [ o
where I and 0 are the identity and zero matrices of adequate size; U and I are scalar for the
single phase connection and vectors for the three-phase configurations, e.g.:

UAO
U, = |Ug, (92)
UCO

Finally, we have the following, where Y;; and Y}, are as defined in Eq. 90:
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Figure 25: Single and three-phase connections

Single phase:

Y = -V
Three-phase delta:
Yie—Yn  —Yoi Y
Y = Y Yo—Yn Y
—Y1 Y1, Yo — Y1y
Three-phase wye grounded:
Y 0 0
Y=| 0 -Y; O

Three-phase wye ungrounded:
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5 Initialisation using power flow routines

As the ABCD formulation is a linear representation of the power system, nonlinear descriptions
of the components such as power converters must be linearized around an operating point.
This operating point is determined in the initialisation by solving the power flow equations
representing the combined AC/DC system.

To do so, the network is initialized using the optimal power flow tool [41] implemented as
a Julia package, which can be found in the PowerModelsACDC repository [42]. The package
relies on the power flow models developed for the MatACDC simulator [43], which extends
Matpower [44] AC power system models with the DC representations and with power converters.

As a result, the constructed power system is divided into AC and DC systems and the
converters. It contains AC and DC branches and buses, converters, generators, loads, shunts
and storage elements. Components implemented in this electromagnetic stability simulator are
represented using their equivalent models for the purpose of the power flow analysis.

5.1 AC and DC branches

AC and DC branches represent three-phase AC and DC connections between buses respectively.
Branches are grouped inside AC or DC grids (zones). AC branches are defined with parameters
described in [44], while DC branches parameters are given in [43].

For the purpose of modeling the system components, the model of the AC branch as provided
in [44] is depicted in Fig. 26. Beside the shunt admittance j% the Julia package PowerModel-
sACDC [42] supports the admittance as % + j %C The full expression for the AC admittance
parameters is given by the equation:
s+ 5 +3%) = —remiomy

Ys Je b : (97)
et (et &+

7 exp(—j0snitt )

Yzzc -

It should be noted that the AC network is considered as balanced for the power flow solution,
and thus, all the components have diagonal matrix models, with equal elements on the matrix
diagonal.

‘*-

("

1 s — - Q
s Ts + J%s .
2 be be
= - 'Ut
|| a a
0]

; — T(_a.}a‘s}uft

Figure 26: Matpower AC branch model [44].
A DC branch is modeled with its equivalent series resistance [43]. For the power flow calcu-
lation, some components are modeled as AC and DC branches and their models are described

in detail in this subsection.
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5.1.1 Impedance

As described in Subsection 4.1, an impedance is modeled using ABCD parameters:

|-l 1 9

In the case of the DC impedance, all matrices are of size 1 x 1, while three-phase impedances
are of size 3 x 3.

The DC branch model is then given as a Thevenin equivalent series impedance r = R{Z}.
The AC branch is modeled as an ideal transformer with 7 = 1 and f4;x = 0, and with
re = R{Z(jw) (1,1)}, v, = S{Z(jw) (1, 1)}, g. = 0 and b, = 0.

It should be noted that this only refers to the branches interconnecting several nodes in the
system. AC shunt impedances should be treated separately as a shunt component. DC shunt
impedances can only be added as DC loads.

5.1.2 Transformer

Since the transformer model considered in 4.2 cannot be easily represented as the model in
Fig. 26, Y parameters are extracted from the ABCD parameters, as described in the Appendix

in Eq. (23).
In the case of DC branches, since ABCD parameters are each of size 1 x 1 (i.e. scalars), the
tap value can be determined as 7 = %, while the series impedance is obtained as r = §R{§}

In the case of AC networks and three-phase transformers, using the assumption of a bal-
anced system, the submatrices Y (1:3,1:3), Y(1:3,4:6), Y{4:6,1:3) and Y (4:6,4:6)
are diagonal. Thus, it is sufficient to use a single diagonal value from each submatrix. Then,
YLD = (s + %5 +5%) 72 Y(L4) =Y (4 1) = — s and Y (4,4) = (g + § +7%).
The following expressions are derived:

T = 52411:1157 Qshift = 07
Ys = -Y <]-7 4> T exp(_jgshift>)
Ye = Y<4a4> — Ys;

wenfi). =32,

ge = §R{yc}a bc = S{yc}

5.1.3 Transmission line

A transmission line (OHL, cable, cross-bonded cable or mixed OHL-cable) is represented using
its nominal m-model depicted in Fig. 27, where
Z(jw) = Y, ' sinh(T7),
Y (jw) = Y, tanh(TV). (99)
For the DC case, the shunt admittance is not considered, while the branch resistance is
equal to r = R{Z(0)}.
For the balanced AC transmission line, the impedance and admittance matrices are diagonal.
It can be chosen as Z(jw) = Z(jw) (1,1) and Y (jw) = Y (1,1). Then, the AC branch model is
given by:
T = 07 eshift = 07
rs =R{Z(jw)}, xs=S{Z(jw)},
ge = R{Y (jw)},  be = I{Y (jw)}. (100)
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Y(w)/2 Y(w)/2

o L

Figure 27: Nominal m-model of the transmission line.

5.2 Shunt components

Shunt reactors and capacitors are defined with their admittance value as y = g5 + jbs [44].

5.3 Generators

In the current version of the simulator, generators are simplified to ideal three-phase AC sources,
and are defined as reference buses.

5.4 Power converter

A power converter is, in accordance with [43], modeled together with its phase reactor, filter
and transformer. In order to match the constructed MMC model in Section 4.6, only the reactor
is considered.

Losses of the converter are calculated in the form of P,. = a+bI.+ cI?. Since the switches
are modeled as ideal, the model implementation supports only a constant value ¢ = R“%.
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Figure 28: Power flow model of the power converter.

Depending on the actual realisation of the converter’s controls, the parameters of the con-
verter can be set as a DC voltage controlling or an active power controlling converter.

44



6 Simulator implementation

The simulator is implemented in the Julia programming language and consists of multiple
structures organised within a specific hierarchy. The top class consists of a structure named
Network, which is “responsible” for the creation of the complete system. The structure Network
consists of the sub-classes Nets and Elements. FEach Net is a set of connections between
clements, and the set Elements presents a collection of all the elements in the Network (system).

An Element can be made as a special power system component, or as a composite element,
which can contain a number of components and their connections. The composite element is
by default defined as a Network.

The simulator is implemented using the following Julia packages: SymEngine, LinearAlge-
bra, NLsolve and ForwardDiff [40] for symbolic and numerical calculations; DelimitedFiles and
FilelO for reading and writing in files; DataStructures and Parameters for data types support;
Plots and LaTeXStrings for the visualisation. For the steady-state initialisation, the following

two power flow packages are used, namely PowerModels and PowerModelsACDC as well as
Ipopt and JuMP.

6.1 Files organization

All package-related files are organized in the folder /src/Network.

e HVDCstability. jl - generates the complete simulator package. It calls all used packages
and links all generated Julia files.

e compat.jl - Julia file with the definitions that implement the compatibility between
different Julia versions.

e globals. jl - defines all global constants and functions used inside the package (empty
at the moment).

e Network. jl - generates the top structure Network and all its functions.
e Components - folder containing files with the component definitions:
— AbstractElement. j1 - generates the structure Element, which presents the type of

each component in the power system.

— element_types. jl - contains paths to all defined components and it links them to
the structure Element.

— converter - folder containing converter definitions:

x controller.jl - abstract structure Controller, which can be used for the
desired controller definition. So far, only the derived PI_controller is imple-
mented.

* converter.jl - defines the abstract type Converter and the set of functions
that can be generally applied to the wide range of power converters’ definitions.

* MMC.j1l - creates a specific type of the power converter named MMC and the
functions that can be only applied to MMCs.

— impedance - folder containing an impedance definition and the functions related to
impedances:

* impedance. jl - implements Impedance structure and its functions.

— shunt_reactor - folder with the shunt reactor definitions:
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* shunt_reactor.jl - implementation of the component Shunt reactor and its
functions.

— source - folder with source definitions:
% source. jl - defines the abstract type Source and the set of functions that can
be generally applied to the wide range of voltage source definitions.
* dc_source. jl - defines the functions for the DC voltage source.
% ac_source. jl - defines the functions for the AC voltage source.
x TO DO - Can be added: current source definition.

— transformer - folder containing transformer and autotransformer definitions:

* transformer - defines the structure Transformer, which can be single-phase
and three-phase, at this moment both in a YY and AY configuration. NOTE:
Can be extended with other transformer implementations and/or realisations.

% autotransformer.jl - implements the Autotransformer structure that sup-
ports only one autotransformer implementation. For a more general definition
than the one provided in these notes, the model should be extended.

— transmission_line - folder with transmission line descriptions:

* transmission_line. jl - general Transmission_line structure and functions.

% overhead_line. jl - the Overhead line structure, derived from the Transmission_line
structure, and the functions specific to OHL.

% cable.jl - the Cable structure derived from the Transmission_line structure,
and the function specific to a cable.

% crossbonded_cable. jl - the Crossbonded_cable structure, derived from the
Transmission_line structure, and the function specific to a cross-bonded cable.

* mixed OHL_cable. jl - the Mixed OHL_cable structure, derived from the Transmission_lin
structure, and the function specific for this structure.
— tools - folder with the tools for the Element structure:

* plot.jl - implements bode plotting.

* abcd_parameters. j1 - various functions used for ABCD parameter calculations
and manipulations.

* kron.jl - Kron elimination for ABCD and Y parameters.

% tools.jl - merges all files inside the tools folder in order to create a proper
file linking. Every time the new tool is generated, its path has to be added to
this file.

— Solvers - folder containing power system solving functionalities:
x solvers.jl - file containing the path of each solving possibility. It represents
the linking file for all the other files in the folder Solvers.

* determine_impedance.jl - implementation of the impedance determination
function.

% stability.jl - implementation of the function used to determine the feedback
transfer function of the interconnection between a power converter and the rest
of the network.

« make_abcd. jl - makes an ABCD representation of the subnetwork.
* make_y.jl - makes a Y representation of the subnetwork.

e GUI - Place for the GUI, to be implemented.

46



Package test files in folder /test/:

e runtests. jl - initialization of the packages used for tests and inclusion of the test files.
e tests.jl - collection of the tests to be run together with the values for comparison.

e tests - folder containing various tests.

Documentation which is generated automatically in folder /docs:

e make. jl - file that defines how the documentation should be translated from .md files to
HTML. Also defines how HTML files should be connected and in which .git account is
deployed.

e README.md - read me file for the github.

e src - folder containing .md files with the descriptions of the functions which are to be
added in the HTML documentation.

Additional files:

e gen pr.jl - generates the Project.toml file from the written REQUIRE file, which contains
the names of packages used inside this package.

e Project.toml - a file that is automatically generated by calling gen pr.jl. REQUIRE -
all packages called inside this package have to be named inside this file, each in the new
line (for example package: PowerModels, etc.). See the file for more information.

e .travis.yml - Travis file used for checking implemented package functionalities by travis-ci.
com.

e LICENSE
e HVDCstability.pdf - user and development manual.
e READVME.md - github read me file.

e .gitignore - files and folders that should not be uploaded to github.

6.2 Network structure

As introduced, a Network consists of a structure defining the collection of all components and
their interconnections. The components are defined as type Element and the nodes of the
system are of type dictionary (Dict). A Symbol is used to refer to each node, which consists
of the set of element pins to which it is connected.

It should be noted that the designator gnd is chosen as a universal symbol for the ground.
It is not necessary to initialise it inside the network, since it is generated directly from the
provided designator. In order to provide decoupling between different circuit parts, symbols
gnd with a desirable suffix can be chosen (e.g. gndl, gnd2, etc.). Using the same designator
gnd for multiple components means that those components are short connected through the
ground.

A Network is initialized with the macro @network as follows:

Onetwork begin #= ... =# end
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where #= ... =# denotes the set of expressions describing the network. It provides a simple
domain-specific language to describe networks. The begin/end block can hold element defini-
tions of the form refdes = elementfunc(params), where refdes is the user-defined symbol
that refers to the constructed element, elementfunc is the function called with the list of pa-
rameters params for the creation of the element. Connection specifications are in the following
form. (Note that == can also be used in place of <—.)

refdes[pinl] +— refdes2[pin2] «— MyNode

The part «+— MyNode is optional, but it gives an opportunity to give a symbolic name to
the specified connection.
Examples: The following code can be used to construct a network with an impedance (a pure
resistance in this case) and a voltage source.

net = @network begin
src = dc_source(V = 5)
r = impedance(z = 1000, pins = 1)
src[1.1] +— r[1.1]
src[2.1] +— r[2.1]
end

Alternatively, connection specifications can be given after an element specification, separated
by commas. In that case, the mention of refdes may be omitted, defaulting to the current
element, as follows:

@network begin

src = dc_source(V = 5)

r = impedance(z = 1000, pins = 1), src[1l.1] «— [1.1], src[2.1] +— [2.1]
end

Finally, a connection endpoint may simply be in the form of the symbolic netname, to connect
to a named net. (Such named nets are created as needed.)

OGnetwork begin

src = dc_source(V = 5), [2.1] +— gnd

r = impedance(z = 1000, pins = 1), [1.1] <— src[1.1], [2.1] <— gnd
end

6.2.1 Add and delete components

Different power system components are added as type Element in the Network. Functions that
add and delete components are as follows.

e add! (n: :Network, elem::Element)

Adds the element elem to the network n, creating and returning a new, unique reference
designator for the element (not for the network, whose designator remains the same). The
pins of the element are left disconnected.

e add! (n: :Network, designator::Symbol, elem::Element)

Adds the element elem to the network n with the reference designator designator, leaving
its pins unconnected. If the network already contains an element with the same designator,
it is removed first.
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e delete! (n::Network, designator::Symbol)

Deletes the element that corresponds to this designator from the network n (disconnecting
all its pins). The element is completely removed from the memory.

e connect!(n::Network, pins::UnionSymbol,TupleSymbol,Any...)

Connects the given pins (or named nets - set of nodes) to each other in the network n.
Named nets are given as Symbols, pins are given as Tuple{Symbols,Any}, where the first
entry is the reference designator of an element in n, and the second entry is the pin
name. For convenience, the latter is automatically converted to a Symbol as needed.

e disconnect! (n::Network, p::TupleSymbol,Symbol)

Disconnects the given pin p from anything else in the network n. The pin is given as a
Tuple{Symbols,Any}, where the first entry is the reference designator of an element
in n, and the second entry is the pin name. For convenience, the latter is automatically
converted to a Symbol as needed. Note that if e.g. three pins p1, p2, and p3 are con-
nected then disconnect! (n, pl) will disconnect p1 from p2 and p3, but leave p2 and
p3 connected to each other.

e composite_element (subnet::Network, input pins::Array{Any},
output_pins::Array{Any})

Creates a network element from the (sub-)network net. The input_pins and output_pins
define input and output nodes of the element.

Example: Using functions add! and connect!.

network = Network()

add! (network, :r, impedance(z = 1e3, pins = 1))

add! (network, :src, dc_source(V = 5))

connect! (network, (:src, 2.1), (:r, 2.1), :gnd) # connect to gnd node

Example: Creating element from the network.

my_network = Onetwork begin
rl = impedance(z = 10e3, pins = 1)
r2 = impedance(z = 10e3, pins = 1), [1.1] == r1[2.1]
¢ = impedance(z = 10e3, pins = 1), [1.1] == r2[1.1], [2.1] == r2[2.1]
src = dc_source(V = 5), [1.1] == r1[1.1], [2.1] == r2[2.1]
end
composite_element (my network, Any[(:r2, Symbol(1.1))], Any[(:r2, Symbol(2.1))])

6.2.2 Additional checks

After the construction of a network n, at the end of the macro n = @network begin #= ...
=# end, the program calls the following two functions to check if the network is well connected
and to construct the ABCD parameter equivalents for all the components. The following
functions are only called internally.

e check lumped elements(network :: Network)

This function checks if the network is well connected, e.g. that there is no lumped (i.e.
disconnected) pins in the network. If the network is not well connected, the user receives
an error message.

49



Note: If in the future use and development this function is not needed anymore, it can
be removed from the calling at the end of @network function. The directive that should
be deleted then is push! (ccode.args, :(check lumped elements(network)))

e power flow(network :: Network)

This function is called in order to set the operating points of the converters. It generates
a dictionary with the syntax used in [42] and it solves the power flow problem using the
Julia package PowerModelsACDC [42]. The results are used to update the operating
point of the converters.

If there is not a converter in the network, the function is not called.

6.2.3 Impedance determination and stability assessment

e function determine impedance(network::Network; input_pins :: Array{Any},
output_pins :: Array{Any}, elim elements :: Array{Symbol},
omega range = (-3, 5, 100), , parameters_type = :ABCD)

For the selected multiport, it is possible to determine the impedance using the procedure
described in Section 2. A multiport is depicted in Fig. 2.

Input or outputs pins can be connected to some elements, which should not be considered
for the impedance estimation. Those elements are listed as symbols in elim elements.

The function generates the impedance as seen from the port defined by input and output
pins. The impedance is calculated numerically at each frequency point along a user-
defined frequency range. The number of frequency points is user-defined or else set to
1000 by default.

Additionally, it can be chosen how the network will be solved: using ABCD or Y pa-
rameters. Defining parameters_type as : ABCD sets the solving using ABCD parameters,
while setting it to :Y defines the usage of Y parameters. In these cases, the function
determine_impedance internally calls either function make_abcd or make_y.

Example: The specification for the determination of an impedance is given in the ex-
ample, where the network consists of a DC voltage source and a cable.

net = O@network begin
vs = dc_source(V = 500e3)
c = cable(length = 100e3, positions = [(0,1)], earth parameters = (1,1,1),
Cl = Conductor(r, = 24.25e-3, p = 1.72e-8),
C2 = Conductor(r; = 41.75e-3, r, = 46.25e-3, p = 22e-8),
C3 = Conductor(r; = 49.75e-3, r, = 60.55e-3, p = 18e-8, u, = 10),
I1 = Insulator(r; = 24.25e-3, r, = 41.75e-3, €, = 2.3),
I2 = Insulator(r; = 46.25e-3, r, = 49.75e-3, ¢ = 2.3),
I3 = Insulator(r; = 60.55e-3, r, = 65.75e-3, ¢, = 2.3))
vs[1.1] «— c[1.1] <— Nodel
vs[2.1] +— c[2.1] +— gnd
end

To determine the impedance visible from the voltage source vs, the following command
should be called:

imp, omega = determine_impedance(net, elim elements = [:vs],

input_pins = Any[:Nodel], output_pins = Any[:gnd],
omega_range = (-1,6,10000))
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The impedance is determined inside the network net, from the element vs (without
including the element vs) and the port defined with input pins as array consisting of
Nodel and the output_pins containing array with gnd. The impedance is estimated over
the frequency range 107! [rad/s] to 10® [rad/s] in 10000 points.

The function returns two complex arrays: the first array being the impedance array and
the second array containing the angular frequencies at which the impedance is calculated.

e function check stability(net :: Network, mmc :: Element,
direction :: Symbol = :dc)

This function determines two impedances inside the network, from which it forms the
feedback transfer function. It allows “cutting” the power network next to the converter
on its dc or ac side (determined by direction parameter). Afterwards, it checks the
impedance Z,,,,, obtained by ‘looking’ into the converter as well as the other impedance
Z, as seen from the converter when ‘looking’ into the rest of the system.

Using the previous two impedances, the feedback transfer function is estimated as Z, Y ons-

The impedances are calculated for the angular frequencies whose range is defined by
omega_range.

6.2.4 Saving and plotting data

Any component in the network has its own data representation. Component data can be saved
and plotted using the following functions.

e save data(element :: Element, file name :: String;
omega_range = (-3, 5, 1000), scale = :log)

This function saves component specific data in a csv textual file. The data is saved as
frequency dependent. Thus, an additional parameter omega_range provides the possibility
to manually add the frequency range for saving the data. The scale can be given as
logarithmic with :log and linear with :1in.

e plot_data(element :: Element; omega range = (-3, 5, 1000), scale = :log)

This function is a component-defined function for plotting data, it differs from component
to component. It plots the component defined data with the desired frequency range. An
additional parameter omega_range provides the possibility to manually add the frequency
scale for saving data. The scale can be given as logarithmic with :1log and linear with

:1lin.
e bode(transfer function :: Array{Any}; omega range = (-3, 5, 100),
titles :: Array{String} = [""], omega = [], axis_type = :loglog,

save_data = false)

This function is used for plotting the transfer function or frequency dependent data as
a Bode plot. The function takes frequency points in the form of omega range or as
mapped values omega. For a nice display, the labels can be given as strings by calling the
parameter titles.

It can be specified how to plot data:

— :loglog - logarithmic frequency scale and logarithmic impedance in dB;
— :linlog - linear frequency scale and logarithmic impedance in dB;

— :loglin -logarithmic frequency scale and linear impedance (magnitude);
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— :logrealimag - logarithmic frequency scale and real /imaginary part;

— :linrealimag - linear frequency scale and real /imaginary part.

Data can be saved by setting save_data = true.

6.3 Component definition
6.3.1 Impedance

An impedance is constructed as an element by calling the function:
impedance(;z :: Union{Int, Float64, Basic, Array{Basic}} = 0, pins :: Int = 0).

The function creates an impedance with the specified number of input/output pins. The
number of input pins is equal to the number of output pins. The impedance expression exp has
to be given in Ohms and can have both numerical and symbolic values (example: z = s-2).
Pins are named: 1.1, 1.2, ..., 1.n and 2.1, 2.2, ..., 2.n, where n is a number of input/output
pins.

In the case of a 1 x 1 impedance, the parameter z has only one value.

Example: impedance(z = 1000, pins = 1).

If the impedance is multiport (i.e. if it has a number of input pins and output pins greater
than 1), then its value is given as an array [val] with one, n or n x n number of values. When
the arrway as length 1, then the impedance is defined with only diagonal nonzero values equal
to val. When the array has a length equal to the number of pins, the impedance has only
diagonal nonzero values equal to the values in the array. When the array is of size n? x 1, the
impedance matrix is of size n x n and all its values are defined accordingly to the array.

Examples:

# 3x3 impedance with diagonal values equal to s

impedance(z = [s], pins = 3)

# 3x3 impedance with diagonal values equal 2, s, 0.5s, respectively
impedance(z = [2,s,s/2], pins = 3)

# 2X2 impedance with all values defined

impedance(z = [1,s,3,4], pins = 2)

In this example, s is the Laplace operator. The impedance can be added in the form of a
transfer function, which can be either a polynomial or a nonlinear function of s and even a
noninteger powers of s, e.g. a pure time delay may be represented by an exponential function
of s.

The code below can be used to define the network with its impedances, as depicted in Fig.
29, and to generate its bode plot.

using SymEngine
s = symbols("s")

net = @network begin
vs = dc_source(V = 5)

z1 = impedance(z = s+2, pins = 1)
z2 = impedance(z = s, pins = 1)
z3 = impedance(z = s, pins = 1)

vs[1.1] +— z1[1.1] <— Nodel
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z1[2.1] +— z2[1.1] +— z3[1.1]
vs[2.1] +— =z2[2.1] <— z3[2.1] +— gnd
end
imp, omega = determine_impedance(net, elim elements = [:vs],
input_pins = Any[:Nodel], output_pins= Any[:gnd])
bode (imp, omega = omega)

Figure 29: Example of the network with impedances.
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Figure 30: Magnitude and a phase of the equivalent impedance.

The equivalent impedance magnitude and phase are depicted in Fig. 30, which corresponds
to the fact that the impedance seen from the DC source is equal to 2 4 1.5s.

6.3.2 Transformer

A transformer element is created using the function transformer (;args...), which creates a
single phase transformer or a three-phase transformer in a YY or AY configuration.
The component is defined using the following structure.

Owith_kw mutable struct Transformer
value :: Array{Basic} = [] # ABCD value
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pins :: Int =1 # marks single or three phase
organization :: Symbol = :YY # three phase organization (:YY or :AY)

w :: Union{Int, Float64} = 2xm*50 # rated frequency in [Hz]

V¢ :: Union{Int, Float64} = 0 # open circuit primary voltage [V]
V; :: Union{Int, Float64} = 0 # short circuit primary voltage [V]
I$ :: Union{Int, Float64} = 0 # open circuit primary current [V]
I$ :: Union{Int, Float64} = 0 # short circuit primary current [V]
P :: Union{Int, Float64} = 0 # open circuit losses on primary side [W]
P{ :: Union{Int, Float64} = 0 # short circuit losses on primary side [W]
VS :: Union{Int, Float64} = 0 # open circuit secondary voltage [V]
V5 :: Union{Int, Float64} = 0 # short circuit secondary voltage [V]
n :: Union{Int, Float64} = 0 # turn ratio
L, :: Union{Int, Float64} = 0 # primary side inductance [H]
R, :: Union{Int, Float64} = 0 # primary side resistance [(2]
Rs :: Union{Int, Float64} = 0 # secondary side resistance [{1]
L; :: Union{Int, Float64} = 0 # secondary side inductance [H]
L, :: Union{Int, Float64} = 0 # magnetising inductance [H]
Ry :: Union{Int, Float64} = 0 # magnetising resistance [{)]
C; :: Union{Int, Float64} = 0 # turn-to-turn capacitance [F]
Cs :: Union{Int, Float64} = 0 # stray capacitance [F]
end

The pins are defined as : 1.1, 2.1 for single phase transformers and as: 1.1, 1.2, 1.3, 2.1, 2.2,
2.3 for three-phase transformers.

Example: For a circuit containing a single-phase transformer and an inductive load, the circuit
definition is given in the following listing.

s = symbols("s")
net = O@network begin
vs = dc_source(V = 5e3)
t = transformer (VS = 2.4e3, V§ = 51.87, V§ = 240, P} = 171.1, P = 642.1,
I9 = 0.48, I3 = 20.83, C; = 12e-6, C, = 7e-6)
z = impedance(pins = 1, z = 2be-3%s)

vs[1.1] «— t[1.1] <— Nodel

t[2.1] +— z[1.1]

vs[2.1] +— z[2.1] <— gnd
end

The impedance seen from the voltage source is depicted in Fig. 31.

6.3.3 Overhead line

An overhead line is defined with a structure and added as a field element_value inside an
Element. It is called with the function: overhead line(;args...).

The function overhead_line generates the element elem with the element_value of the
type Transmission_line. Arguments should be given according to the Overhead_line fields:
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Figure 31: Magnitude and a phase of the equivalent impedance of the network containing a
transformer.

1. length - line length [m]

2. conductors - defined in the following structure:

struct Conductors
# number of bundles (phases)
n® :: Int =1
# number of subconductors per bundle
n*® :: Int =1
# height above the ground of the lowest bundle [m]
y°¢ :: Union{Int, Float64} = 0
# vertical offset between the bundles [m]
Ay®® :: Union{Int, Float64} = 0
# horizontal offset between the lowest bundles [m]
Ax"® :: Union{Int, Float64} = 0
# horizontal offset in group of bundles [m]
AZP® :: Union{Int, Float64} = 0
# sag offset [m]
d**€ :: Union{Int, Float64} = 0
# subconductor spacing (symmetric) [m]
d® :: Union{Int, Float64} = 0
# conductor radius [m]
r® :: Union{Int, Float64} = 0
# DC resistance for the entire conductor [{2/m]
R :: Union{Int, Float64} = 0
# shunt conductance
g® :: Union{Int, Float64} = le-11
# relative conductor permeability
pe :: Union{Int, Float64} = 1
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# add absolute positions manually
positions :: Tuple{Vector{Union{Int, Float64}},
Vector{Union{Int, Float64}}} = ([1,[])
# organization can be :flat, :vertical, :delta, :concentric, :offset
organization :: Symbol = Symbol ()
end

3. groundwires - defined in the following structure:

struct Groundwires
# number of groundwires (typically O or 2)
n® :: Int =0
# horizontal offset between groundwires [m]
Ax& :: Union{Int, Float64} = 0
# vertical offset between the lowest conductor and groundwires [m]
Ay® :: Union{Int, Float64} = 0
# ground wire radius [m]
ré :: Union{Int, Float64} = 0
# sag offset [m]
d&**€ :: Union{Int, Float64} = 0
# groundwire DC resistance [{2/m]
R&% :: Union{Int, Float64} = 0
# relative groundwire permeability
pg :: Union{Int, Float64} = 1
# add absolute positions manually
positions :: Tuple{Vector{Union{Int, Float64}},
Vector{Union{Int, Float64}}} = ([1,[1)
eliminate :: Bool = true
end

4. earth parameters - with default value (1,1,1) and defining (u,, €, p) in units of ([], [,
[©2m])

Example:

overhead line(length = 227e3, earth parameters = (1,1,100),
conductors = Conductors(n® = 2, n® = 2, organization = :flat,
R = 0.06266, r¢ = 0.01436, y’bc = 27.5, Ax® = 11.8, d%° = 0.4572, d%*¢ = 10),
groundwires = Groundwires(n® = 2, Ax® = 6.5, Ay® = 7.5, R&€ = 0.9196,
r® = 0.0062, d&2€ = 10))

The short-circuit impedance for the transmission line defined in the previous listing is plotted
in Fig. 32.
6.3.4 Cable

A cable is defined with a structure and added as a field element_value inside an Element. It
is called with the function: cable(;args...).

The function cable() generates the element elem with the element value of the type
Cable. Arguments should be given according to the Cable fields:

1. length - length of the cable in [m]
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Figure 32: Overhead line at the DC side example.

2. earth parameters - with default value (1,1,1) and defining (u,_earth, €._earth, p_earth)
in units of ([], [], [2m]), i.e. ground (earth) relative premeability, relative permittivity
and ground resistivity

3. conductors - dictionary with the key symbol being: C1, C2, C3 or C4, and the value given
with the structure Conductor. If the sheath consists of a metallic screen and a sheath,
then a screen must be added with a key symbol SC and a sheath with key symbol C2.

struct Conductor

r; :: Union{Int, Float64} = 0 inner radius

r, :: Union{Int, Float64} = 0 # outer radius

p :: Union{Int, Float64} = 0 # conductor resistivity [(m]
fr :: Union{Int, Float64} = 1 # relative permeability

A :: Union{Int, Float64} = 0 # nominal area

end

4. insulators - a dictionary with as key symbols: 1, 12, I3 and 14, and the value given with
the structure Insulator. For the 2nd insulator, the semiconducting layers can be added
by specifying the outer radius of the inner semiconducting layer and the inner radius of
the outer semiconducting layer.

struct Insulator
r; :: Union{Int, Float64}
r, :: Union{Int, Float64} =
€ :: Union{Int, Float64}

|
= O O

# inner radius
# outer radius
# relative permittivity
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Ky :: Union{Int, Float64} = 1 # relative permeability

# inner semiconductor outer radius
a :: Union{Int, Float64} = 0
# outer semiconductor inner radius
b :: Union{Int, Float64} = 0

end

5. positions - given as an array in (x,y) format
6. type - symbol representing aerial or underground cable
7. configuration - symbol with two possible values: coaxial (default) and pipe-type

8. eliminate - indicator weather the shaeth and armor layers should be grounded

Example:
cable(length = 100e3, positions = [(0,1)],
Cl1 = Conductor(r, = 24.25e-3, p = 1.72e-8),
C2 = Conductor(r; = 41.75e-3, r, = 46.25e-3, p = 22e-8),
C3 = Conductor(r; = 49.75e-3, r, = 60.55e-3, p = 18e-8, u, = 10),
I1 = Insulator(r; = 24.25e-3, r, = 41.75e-3, ¢, = 2.3),
I2 = Insulator(r; = 46.25e-3, r, = 49.75e-3, €, = 2.3),
I3 = Insulator(r; = 60.55e-3, r, = 65.75e-3, € = 2.3))

A Bode plot is provided in Fig. 33 for the short-connected cable defined in the previous
listing with a length of 100 km.

6.3.5 MMC

An MMC is implemented as an Element using the function mmc (;args...). The field element _value
of the element is defined according to the following structure:

Wo :: Union{Int, Float64} = 100*7 # nominal angular frequency

-10 # active power [MW]
3 # reactive power [MVA]

P :: Union{Int, Float64}
Q :: Union{Int, Float64}

P.dc :: Union{Int, Float64} = 100 # DC power [kW]

Pmin :: Union{Float64, Int} = -100 # min active power output [MW]
Pmax :: Union{Float64, Int} = 100 # max active power output [MW]
Qmin :: Union{Float64, Int} = -50 # min reactive power output [MVA]
Qmax :: Union{Float64, Int} = 50 # max reactive power output [MVA]
g :: Union{Int, Float64} = 0

Vy :: Union{Int, Float64} = 333 # AC voltage, amplitude [kV]

Ve :: Union{Int, Float64} = 640 # DC-bus voltage [kV]

Lorn :: Union{Int, Float64} = 50e-3 # arm inductance [H]

Rarm :: Union{Int, Float64} = 1.07 # equivalent arm resistance [(1]
Carm :: Union{Int, Float64} = 10e-3 # capacitance per submodule [F]

N :: Int = 400 # number of submodules per arm
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Figure 33: Cable example for line length 100 km.

L, :: Union{Int, Float64}
R, :: Union{Int, Float64}

60e-3 # inductance of the phase reactor [H]
0.535 # resistance of the phase reactor [2]

# used inside the functions

controls :: OrderedDict{Symbol, Controller} = OrderedDict{Symbol, Controller}()
equilibrium :: Array{Union{Int, Float64}} = [0]

A :: Array{Union{Int, Float64}} = [O]

B :: Array{Union{Int, Float64}} = [0]
C :: Array{Union{Int, Float64}} = [0]
D :: Array{Union{Int, Float64}} = [0]

The constructed MMC has two pins on the AC side: 2.1 and 2.2, and one pin on its DC-side:
1.1 and 2.2. The component is described using two ABCD parameters with a matrix of size
4 x 4.

The controls are defined as PI_control and the keyword occ is for output current control,
ccc for circulating current control, zcc for zero current control, power for active and reactive
current control, energy for zero energy control and dc for the DC voltage control.

Example:

The following example demonstrates the implementation of an MMC with output current
control, circulating current control and power and energy controls. It is assumed that P =
1000 MW, @ =0, V,,, = 320 kV and 6 = 0.

mmc (energy = PI_control(K, = 120, K; = 400),
occ = PI_control({ = 0.7, bandwidth = 1000),

29



CcccC

ZCC

PI_control({
PI _control((

300),
300),

0.7, bandwidth
0.7, bandwidth

power = PI_control(K, = 2.0020e-07, K; = 1.0010e-04))

The admittances of the MMC can be displayed using the function plot_data and are pre-
sented in Figs. 34, 35 and 36.
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Figure 34: AC side admittance of the MMC.
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Figure 35: DC side impedance of the MMC.
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Figure 36: Admittance interconnection between AC and DC side.

In order to demonstrate the functionality of the simulator, multiple diagrams are generated
for the same test example, but with base values P = 1000 MVA, @ = 0, V,, = 333 kV and
0 =0.

In the case when the impedance between two out of three pins denoted as z and y (z,y €
{d,q,z}) is estimated, while the third pin is short connected to the ground, the expected
impedance is Z,, = ﬁ, where Y,, € {Yu4, Yy, 3Y..}. The same result is obtained in the
simulation and depicted in Fig. 37.

For the case when one pin is considered as “open” and the impedance is determined between
other pins, the simulated results are depicted in Fig. 38. The impedance between pins z
(x = d,q) and z for the short connected third pin, the expected impedance is:

1

Ty = —
3(Va. — e

Impedance between pins x and y for z,y = d, ¢ with open DC pin z is

1
Ywa o szsz :

zz

Leqg =
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Figure 37: Impedance between two pins when the third is short connected: (a) between d and
q pins; (b) between ¢ and d pins; and (c) between dc pin and short connected d and q pins.
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Figure 38: Impedance between two pins when the third is open connection: (a) between d and
q pins; (b) between q and d pins; (c¢) between z and d; and (d) between z and q.
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An example for the simulation of the MMC with an incorporated PLL is given with the
following listing.

mmc (energy = PI_control(K, = 120, K; = 400),
1000),

occ = PI_control(¢ = 0.7, bandwidth =
ccc = PI_control(¢ = 0.7, bandwidth = 300),
zcc = PI_control({ = 0.7, bandwidth = 300),

power = PI_control(K, = 2.0020e-07, K; = 1.0010e-04),
pll = PI_control(K, = 2e-3, K; = 2))

The admittances of the MMC can be displayed using the function plot_data and are pre-
sented in Figs. 39, 40 and 41.
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Figure 39: AC side admittance of the MMC with PLL.
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Figure 40: DC side impedance of the MMC with PLL incorporated.
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Figure 41: Admittance interconnection between AC and DC side of the MMC with PLL applied.

6.3.6 Testing of the point-to-point hybrid power system

The operation of the complete system is tested on the hybrid power system example depicted
in Fig. 42 with the parameter values given in the table 3. Gen 1 and gen 2 are modelled as
infinite buses and it is assumed that the power flows from gen 1 to gen 2. It should be noted
that the external grids are modeled as infinite buses (if their internal impedance is Z;,; = 0),
and otherwise as Thevenin equivalent (that is, if Z;,f # 0).

YMMUll Zeq

cable

MMC 1 MMC 2
Ny _.|_<v ¥ () >_|_ —
= [ WV,
DC control P,Q control

AC side

Figure 42: Point-to-point HVDC-based power system.

By specifying and solving the power flow problem for the hybrid power system 42, the
operating point of the converter is obtained. The power flow problem is formed under the
assumption that gen 1 provides the active power P = 100 MW and reactive power ) = 0,
and that the AC voltage is balanced, only contains a fundamental frequency component, with
the amplitude V,,, = 320 kV. Gen 2 takes the same amount of active and reactive power and
provides the AC voltage with the same amplitude.

The solution of the power flow specifies that MMC 1 preserves DC voltage at Vpe = 320 kV,
while the AC voltage has amplitude V,, = 336.09 kV with the phase shift § = —0.054 rad. It
takes P = —100.26 MW active power and ) = 0 reactive power, while it gives to the DC
power network P;. = 100.23 MW. Similarly, MMC 2 preserves AC power as P = 100 MW
and @) = —219.76 MVA. Voltages on the DC and AC side are defined as: Vpe = 319.95 kV,
Vi, = 312.32 kV and 0 = 0.0485 rad, respectively.

As it is marked in Fig. 42, we will check the stability of the system by “cutting” it at
the DC side of the converter MMC 1 and finding the feedback transfer function.By running
the check_stability routine, the values of the Zysprc1, Zeq and Yaryc1Zeq over the frequency
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Table 3: System example: point-to-point HVDC-based power system

OHL1 and OHL2 for 320 kV

length 200 km
organization flat

conductor relative horizontal distance Axp. = 10 m
relative vertical position Ype = 30 m
conductor sag dseg = 10 m
conductors and subconductors Ne =3, ng =1
conductor radius r. = 0.015 m
conductor resistivity Ry = 0.063 Qm
groundwire horizontal distance Az, =6.5m
groundwire vertical distance Ay, =75m
groundwire sag dgsag = 10 m
groundwire radius ry = 0.0062 m
groundwire resistivity Ryge = 0.92 m

conductance ge=1-10""S/m

Cable 320 kV

length 100 km

number of cables n=2

positions r=—-05m,05m,y=1m

core (Cu) radius
insulator 1 (XLPE) radius

rét =0, r¢t = 24.25 mm
ril = el pil = 4175 mm

sheath (Pb) radius ré? =il re? = 46.25 mm
insulator 2 (XLPE) radius ri2 = r? ri2 = 49.75 mm
armor (steel) radius ré3 =2 re3 = 60.55 mm
insulator 3 (XLPE) ri® = re ri3 = 65.75 mm
MMC 1 and MMC 2

rated power of the system S, =100 MVA

AC-grid voltage Vi = 320 kV

DC-bus voltage Voo = 320 kV

line frequency fo =150 Hz

number of submodules per arm N =401

submodule capacitance Corm = 10 mF

arm inductance Lgrm = 50 mH

arm resistance Ry = 1.07€2

phase reactor inductance L, =60 mH

phase reactor resistance R, =0.535¢)

circulating current control

output current control

DC voltage control (only MMC1)

active and reactive power control (only MMC2)
zero current control

zero energy control

= 0.7, w, = 300 24
Kpae = 0.01, K; g =2
Kppg =2.002-1077, K; pg = 1.001-10~*
= 0.7, wy, = 300 =4
Kpee = 120, Kj o = 400

N

range are obtained, see Fig. 43. As it can be seen from the Fig. 43, the feedback transfer
function reaches 0 dB after 100 %, but the phase margin is positive, proving that the system
is stable.

This simulation example runs for 61.88 s in the Julia programming language under a Win-
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6.4 Quick start - Implementation of a new component

1. Make a new folder in /Network/Components/new_folder with the name of the new com-
ponent;

2. Make a file in the folder with the name new_component_name. j1;

3. Implement the component as the struct type. The struct can contain any number of
required fields with filled in initial values. The following lines provide universal struct
format, whose contructor is generated automatically by the compiler. The constructor
is then called by New_component_name() and it gives as an output one instance of the
component with the initialized all component values to the default ones.

export new_component_name

Owith_kw mutable struct New_component _name
field :: Type_field = initial_value
end

4. Make a new function called new_component name:

Comments and description of the function

function new_component(;args... )

# Insert here the code that builds the ABCD representation
# or the equivalent component parameters

# used later for ABCD representation

# of the component

elem = New_component name ()
element = Element(element value = elem, input pins = nb_input pins,
output_pins = nb_output_pins)
return element
end

5. Make the function for the determination of ABCD and Y parameters;

function eval_abcd(elem :: New_component name, s :: Complex)
# Number of instructions for evaluating ABCD parameters

return ABCD_parameters
end

6. If the component is intended to be added to the power flow, then the two functions for
setting power flow parameters are added;

function make power flow ac!(elem :: New_component name,
dict :: Dict{String, Any}, global dict :: Dict{String, Any})

# Insert here the code to fill-in the powerflow dictionary.
# Example:
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key = length(dict["new powerflow_component"])

dict["new_powerflow_component"] [string(key)] ["parameter"] = value

# where new_powerflow_component, parameter and value must be adapted.
end

function make power flow dc!(elem :: New_component name,
dict :: Dict{String, Any}, global dict :: Dict{String, Any})

# Insert here the code to fill-in the powerflow dictionary.
end
7. Add functions for plotting and saving component related data:
function save_ data(comp :: New_component type, file name :: String, omegas),
function plot_data(comp :: New_component_type, omegas);
8. In the file element_types, add a new line include ("new_folder/new_component name.jl")

to link it with the power system structures (see for example definition of the component
Transformer).
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7 Future work

Concerning the implementation:
e Transformer models with grounded neutral point for Wye configurations;
e Current sources, as only voltages sources are implemented at the moment;
e Nyquist plot for stability assessment;
e Harmonic state space and transfer functions (HSS);
e Harmonic power flow for initialisation of HSS;
e Models for unbalanced MMC and the system equivalents.
e Support for unbalanced operation of power systems.
e Coupling with unbalanced power-flow.
e Possibly: Dynamic phasor addition.
Concerning the report:

e Table of differences between the Simulator and PSCAD concerning the implementation
of transmission lines, in case of different naming conventions, unavailable features, etc.
For instance, the ideal transposition is not yet implemented for overhead lines.
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A Appendices

A.1 Fourier transform

A.1.1 Fourier transform theorems

Time domain z(t) | Spectral domain X (jw) = X (s), s = jw
a(®) + by() aX(jw) + bY ()

z(t — to) X (jw) e 7wt
w(t) & X(j(w — a))

x*(t) X*(—jw)
z(=1) i((—jW)
x(at) Tl X (2)

z(t) * y(t) X(jw) Y (jw)
B0r0 L X(jw) * V(i)
7 oo X (jo)

/ x(T) dr (]Lw + 7T5(w)> X(jw)

ta(t) J X (jw)
X(jw) = X*(—jw)
R{X(w)} = R{X(—jw)}
z(t) €R S{X(w)} = =S {X(—jw)}
(X (jw) = [X(—jw)|
arg(X (jw)) = — arg(X(—jw))
Ze(t) R{X (jw)}
() —S3{X(w)}
x(t) X(jw)
x(jt) 21 X (—w)
x(—jt) 21 X (w)
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A.1.2 Fourier transform table

of the common signals

(t) X (jw)
1 21 §(w)
5(t) 1
u(t) jiw +mo(w)
edwot 27 6(w — w)
rect(t) sinc (57)
sinc(t) rect (37)
comb(?) comb (52)
cos(wpt) T (8(w + wo) + d(w — wo))
sin(wot) Jjm (6(w + wp) — d(w — wo))
sinc?(t) tri (57)
tri() sinc” (57)
e=atu(t), R{a}>0 - jjw
o R >0 T
e~ cos(wot) u(t), R{a} >0 e +“j:)‘2w+ x
e~ sin(wet) u(t), R{a} >0 il
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A.2 Glossary

e Element: (...)

e Network: A set of components. The elements of type Element are gathered in the struc-
ture Elements and their interconnections are gathered in the dictionary Net

e node: A point of connection between two or more pins

e pin: An input or output port of an element. E.g. a three-phase transformer has three
input pins and three output pins
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