Dynamic Modelling and Interaction Analysis of Multi-terminal VSC-HVDC Grids
through an Impedance-based Approach
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Abstract
This paper presents an impedance-based interaction and stability analysis of multi-terminal HVDC systems. First, an
analytical derivation procedure is presented to obtain the feedback impedance models of a voltage source converter (VSC)
as a subsystem, with particular interest on the DC side impedance. Subsequently, in addition to the impedance models
of other subsystems, an impedance aggregation method is applied to derive the dynamic closed-loop impedance matrix
of the system considering the interconnected structure of the grid. Given the closed-loop impedance matrix, multiinput multi-output (MIMO) relative gain array (RGA) formulation is proposed to analyse nodal interactions between
converters and the network. Furthermore, the impedance ratio matrix is proposed for HVDC stability analysis based on
impedance models. Remarkably, these formulations are derived compactly without any knowledge of the internal states
of any converter and therefore allows the ease of interoperability analysis. Finally, the impact of control architecture
and strategy on the dynamic responses, interaction, and stability analysis from an impedance perspective is conducted
as a case study. The analysis is done in the frequency domain and validated with the physical model of a three-terminal
DC test grid built in SimscapeTM MATLAB/Simulink R .
Keywords: Dynamic modelling, Impedance-based analysis, HVDC Transmission, Voltage-source converters,
multi-terminal HVDC, MIMO Analysis

1. Introduction
The last decade has witnessed an unprecedented increase in the integration of new technologies and renewable energy sources (RESs) buoyed by power electronics [1]. The state-of-art of voltage source converters (VSCs) for high voltage DC (HVDC) applications
has expedited the potentials for forming large-scale multiterminal DC (MTDC) grids [2, 3]. Such interconnection
of tightly controlled active devices is expected to give rise
to new interactions [4].
In recent years, to solve the challenges brought about
by the integration of solid-state devices into the power systems, the research community has been applying several
methods from varying perspectives and tools for dynamic
modelling and analysis. The well-established method of
state-space modal analysis has been applied by numerous authors to large-scale HVDC grids to establish global
stability [5–8]. However, in a large-scale MTDC grid, it
may become important to isolate the physical behaviour
at each network interface (on either of AC or DC sides)
and their contribution to the overall dynamic behaviour,
rather than the global collective behaviour [9]. Likewise,
it is well known in literature that state-space approach do
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not support independent design of control and analysis of
interoperability of independent designs. Moreover, statespace methods require a separation of local and interaction
modes as acknowledged in [7] and challenge in separating
the AC and DC sides without loss of shared dynamics.
Thus, modelling frameworks that allows to isolate physical behaviour with respect to any interface are required to
analyse, detect, and enhance overall system performance
in the presence of these devices.
An emerging method gaining considerable attention
in recent times is the impedance-based modelling framework [10–12]. The impedance framework is a promising
tool to represent the dynamics of power electronic devices
in an intuitive manner. Indeed, a considerable amount
of literature has grown up around the topic of impedance
framework considering VSCs [13, 14]. The predominance
of this framework lies in impedance being the most fundamental property of the physical power system. Outstandingly, through the impedance framework, a VSC can be
represented distinctly on each of AC and DC sides, while
including the shared dynamics between both sides and isolating the most important transfer functions.
Several authors have applied this methodology to the
understanding of sources of resonances with emphasis at
the device level [15], including the impact of the phaselocked loop (PLL) device on overall response seen from
an impedance perspective [13, 16, 17]. However, device
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level analysis often neglects any network dynamics or coupling effect with other devices. The concept of impedance
modelling has been extensively applied to the analysis
of AC side dynamics considering different control strategies [18–20] and comparison between several impedance
frameworks [21, 22]. However, in many of the studies with
AC side as the focus, the impact of an interconnected DC
side is often neglected. In [23, 24], authors duly extended
the modelling methodology to resonance analysis of the
DC side of a complete point-to-point HVDC link with the
aim of highlighting the impacts of AC grid impedance on
DC side. However, in derivations it was assumed that either converter is in one of rectification or inversion, thus
reducing the applicability to varying operating modes at
each converter typical of a meshed HVDC networks. Additionally, interactions in point-to-point links are not as
prevalent as there is no topology effects and interactions
mainly depend on cable distances as acknowledged in [25].
The input admittance of the DC impedance of a multilevel
modular converter (MMC) as a device was derived in [26]
but analysis was not extended to network-level behaviour.
In general, the manner in which impedance models are
derived obscures the inherent simplicity of the impedance
framework and the corresponding insights it provides.
In this regard, existing impedance-based modelling of
VSCs as applied in literature is not sufficiently generic nor
modular to allow ease of applicability with various multiconverter system-level studies especially on the DC side.
It is worth noting that impedance models have not been
widely used to study meshed VSC-HVDC networks for
system-level interaction analysis especially in a potential
multi-vendor set up with possibility to design of high-level
global controllers. Moreover, it is rarely analyzed how stability and interactions analysis can be tractably scaled up
to an arbitrary number of terminals in the network while
maintaining modularity.
In this article, a concise and modular approach is
presented to derive the impedance models of a VSC at
converter-level considering several local control strategies. Subsequently, while maintaining modularity, the
impedance model is extended to network level on the DC
side considering an arbitrary number of interconnected
converters. Therefore, a concurrent analytical derivation
of the impedance models of the AC and DC sides of a
VSC is presented in a manner that decouples both sides,
while isolating the transfer functions that predict interactions between them. Finally, derivations are applied to
system-level dynamic study of a meshed VSC-HVDC grid,
emphasizing the coupled external dynamics of the network
as seen from each terminal rather than specific states related to internal variables of any converter, and the global
impacts of interconnection and control on interactions.

Figure 1: Simplified single-line diagram of a generic VSC- MTDC

2. Input-Output dq -Impedance Modelling of Subsystems
Fig. 1 illustrates the layout of a generic multi-terminal
HVDC grid. The grid can interconnect any number of
active devices including converters in any configuration.
In this article, each active device is modelled as a subsystem considering the different possible control strategies
that could be applied at the converter level, with possibility to switch between alternatives. A phase-locked loop
(PLL) device is employed to introduce the synchronous
reference frame (SRF). In this section, the input-output
models of the converter on both sides are sequentially derived. The typical control structure of a VSC for HVDC
applications is the cascaded structure illustrated in Fig.
2. In order to emphasize the modularity of the derived
impedance structures of the VSC, derivations in the following sections assumes the converter is not connected to
a network. However, interconnection with the grid is made
in subsequent sections.
2.1. dq-Modelling of current controlled converter
All VSCs in the grid are equipped with an AC current
control scheme of the same structure for simplicity [7].
The dynamic open-loop equation of the AC side filter in
the synchronous dq-frame is expressed as
didc
= udf − udc − Ridc − ωLiqc
dt
diq
L c = uqf − uqc − Riqc + ωLidc
dt

L

(1)

where idc , iqc are the AC currents flowing from the filter bus
to the converter, udf , uqf , and udc , uqc are the voltages (to
neutral) at the filter bus and converter terminals respectively, all in grid reference frame. R, L are the AC filter
resistance and inductance respectively, and ω is the grid
angular frequency. The converter AC output voltage in
converter reference frame can be expressed as
d∗
dc
qc
dc
udc
c = −Kc (s)(ic − ic ) − ωLic + F (s)uf
qc
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Figure 2: Simplified single-line diagram of VSC terminal circuit and control

where (∗ ) variables are reference values, (c ) variables are
in converter reference frame, Kc (s) is the AC current
proportional-integral (PI) compensator, F (s) is a low pass
feed-forward filter of the filter bus voltage. To include the
impacts of inner-current controller on the physical system, converter AC voltages can be eliminated from (1).
However, equations (1) and (2) are on different reference
frames. Hence, the PLL device through Park’s transformation is required to transform from one frame to the
other and vice versa. The form of Park adopted can be
found in AppendixA and the transformations between grid
and converter frame for variables of interest given the PLL
output angle can be obtained as
udqc
f

=

−jθp
udq
;
f e

udq
c

=

jθp
udqc
;
c e

idqc
c

=

−jθp
idq
c e

operating point resulting in the transformations
T
q
∆udqc
= Tdqc ∆udf ∆uf ∆θp
f
T
∆idqc
= Tdqc ∆idc ∆iqc ∆θp
c
T
dq
∆θp
∆uqc
∆udc
∆udq
c
c
c =T

where the transformation and inverse transformation matrices Tdqc and Tdq respectively are outlined in AppendixA. Similarly, ∆θp can be obtained by substituting
(5) into (4) and linearizing to obtain

q T
∆θp = Hdθ (s) Hqθ (s) ∆udf ∆uf
(7)
Hdθ (s) =

(3)

where θp is the output of the PLL given as
θp = −

Kpll (s)uqc
f
s

Hqθ (s) =

Kpll (s) sin(θp0 )
q0
0
0
s − Kpll (s)(ud0
f cos(θp ) + uf sin(θp ))

−Kpll (s) cos(θp0 )
q0
0
0
s − Kpll (s)(ud0
f cos(θp ) + uf sin(θp ))

where Hdθ (s) and Hqθ (s) determine the impacts of PLL
dynamics on the system and all (0 ) variables are corresponding operating points. To eliminate converter AC
voltages in grid reference frame from (1), all transformations in (6) are applied to the corresponding variables in
the linearized version of (2), and the results substituted
into the linearized form of (1) in Laplace domain. Following straightforward manipulations, the converter AC
currents can be compactly written as

(4)

where Kpll (s) is the PLL compensator and uqc
f can be obtained from the expansion of udqc
in (3) given as
f
q
d
uqc
f = uf cos(θp ) − uf sin(θp )

(6)

(5)

Due to the inclusion of the nonlinear PLL output angle, all expressions in (3) must be linearized around an

i
dq∗
∆idq
+ Yac (s)∆udq
c = Hcl (s)ic
f

3

(8)


Yac (s) =

ydd (s) ydq (s)
yqd (s) yqq (s)



Linearizing (10) around the established operating
∗
points, and substituting the result for ∆Idci
into (14), the
linearized AC reference current is derived as

where Hicl (s) is the closed-loop reference to output transfer matrix of the inner-loop, Yac (s) is the input-output
admittance with impact of inner-loop and PLL. The expansions of Yac (s) and Hicl (s) are detailed in AppendixB.

∆id∗
c = −k

dVi
= Idci + Ii
dt

yd (s) = ydd (s) − k

(9)

=

Kv (s)(Vi∗

− V i ) + Ii

∆Vi =

(10)

Pac

∆Idci =

Pdc = Idci Vi

(11)
dq(∗)
is the complex conjugate of idq
,
and
k
=
2/3.
where ic
c
The introduction of the nonlinear power variable requires
that (11) must be linearized around the operating point;
with uq0
f = 0 then
Pac = P 0 + ∆Pac = P 0 +
0

Pdc = P + ∆Pdc = P +

|

+
{z

Hqq (s) =

}

(12)
where (0 ) terms are linearization points. The reference AC
current command can be calculated from reference active
power transferred from DC side following
id∗
c

P∗
=k d.
uf

zoci (s) =

0
∗
0
d
ud0
f Vi ∆Idci − P ∆uf
2
(ud0
f )

(13)

.

(17)

kVi0

(18)

(19)

d0
ud0
f yd (s) + ic
0
skCi Vi0 + ud0
f ydc (s) + kIdci
q0
ud0
f ydq (s) + ic
0
skCi Vi0 + ud0
f ydc (s) + kIdci

kVi0
0 ) + ud0 y (s)
k(sCi Vi0 + Idci
f dc

where zoci (s) is the equivalent DC side feedback
impedance, Hdd (s) and Hqq (s) are auxiliary transfer gains
that depict the impact of AC voltage disturbances on the
DC voltage and vice-versa. They indicate the interaction
between the AC and DC terminal voltages. For DC side
studies, zoci (s) is the most important transfer function
that describe the behaviour of local DC voltage to bus
disturbances without an adjoining network or any other
active device. To include the impact of closed-loop DC

∗
Similarly, linearizing (13) and noting that P ∗ = Idci
Vi∗
∗
0
∗
and substituting the expression for ∆P = Vi ∆Idci (with
reference DC voltage constant) from the DC side to obtain

∆id∗
c =k

q
d
d0
d
q0
0
ud0
f ∆ic + ic ∆uf + ic ∆uf − kIdci ∆Vi

Hdd (s) =

0
Idci
∆Vi

∆Pdc

∆Idci + ∆Ii
sCi

∆Vi = Hdd (s)∆udf + Hqq (s)∆uqf + zoci (s)∆Ii

1 d0 d
q
d
q0
(u ∆ic + id0
c ∆uf + ic ∆uf )
k |f
{z
}
Vi0 ∆Idci

i
Hcl
(s)Kv (s)Vi0
ud0
f

next, (16) is inserted into (18) and the resulting expression
is substituted into (17). ∆Vi can be isolated compactly as

∆Pac

0

ydc (s) = k

equating the linearized AC and DC sides power in (12)
and isolating ∆Idci results to

where Ii is the feed-forward current. Assuming a lossless
converter such that, Pac = Pdc , then
1
dq(∗)
= <{udq
} = (udf idc + uqf iqc ),
f · ic
k

i
Hcl
(s)P 0
,
2
(ud0
f )

where yd (s) is a d -axis auxiliary admittance that describe
the impact of AC voltage disturbances on the d-axis on
converter AC current and likewise ydc (s) predicts the impact of open-loop control of DC voltage on AC current on
similar axis in the absence of any other disturbances. Subsequently, the DC voltage loop can be closed by linearizing
(9) in Laplace domain to obtain

where Ci is the equivalent DC capacitance, Vi is the terminal DC voltage of the ith VSC, Idci is the DC current
injection from power balance with AC side, and Ii is the
current flowing into the VSC from the DC network. The
AC current reference on the d-axis id∗
c can be calculated
∗
from the reference DC current injection Idci
obtained from
the output of DC voltage compensator. Thus, the DC reference current injection can be derived as
∗
Idci

(15)

the above shows the impact of disturbances to the DC
and AC voltages on the reference AC current (d -axis). To
close the AC current loop with DC voltage compensator,
the corresponding expression in (8) is linearized and (15)
is substituted into the resulting expression to compactly
obtain
∆idc = yd (s)∆udf − ydc (s)∆Vi
(16)

2.2. Constant AC and DC Voltage Controlled VSC
For a combination of constant AC and DC voltage controlled converter as shown in Fig. 2, the DC voltage controller is implemented on the d -axis with PI compensator
Kv (s) and AC voltage controller on the q-axis with PI
compensator Ku (s). In a sequential manner and starting
with the DC side of the VSC, the DC voltage open-loop
dynamic equation can be expressed as
Ci

P0
Vi0 Kv (s)
∆udf
∆V
−
k
i
2
ud0
(ud0
f
f )

(14)
4

voltage control on the inner-loop, ∆Vi is eliminated from
(16) by substituting (19) and in compact form to obtain
∆idc = Ydd (s)∆uf d − Ydq (s)∆uf q − Hdci (s)∆Ii
Ydd (s) = yd (s) − ydc (s)Hdd (s),

(20)
+

Ydq (s) = ydc (s)Hqq (s)

+

+
+

-

+
+

Hdci (s) = ydc (s)zoci (s)
where Ydd (s) is the AC side feedback admittance on the
d-axis, Ydq (s) is the coupling feedback admittance between
the d and q-axes.
To include the dynamics of the AC voltage PI compensator Ku (s), the reference current on the q-axis of innerloop can be obtained as
∗
q
∆iq∗
c = Ku (s)(Uf − Uf ) + ic

+
-

Figure 3: Equivalent block diagram of the impedance model of a
VSC

(21)

where Uf and Uf∗ are the measured and reference
magnitude AC voltages respectively.
Given Uf =
q
(udf )2 + (uqf )2 , Uf can be linearized as
∆Uf =

uq0
ud0
f
f
d
∆u
+
∆uqf
f
Uf0
Uf0

+
-

(22)

since uq0
f ≈0

Figure 4: Generic equivalent terminal impedance circuit

∆Uf =

ud0
f
∆udf
Uf0

= ∆udf

(23)

d
bottom-left sub-matrices can be neglected, whereas Hdc,i
is the steady-state relationship between AC and DC currents. However, for low SCR grids, the matrix is an indication of a strong interaction between variables of both the
AC and the DC terminals of the VSC and the frequency
response of all elements must be checked. Equations (19),
(20), and (26) suggests the equivalent block diagram shown
in Fig. 3 and Fig. 4 illustrates the system-level circuit
overview.

linearizing (21) and inserting (23)
d
∆iq∗
c = −Ku (s)∆uf

(24)

and subsequently, substituting (24) into the corresponding
linearized form from (8)
i
∆iqc = −Hcl
(s)Ku (s)∆udf + yqq (s)∆uqf

(25)

2.3. AC Voltage and DC Droop/Active Power Controlled
VSC
For any converter equipped with droop control or constant power (by setting droop gain to zero) as an alternative strategy to the constant DC voltage controlled converter with the widely proposed standard configuration
depicted in Fig. 2, the total reference power command
of such converter can be expressed as

which can be written compactly as
∆iqc = −Yqd (s)∆udf + Yqq (s)∆uqf

(26)

where Yqq (s) = yqq (s). Combining (19), (20), and (26) in
compact matrix form, the impedance/admittance model of
the AC and DC voltage controlled VSC can be generalized
in matrix form as


 d 
d
Ydd (s) −Ydq (s)
−Hdci
(s)
∆udf
∆ic
 q
0(s)
 ∆iqc  = 
 ∆uf
−Yqd (s) Yqq (s)
∆Vi
∆Ii
Hdd (s) Hqq (s)
zoci (s)
(27)
where the sub-matrices on the leading diagonal are the
feedback impedance models of the VSC on AC (Y(s))
and DC sides respectively; whereas, the off-diagonal submatrices are the interaction gains between the AC and DC
currents, and between the filter bus and DC voltages respectively. It is important to note that, if the AC voltage
variations are negligible (i.e. a stiff grid), the top-left, and

∗
∗
Ptot,i
= Psch,i
+ ∆Pi∗

(28)

∗
where Psch,i is the scheduled power flow, and Ptot,i
is the
total power reference, and the balancing term ∆Pi∗ is obtained as
∆Pi∗ = Rdci (Vi∗ − Vi )
(29)

where Rdci is the droop gain of the ith converter equipped
∗
with droop control. Ptot,i
in (28) is passed on to the innerloop d-axis reference where
∗
id∗
c = Kp (s)(Ptot,i − Pi )
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(30)

where Kp (s) is the PI compensator of active power. Linearizing (29) and substituting into the linearized expres∗
sion of (28), noting that ∆Psch,i
and ∆Vi∗ variables are
constants
∗
∆Ptot,i
= ∆Pi∗ = −Rdci ∆Vi
(31)
similarly, linearizing (30), and substituting (31) and ∆Pac
∗
and ∆Pi respectively
from (12) for ∆Ptot,i
∆id∗
c

= −Kp (s) Rdc ∆Vi +

q
d
d0
d
q0
ud0
f ∆ic + ic ∆uf + ic ∆uf

!

k
Figure 5: Schematic diagram of frequency dependent Π cable circuit

(32)
substituting (32) into the corresponding linearized form of
(8), ∆idc for a droop and constant power controller can be
written compactly as
dp
∆idc = yddp (s)∆udf − yqdp (s)∆uqf − ydc
(s)∆Vi

yddp (s) =

i
kydd (s) − Kp (s)Hcl
(s)id0
c
i
k + Kp (s)Hcl (s)ud0
f

yqdp (s) =

i
Kp (s)Hcl
(s)iq0
c
i (s)ud0
k + Kp (s)Hcl
f

dp
ydc
(s) =

i
kKp (s)Rdc Hcl
(s)
.
i
k + Kp (s)Hcl (s)ud0
f

and including the AC voltage controller to obtain
∆iqc = −Yqd (s)∆udf + Yqq (s)∆uqf .

(33)

Combining (34), (35), and (36) a similar matrix as in (27)
can be obtained with the ‘dp’ terms replacing the constant
DC voltage counterpart. In both cases described in this
section, if the impact of filter capacitor is required, the admittance equivalent of the capacitor can be directly added
to equivalent AC feedback admittance matrix Y(s) since
they are in parallel.
2.4. DC Cable Modelling
The DC cable is one of the most important subsystems
of the DC grid. Particularly, any interaction between converters or active devices within the network is facilitated
by the network composed of cables and/or lines. Thus,
the level of detail conveys how much dynamics are represented. Quite a number of different models of DC cables
have been developed and employed in literature. However,
the most commonly used model for small-signal analysis
is the Π model with either lumped or distributed parameters, or distributed frequency dependent parameters. In
this section, the main aim is to show how to obtain the frequency domain input-output representation of a cable as a
compact subsystem. In this paper, a frequency-dependent
single Π section cable with state-space representation according to [27] is employed as depicted in Fig. 5. The
state-space to input-output of any order can be obtained
from
∆ẋci = Aci ∆xci + Bci ∆Vci
(37a)

where (dp ) is used to differentiate between the droop and
constant DC voltage combination strategies. For a condp
stant active power controlled converter ydc
(s) term in (33)
cancels out. Thus, DC voltage disturbances do not influence the converter AC currents as long as active power
measurements are from the AC side. In a similar manner as previously, to close the DC voltage loop, a similar
procedure as Section 2.2 can be followed to obtain
dp
dp
dp
∆Vi = Hdd
(s)∆udf + Hqq
(s)∆uqf + zoci
∆Ii

dp
Hdd
(s) =

dp
Hqq
(s) =

dp
zoci
=

(34)

dp
d0
ud0
f yd (s) + ic
dp
0
skCi Vi0 + ud0
f ydc + kIdci
dp
iq0 − ud0
f yq (s)
dp
0
skCi Vi0 + ud0
f ydc + kIdci

kVi0
0 ) + ud0 y dp
k(sCi Vi0 + Idci
f dc

∆Ici = Cci ∆xci

where the terms have similar meaning as in Section 2.2.
To include the impact of closed-loop DC voltage control on the inner-loop, similar procedures from Section 2.2
can be followed by substituting (34) into (33) to obtain
compactly
dp
dp
dp
∆idc = Ydd
(s)∆uf d − Ydq
(s)∆uf q − Hdci
(s)∆Ii

(36)

(37b)

where ∆xci is the state vector of cable/line i in the system,
∆Vci , is the vector of input voltages to the cables/lines
consisting of ∆Vdci and ∆Vdcj , ∆xci is the vector of total current flowing through the cable/line. Transforming
(37a) into Laplace and substituting for ∆xci in (37b)

(35)

∆Ici = Cci (sI − Aci )−1 Bci ∆Vci .
|
{z
}

dp
dp
dp
Ydd
(s) = yddp (s) − ydc
(s)Hdd

(38)

Yci (s)

where Yci (s) is the cable frequency dependent admittance.
However, order reduction is paramount for ease of integration.

dp
dp
dp
Ydq
(s) = yqdp (s) + ydc
(s)Hqq
(s)
dp
dp
dp
Hdci
(s) = ydc
(s)zoci
(s)
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Table 1: Control Data

Parameter
Kc (s)
Kv (s)
Kp (s)
Ku (s)
Rdc (s)

3. System-level Aggregation of Impedances
In the preceding section, the frequency domain
impedance representation of all subsystems was formulated without considering any connection to a network.
In this section, the subsystems are interconnected based
on the physical topology of the system, with each active
device represented by its impedance formulation. In the
following sections, the focus is the DC side with the connected AC network assumed reasonably strong. For weak
and very weak grids, interaction with the DC grid must
be considered in detail (through the interaction transfer
functions) as this requires special considerations, hence, a
weak grid study is out of the scope of this paper. For an interconnected n terminal DC network, Fig. 6 illustrates the
interconnection of impedance equivalents of all subsystems
on the DC side as previously modelled. Recognizably, the
entire system is now made up of impedances.
3.1. DC Terminal Equivalent Formulation
From the DC side of the equivalent circuit diagram
of Fig. 4, the linearized closed-loop expression at the
terminal-level of the ith terminal can be generalized from
(19) as [28]
(39)

v
where Hcl
(s) is the closed-loop reference-output transfer
function, Vi∗ is the reference voltage assumed constant.
Equation (39) can be directly compared to the closed-loop
response of a linear system expressed as [29]

y = T (s)r + S(s)Gd (s)d

(40)

where r is the reference, y is the output, T (s) is the closedloop reference-output transfer function, S(s) is the closedloop disturbance to output transfer function, Gd (s) is the
disturbance model, and d is the disturbance. Extending
(39) to the entire subsystems of an n terminal grid, the
terminal formulation can be expressed in compact form as
∆V = Hvcl (s)∆V∗ + Zoc (s)∆I

Units
kV/kA
kA/kV
kV−1
kA/kV
MW/kV

where V and V∗ are the vectors of linearized nodal voltages and references respectively, Hvcl (s) is a diagonal transfer matrix of reference to output transfer functions of each
control mode, ∆I is the vector of bus current changes during disturbances, and Zoc (s) is a diagonal transfer matrix
of input-output impedance transfer functions.
Second order tuned control systems data with outerloops tuned to be 15 times slower than inner-loops [25]
and inner-loop tuned based on the recommendation in
[30], is presented in Table 1. Fig. 7 depicts the frequency
response comparison plot of the DC impedance for the
derived control modes showing how the shape of terminal impedance will change for each choice of control mode
(relative to varying the droop gain). The lower the gain,
the closer the response to constant power and the higher
the gain, the closer the response to constant DC voltage.
It can be observed that terminal impedances only differ
in the low frequency region. Particularly, any form of
power control leaves a steady-state impedance compared
to a voltage control whose impedance vanishes in steadystate. The shown impedances solely dictate the voltage
responses without any network or other devices.
Considering that the terminal equivalent impedance
model of the DC side zoc,i as derived in (19) depends on
the cosine of the PLL angle at an operating point relative
to the PLL bandwidth, Fig. 8 shows the impacts of varying bandwidth of PLL control between 1 − 100 Hz on the
terminal impedance of a DC voltage controlled converter.
Clearly, the impact of PLL on the DC impedance is negligible for all intent and purposes. This is due to the strength
of grid and decoupling of the AC and DC sides as subsystems, however the off-diagonal elements as derived in (27)
will predict how the AC and DC sides interact especially
under weak AC grids where the PLL impacts most. In the
following section, it would be seen how these impedances
are reshaped after interconnection with the DC network
and other subsystems.

Figure 6: Interconnection of impedance models for an n terminal DC
grid

v
∆Vi = Hcl
(s)∆Vi∗ + zoc,i (s)∆Ii

Value
28 + 161.3/s
0.0166 + 3.272/s
1.356 + 6.39/s
2 × 10−3 + 0.2/s
2.5

3.2. Reformulation of the Overall System
In order to account for the impact of network and interconnection of several subsystems, a modified linearized
voltage equation at terminal i that accounts for the contribution from other devices and the network as illustrated
in Fig. 6 can be generalized as

(41)

∆Vdci = ∆Vi + ∆Vnet,i
7

(42)

70

minals can be obtained from the impedance aggregation
based on the well-established Zbus method [31]. Therefore, the dynamic voltage responses to disturbances at any
interface in an n terminal network across a specified frequency spectrum can be generalized as
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(44)
where ∆Vdc is the vector of bus voltage changes during
disturbances, ∆I is the vector of bus current changes, and
Zcl
dc (s) is herein referred to as the ‘dynamic closed-loop
impedance matrix’ of the DC grid. Hence, during dynamics, the frequency components of the matrix are the frequency components of responses during disturbances. The
matrix models the disturbance behaviour of a DC grid as
a single entity, irrespective of internal device characteriscl
tics, from an input-output view. The element zij
(s) is the
th
response of DC voltage at the i terminal to disturbances
at j th terminal in the absence of any other disturbance.
Zcl
dc (s) is a transfer function matrix of structure


aii (s) aij (s) · · · ain (s)

1 
 aji (s) ajj (s) · · · ajn (s) 
(45)
Zcl
(s)
=

.
.
.
..
dc
..
.. 
Z(s)  ..

.

Figure 7: Bode response comparison of dc impedances of constant
DC voltage, active power and droop DC voltage controlled converter
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where aij (s) is the numerator of the transfer function of
each element and Z(s) is the denominator common to all
elements. To determine the exact contribution of other
devices and the network from a physical perspective as
viewed from a particular terminal, equation (44) can be
split according to (42) as would be seen in the following
section. Such splitting might be interesting when there
is need to improve interoperability of converters at a network level or design coordinated damping schemes based
on ∆Vnet,i that should not interact with local control based
on ∆Vi .

37.5
37
19

20

21

22

23

24

25

26

27

28

29

Figure 8: Impacts of PLL bandwidth on the DC side impedance
models of a DC voltage controlled VSC

where ∆Vdci is the total voltage measured at terminal i
during disturbances considering the entire system, ∆Vi is
the local response to disturbance without a network as
derived in (39), and ∆Vnet,i is the total contribution from
the rest of the network and other devices as seen from
terminal i. That is,
∆Vnet,i 6= ∆Vnet,j

∀{i, j} ∈ n

3.3. Impedance-Based Stability and Interaction Analysis
3.3.1. Interaction Analysis
On first observation of the Zcl
dc (s) transfer matrix, it is
not obvious how system-level interactions can be deduced.
It would be seen in the following section that the frequency
response of Zcl
dc (s) mainly serves to isolate frequencies of
interest at which certain terminals might be potentially
interacting, but not others. A major consideration in this
article is system-level interaction analysis without explicit
knowledge of the control systems of converters. Therefore, since Zcl
dc (s) models the disturbance behaviour of the

(43)

except in the case of a ring topology with equal cable or
line lengths. If there are no other devices, network, or
the network is neglected, or only resistive behaviour is included, ∆Vnet,i = 0 or has no frequency components, and
(42) reverts to (39) at each terminal. For linear systems
where superposition principle applies, ∆Vdci at all ter8

Figure 10: Block diagram of impedance-based Nyquist stability criterion
Figure 9: Subsystem partition for impedance-based Nyquist stability
criterion

two terminal network can be partitioned from the view of
terminal i by considering the potential bus current changes
as a current source in parallel with the impedance of the
rest of the system znet,i (s) = zij (s) + zoc,j (s) as seen from
i shown in Fig. 9. If the reference voltage is assumed
constant, the voltage at terminal i can be expressed as

entire grid as a single entity, the frequency dependent relative gain array (RGA) can be applied as an interaction
measure to determine the terminals interacting at identified resonance frequencies. The RGA is an established
tool for multi-input multi-output (MIMO) analysis since
first introduction in [32]. The RGA matrix of Zcl
dc (s) can
be obtained as
−T
cl
Λ(s) = Zcl
(46)
dc (s) ⊗ Zdc (s)

∆Vi = zoc,i (s)∆Ii

1
zoc,i (s)
1+
znet,i (s)

(47)

the right-most part of (47) is similar to the closed-loop
transfer function of a control system with loop-gain given
as
zoc,i (s)
.
(48)
Li (s) =
znet,i (s)

where ⊗ is the Hadamard product (element-wise multiplication) and Λ(s) is evaluated either at frequencies
of interest or across a frequency range of interest. For
an interaction-free system, Λ(s) approaches the identity
matrix I; that is, diagonal-elements approach 1 and offdiagonal elements approach 0. Whereas, at certain interaction frequencies, corresponding elements show RGA
magnitude peaks higher than 1, while magnitudes  1 indicate terminals are strongly interacting at that frequency
or range of frequencies.

Therefore the Nyquist plot of Li (s) predicts the external stability of terminal i with respect to the rest of global
system. That is, the stability of a terminal with respect
to the rest of the system is guaranteed if the Nyquist plot
of Li (s) does not encircle the (−1, j0) point. Fig. 10 depicts the feedback interconnection of the closed-loop system based on the Nyquist criterion. Note that, znet,i (s)
holds the operating point information about the rest of
system. Equation (48) can be extended to an n terminal
network given the Zoc (s) and Zcl
dc (s) matrices previously
derived. The loop-gain matrix L(s) of the system can be
derived compactly as

3.3.2. Stability Formulation
The generalized Nyquist stability criterion is well applied in linear multivariable systems theory to the system
return-ratio matrix [33]. This criterion has been extended
to the impedance modelling framework and widely applied.
In the case of impedance framework, the return-ratio function is often referred to as the impedance ratio given the
system has been partitioned into two — a specific converter and the “rest of the network” as seen by that converter. Then, the input-output stability of a converter
with respect to the rest of the system can be determined
from the impedance ratio function at that converter. It is
important to remark that this is an alternative to the classical eigenvalue stability index and is often used to check
the external input-output stability [34]. Previous works
have applied the criterion to analysis of stability on the
AC side, and often to only one point of interconnection,
or specific to HVDC links.
For an n terminal HVDC grid, the system impedance
ratio matrix is a diagonal matrix consisting of (n − m)
non-zero elements, where m is the number of uncontrolled
terminals (with respect to the DC voltage). The system
impedance ratio matrix for an n terminal DC grid can
be extended from a two terminal network. Consider a
two terminal network, adapted from Fig. 6 (i, j). The

L(s) = Zoc (s) (Zd (s))

−1

−I

(49)

where Zd (s) is a diagonal matrix consisting of the elements
on the leading diagonal of Zcl
dc (s), and I is the identity
matrix.
It is important to remark that the modelling procedures as presented in previous section are linear as related
to small-signal analysis. Therefore, this framework do not
adequately capture transient phenomena. Fig. 11 depicts
the global overview of integration flowchart of a generic
meshed VSC-HVDC grid.
4. Case Studies
This section applies the described modelling methodology in previous section to analyse the system-level performance and behaviour (dynamic responses, interaction,
and stability) of a three terminal meshed HVDC grid in
master-slave strategy shown in Fig. 12. VSCs 1 and 2 are
grid side converters, and VSC 3 is an offshore wind farm
9
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Figure 11: Schematic overview Modelling framework for an MTDC

Table 2: AC-DC Grid Parameters

DC Grid Parameters
Parameter
Value
Rated power
800 MW
Rated DC voltage
±400 kV
Ci
150µF
Lcab
2.6 mH/km
Ccab
0.1908µF/km
Rcab
0.0141Ω/km
Cable length (12,13,23) 70, 150, 100 km
Figure 12: Three terminal VSC-HVDC grid

AC Grid Parameters
Parameter
Value
Nominal ac voltage 220 kV (p-p)
SCR
9
Lf
42 mH
Cf
10 µF
Rf
0.242Ω

converter. The initial operating points are obtained from
an AC/DC optimal power flow algorithm and nonlinear
models in steady state, with system parameters presented
in Table 2.
4.1. Impedance Shaping and Impacts of Interconnection
Following the preceding section, the Zcl
dc (s) matrix of
the described three terminal network can be derived as

Ideally, to guarantee robust performance and external
stability, it is desired that Zcl
dc (s) is as low as possible in
magnitude, with negligible frequency components, and ideally cancels out in steady-state. However, under changing
conditions such as control modes, connection and disconnection of components, power level and direction, reso-

 cl
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Figure 13: Single-input single-output frequency response of dynamic impedance matrix in Master-slave strategy showing the analytical model
(bold gray) and the numerical verification with time domain simulation (red circle)

cl
VSC-2 (z22
(s)) shows two added resonant points around
cl
39.7 Hz and 49.5 Hz, whereas VSC-3 (z33
(s)) has an additional resonant point at 39.7 Hz. It must be noted that
the 49.5 Hz resonant frequency is not related to the AC
frequency and is a result of network interaction within the
DC grid.
To summarize, it is important to note that each element in Fig. 13 only predicts the isolated SISO response
and to a general extent, the overview of resonant frequencies in the system. In an uncoupled system, each frequency
response is the dynamic amplification and contribution to
the overall dynamics as measured at a specific terminal.
cl
For instance, z11
(s) predicts the behaviour of VSC-1 for
cl
disturbances at and close to that terminal; whereas, z12
(s)
cl
and z13 (s) determine the contribution of VSC-2 and 3 to
the disturbance at VSC-1 and vice-versa. However, these
responses do not provide the complete picture of behaviour
of the global system; particularly, the actual magnitudes
of resonances may differ in the system as a single entity.
Hence, SISO responses mainly serves to provide insights by
indicating potential resonant frequencies for which further
interaction analysis based on MIMO behaviour can identify the relative magnitudes of resonances, which terminals
are interacting at identified frequencies, and the critical
dominant interaction frequencies in the system. That is,
while the SISO depicts all potential resonance frequencies,
it ignores the inherent coupling that exists between terminals. Hence, a MIMO measure that considers the coupling
between terminals is required subsequently.
The RGA as a MIMO measure shows the relative magnitudes of interaction frequencies, and contribution of all
converters to each identified frequency; this indicates how
terminals are interacting. Fig. 14 shows the frequencydependent RGA magnitude plot of Zcl
dc (s) for the masterslave strategy based on equation (46). It shows clearly all
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Figure 14: Frequency dependent RGA interaction plots for masterslave strategy

nance frequencies for disturbances are constantly shifting
and the methodology described is key to understanding
the new behaviour for which controller parameters could
be adapted based on a global view.
Fig. 13 shows the analytical and numerical verification
of the single-input single-output (SISO) response of the
distinct elements of the closed-loop impedance matrix at
the nominal operating point and in master-slave control
mode at system-level. As can be observed, both responses
agree and deviation between both is due to sampling induced delay, and high frequency noise spectrum adopted
for numerical estimation.
In comparison to the impedance responses in Fig. 7,
it is evident how the impedances have been reshaped and
new frequencies of resonances introduced to account for
the interconnection of multiple converters. Particularly, at
all terminals, a dominant resonance occurs around 12 Hz
due to the equivalent capacitance of the entire DC grid.
cl
Additionally, VSC-1 (z11
(s)) shows two added resonant
points at 39.1 and 49.5 Hz of almost equal magnitudes, and
11
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Figure 15: Time domain responses corresponding to change in power
injected into the DC grid
Figure 16: Frequency dependent RGA interaction plots for low gain
DC voltage control corresponding to a 20 Hz bandwidth controller

resonant frequencies as identified in the SISO response, the
relative magnitudes of frequencies as an indication of dominance in the global system, and the contribution to interactions modes from each terminal in the DC grid. Three
regions can be identified viz. steady-state (f → 0), high
frequency (f → ∞), and interaction range of frequencies.
In steady-state the RGA nearly approaches unity and offdiagonal residues are the result of expected voltage deviation between terminals. In the high frequency region,
the RGA is unity and this indicates an interaction-free
system in that range. In the interaction range, several
peaks can be identified. At the first peak corresponding
to the first resonant frequency at 12 Hz, all terminals are
strongly interacting as shown by the RGA magnitudes.
This is the dominant resonance in the system and simply damping this mode may be sufficient to mitigate the
impact of interaction. At the significantly less dominant
second peaks at 39.1 Hz (shown in the zoomed inset figure) VSCs-1,2 are both interacting with VSC-3, whereas
at the third peak around 49.5 Hz VSC-1 and VSC-2 are
interacting. Although these peaks are significantly lower
in dominance, changes in control gain or network topology
may aggravate these and lead to a higher contribution to
interactions. Fig. 15 shows the terminal responses to a
power reference change (into the DC grid) at time 1.5 s
confirming the resonances in frequency domain and showing that the dominant mode as indicated by the RGA is
12 Hz, whereas, other frequencies are fairly well damped.
To further support the analysis previously made and
to show applicability of both the frequency response and
RGA plots in capturing the observed responses from time
domain. Fig. 16 shows the frequency dependent RGA
plot for a case of reduced DC voltage control bandwidth
corresponding to 20 Hz (from the default 40 Hz). As in

the previous case, the dominant resonance frequency in
the grid as a single-entity is at 12 Hz with higher magnitudes since every terminal in the grid contributes to this
interaction mode as previously discussed. Furthermore,
due to changes to the DC voltage bandwidth, the third
resonant point that was damped in the previous case has
been excited by the reduction in gain and the interaction
between VSC-1 and 2 is visible, whereas the second resonant frequency remains damped. Therefore, in addition to
oscillations at 12 Hz at all terminals, oscillations around
49.5 Hz are also expected to be dominant at VSCs 1 and
2 as shown by the RGA plot. To ascertain the stability of
this case, Fig. 17 shows the Nyquist plot of the impedance
ratio at the voltage control terminal. Although the system
is stable from a strict sense, as can be observed from the
plot, the system is only marginally stable as the Nyquist
plot is quite close to the (−1, j0) stability margin.
To validate the the analysis and discussion from above,
Fig. 18 shows the voltages in the DC grid. As predicted by
the RGA and Nyquist plots, the resonance oscillation at
12 Hz involving all three terminals can be clearly observed.
Additionally, it was predicted that oscillations at VSCs 1
and 2 will include a second dominant frequency at 49.5 Hz
which can be observed with higher magnitude. Furthermore, the Nyquist plot accurately predicted a marginally
stable system and a different operating point may well result to instability. Fig. 19 shows the Nyquist stability plot
for a case of reduced bandwidth voltage control and a different operating point. As can be observed, the Nyquist
plot encircled the (−1, j0) stability margin predicting instability in the the system. To verify this prediction, Fig.
20 shows clearly the instability recorded in the time do12
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Figure 17: Marginally stable Nyquist plot for the impedance ratio in
the master-slave mode for poorly damped interaction mode
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Figure 19: Unstable Nyquist plot for the impedance ratio in the
master-slave mode for low gain control at a different operating point
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4.2. Impact of Control on Dynamic Response
Fig. 21 shows the impact of variation of the bandwidth
of master terminal (DC voltage controlled) on the SISO
impedance response. It is immediately clear the effects
of bandwidth variation at one terminal on all terminals
and transfer impedances in the system. This underscores
the need for collective tuning or re-design of controllers for
optimal performance. In general, it can be seen that as the
bandwidth is increased, the resonances gradually damp out
at all terminals. However, as observed in the response of
cl
z11
(s), as bandwidth increase significantly, high frequency
resonance around 100 Hz develops. This is the point at
which the bandwidth of the outer control loop is closer to
that of the inner-loop results, and self-interaction occurs
that transfers to the AC grid and a further increase in
the bandwidth will cause instability. Thus, a compromise
on potential self-interaction, AC network interaction, and
DC network damping is a requirement in improving global
responses. However, local control may not be sufficient
to damp interaction modes and supplementary controllers

VSC-3
410
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395
1.5

2

Time (s)

Figure 18: Time domain responses corresponding step change with
low gain master controller

main response of the system. For such a case, the maximum power that can be transferred within the DC grid
will be limited to a fraction of the rated power despite
independent local stability of each converter being guaranteed.

13

Figure 23: Simulation results corresponding to change in power injected into the DC grid for different PLL closed-loop bandwidths
ranging from 1 − 100 Hz

Figure 21: Impact of bandwidth variation of DC Voltage controller
at VSC-1

in control bandwidth. To summarize, it can be seen that in
general, low bandwidth control result to poor performance
in master-slave control mode and on the other hand, too
high bandwidth can result to interaction with the innerloop of the voltage controlled terminal, however, this selfinteraction do not transfer to other terminals but rather
the recipient AC grid.
4.3. Impact of PLL Angle on Dynamic Response
From previous analysis on the impacts of PLL output
angle on the terminal feedback impedance, Fig. 23 shows
the impacts of the cosine of PLL output angle for varying
PLL closed-loop bandwidths (1 − 100 Hz) on the DC terminal voltages. In a similar manner as the terminal equivalent, there is no considerable impact of the PLL; however,
this is the result of the strength of the AC grid. Therefore, for a fairly strong to strong AC grid (SCR > 3), the
impacts of PLL on the DC grid can be neglected. Fig. 24
shows a plot of PLL output angle obtained from nonlinear
time domain simulation against the closed-loop bandwidth
frequency of the PLL. It shows that for a strong AC grid,
the impacts of PLL closed-loop bandwidth is quite negligible, even for the slowest PLL bandwidth, the cosine of
output angle which directly affects the feedback impedance
is ≈ 1.

Figure 22: Simulation results corresponding to change in power injected into the DC grid for variation in bandwidth of DC voltage
controller

5. Conclusion

may be required.
Figs. 22 shows the impact of DC voltage bandwidth on
the overall system dynamic responses as measured by the
DC voltages showing the damped oscillations with increase

A methodology for VSC impedance derivation and
modular extension of derivations to an arbitrary number of interconnected VSCs in any network topology has
14
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Figure 24: Impacts of PLL closed-loop bandwidths on PLL output
angle for the interconnected HVDC grid


ydq (s) = yac (s)Hqθ (s)

been presented. In summary, the equivalent feedback
impedance model of a VSC on each AC and DC sides based
on each control strategy, including the impact of PLL was
obtained, while isolating the interaction transfer functions
between both sides. Subsequently, the impedance models of all components are interconnected in the external
topology of the system and aggregation and validation of
global impedance equivalents is carried out. Based on the
aggregation, SISO and MIMO frequency domain methods are proposed to analyse the impact of interconnection
of several converters across a network with a pre-defined
network-level control strategy. Specifically, system-level
input-output interaction detection and stability analysis is
carried out, showing the impacts of interconnection, control bandwidth, and PLL. Thereafter, the frequency domain analysis is validated with nonlinear time domain simulations, showing accurately the same frequency responses,
with any differences justified. In conclusion, it has been
demonstrated and validated the simple scalability of the
methodology proposed and applied, with potential applicability to supplementary control design, and interoperability analysis of independently designed converters.

yqd (s) = yac (s)Hdθ (s)

cos(θp0 )
− sin(θp0 )

Tdqc =
dq

T

=

sin(θp0 )
cos(θp0 )



cos(θp0 ) sin(θp0 )
− sin(θp0 ) cos(θp0 )



cos(θp0 ) − sin(θp0 )
sin(θp0 ) cos(θp0 )

d0
a2 − a4 + Kc (s)id0
c + F (s)uf



1 + Kc (s)yac (s)
(B.3)





d0
Hqθ (s) a2 − a4 + Kc (s)id0
c + F (s)uf



yqq (s) = yac (s) 



(B.4)
0
d0
0
a3 = ud0
c sin(θp ) a4 = uc cos(θp )

Kc (s)yac (s) cos(θp0 )

1 + Kc (s)yac (s)
Hicl (s) = 

0





0



Kc (s)yac (s) cos(θp0 ) 
1 + Kc (s)yac (s)
(B.5)

Acknowledgements
This work was financially supported by the European
Union’s Horizon 2020 research and innovation programme
under Marie-Sklodowska-Curie action INCITE (grant
agreement No. 675318).

2

References
[1] E. M. Lightner, S. E. Widergren, An orderly transition to a
transformed electricity system, IEEE Transactions on Smart
Grid 1 (1) (2010) 3–10. doi:10.1109/TSG.2010.2045013.
[2] D. V. Hertem, M. Ghandhari, Multi-terminal vsc hvdc for
the european supergrid: Obstacles, Renewable and Sustainable Energy Reviews 14 (9) (2010) 3156 – 3163. doi:http:
//dx.doi.org/10.1016/j.rser.2010.07.068.
URL http://www.sciencedirect.com/science/article/pii/
S1364032110002480
[3] C. Oates, Modular multilevel converter design for vsc hvdc applications, IEEE Journal of Emerging and Selected Topics in
Power Electronics 3 (2) (2015) 505–515. doi:10.1109/JESTPE.
2014.2348611.

!
q0
0
0
−ud0
sin(θ
)
+
u
cos(θ
)
p
p
f
f
q0
0
0
−ud0
f cos(θp ) − uf sin(θp )

0
q0
0
−id0
c sin(θp ) + ic cos(θp )
0
q0
0
−id0
c cos(θp ) − ic sin(θp )

0
q0
0
−ud0
c sin(θp ) − uc cos(θp )
0
q0
0
ud0
c cos(θp ) − uc sin(θp )
(A.2)
15




+ (1 − F (s)) 


1 + Kc (s)yac (s)


0
q0
0
a1 = uq0
c cos(θp ) a2 = uc sin(θp )

(A.1)
where θp is the PLL output angle. Subsequently, the linearized transformation matrices can be derived as

Tdqc =



1 + Kc (s)yac (s)



The adopted form of Park’s transformation is given as
[35]


2π
cos(θp ) cos(θp − 2π
3 ) cos(θp + 3 )
2

sin(θp + 2π
sin(θp ) sin(θp − 2π
T(θp ) =
3 )
3 )
3
1
1
1
2

q0
a1 + a3 − Kc (s)iq0
c − F (s)uf

(B.2)

AppendixA. PLL Transformations and Park’s

2




+ (1 − F (s)) 


1 + Kc (s)yac (s)




ydd (s) = yac (s) 



-0.06
-0.08



q0
Hdθ (s) a1 + a3 − Kc (s)iq0
c − F (s)uf

[4] J. H. R. Enslin, P. J. M. Heskes, Harmonic interaction between a
large number of distributed power inverters and the distribution
network, IEEE Transactions on Power Electronics 19 (6) (2004)
1586–1593. doi:10.1109/TPEL.2004.836615.
[5] G. O. Kalcon, G. P. Adam, O. Anaya-Lara, S. Lo, K. Uhlen,
Small-signal stability analysis of multi-terminal VSC-based DC
transmission systems, IEEE Transactions on Power Systems
27 (4) (2012) 1818–1830. doi:10.1109/TPWRS.2012.2190531.
[6] G. Pinares, M. Bongiorno, Modeling and analysis of vsc-based
hvdc systems for dc network stability studies, IEEE Transactions on Power Delivery 31 (2) (2016) 848–856. doi:10.1109/
TPWRD.2015.2455236.
[7] J. Beerten, S. D’Arco, J. A. Suul, Identification and smallsignal analysis of interaction modes in vsc mtdc systems, IEEE
Transactions on Power Delivery 31 (2) (2016) 888–897. doi:
10.1109/TPWRD.2015.2467965.
[8] S. Cole, J. Beerten, R. Belmans, Generalized dynamic vsc mtdc
model for power system stability studies, IEEE Transactions on
Power Systems 25 (3) (2010) 1655–1662. doi:10.1109/TPWRS.
2010.2040846.
[9] M. Belkhayat, Stability criteria for ac power systems with regulated loads, Ph.D. thesis, Purdue University (1997).
[10] L. Harnefors, M. Bongiorno, S. Lundberg, Input-admittance
calculation and shaping for controlled voltage-source converters, IEEE Transactions on Industrial Electronics 54 (6) (2007)
3323–3334. doi:10.1109/TIE.2007.904022.
[11] M. Chen, J. Sun, Low-frequency input impedance modeling of
boost single-phase pfc converters, IEEE Transactions on Power
Electronics 22 (4) (2007) 1402–1409. doi:10.1109/TPEL.2007.
900592.
[12] J. Sun, Impedance-based stability criterion for grid-connected
inverters, IEEE Transactions on Power Electronics 26 (11)
(2011) 3075–3078. doi:10.1109/TPEL.2011.2136439.
[13] B. Wen, D. Boroyevich, R. Burgos, P. Mattavelli, Z. Shen,
Analysis of d-q small-signal impedance of grid-tied inverters,
IEEE Transactions on Power Electronics 31 (1) (2016) 675–687.
doi:10.1109/TPEL.2015.2398192.
[14] M. Amin, M. Molinas, Understanding the origin of oscillatory phenomena observed between wind farms and hvdc systems, IEEE Journal of Emerging and Selected Topics in Power
Electronics 5 (1) (2017) 378–392. doi:10.1109/JESTPE.2016.
2620378.
[15] M. Cespedes, J. Sun, Impedance modeling and analysis of
grid-connected voltage-source converters, IEEE Transactions on
Power Electronics 29 (3) (2014) 1254–1261. doi:10.1109/TPEL.
2013.2262473.
[16] D. Dong, B. Wen, D. Boroyevich, P. Mattavelli, Y. Xue, Analysis of phase-locked loop low-frequency stability in three-phase
grid-connected power converters considering impedance interactions, IEEE Transactions on Industrial Electronics 62 (1) (2015)
310–321. doi:10.1109/TIE.2014.2334665.
[17] X. Wang, L. Harnefors, F. Blaabjerg, Unified impedance model
of grid-connected voltage-source converters, IEEE Transactions
on Power Electronics 33 (2) (2018) 1775–1787. doi:10.1109/
TPEL.2017.2684906.
[18] J. Khazaei, Z. Miao, L. Piyasinghe, Impedance-model-based
mimo analysis of power synchronization control, Electric Power
Systems Research 154 (2018) 341 – 351. doi:https://doi.org/
10.1016/j.epsr.2017.08.025.
[19] L. Xu, L. Fan, Impedance-based resonance analysis in a vschvdc system, IEEE Transactions on Power Delivery 28 (4)
(2013) 2209–2216. doi:10.1109/TPWRD.2013.2272382.
[20] M. Amin, M. Molinas, J. Lyu, X. Cai, Impact of power flow
direction on the stability of vsc-hvdc seen from the impedance
nyquist plot, IEEE Transactions on Power Electronics 32 (10)
(2017) 8204–8217. doi:10.1109/TPEL.2016.2608278.
[21] S. Shah, L. Parsa, Impedance modeling of three-phase voltage
source converters in dq, sequence, and phasor domains, IEEE
Transactions on Energy Conversion 32 (3) (2017) 1139–1150.
doi:10.1109/TEC.2017.2698202.
[22] S. Shah, L. Parsa, Sequence domain transfer matrix model of

[23]

[24]

[25]

[26]

[27]

[28]

[29]
[30]

[31]
[32]

[33]

[34]

[35]

16

three-phase voltage source converters, in: 2016 IEEE Power
and Energy Society General Meeting (PESGM), 2016, pp. 1–5.
doi:10.1109/PESGM.2016.7742009.
L. Xu, L. Fan, Z. Miao, Dc impedance-model-based resonance
analysis of a vsc-hvdc system, IEEE Transactions on Power
Delivery 30 (3) (2015) 1221–1230. doi:10.1109/TPWRD.2014.
2367123.
A. J. Agbemuko, J. L. Domı́nguez-Garcı́a, E. Prieto-Araujo,
O. Gomis-Bellmunt, Impedance modelling and parametric sensitivity of a vsc-hvdc system: New insights on resonances and
interactions, Energies 11 (4) (2018) 845.
E. Sánchez-Sánchez, E. Prieto-Araujo, A. Junyent-Ferr,
O. Gomis-Bellmunt, Analysis of mmc energy-based control
structures for vsc-hvdc links, IEEE Journal of Emerging and
Selected Topics in Power Electronics 6 (3) (2018) 1065–1076.
doi:10.1109/JESTPE.2018.2803136.
G. Stamatiou, M. Beza, M. Bongiorno, L. Harnefors, Analytical derivation of the dc-side input admittance of the directvoltage controlled modular multilevel converter, IET Generation, Transmission Distribution 11 (16) (2017) 4018–4030.
doi:10.1049/iet-gtd.2017.0278.
J. Beerten, S. D’Arco, J. A. Suul, Cable model order reduction for hvdc systems interoperability analysis, in: AC and
DC Power Transmission, 11th IET International Conference on,
2015, pp. 1–10. doi:10.1049/cp.2015.0039.
A. J. Agbemuko, J. L. Domnguez-Garca, O. Gomis-Bellmunt,
An integrated approach to understanding the impact of network
resonances and control on dynamic responses in vsc-hvdc networks, IFAC-PapersOnLine 51 (28) (2018) 344 – 349, 10th IFAC
Symposium on Control of Power and Energy Systems CPES
2018. doi:https://doi.org/10.1016/j.ifacol.2018.11.726.
S. Skogestad, I. Postlethwaite, Multivariable feedback control:
analysis and design, Vol. 2, Wiley New York, 2007.
L. Harnefors, H. P. Nee, Model-based current control of ac machines using the internal model control method, IEEE Transactions on Industry Applications 34 (1) (1998) 133–141. doi:
10.1109/28.658735.
J. J. Grainger, W. D. Stevenson Jr., Power system analysis,
McGraw-Hill International Editions, 1994.
E. Bristol, On a new measure of interaction for multivariable
process control, IEEE Transactions on Automatic Control 11 (1)
(1966) 133–134. doi:10.1109/TAC.1966.1098266.
A. G. MacFarlane, I. Postlethwaite, The generalized nyquist stability criterion and multivariable root loci, International Journal
of Control 25 (1) (1977) 81–127.
Z.-P. Jiang, T. Liu, Small-gain theory for stability and control of
dynamical networks: A survey, Annual Reviews in Control 46
(2018) 58 – 79. doi:https://doi.org/10.1016/j.arcontrol.
2018.09.001.
C.-M. Ong, Dynamic simulation of electric machinery: using
MATLAB/SIMULINK, Vol. 5.

