Electrical Power and Energy Systems 153 (2023) 109380

Contents lists available at ScienceDirect EIEETHICAT

AND ENERGY
SYSTEM

International Journal of Electrical Power and Energy Systems

journal homepage: www.elsevier.com/locate/ijepes

Check for

Identifying suitable DC system models for an independent design of VSC o
controllers in MTDC grids

Fatemeh Ahmadloo ¥, Sahar Pirooz Azad
Department of Electrical and Computer Engineering, University of Waterloo, Waterloo, N2L 3G1, Ontario, Canada

ARTICLE INFO ABSTRACT

Keywords:

AC-DC power converter
Control systems

HVDC transmission
Stability

In AC-multi-terminal DC (MTDC) systems, if converter controllers are designed individually, the interactive
system modes stemming from the dynamic couplings among the converters and the DC system components
may result in the instability of the interconnected system (INTSYS). This paper presents a comparative system-
level study to determine the suitable models for an individual design of converter controllers to prevent
INTSYS instability. The goal is to identify suitable individual system (INDSYS) models that do not contain
the internal dynamics of adjacent converters and only include the coupling dynamics corresponding to the
interactive system modes among the converters. The use of these models for control design will result in the
dynamic response of the INTSYS being close to that of the INDSYS models. Furthermore, such models can
ensure INTSYS stability when converter controllers are designed individually without requiring the complete
model of the INTSYS or internal dynamics of the adjacent converters. Both the master—slave and the droop
control modes of operation are analyzed, and specific INDSYS models among those available in the literature
are recommended for each operation mode. Time-domain simulations in PSCAD validate the accuracy of the
INDSYS models. Furthermore, eigenvalue analysis along with the participation factor and sensitivity analyses
for a large set of control parameters are employed to evaluate the efficacy of the recommended models.

1. Introduction interconnected AC-MTDC system may differ from that of the individual
converters’ models for which the controllers are designed [3].

Three approaches have been proposed in the literature to address
the undesired impact of interactive system modes on AC-MTDC system
performance. The first approach is to modify the control system of
the converters based on the interconnected system modes, as sug-
gested in [2]. This process requires the entire AC-MTDC system model
and might be iterative, costly, and time-consuming, specifically if the
number of converters and thus the number of state and controlled
variables is large. The second approach to prevent poorly damped
or oscillatory interactive system modes is to employ supplementary
controllers for each converter station, obtained through an impedance
matching process by solving an optimization problem [11,12]. The
drawbacks of such an approach are associated with the selection of
appropriate weighting functions and the cost of adding an additional
controller to each converter. Simultaneous design of the controllers

The growing need for affordable and clean energy has resulted in
various alterations in power grids. One example is the formation of
multi-terminal direct current (MTDC) systems, which enables power
transmission over long distances and the integration of renewable
energy sources within the grid. In an MTDC system, the direct current
(DC) system is connected to the alternating current (AC) system via
several voltage-sourced converters (VSCs) [1].

The trend toward an increased number of converters in MTDC
systems has turned AC-MTDC system stability into a compelling topic
that has been studied in several papers [2-10]. As shown in [2], in an
MTDC system, there might exist several interactive system modes that
are associated with more than one converter and with DC transmission
lines. These interactive modes are different from the local modes that

originate from one single converter or only the DC system. These inter-
active modes stem from the dynamic interactions among the converter
stations and the DC system components that are not considered in the
control design of individual converters [2,8]. Due to these interactive
modes, the connection of converters to a shared DC system may result
in poorly-damped or unstable modes as the eigenvalue locus of the
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for all the converter stations, considering the entire AC-MTDC system
dynamics, is the third approach that is used in [13] to mitigate the
poorly damped modes and stabilize the system through solving an op-
timization problem. However, as the size of an MTDC system increases,
achieving a simultaneous control design for all the converter stations
may be challenging.
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This paper proposes another approach to prevent interconnected
AC-MTDC system instability by involving the interactive modes in the
individual design of converter controllers. To do so, suitable system
models, which do not rely on the full dynamic model of the AC-
MTDC system, but include the interactive system modes, are required
for converters’ controller design. However, most of the system models
employed in stability and interaction analyses of AC-MTDC systems
are the current source based models, where the adjacent converters
are modeled as current sources and the dynamics of the DC system
are not considered [2,3,5,7,8,11,14-18]. Although [19] includes the
DC system dynamics in the developed model, it includes the impact
of other converters connected to the DC system in the impedance
connected to the DC side and, thus, relies on the full dynamics of the
system. In [4,9,20-22], the components included in the model of each
converter are not clearly described, and it is not evident whether the
couplings among the converters are considered in the control design. In
the interconnected system (INTSYS) model in [2,23,24], the converters
are modeled by their equivalent droop or current source model, but
the inclusion of the interactive modes into the model of individual
converters is not discussed.

In this paper, using available core models in the literature, a com-
parative study has been done and suitable individual system models
are selected to enable designing converter controllers independent of
those of the adjacent converters. These individual system models will
be referred to as INDSYS in the rest of the paper. Proper selection of
INDSYS models by including the dynamics of certain components of
the converters’ DC side would lead to a close matching between the
dynamics of the interconnected AC-MTDC system and INDSYS models.
This paper does not propose a new controller or an MTDC system model
and only focuses on how the DC system including the DC lines and
adjacent converters should be modeled when the converter controllers
are designed individually such that the INTSYS stability is ensured
when the individually designed controllers are employed.

The objective of this paper is to select suitable INDSYS models,
which are primarily used for the control design of each converter,
such that the following specifications are met: (1) the superimposed
eigenvalue locus of these models is close to the eigenvalue locus of the
INTSYS, and (2) these models do not include the internal dynamics of
adjacent converters. The first specification guarantees a close matching
between the dynamic response of the converters operating individually
and when connected to other converters. The second specification
enables the individual design of converter controllers without any
need to access the entire INTSYS model or the internal dynamics of
adjacent converters. The proposed approach of this paper simplifies the
control design of large-scale INTSYSs as the control design is performed
for several small subsystems rather than a single large INTSYS. Both
master-slave and droop control modes are analyzed, and specific indi-
vidual models are proposed for each mode. In the master-slave mode
of operation and for the converter controlling the active power, only
one INDSYS model is used based on an observability analysis. For the
converter controlling the DC voltage, two models, which differ from
each other in terms of DC line and adjacent converter dynamics, are
studied, and the most suitable INDSYS model is selected. For droop
control mode, an INDSYS model that incorporates the dynamics of the
DC transmission lines and the operating modes of adjacent converters is
selected and is compared against the current source model. Using eigen-
value, sensitivity, and participation factor analyses, it is demonstrated
that the selected INDSYS models meet the two necessary specifications
that were discussed above and thus are appropriate choices for indi-
vidual control design. Furthermore, the eigenvalue analysis shows that
for low short circuit ratio (SCR) values, an improper choice of models
for individual control design can cause unforeseen instability in the
INTSYS.
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2. Interconnected AC-MTDC system dynamics

Fig. 1a shows the schematic diagram of the INTSYS, which includes
three VSCs connected to a shared DC system. The system includes
only three VSCs (as an example of a system with a larger number of
converters) to be able to consider all possible control scenarios and
provide a comprehensive analysis. Each converter is connected to the
AC grid; modeled by a voltage source behind an impedance; through a
filter and is connected to the other converters via DC transmission lines.
Because the presented study in this paper is a small-signal analysis, an
RL line model including a resistor and an inductor is considered [6].
The parallel capacitors in the DC lines’ model can be included in the
capacitors connected to the DC terminal of the converters. Fig. 1b
shows the control system of the converters in the direct quadrature
(dq) rotating frame [25]. The dq indices represent the d- and g-axis
components of a variable; i and v, P, Q, respectively refer to the line
current at the AC side of the converter, as well as voltage, active
power and reactive power at the AC terminal of the converter; and 6,
indicates the reference frame angle provided by the phase-locked loop
(PLL).
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Fig. 1. (a) Single line diagram of three converters connected to a shared DC system
and (b) control system of each converter.

Considering the dynamics of the dg-components of AC line currents,
PLL, active and reactive power in their most general form [25], as well
as the DC side dynamics, the open-loop small-signal state-space model
for the INTSYS is given by

X = Ax + Bu, (€)]
y=Cx+ Du, (2)
where x = [x, x5, %307, X; = [Aiy,Aiy, A0y, x,,, Av, |75 for i €

{1,2,3} and x,, represents the internal state of PLL, i; = [Ai‘f;,Aifg]T,
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y = [Ay;, Ay,, Ay317, u = [duy, Au,, Aus]T, and the control signal u; is
generated by the local controller of VSC; in the dg-axis frame as u; =
[“d,»“qi]T and y; = [y, yq,]T' For the converter in DC voltage control
mode (DVCM), y, = vg,,, for a converter in active power control mode
(APCM), y,, = P, and for a converter in the droop control mode of
operation, y, is a combination of active power and DC voltage. y, is
the g-axis control output, which can be either AC voltage or reactive
power, or a combination thereof. The fundamental equations to obtain
(1)-(2) can be found in [25].

According to (1)—(2), the state variables and control inputs of all
VSCs collectively impact INTSYS stability. While the inner current
loops are mostly designed based on the AC filter parameters (R;, L;)
to achieve a fast response for inner control loops [25], tuning the
outer control loops for achieving the desired dynamic response depends
on the coupling dynamics among the converters, which may not be
included in the models used for converter controller design. Fig. 2
distinguishes between the control design and the application stages
when the full dynamic model of converters is accessible or unavailable.
In the control design stage, the design might be based on employing
INDSYS models (Fig. 2a), which only include the necessary coupling
dynamics rather than the full and detailed dynamics of adjacent con-
verters. This approach is referred to as individual control design. In
contrast, in the simultaneous design (Fig. 2b), the INTSYS model of
all the converters and their detailed dynamics are required, which
results in a more complex control design procedure. Ultimately, the
individually or simultaneously designed controllers will be applied to
the interconnected system as shown in Fig. 2c. The objective of this
paper is to select suitable INDSYS models to simplify the control design
and ensure interconnected system stability.

Control Design Stage: Individual Design | | Control Design Stage: Simultaneous Design

L Controller | %i [Minosvs 17Yi ¥ Controllers | & [INTSYs model 1Y
? of VSC; of VSC; of three VSCs of three VSCs
(a) (b)

Application Stage

Uy
Y1=»] Controller of VSC;
INTSYS

u
V2| Controller ofVSC, |-2p| ofthree  [—2

—
VSCs
s, Controller of VSC3 I

()

Fig. 2. Employment of the designed controllers in the INTSYS.
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3. INDSYS models for converters in master-slave control mode

Various INDSYS models for converters in the master—slave control
mode are presented in this section. The converters are assumed to be in
the master-slave control mode, i.e., VSC, operates in DVCM, and VSC,
and VSC; operate in APCM.

3.1. Operation in DVCM

Fig. 3 shows two possible INDSYS models for VSC,;. In the current
source model (model No. 1-DVCM) in Fig. 3a, used in [3,5,7,8,11,14—
18], the impact of other converters and the DC system on the DC
voltage of VSC; has not been considered, and the adjacent converters
operating in APCM are modeled by constant current sources. On the
other hand, model No. 2-DVCM in Fig. 3b incorporates the dynamics
of DC lines and the operating mode of VSC, and VSC; in the INDSYS
model of VSC,. It should be also mentioned that in Fig. 3b, only the
operating mode of adjacent converters-not their internal and detailed
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Fig. 3. INDSYS model of VSC, in DVCM: (a) model No. 1-DVCM and (b) model No.
2-DVCM.

Table 1
The DC side dynamics of the INDSYS models of VSC, in DVCM.

Model No. 1-DVCM Model No. 2-DVCM

dudﬁ _ _(de 4 sde Py
C, 3 =—(@5 +if)—
f ——  Ude,
e
dide
12 e _
L, @ + Ryl = Uge, = Vge,
dvg, P,
L dey | dey 1 i
Ci—gt =~ i - ade
de 3 jde — _
—— I L, + Rpij5 = U4, = Vye,
e dt
1
dydfz = jde _ qu
2 — 12
dr Uge,
dU,,[‘ — jde _ P3u
3 dr B g,
= : = ide idc
Xgo = Avge, Xgo = [Avg,,,  AiY5, A5,

Av, Avge 1"

dey

dynamics-are considered. Moreover, Fig. 3b shows the INDSYS model
of VSC, only, which is different from [23,24] where all the converters
are replaced by current sources forming the INTSYS model (not the
INDSYS model).

Based on the variants shown in Fig. 3, Table 1 presents the DC side
dynamics of various INDSYS models of VSC,. Considering the internal
dynamics of VSC; in their most general form by including the PLL
and the dq-axis currents [25], as well as the DC side dynamics given
in Table 1, the open-loop small-signal state-space representation of
INDSYS model for VSC; will be given by

% = A X, + By, 3)

y, = C %, + Dy, 4
where % = [X,,, %4c1", @1 = [dug,, du, 17, and 3, = [4vg. , Ay, 17" %4
is given in Table 1 and %,., = [4i, 4i,, 4, x,;;]" . The overbars in (3)-
(4) are used to distinguish between the INDSYS and INTSYS models. In
Table 1, the subscript “0” represents the operating point at which the
system model is linearized. Based on Table 1, two sets of state-space
models in the form of (3)-(4) are obtained for VSC, and are compared
against each other in Section 5 to determine the most suitable model.

3.2. Operation in APCM

For a converter in APCM, the active power controlled at the AC
terminal of the converter is described by
P =uv4ig +04ig %)

which is independent of voltages and currents at the DC side of the
converter. After linearizing (5), the state-space representation of a
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converter in APCM is given by

X = A X, + By, (6)

Fi = Co Xy + Dy k € {2,3}, @

where j; = [AP, Ay, 17, % = [4iy, iy, 40,),, X, Avs 1", and the output
and state matrices have the following forms:

x 0 0 0 O
0 x 0 0 0
Ci=[Xoxa Opa] . Ax=|x x x x 0, ®
X X x 0 0
X X X 0 x

where x shows the non-zero elements. The zero entries in (8) are
created because neither the active power in (5) nor the AC volt-
age/reactive power depends on the DC voltage. Based on (8), the
DC voltage is an unobservable state when the converter is in APCM.
Furthermore, the active power is controlled at the AC side and, thus,
is not impacted by the operating mode of other converters. Therefore,
it is neither necessary nor beneficial to include the dynamics of the DC
terminal voltage in the state-space model of the converter in APCM.
Consequently, among the two schematics shown in Fig. 4, where Fig. 4a
ignores the DC side dynamics and Fig. 4b includes it, the schematic
of Fig. 4a will be used as the selected INDSYS model of the converter
in APCM. The state-space model of (6)-(7) is then valid with x, =
[4iy, iy, A0y, x 17

DC side
——
VSC,
Pyl — i
2 I 2
[}
i T
& ==
<
(a) (b)

Fig. 4. INDSYS model of VSC, in APCM: (a) model No. 1-APCM and (b) model No.
2-APCM.
4. INDSYS model of converters in droop control mode

The droop control describes a proportional relationship between the
active power and DC voltage as

1
Po— P = (—K WWac, g~ Vdc,)- 9)
Qf_/ dry
APy AUdck

Based on (9), the control output in the droop control mode is a

combination of DC voltage and active power (y, = P - K;Udck’
dry

or y;, = U4e, — Kgy, Py), in contrast to the constant DVCM or APCM.
Because the DC voltage appears in the control output formulation (ydk ),
this converter is impacted by the adjacent converters through their DC
voltages.

Fig. 5 shows two INDSYS models for VSC, when all converters
operate in droop control mode. Fig. 5a shows the current source model
(model No. 1-Droop) that has been used in the literature [11,12].
Neither the dynamics of the DC line nor the operating mode of ad-
jacent converters are considered in this model. On the other hand,
Fig. 5b shows the INDSYS model No. 2-Droop for VSC,, in which
the dynamics of DC transmission lines and the capacitor in the other
converters are considered. The operating modes of adjacent converters
are incorporated into this model using a voltage-dependent power
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VSC,

(@)

Fig. 5. INDSYS model of VSC, for droop mode of operation: (a) model No. 1-Droop
and (b) model No. 2-Droop.

source (according to (9)). This INDSYS model is different from that
in [23] where the converters are replaced by current sources to form

the INTSYS model.

Kar,

Considering Fig. 5b, if K,,, is very small compared to K, (#
dr;

0), VSC, will experience small deviations in its DC voltage with vari-

ations in the active power. On the other hand, if K, is very large

—

Kary,
compared to Ky, ( K,

— ), VSC, will experience small deviations

in its active power with changes in the DC voltage. Therefore, it can

be concluded that if Kd”‘ is very small, VSC, can be considered as
dry

Kar,

a voltage source in the INDSYS model of VSC,. If o

large, VSC, can be represented by a constant active power source
in the INDSYS model of VSC,. In the general case, where the droop
constants of converters are neither small nor large compared to one

is sufficiently

another, the adjacent converters operating in droop control mode will
be represented by a capacitor and a voltage-dependent power source
as shown in the box in Fig. 5b. Table 2 shows the DC side dynamics
of INDSYS models shown in Fig. 5. This Table focuses on how the
dynamics of adjacent converters must be included in the model of VSC,.

Table 2
The DC side dynamics of two INDSYS models of VSC, in droop control mode.

Model No. 1-Droop Model No. 2-Droop

doy, de P,
2 =~
dt Uge,
dide
12 de _
LLTI + Rpif; = Uge, = Uge,
dide
13 e _
LL? + Rpi{5 = Uge, = Vac,
do,
D der _ _jdeo _ i dog,, de | e P,
27 2 Ve, o T =G + i) =

de,

1
P =P - Tm (chu, - ch‘)
dvge, Py

Ve,

_ jde _
3Tar T8

_ 1
Py =Py — Ko (Udcu, — Uge,)
3
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Therefore, the dynamic equation of P,, which depends on the internal
dynamics of VSC,, is not presented.

If at least one of the converters is in APCM rather than in droop
control mode, the INDSYS model of this converter will be model No.
1-APCM shown in Fig. 4a. The impact of this converter on the INDSYS
model of other converters that operate in droop control mode will be
similar to Fig. 5b, where the droop constant of the converter in APCM
is very large compared to the droop constants of other converters.

5. Validation of the INDSYS models

Prior to the comparative study, model validation is performed for
model No. 1-DVCM and model No. 2-DVCM proposed in Fig. 3 and
model No. 2-Droop in Fig. 5. In this process, the nonlinear electro-
magnetic transient (EMT) model, built in PSCAD environment, the
averaged nonlinear model, built in SIMULINK, and the small-signal
(linear) model are compared against each other. The required system

Table 3
Parameters of the test system [26].
Quantity Value Description
P 200 MW Active power
Ve 400 KV DC voltage
V, 230 KV AC grid RMS voltage
f 60 Frequency
L 0.0291 H Filter inductance
R 0.005 Q Filter and switches on-state resistance
Cye 300 p F DC side capacitance
T 2 ms Inner current loop time constant
K",’“, Kf” 30,460 Proportional and integral gains of PLL
1.15 T
= 1t
e
5 1.05} EMT model
§ Nonlinear averaged model
1 Linear averaged model
7 8 9 10 11 12 13
Time |s]
(a) INTSYS
1.1 T
= 1
= 1.05f 1.08
)
=
® 85 9 95 10
1 I I I I
7 8 9 10 11 12 13
Time |[s]
(b) Model No. 1
1.15 T
:5 11r
&
51.05¢ 15
=
s 11
1 I I 9 n 1 n
7 8 9 10 11 o 13
Time [s]

(c) Model No. 2
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and control parameters are given in Table 3. It should be mentioned
that the system model built in PSCAD includes a parallel second order
RLC filter with f.,, = 450 Hz for filtering the switching harmonics.
Figs. 6-7 show the response of the models to a 10% change applied
to the DC voltage at t = 8 s. The model validation confirms that the
small-signal models used in this paper are accurate.

111 |
=
&
1.05¢ EMT model I
=3 Nonlinear averaged model
S Linear averaged model
1 ‘ ‘ ‘ :
8 9 10 11 12 13
Time [s]

Fig. 7. Validation of model No. 2-Droop in the droop control mode: time-domain
response of the EMT, nonlinear averaged, and linear averaged models to a 10% change
in the DC voltage at t = 8 s.

6. Comparative study of INDSYS models for the master-slave mode
of operation

According to Section 3, for a VSC in APCM, the INDSYS model No.
1-APCM (Fig. 4a) is selected, while for a VSC in DVCM, there are two
potential INDSYS models shown in Fig. 3. In this section, the suitable
model among these two models will be identified using the eigenvalue,
participation factor, and sensitivity analyses. These analyses are used to
determine how the stability and dynamic performance of INTSYS are
impacted by the type of INDSYS model.

6.1. Eigenvalue analysis

Fig. 8 compares INDSYS model No. 1-DVCM and No. 2-DVCM of
VSC, shown in Fig. 3 in terms of the closeness of their eigenvalue locus

Model No. 1 Model No. 2
Imag Imag|
30
20
* T
10
Real
15 -10 lﬁfsﬁ
-10
]
20
INDSYS (VSCy) i
INDSYS (VSC,) %0 %
O INDSYS (VSCy)
x INTSYS
(a) Sweep of Ky, ={1;300} and K, =2
Model No. 1 Model No. 2
< o
é Se— T
O Real Real
PaVa'a ¥
@0 15 -10 % 15 10 x5xa

<
Ve, T |
~ -20 -20

(b) Sweep of Kp,={0.3;10.5} and K, =100

Fig. 6. Validation of the models in the master-slave mode of operation: time-domain
response of the EMT, nonlinear averaged, and linear averaged models to a 10% change
in the DC voltage at t = 8 s.

Fig. 8. Eigenvalue locus of INDSYS and INTSYS models for SCR = 4 and a sweep of
DC voltage controller parameters.
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Model No. 1 Model No. 2

Imag Imag

N TR

“ 3

INDSYS (VSC;)

INDSYS (VSC,)

INDSYS (VSCy)
x INTSYS

(a) Sweep of K, ={1;300} and Kj, =2

Model No. 1 Model No. 2
Imag Imag 7
20 ?
3w A
Real Real
H;‘?‘QW 15 10 %ﬁ

-20

(b) Sweep of Kp,={0.3;18.5} and K, =100

Fig. 9. Eigenvalue locus of INDSYS and INTSYS models for SCR = 1.5 and a sweep of
DC voltage controller parameters.

Model No. 1-DVCM Model No. 2-DVCM

250 ; 250 .
INTSYS: Unstable R4 INTSYS: Unstable S
200 INDSYS: Stable e 200 } [ INDSYS: Unstable L
’ ’
’ ’
4 ’
150 L’ 150 v
s . ~ ‘
& d ‘ M ‘ ‘
100 , 100 R
/ ’
+” [INTSYS: Stable s~
sl Nbove s sor - INTSYS: Stable
L - Re INDSYS: Stable
0 0
0 5 10 15 20 0 5 10 15 20
Kpl Kpl

Fig. 10. Stability region of INTSYS vs. stability region of INDSYS models of VSC, (SCR
= 1.5).

to that of the INTSYS model under changing VSC, controller param-
eters. While the focus is on choosing the suitable INDSYS model for
VSC, (in the DVCM), the eigenvalues associated with the INDSYS model
of all three VSCs are plotted to show the correspondence between the
eigenvalues of the INTSYS and the aggregate of the INDSYS models.
Fig. 8a and b respectively show the impact of changing the integral
gain (K;,) and the proportional gain (K, ) of the DC voltage controller
on the eigenvalue locus of the INDSYS model of VSC; and INTSYS.
The g-axis controller of VSC, is set to liﬂ. According to Fig. 8, the
eigenvalue locus of INTSYS and INDSYS models do not match for model
No. 1-DVCM. However, employing model No. 2-DVCM leads to an exact
matching between the eigenvalues of INTSYS and INDSYS models.
Fig. 9 is the counterpart of Fig. 8 for a low SCR (SCR = 1.5)
associated with the AC grid connected to VSC,. Similar to Figs 8, 9
also shows a deviation in the eigenvalue locus of INTSYS and that of
the INDSYS model No. 1-DVCM. Furthermore, Fig. 9 shows that while
the INDSYS models are stable, the INTSYS might become unstable with
variations of controller parameters. Thus, not only do the eigenvalues
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Fig. 11. Time-domain response of (a) INTSYS model, (b) INDSYS model No. 2-DVCM,
and (c) INDSYS model No. 1-DVCM, to a 10% change in the DC voltage. Controller
set 1: K =25+ LXO, and controller set #2: K;‘ =25+ ? K;’] =0.002 + % for both
cases.

of INTSYS deviate from the INDSYS model No. 1-DVCM, but instability
occurs in INTSYS for a range of control parameters even though the
INDSYS models are stable. Therefore, with these models, no mitiga-
tion approach can be taken during the individual design of converter
controllers to stabilize the INTSYS as no instability is observed in the
INDSYS models. Stabilizing the INTSYS, in this case, would require
access to the entire INTSYS model and retuning of the individually
designed controllers. Selecting model No. 2-DVCM, however, can solve
this issue because whenever the INTSYS is unstable, the INDSYS model
is unstable as well. Therefore, the INTSYS can be stabilized via the
proper design of individual controllers.

To illustrate the significance of selecting proper models for indi-
vidual converter controllers’ design on the stability of the INTSYS,
Fig. 10 compares the stability regions of the INTSYS model and INDSYS
model of VSC,. According to Fig. 10, the allowable range of controller
parameters to ensure the INTSYS stability shrinks with the connection
of the converters to a shared DC system, and as a result, the INTSYS
might lose stability even when VSC, is stable. However, the stability
regions of the INDSYS model of VSC,; and INTSYS model are exactly the
same when model No. 2-DVCM is selected for designing the controllers
of VSC;.

To verify the conclusion made based on Fig. 10, the time-domain
response of the INTSYS and INDSYS models to a small disturbance in
the DC voltage for two sets of parameters are depicted in Fig. 11. The
parameters of set 1 (corresponding to the stable region of INTSYS) are

K, =25,K; =10, and the parameters of set 2 (corresponding to the
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unstable region of INTSYS) are K, =2.5,K; =20. Fig. 11 shows that
all three models are stable for set 1 parameters. However, only INDSYS
model No. 1-DVCM is stable for set 2 parameters. This confirms that the
stability region of model No. 1-DVCM is not similar to that of INTSYS,
and thus, a controller designed for VSC,; based on INDSYS model No.
1-DVCM will not stabilize the INTSYS.

6.2. Participation factor analysis

To identify the state variables that contribute significantly to the un-
stable modes of INTSYS in Fig. 9 and to determine whether model No.
2-DVCM, which showed the same eigenvalues as that of the INTSYS,
includes these state variables, participation factor analysis is used.
If model No. 2-DVCM includes the corresponding states, a controller
designed based on this model for a converter in DVCM will stabilize
the INTSYS.

Fig. 12 shows the participation factors of INTSYS state variables in
the unstable modes. The state variables of each converter are shown on
the horizontal axis, and the vertical axis shows the participation factors.
Because Fig. 12 is plotted for the sweep of controller parameters of
VSC,, the state variables associated with the outer controller of VSC,
are also highlighted on the horizontal axis. The sweep of parameters is
similar to that in Fig. 9. It should be mentioned that the state variables
and their order are similar to those in (1)-(2). Considering Fig. 12,
the highest participation in the unstable modes is associated with the
state variables of VSC, (in particular iy, , v, and the state variable
associated with VSC, d-axis outer controller). The DC voltages of VSC,
and VSC; (states number 11 and 21) also impact the unstable modes.
Based on the discussion provided in Section 3.2, the DC voltage is
not included in the INDSYS model of a converter in APCM. Therefore,
to contain all the dynamics causing instability in the INDSYS models,

Particiaption Factor

outer controllers
VSC, VSCy VSCs DC line
System Modes (States)

(a) Sweep of Ky, ={1;300} and Kp,=2

0.4

0.2r

0.1r

Particiaption Factor

ol gy L

outer controllers

VSCy VSC, VSCy
System Modes (States)

(b) Sweep of Kp,={0.3;18.5} and K, =100

DC lines

Fig. 12. Participation factors for INTSYS system’s unstable modes in Fig. 9 with (a)
sweep of K; and (b) sweep of K, .
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Fig. 13. The matching level between INTSYS and INDSYS state-space models.
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the dynamics of capacitors of the converters in APCM (states number
11 and 21) must be considered in the INDSYS model of VSC,, which
operates in DVCM. Referring to Fig. 3, only INDSYS model No. 2-DVCM
includes these necessary state variables.

6.3. Sensitivity analysis

According to the eigenvalue and participation factor analyses,
model No. 2 for a converter in DVCM provides a close matching
between the eigenvalues of the INDSYS and INTSYS models and also in-
cludes the required state variables that may cause instability. However,
there exist discrepancies between the state-space model of INTSYS,
given by (1)-(2), and that of INDSYS, given by (3)-(4) and (6)-(7).
Fig. 13 shows the state-space model of the INTSYS in comparison
to those of the INDSYS models. Yellow and green colors respectively
correspond to INDSYS models No. 1-DVCM and No. 2-DVCM of VSC,
shown in Fig. 3. The state-space representation of INDSYS models only
include the elements that are highlighted in their corresponding color.

Fig. 13 confirms that there is a significant discrepancy between
the A matrix of the INTSYS and INDSYS model No. 1-DVCM. Between
the two INDSYS models for a converter in DVCM, model No. 2-DVCM
(Fig. 3b) shows the largest similarity with the INTSYS. Although there
is a significant matching between the state-space representation of the
INTSYS and INDSYS model No. 2-DVCM, some discrepancies remain
between the two models as the internal dynamics of the converters
in APCM are ignored in model No. 2-DVCM. These discrepancies,
which correspond to the partial matching or no matching between the
dynamics of the INTSYS and model No. 2-DVCM are represented by
A, Agf, B¢, and B{* matrices.

To verify whether this mismatch deteriorates the accuracy of
INDSYS model No. 2-DVCM, the sensitivity of eigenvalues of the closed-
loop system with respect to the elements of A4, BI°, A4°, and B{°
matrices in Fig. 13 is computed as

a2

)
aakj ik

i (10)

where ¥, and @, are the elements of the left and right eigenvectors
associated with A [27], and g, ; corresponds to the elements of the
INTSYS state matrix that are associated with A‘z“, B“‘ Ad‘, and B;"
(each of VSC, and VSC; has five state variables, so a,; has 5 elements
per converter). The sensitivity of all the eigenvalues to the elements
of matrices corresponding to the mismatches is plotted in Fig. 14,
where each color represents one eigenvalue. Fig. 14 illustrates that the
sensitivity of eigenvalues to the elements that do not match between
the INTSYS and INDSYS state-space models is very small, showing that
their inclusion or exclusion in the models does not considerably impact
the eigenvalue locus. Therefore, Figs. 3b and 4a provide precise models
respectively for a converter in DVCM and for a converter in APCM.
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Fig. 14. Sensitivity of eigenvalues with respect to a;;: (on the left: a;; associated with
Ag¢ and B¢, and on the right: a,; associated with A$¢ and BZ°).

7. Comparison of INDSYS models for converters in droop control
mode of operation

Several droop constants are presented in Table 4 and are used to
specify which one of the INDSYS models in Fig. 5 is a suitable choice
for the individual control design of converters.

In set 1, the droop constant of VSC,; is small, while the two other
droop constants are large. Therefore, based on the discussion in Sec-
tion 4, in the INDSYS model of VSC;, VSC, and VSC; can be considered
as active power sources. Likewise, in the INDSYS models of VSC, and
VSC;, VSC,; can be considered as a constant voltage source. Fig. 15
shows the eigenvalue locus of INDSYS and INTSYS models for droop set
1. Fig. 15a and b respectively show the eigenvalue locus for the current
source model and model No. 2-Droop. The eigenvalue locus of INTSYS
and INDSYS models are similar in Fig. 15b, while they are different
in Fig. 15a, showing that the current source model is not suitable, but
the model of Fig. 5b contains the necessary coupling dynamics. Similar
observations were made for droop set 2. Therefore, for droop sets 3 and
4, only model No. 2-Droop (Fig. 5b) will be considered, and its accuracy
will be analyzed.

In the third and fourth sets of droop constants in Table 4, the droop
constants for all the VSCs are the same. Fig. 16 shows the eigenvalue
locus of the INTSYS model and the INDSYS model No. 2-Droop for
droop set 3, where each color is associated with one specific set of
control parameters. Based on Fig. 16, adjacent to each eigenvalue of
the INDSYS there exists an eigenvalue associated with the INTSYS. In
some cases, the exact matching between the eigenvalues of INTSYS
and INDSYS does not happen, though they remain close to each other.
The reason is that model No. 2-Droop does not include the internal
dynamics of adjacent VSCs, even though the coupling between the DC

Table 4
Set of droop constants.
Set 1 Set 2 Set 3 Set 4
Droop constants K, =0.1 K, =10 Ky =1 Ky =3
K, =10 K, =01 K, = K, =3
K, =10 K, =01 K, =1 K, =3

5
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Fig. 16. Eigenvalue locus of INTSYS and INDSYS models (model No. 2-Droop) for a
sweep of controller parameters for droop set 3.

voltage and the active power in the droop control mode is incorporated
into the INDSYS model. Similar conclusions can be made for droop set
4.

To better compare the eigenvalue locus of INTSYS and INDSYS
models, Fig. 17 shows the magnitude and the phase angle of dominant
eigenvalues of the two models against control parameters of VSC, for
droop sets 2-4. Due to the symmetry of the eigenvalue locus with
respect to the real axis, the phase angles associated with only one
of the complex-conjugate oscillatory modes are shown. Fig. 17a and
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Fig. 17. Magnitude and phase angle of all the eigenvalues close to the imaginary axis against controller parameters for (a-b) droop set 2, and (c-d) droop set 3, and (e-f) droop

set 4.

b, associated with droop set 2, show a close matching between the
magnitude and phase angle of eigenvalues of the INDSYS and INTSYS,
confirming the conclusion made based on Fig. 15. Fig. 17c-d and e-f
indicate a close matching between the eigenvalue locus of the INDSYS
and INTSYS for equal droop constants and confirm the observations
based on Fig. 16. According to Fig. 17e and f, the magnitude and
phase angle of eigenvalues of INTSYS and INDSYS models for droop
set 4 are closer to each other compared to those depicted in Fig. 17¢
and d for droop set 3. The reason can be explained based on model
No. 2-Droop in Fig. 5b. When the droop constants become larger, #rk
becomes smaller. As a result, according to (9), the adjacent converters
that are represented by the voltage-dependent power source in Fig. 5b
behave comparable to a constant active power source. In such a case,
the coupling between the DC voltage and active power of adjacent
converters becomes weaker, and the INDSYS models, which do not
include the internal dynamics of adjacent converters, provide a closer
match to the INTSYS model in terms of dynamic response.

Due to the coupling among the VSCs in the droop mode of opera-
tion, the superimposed eigenvalue of INDSYS models may be slightly
different from that of the INTSYS model. The INDSYS model might not
be an exact duplicate of INTSYS. However, INDSYS stability ensures
INTSYS stability as the eigenvalues are in the same neighborhood. It
should be noted that the purpose is to exclude the internal dynamics of
adjacent VSCs from the INDSYS models, simplify the stability analysis
and design the controllers individually while preventing the INTSYS
instability. If the internal dynamics of adjacent VSCs are considered in
the models, the control system design cannot be decomposed into that
of smaller subsystems.

8. Conclusion

The objective of this paper was to determine the appropriate sys-
tem models that capture the necessary coupling dynamics among the
VSCs for an individual control design of the VSCs embedded in AC-
MTDC systems. A controller that is designed individually based on
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the appropriate model can be employed in the interconnected system
(INTSYS) without causing instability or poorly damped modes. The
suitable individual system (INDSYS) models were selected such that
they did not include the adjacent VSCs’ internal dynamics but included
the necessary coupling dynamics to prevent uncontrollable dynamic
interactions among converters. Participation factor, sensitivity, and
eigenvalue analyses were performed to verify the accuracy of the
models.

The studies demonstrated that for a converter in DC voltage control
mode, the only model that leads to an exact matching between the
eigenvalue locus of INTSYS and INDSYS models was the one that
included the dynamics of DC transmission lines and the capacitor of the
converters in the active power control mode (APCM). For a converter
in APCM, including the converter’s AC side dynamics in the INDSYS
model was sufficient, and including the DC voltage dynamics was not
necessary. For the droop control mode of operation, the model that
included the DC transmission line and the operating mode of adjacent
converters through a voltage-dependent power source led to the best
match between INTSYS and INDSYS models. The impact of AC system
SCR on INTSYS stability was also discussed. It was shown that for low
SCR values, selecting a suitable INDSYS model for control design is
important, because the individually designed converter controllers may
not stabilize the INTSYS.
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