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A B S T R A C T

Geomagnetically induced currents have been recognized as significant factors in causing power transformer
saturation and damage to other key components of the power system via the injection of a wide range of
harmonics to the system. Non-characteristic harmonics owing to transformer saturation during geomagnetic
storms generates a wide range of reflected harmonics in HVDC/HVAC grids which cannot be filtered using
conventional passive filters. These harmonics depending characteristic impedance of adjacent grid can be
damped or amplified. Due to the nonlinear nature of converters, assessing the impact of each injected harmonics
on the generation of different frequency components requires complete circuit analysis on both AC and DC sides,
the complexity of which often necessitates mitigation solutions beyond a simple converter filter design. This
work aims to introduce a novel numerical model to represent the HVDC system’s reaction for all harmonic
components from disturbances. Also, accurate calculations have been provided to obtain time-variant transferred
impedance by the modulation process of 12-pulse bridge converters behind the converter transformer. With
proper parametrization of the converter and grid, this model enables the analysis of the whole system without
requiring further calculations on the HVDC side. The impact of the commutation overlap angle has been studied
thoroughly in this work. The accuracy of proposed model was verified by comparing the results obtained from a
direct impedance method and fully-controlled LCC model in Electromagnetic Transient Program (EMTP) for both
single and multiple injected harmonic scenarios. Grid voltage and current values at different frequencies for
similar harmonic injection scenarios using the proposed reflected equivalent circuit and EMTP model were
obtained and compared.

1. Introduction

Half-cycle saturation of power transformers due to flowing of quasi-
dc geomagnetically-induced currents (GICs) through their neutral and
ground connections has been recognized as the main cause of harmonic
generation in power grid [1]. In addition, a significant increase of
asymmetric magnetization current as a result of these induced currents
increases demanded reactive power by transformers, which in turn
causes voltage instability throughout the system [2]. Large non-sinu-
soidal excitation current of transformers leads to odd and even har-
monic generation. Given that these induced currents can affect the grid
in large-scale, the researchers have attempted to introduce AC system
models to investigate impact of induced current on power grid

operation. In [3], GIC models for two EPRI 20-bus and UIUC 150-bus
cases were implemented in MATGMD and grid parameters were for-
mulated for a uniformly applied electric field; additionally, DC analysis
results were verified using PowerWorld simulator. In [4], performance
and accuracy of different methods for geoelectric field calculation were
studied by comparing calculated GIC values with observations from a
geomagnetic storm that occurred in September 2017. Boteler et al. have
proposed a benchmark test case by combining formulas for the syn-
thetic geomagnetic field variation and the earth transfer function for
both the uniform and layered models [5]. It provides exact analytic
expressions for the geoelectric fields required as an input for grid
analysis. Additionally, the effect of the 3-D earth conductivity model
compared to the 1-D model was assessed. The coast effect has been
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focused on in some research works and has shown significant impact on
earth conductivity model. For instance, the quantitative influence of the
coast effect in the 3-D earth conductivity model on predicted GIC was
studied in [6] and shows a 23% error between recorded GIC data in
Ling’ao nuclear power plant and the model without considering the
coast effect. This error drops to 2.9% for the proposed model with the
coast effect.

Since saturation of transformers is a commonly reported incident
during geomagnetic storm of differing intensity, harmonic analysis has
to be provided by power system models introduced for geomagnetic
disturbance (GMD) studies. The modified version of the IEEE 118-bus
benchmark for time-domain simulation of GMD within an electro-
magnetic transient program has been adopted in [7,8]. This model
enables harmonic analysis as well as AC power system’s dynamic re-
sponse to a GMD. However, the impact of transformer and generator
heating has not been taken into account. The power system equipment
thermal limits were assessed in [9], and a comprehensive approach was
presented to incorporate these limits in the short term and in the long
term. It also emphasized high risk of failure of generators due to the
effective negative current sequence during a GMD.

In [10], the impact of superimposed DC current excitation in a 550
MVA autotransformer prone to GIC was evaluated for on-load and no-
load conditions and demonstrated using different numerical models.
This study also shows the spectrum of harmonic contents for different
assigned DC injection currents. EPRI has been conducting research in
evaluating the impact of harmonics on critical power components and
assessing the vulnerabilities of specific equipment against GICs in the
power system [11]. Main impacts of this phenomenon include the
malfunction of traditional relays such as electromechanical and solid-
state relays which are undesirably sensitive to harmonics, failure of
capacitor banks without harmonic overload protection, rotor heating
and mechanical vibration of turbine-generators for undesirable fre-
quencies and negative sequence harmonic components, and tripping of
AC filters in the HVDC/AC grid [12]. Overload protection of equipment
has to be carefully evaluated and designed at the grid system level as
strengthening individual equipment could worsen performance of other
components in the system and hence the entire grid. For example,
tripping off capacitor banks or filters equipped with overload protection
could result in a significant decrease in reactive power desperately
needed by converters during the overload. Therefore, practical and
effective harmonic analysis for the HVDC grid and particularly the AC-
connected DC grid is critically needed for GICs protection.

Line-Commutated Converter (LCC) based point-to-point HVDC links
have been used widely for bulk power transmission throughout the
world. The pros and cons of this technology are mainly related to the
thyristors used in this topology. LCCs are capable of transmitting bulk
power (GW) at high voltage levels (>500 kV); on the other hand, they
are sensitive to grid voltage instability and require strong AC systems
with a high short circuit ratio. Thyristor-based LCC technology has been
used in the majority of HVDC projects around the world [13]. That
being the case, failure of these links during a geomagnetic storm would
bring forth substantial voltage instability problems, as in the case of the
geomagnetic storm reported on March 13, 1989 [14]. Capacitor banks
and AC/DC filters employed in HVDC systems are not immune from the
wide spectrum of harmonics generated during GIC. Some low-order odd
and even harmonics stimulated by GIC-saturated transformers could
cause impedance resonances that lead to amplification of harmonic
voltages at converter stations. Inverters at the ending terminal are
vulnerable to harmonics especially in LCC topology because commu-
tation margin and extinction angle are controlled strictly at the con-
verter station. Voltage distortion can reduce these margins and cause
unsuccessful commutation of thyristors, known as commutation failure.
Moreover, voltage distortion and phase imbalance due to injected
harmonics disturb the equidistant firing of switches. The firing control
module of the inverter monitors the commutation margin by measuring
the extinction angle, maintaining it in a predefined margin by reducing

the firing angle of its switches. This causes the reduction of DC-link
voltage. Suffice it to say, analysis of harmonic interaction and their
impact on the whole AC and DC system is the most critical issue in the
hardening of the HVDC grid against GMD.

The time-variant and nonlinear nature of the HVDC converter re-
quires complex analysis to comprehend the interaction of voltage and
current signals at its primary and secondary sides, considering all fre-
quency components in the voltage and current signals. The converter
transfer function has been presented in many studies to clarify the in-
fluence of switching and AC/DC grid parameters on the reflection of
harmonic components in the normal operation or in the presence of
disturbances in the power system. Extensive analysis of converter be-
havior has been presented in [15] by numerical methods including the
effects of steady and variable commutation periods. Analytical models
for 6 and 12 pulse converters have been developed based on modula-
tion theory to show transferred harmonics between AC and DC sides of
converters. In [16], analysis results were compared with simulation
results for different scenarios. In [17], three-phase dynamic phasor
models of HVDC systems for symmetrical and unsymmetrical faults
were developed based on modulation theory and corresponding con-
verter switching functions. The study examines the presence of specific
harmonics over DC link voltage and AC grid currents.

The mitigation of GICs using different types of blocking devices has
already been investigated by EPRI and reported in [18]. In [19], a
transformerless power electronic-based compensator connected to the
neutral point of a single-phase distribution transformer was proposed as
an alternative to a traditional neutral capacitive blocking device to
suppress the DC current and regulate the load voltage. However, uti-
lizing blocking devices has not generally been accepted for protecting
large-scale grid.

Due to the wide spectrum of harmonic orders generated by satu-
rated transformers during a geomagnetic storm, AC and DC-side har-
monic filters are not always sufficient to mitigate all the harmonics
generated in the system. The majority of these filters are designed to
cancel out characteristic harmonics generated by converters switching
under normal operation of the HVDC system; however, another set of
harmonic filters are needed to mitigate non-characteristic harmonics
generated due to the non-ideal nature of the disturbances. For instance,
broadband-type filters were used at the Radisson substation in Quebec
for damping specific harmonics during geomagnetic storms [14]. It is
worth noting that the magnitude of harmonic components is sig-
nificantly affected by network impedance characteristics including
harmonic filters and transmission lines. Therefore, it is highly probable
that some unfiltered harmonics arising from transformer saturation are
amplified to cause significant damages in converters and the tripping of
the protection equipment in the HVDC link. Even though studies have
been done to illustrate the interaction of AC and DC systems, and vol-
tage and current harmonics, the majority of the introduced algorithms
are based on a two-sided AC/DC system’s current and voltage equations
to show the interaction of AC and DC systems and the impact of
switching patterns on observed harmonic spectrum in single converter
systems, especially voltage source converters (VSCs). In some studies,
the converter impedance model for an AC/DC grid was proposed.
However, an impedance-modulation analysis for AC/DC/AC systems
including sending and receiving converter stations has not yet been
studied.

In contrast to previous works, the aim of this paper is to provide a
direct calculation of the impedance modulated by both converters,
rectifier, and inverter in a HVDC system by considering a complete
model of the 12-pulse converter and the three-winding converter
transformer used in this configuration. The proposed modulated model
of point-to-point LCC-based high voltage AC/DC/AC system provides a
toolbox for analysis of instability arising from injected harmonics of
saturated transformers during geomagnetic storms. The proposed
modulated model also addresses the impact of reflected harmonics from
the DC side in our dynamic model, which should be considered in

T. Shahsavarian, et al. (OHFWULFDO�3RZHU�DQG�(QHUJ\�6\VWHPV������������������

�



targeted filter designs to improve performance for all existing harmo-
nics.

The contents of the paper are organized as follows: first, the concept
of self-modulation and cross-modulation in the context of high voltage
AC/DC/AC system is explained with analytical expressions in Section 2.
In Section 3, the frequency and time-dependent equivalent modulated-
impedance model of the system has been deduced by analyzing
switching modes of a 12-pulse converter – with and without considering
the commutation overlap between switches. Section 4 provides more
detailed study results based on the simulated model in EMTP and a
proposed numerical equivalent model in MATLAB. Obtained results are
discussed later in Section 4. The developed analytical method is used to
extract the equivalent modulated circuit seen from the AC network
including modulation process of rectifier and inverter to highlight its
tool strength for GMD instability analysis and AC filter design.

2. Harmonic modulation through 12-pulse converters

In 12-pulse bridge converter topology, two six-pulse bridges are
connected in series through a three-phase (or three single-phase) three-
winding star/star/delta configuration which provides less harmonics by
applying 30° phase shift between the secondary star and tertiary delta
three-phase voltages. These voltages can be modulated based on mod-
ulation theory and previously defined switching functions (given in Eqs.
(1)–(3)) to present continuous switching patterns in each six-pulse
bridge. Switching functions are defined to represent reflected phase
voltage across each pair of switches contributed in output DC voltage.
Fig. 1 depicts how the product of two signals (switching functions and
three-phase voltages) generates the output voltage in each six-pulse
bridge converter, where by disregarding commutation overlap angle,
constant firing angle for switches has been considered. To implement
bipolar configuration, two independent sets of same configuration are
connected in series on the DC side and in parallel on the AC side, each
with its own control module. This configuration can transmit twice the
amount of power in comparison to the monopolar configuration for a
given rated DC voltage and current.

DC voltage through the modulation of two sets of three-phase AC

voltages can be deduced from the following equation:

= +u u S u S[ ]·[ ] [ ]·[ ]dc u T u T3 3star s delta d (1)

AC voltages (u3 star and u3 delta as three-phase voltages at secondaryand tertiary windings of converter transformer) and switching functions
(Sus for secondary star winding side and Sud for tertiary delta winding
side) are used in this equation are as follows:
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peak value, and , c and µ are the firing angle, voltage intersection
angle, and commutation overlap angle introduced in [15], respectively.

For an unbalanced system, three-phase voltages can be decomposed
into positive, negative and zero sequences (as explained in [23]), and
used in Eq. (1). The same method can be used for both independent
rectifiers and inverters to find voltages on their DC side. Theoretically,
given DC voltages and DC link impedance, DC current can be calcu-
lated. Similar modulation functions can be used to convert not only AC
voltages to DC voltage but also DC current to AC currents as follows:

Fig. 1. Modulation of typical 12-pulse monopolar converter for one cycle.
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…where Sisand Sidare current switching functions defined for three
phases and were already achieved by defining the linear rising function
during commutation [14]. As a result, coefficients of Fourier series for
current switching functions are defined as follows:
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where µ is the same commutation overlap angle defined previously.
Also, there is ± 6 radian phase shift between current switching func-tions because of the secondary and tertiary winding configuration used
in the abovementioned voltage switching functions.

Two main groups of harmonics can be generated in normal
switching modulation of converters: characteristic harmonics and non-
characteristic harmonics, which are found on the AC and DC sides in the
presence of disturbances such as unbalanced phase voltages and grid
harmonics. These harmonic groups have been categorized in Fig. 2.
Self-modulated harmonics are those generated by each converter due to
harmonics on their AC or DC side; cross-modulated harmonics are
modulated harmonics on the AC side of the converter due to harmonics
generated in remote end converter when the frequency of AC grids
connected through the DC link is different ( ,1 2). It should be noted
that based on the three port network model proposed by Larson [17],
depending on the harmonic sequence of m, either harmonic compo-
nents + ±k(12 1)m or ±k(12 1)m will be modulated on the DC
side as a harmonic one order higher than the negative sequence har-
monic on the AC side and one order lower than the positive sequence
harmonic on AC side. Also, cross-modulation of harmonics can produce
inter-harmonics in AC grid. These cross-modulated harmonics are more
noticeable when DC network impedance is low, especially in a back-to-
back converter configuration.

3. Equivalent AC side commutated time-dependent HVDC grid
model

In general, studies done in HVDC grid harmonic analysis can be
divided into two groups. A first group of authors have provided
mathematical modeling for converter modulation to evaluate generated
harmonics on both sides of the converter and assess the interaction of
the AC/DC system [16,20,21]. Another group of authors have focused
on equivalent harmonic impedance obtained by modulation theory to
analyze harmonic instability and filter design in the HVDC grid
[22–24]. Generation of harmonic voltages and currents caused by half-

cycle saturation of power transformers introduces a variety of fre-
quency components that might disturb normal operation of the con-
troller system of converters, along with other components due to the
switching modulation process. Vulnerability of the AC system during
GMD to these harmonics depends on the behavior of network char-
acteristic impedances which should be considered prior to filter design
to avoid unexpected tripping of power system components due to series
and parallel resonance. Accordingly, an analytical equivalent modu-
lated impedance model is developed in this section. Impedance mod-
ulation has been carried out in two steps explained separately in the
following subsections. First, the remote end AC grid is transferred to the
DC side. Then, the reflection of the total DC grid is obtained on the
primary AC side, by considering complete switching modes in the
presence of converter transformer, and the equivalent circuit has been
obtained based on the proposed method.

3.1. Commutated impedance through inverter switching seen on DC side

Two switching states can be defined in this conversion process for a
12-pulse converter:

• Two valves are conducting in each 6-pulse converter bridge. By
assuming equal AC impedances for three phases, 4Zac will be seen on
the DC side.• During commutation overlap between switching states, parallel-
connected impedances of two phases and impedance of the other
phase will be seen on the DC side, which is 1.5Zac. In each switching
step, commutation overlap happens only in one of the upper and
lower bridges so the total impedance seen by the DC side will be
3.5Zac (see Fig. 3).
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T. Shahsavarian, et al. (OHFWULFDO�3RZHU�DQG�(QHUJ\�6\VWHPV������������������

�



Fourier series of this time-varying impedance function can be ob-
tained to represent its frequency components on DC side as follows:

= =Z t Z µ n nµ n t( ) 4 3 (1/ )sin(6 )cos(12 )DC ac
n 1 (6)

where Zac is the equivalent phase impedance of each bridge in the 12-
pulse converter as expressed in [22]. In [22], modulated impedance has
been presented for the unsymmetrical AC side impedance and is used to
obtain the DC network current. It has been shown that unbalanced
commutation impedance and overlap angle generate even harmonic
components. Accurate calculation of DC current based on time-varying
modulated impedance is essential for low DC link impedance in back-
to-back configuration to present proper harmonics and inter-harmonics
in system. The impact of considering commutation overlap with respect
to full transferred time-variant impedance representation seen on DC
side of the converter has been compared in [22]. Since the overlap
commutation angle is much lower than conduction periods, time-de-
pendent components of order n12 in this equation are negligible with
respect to the constant term. Based on the presented results, the error of
ignoring commutation overlap on the impedance seen on DC side in a
remote converter for a AC/DC/AC configuration is considered trivial
and can acceptably be neglected for the purposes of this study.

3.2. Commutated impedance through local converter switching seen on the
primary side of a three-windings converter transformer

By having an equivalent-impedance of the modulated impedance of
a remote end converter and DC link impedance, the modulation process
in a local converter is examined in this section to obtain the total im-
pedance seen at the point of common coupling (PCC) on the primary
side of converter transformer where AC filters are deployed.
Representation of sequence networks for this circuit is difficult due to
different connection modes of two sets of three-phase windings on the
converter side during switching process. Different switching conduction
states have been analyzed with and without considering commutation
overlap in two separate sections below. Phasor analysis has been car-
ried out in all calculations.

3.2.1. Modulated impedance calculation on AC side disregarding
commutation overlap

The configuration depicted in Fig. 4 has been considered to obtain
transferred impedance on the primary side of transformer. Twelve
connection modes occur during switching process in each cycle.

Although induced currents through the primary windings are not the
same in each time interval, a similar induction pattern will be seen for
each winding in each period. Table 1 shows different connection modes
among valves of upper and lower bridges. In this table V and a re-
present phase “a” voltage across primary winding and turn ratio of
transformer, respectively.

Because of the unbalanced connection of DC impedance across
converter side windings, the following general relation between wind-
ings is used to calculate induced primary three-phase currents.= +E I E I E Ip p s s T T (7)
where Ep, Es, and ET are the induced voltages across windings which
will be the same for all connection modes. Is and IT are obtained for
each mode using Kirchhoff's circuit laws. Ip is easily obtained through
Eq. (7). Generally, three states can be identified from all switching
modes which will induce different magnitude of currents for each
phase. For phase a, these three states are 1,2,7,8 (state 1); 3,6,9,12
(state 2); and 4,5,10,11 (state 3) within which modes 1,3,4 have been
shown in Fig. 5.

The difference between first and second states in induced primary
current in phase “a” is the current through phase “a” in the tertiary
winding. Induced primary current in phase “a” at the third state is only
from current flowed through the phase “a” winding in the tertiary
connection.

As can be seen from Table1, the summations of voltages across
upper and lower bridges in each mode have the same magnitude in each
6
radian conduction period for each pair of switches which are rotating

counterclockwise. Therefore, the magnitude of current flowing into the
DC grid will be the same and the induced currents for each group of
states on the primary side (Im) can be obtained as follows:
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where m and z are the mode number given in the first column of
Table 1 and the phase angle of DC impedance, respectively. The

ZDC_tot

Three-phase three-winding converter transformer Twelve-pulse converter

Fig. 4. Converter model connected to converter transformer.
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normalized current waveform obtained from these equations, shown in
Fig. 6(a), can be used as an alternative switching function given in Eq.
(4) to find modulated AC current from DC current.

It should be noted that in this section winding losses have been
neglected in these calculations for the sake of simplicity. By having
step-wise transferred current values in AC side for one period (as shown
in Fig. 6), the general form of the Fourier series for the current wave-
form on the AC side can be written as follows:

= + + ± += ± ±I t I t I m t( ) cos( ) cos([12 1] )md
m

m m1 1
1

12 1 12 1 (11)

It can be shown that the modulated time-variant impedance trans-
ferred on the AC side should include 12n harmonics to represent the
fundamental voltage waveform. Therefore, the general impedance form
can be given as follows:

= + +=Z t Z Z n t( ) cos(12 )m
n

n n0
1

12 12 (12)

where Zm is the total modulated time-variant impedance of the con-
verter seen from the AC side. Z0 is the constant term of impedance, and
the other terms are the modulating impedance terms with magnitudes
of Z n12 . Assuming known grid voltage and current frequency compo-
nents as illustrated before, the product of the impedance and the cur-
rent function can be expanded and solved for each frequency to obtain
the magnitude and phase of the corresponding impedance terms.

± + +
± + +

+ ± + + = +
= ± ±

= =
± ±
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Z I m t

Z I n m t
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([12( ) 1] )} cos( )

m
m m

n m

n m
n m

n m v

0
0

12 1 12 1

1 1

12 12 1
12 12 1

12 12 1 1 1 (13)

The first term in this equation is the voltage drop across constant
part of the modulated impedance, and the rest are voltage drop re-
flected from DC side imposed on AC side through higher frequency
components of modulated impedance on the AC side. If terms with the
same frequencies are separated, systems of nonlinear equations will be
obtained within which magnitude and initial phase of impedance
components are unknowns. In this study, impedance and current terms
including frequency components of order less than 50 have been con-
sidered as the dominant terms. The trust region method (TRM) and
Levenberg-Marquardt algorithms were evaluated and used to optimize
unknown impedance components. These numerical iteration methods
can be used to determine an accurate response within some repetition
steps with objective function as low as 10 8. Fig. 6 shows the modulated
AC current and the time-variant impedance constructed from the op-
timization results, and their respective frequency spectrum.

The presence of characteristic harmonics of order (12 k ± 1)th on
the AC side (as shown in Fig. 6(a)) has been demonstrated in Section 2.
In this scenario, the conduction interval for each switch pair is equal,
and the commutation overlap has not been considered. Therefore, as
long as grid disturbances are not significant to disturb balanced
switching conduction periods (small-signal analysis), the equivalent
impedance obtained on the AC side will be accurate enough to assess
the reflection of grid harmonics from the HVDC grid. Time-varying
components of modulated impedance depend on the total DC side

Table 1
Switching modes in each period without commutation overlap.
Connection modes Secondary winding’s phases Tertiary winding’s phases Voltage across upper bridge Voltage across lower bridge

a b c a b c

1 1 −1 1 −1 aV3 /6 aV3 /6
2 1 −1 1 −1 +aV3 /6 aV3 /6
3 1 −1 1 −1 +aV3 /6 +aV3 /6
4 1 −1 1 −1 +aV3 /2 +aV3 /6
5 1 −1 1 −1 +aV3 /2 +aV3 /2
6 −1 1 1 −1 +aV3 5 /6 +aV3 /2
7 −1 1 −1 1 +aV3 5 /6 +aV3 5 /6
8 −1 1 −1 1 +aV3 7 /6 +aV3 5 /6
9 −1 1 −1 1 +aV3 7 /6 +aV3 7 /6
10 −1 1 −1 1 +aV3 3 /2 +aV3 7 /6
11 −1 1 −1 1 +aV3 3 /2 +aV3 3 /2
12 1 −1 −1 1 aV3 /6 +aV3 3 /2
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Fig. 5. Schematic illustration of three different states for phase “a” corresponding to modes 1,3,4 defined in Table 1.
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impedance and the switching function which is considered unaffected
from disturbances; frequency-dependent time-independent terms de-
pend on frequency and the sequences of the AC grid disturbances. The
complete Norton equivalent model of the HVDC grid includes a current
source representing all reflected harmonic components previously cal-
culated in Eq. (11).

3.2.1.1. Modulated impedance calculation on AC side considering
commutation overlap. In this section, the commutation overlap during
phase transposition via converter switching has been considered and
more accurate results are presented. Transformer leakage inductances
have been considered in this case. Otherwise, high short circuit current
would flow through windings during commutation overlap. Twelve
overlapped switching modes (shown in Table 2) will occur in each
fundamental cycle between conduction modes defined in Table 1.

Among these modes, four states are identified with different in-
duced primary currents values in each phase as shown in Fig. 7, cor-
responding to modes 1,2,3, and 6 as defined in Table 2.

I1, and I2 are short circuit currents between transformer windings in
Fig. 7. Similar calculations have been done in [15], so relevant equa-
tions have not been repeated here.

Having found the currents and induced voltages of the windings,
then main current in circuit (1) can be obtained. Then, by using the
general relation between voltages and currents of windings defined in
Eq. (7), the primary AC current for each time interval can be obtained
similar to the previous section. In [15], precise analysis was provided to
represent the transfer of current between the two main conduction

states during commutation overlap. Commutation overlap angle can be
obtained with known induced voltages in secondary and tertiary
windings, and transformer leakage inductances as defined in [15,25].
During this period, commutation current is gradually changing between
conduction current steps obtained in the previous section. In this sce-
nario, equation of similar general form as Eq. (11) can be defined for
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Fig. 6. Modulated current and calculated impedance seen on AC side with corresponding frequency spectrum (R,Leq,DC = 60 Ω, 288mH; R,Lleakage = 0.5 Ω,6mH; turn
ratio:0.5).

Table 2
Overlapped switching modes in each period.
Connection
modes

Occurred
between
modes in
Table1

Secondary
winding’s phases

Tertiary winding’s phases

a b c a b c

1' 2 → 3 1 −1 1 −1 −1
2' 3 → 4 1 1 −1 1 −1
3' 4 → 5 1 −1 1 1 −1
4' 5 → 6 −1 1 −1 1 −1
5' 6 → 7 −1 1 −1 1 −1
6' 7 → 8 −1 1 1 −1 1
7' 8 → 9 −1 1 −1 1 1
8' 9 → 10 −1 −1 1 −1 1
9' 10 → 11 −1 1 −1 −1 1
10' 11 → 12 1 −1 1 −1 1
11' 12 → 1 1 −1 1 −1 1
12' 1 → 2 1 −1 −1 1 −1
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modulated current including ( ±m12 1)th harmonics. Taking the Fourier
series of step-wise transferred current waveform, considering all 24
switching modes including all modes given in Table 1 and Table 2,
provides magnitudes and initial phase of these harmonic components
(as shown in Fig. 8(a)). By using the same procedure explained in
section 3.2.1, components of the Fourier series of modulated im-
pedances have been optimized through system of nonlinear equations
for separated harmonics terms in each function via iterative optimiza-
tion algorithms as outlined in Section 3.2.1.

By doing so, the transferred impedances on the primary side con-
sidering all 24 switching modes (defined in Tables 1 and 2) and its
frequency spectrum are shown in Fig. 8. Smooth change of current in
each step during commutation overlap angle is observed which reduces
the magnitude of higher frequency components of the current and the
modulated impedance with respect to the ideal switching condition
described in the previous section. It means high-frequency components
of equivalent impedance will reflect with lower magnitudes for dis-
turbances induced in the AC grid at. Initial phase angle for each fre-
quency component of the impedance is defined by a Fourier series of
time-variant impedance. As stated earlier, the normalized current wa-
veform in this section providing more accurate reflection function for
AC current has been used to obtain modulated currents in the presence
of harmonic disturbances.

3.3. Complete HVDC grid model for unbalanced harmonic disturbances

Since the reflection of injected harmonics on the AC side from the
DC grid includes frequency components in different sequences, a posi-
tive and negative sequence model should be obtained and separated for
further analysis. The product of the reflected current source in Norton
equivalent (Eq. (4)) and the time-varying impedance illustrated in
previous sections will present positive and negative sequences of vol-
tage drops for different injected harmonics as have been modeled with
sequence current dependent voltage sources in Fig. 9(b). Since

harmonics either generated by saturated transformers during geomag-
netic storm or reflected from the DC side follow the “natural” sequence
relationship, harmonics of order +k3 1 and +k3 2 =k( 0, 1, ) are
assigned to positive and negative sequences respectively which is not
clear in their single-phase circuits and equations. That being so, the
values of components in the circuits (shown in Fig. 9) can be mathe-
matically delineated as shown below.

= +± ±V t V t V t( ) ( ) ( )PCC nch1 (14)

= + +± ± ±I t I t I t I t( ) ( ) ( ) ( )md ch nch1 (15)

= = ++ += + += +
+ ±

±± ± ±
+

I Z t I t Z t I t I t
Z t I t I t

I I I
I I

( ) ( )· ( ) ( )·[ ( ) ( )]
( )·[ ( ) ( )]

( ) ( ) ( )
( ) ( )

md k md k ch

k nch

md ch md nch md

md md

12 12 1

12 1

1

(16)

In these equations, V t( )PCC , ±V t( )1 , ±V t( )nch are the voltage of point of
common coupling, positive and negative sequences of (un)balanced
fundamental voltage, and injected non-characteristic harmonics on AC
side, respectively. Also, I t( )md , ±I t( )1 , ±I t( )ch , and ±I t( )nch are modulated
current reflected to the AC grid, positive and negative sequences of the
fundamental frequency current, and characteristic and non-character-
istic components of the current, respectively. Current dependent vol-
tage source ( I( )md ) is obtained from the time-varying term of the
modulated impedance (Z t( )k12 ) and the current (I t( )md ). Using all these
parameters and Kirchhoff’s equation, the impedance values for all ex-
isting frequency components ( ±Z f( )md ) are calculated through an itera-
tive algorithm. In the next section, accuracy of the impedance values
obtained from this method has been compared with the direct method
used in [14].
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T. Shahsavarian, et al. (OHFWULFDO�3RZHU�DQG�(QHUJ\�6\VWHPV������������������

�



4. Application of proposed method and simulation results

Two simulation models have been investigated in this section to
compare and verify the results. A complete HVDC grid model in EMTP
including a DC transmission link using 12-pulse thyristor converters
between two AC systems operating at 50 and 60 Hz with voltage ratings
of 345 kV and 500 kV has been used to evaluate the impedance model
proposed in this paper. This model has a complete control system to
transmit 1000 MW (500 kV, 2kA) from a 60 Hz AC grid to a 50 Hz
remote end AC grid (Fig. 10). AC filters have not been included so that

all generated characteristic and non-characteristic harmonics in the AC
and DC sides can be shown in voltage and current waveforms. Grid
parameters used in the simulation are listed in Table 3.

In Fig. 11, the reflected voltage and current frequency components
up to 30th order including characteristic and non-characteristic har-
monics have been shown for the injected symmetrical second-order
voltage harmonic ( =V V0.12 1) in the primary AC system (60 Hz). Some
noticeable harmonic components have been highlighted in the figure.
All these harmonics have been categorized in Fig. 2. Harmonics of order
12n for 60 Hz and 120 Hz are observed on DC side, and harmonics of
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order 12n ± 1 and 12n ± 2 are generated on AC side.

The proposed analytical equivalent time-variant impedance model
has been defined in MATLAB to calculate the reflected harmonic
components on the AC and DC sides. To demonstrate the performance
of this model, the frequency-dependent part of impedance in this model
has been compared with the direct impedance method introduced in
[14]. This direct method has been used for resonance phenomenon
studies during geomagnetic storms on the specific Quebec-New England
grid, and disregarded overlap angle and fast control of converter
switches. System response to a small disturbance injected into the AC
grid has been studied to find the reflection of DC impedance to the AC
side. Additionally, Fourier analysis and modal transformation have
been used in the EMTP simulated model to separate positive and ne-
gative sequences of voltage and current to obtain corresponding im-
pedance and validate the two methods’ results. Calculated impedance

345kV 50Hz500kV 60Hz

12-pulse 
thyristor
rectifier

12-pulse 
thyristor
inverter

DC Link

Smoothing 
reactors

Converter 
Transformer
1200 MVA

Converter 
Transformer
1200 MVA

Control System and 
Firing Command

Control System and 
Firing Command

Grid 1 Grid 2

Fig. 10. Schematic diagram of simulated LLC-based AC/DC/AC system.

Table 3
Simulated model parameter in EMTP and MATLAB.
Grid parameters values

Rectifier firing angles in steady-state 15°
Inverter firing angles in steady-state 139°
Converter transformer turn ratio (grid1) 450/200/200
Converter transformer turn ratio (grid2) 331/200/200
Line impedance (grid1) 13 Ω, 40mH
Line impedance (grid2) 6 Ω, 30mH
DC filter inductance in each side 200mH
DC link impedance 6.5 Ω, 40mH
Commutation overlap 5°
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Fig. 11. Frequency spectrum of AC and DC voltages by injecting 10% second harmonic voltage through simulated system in EMTP.
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for injected positive and negative sequences of voltage in the range of
100–500 Hz has been shown in Fig. 12.

Error produced by the proposed model is from the iterative opti-
mization algorithm and is lower than error resulting from the direct
method. Effectiveness of the proposed model has been demonstrated for
the case of multiple injected harmonics due to transformer half-cycle
saturation during a geomagnetic storm. Fig. 13 shows reflected im-
pedance values for the worse case when the positive and negative se-
quences of voltage harmonics ( + + +4 , 7 , 9 , 2 , 5 , 7th th th th th th ) with the
magnitude of 1 percent of fundamental voltage magnitude are applied
simultaneously to the AC grid.

As can be seen, the obtained impedance of direct method is higher
than the actual value. This is because the calculated impedance using
this method is based on the reflection of a specific harmonic while
disregarding the impact of other injected harmonics on the same fre-
quency. As an example, an injected negative sequence second harmonic
reflects the positive sequence fourth harmonic, and should be con-
sidered in the calculation of the reflected impedance of the fourth
harmonic. Hence, reflected currents seen in direct method are lower
and reflected impedance is higher. On the other hand, the proposed
method is based on modulation theory as explained in Section 2, and all
reflected harmonic components have been applied in objective func-
tions to obtain optimized impedance values which provide more ac-
curate results in the cases where multiple harmonic components have
been superimposed on a power signal. The time-varying part of the
impedance and the current source beside the reflected impedance
(evaluated above) provide accurate modeling of HVDC grid and is used
for grid disturbance analysis. To demonstrate the accuracy of the

proposed complete equivalent model and compare its results of har-
monic propagation with the complete EMTP grid model defined above,
two scenarios have been considered and discussed here.

In the first scenario, an unsymmetrical second harmonic is applied
to grid 1 near the power supply with phase voltages as follows:= = = +V V V500 0 500 120 500 120a b c
1 1 1

= = = +V V V25 0 25 150 25 150a b c
2 2 2

Simulation results (DC modulated voltage and transferred AC cur-
rent) provided by both models have been given in Table 4.

As can be seen, first and zero harmonic orders on the DC and AC
sides, respectively, are non-characteristic harmonics due to the injected
second harmonic on the AC sides. The rest of harmonics are char-
acteristic harmonics.

In second scenario, a combination of harmonics (second to fifth
harmonics) have been applied to simulate the half-cycle saturation of
transformer during a geomagnetic storm resulting in odd and even
harmonics in the grid. The unsymmetrical harmonic voltages applied to
AC side are summarized in Table 5:

Dominant harmonics generated on the AC and DC sides have been
shown in Table 6.

5. Conclusions

This paper presents a mathematical approach to obtain equivalent
model based on modulated time-varying impedance concept for an
HVDC grid and a remote end AC grid seen at the PCC of a local AC grid
through a modulation process of a 12-pulse converter along with a
three-winding converter transformer which is a commonly used con-
figuration in point-to-point LCC-based HVDC topology for high power
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Table 4
Results obtained from two models for injected second harmonic voltage.
Harmonic
order
(60 Hz
fund.)

DC Voltage ( 100Vn
V1

) Harmonic
order
(60 Hz
fund.)

AC Current ( 100In
I1

)

Simulated
Grid
(EMTP)

Proposed
model
(Matlab)

Simulated
Grid
(EMTP)

Proposed
model
(Matlab)

0 100 100 0 1.8 1.6
1 2.65 2.5 1 100 100
3 1 0.7 2 1.9 1.7
12 2.3 2 11 6 5.6
24 2.7 2.4 13 4.4 4.1

23 0.7 0.5
25 0.5 0.3
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transmission between grids. Not only does it provide insight into the
stability of the whole grid and a guideline for AC filter designers, but
also the details regarding the grid reaction to a variety of harmonics
generated due to half-cycle transformer saturation during geomagnetic
storms. The ability to derive accurate equivalent model of a system
allows high fidelity assessment of system vulnerability to different
harmonic components, as well as the characteristics of these harmonics
when damped (by providing higher series impedance or lower parallel
impedance to ground) or excited (due to resonance near generated
harmonics). The impact of commutation overlap on the modulation
process has been considered. In addition, results obtained from the
proposed equivalent model for optimized impedance values for the
wide range of frequencies, reflected voltages, and reflected currents
have been verified by the simulated grid model in EMTP.

Many authors have already addressed transferred harmonics for
AC/DC configurations and presented quantitative generation of dif-
ferent groups of harmonics summarized in this paper. In some of these
works, accurate calculation of current and voltage is required to find
reflected current and voltage waveforms on both sides of converters
using switching functions representing converter operation. Our pro-
posed method provides the direct approach to calculate and evaluate
the interaction of harmonics in the AC and DC grid. It should be noted
that the total harmonic distortion is assumed to be not too high to have
a significant impact on normal converter switching process; therefore,
equidistant firing is assumed for switches. Also, since the main focus of
this work is on the Line Commutated Converter (LCC) topology with
high inductive DC filters, cross-modulation of harmonics transferred
from the remote end converter has been neglected which will be ad-
dressed in future works for other converter configurations. Impedance-
based stability analysis using proposed time-varying equivalent

impedance models is another subject for our further investigation.
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