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Abstract Multi-terminal voltage sourced converter

(VSC)-based high voltage direct current (HVDC) system

composes of a number of VSCs connected to an HVDC

grid (or dc grid). The dc grid is often configured by cable

interconnections between converter stations, thus imposing

resonance issues affecting harmonic interaction in the

system. Based on the harmonic transfer characteristics of

VSC and HVDC systems, the appearance and the interac-

tion of inter-harmonics in the multi-terminal VSC-based

HVDC system are analyzed. Simulation models are built

and implemented using SimPowerSystems in MATLAB.

The simulation results show that, a series of inter-har-

monics are produced and tend to be dominant in low-fre-

quency range. Especially in the dc grid, the inter-harmonic

transfer can be magnified due to inter-harmonic reso-

nances. The complex resonance issues in the dc grid are

investigated in combination with interaction through the

VSC, it is beneficial to harmonic filter designs as well as

other harmonic mitigation methods.

Keywords Voltage sourced converter, Inter-harmonic,

VSC-based HVDC, Multi-terminal VSC-based HVDC,

DC-resonance

1 Introduction

The VSC-based HVDC systems have been utilized in

power system for many years since the first test in 1997.

For emerging applications involving the integration of

large scale wind power plants, the multi-terminal VSC-

based HVDC systems win over the conventional LCC-

based HVDC systems. This is due to the VSC-based

HVDC has characteristics as independent control of active

and reactive power, possibility to supply passive weak

networks and black-start capability, no commutation fail-

ure, and reverse power transmission without reversing

voltage polarity [1–3].

The VSC is a main component of a VSC-based HVDC

system, which generates harmonics on its both ac and dc

sides. These harmonics are called characteristic harmonics

of the VSC, which are directly associated with the type of

VSC technologies, modulation techniques and the switch-

ing frequency [4]. The harmonic interaction between ac

and dc sides of a VSC [5, 6] shows that, when the ac supply

of an HVDC system is unbalanced or one side of the

converter containing background harmonics, the both ac-

and dc-sides of the VSC are produced as non-characteristic

harmonics. The non-characteristic harmonics may be non-

integral and referred to inter-harmonics [7, 8]. The propa-

gation of background harmonics from one end ac system to

the remote one in a point-to-point VSC-based HVDC

system has been studied in [9]; however, the harmonic

interaction in a multi-terminal VSC-based HVDC system

has not been investigated yet.
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In a multi-terminal VSC-based HVDC system, a number

of possible topologies are established, thus affecting the

appearance of parallel resonance points at low frequency

range in the dc grid [3, 10]. If that a modest harmonic

current at the resonance frequency will cause a relative

high dc harmonic voltage, correspondingly, it causes sig-

nificant harmonic voltages on the ac sides. Moreover, the

harmonic interaction at each converter station is not only

affected by other harmonic interaction at the other con-

verter stations in the system, and this should be investi-

gated in more detail.

From the analysis of the harmonic transfer through the

VSC, the origins of inter-harmonics in the ac systems and

the dc grid of a multi-terminal VSC-based HVDC system

are pointed out in this paper. Because the system has

asynchronous HVDC connections whose ac grids differ

from frequency, dc-side characteristic harmonics of one

end converter will be the ripples to the other end converter.

Consequently, these ripples could induce inter-harmonics

in every ac system. Moreover, a background harmonic in

one end ac system will be transferred to produce a series of

inter-harmonics in the other end ac systems with different

fundamental frequencies. The magnification of these inter-

harmonics strongly depends on the operating configura-

tions of the dc grid. One further important point to note is

that the dc capacitors of the three-level NPC VSCs could

cause low-frequency inter-harmonics to be produced in

every ac system, especially the negative-sequence sub-

harmonics, which have smaller frequencies than the system

frequency. In all cases, the power contribution of all con-

nected ac systems also has certain influence on the har-

monic interaction in the entire system.

2 Multi-terminal VSC-based HVDC system

The schematic diagram of the multi-terminal VSC-

HVDC system for inter-harmonic characteristic study is

illustrated in Fig. 1, in which the ac system 1 is a 60 Hz

system and the other ac systems are 50 Hz systems.

In each converter station, the converter is the type of

three-level neutral point clamped (NPC); a three-phase

smoothing converter reactor is placed between the con-

verter and a converter transformer. The converter trans-

former is Yn/Y connection type where the Y winding is

connected to the reactor, resulting in decoupling the ac

system from the triple harmonics produced by the con-

verter. The ac shunt passive filter group is located between

the converter transformer and the converter reactor, com-

prised of a high-pass filter to filter out the harmonics at

frequencies higher than the carrier frequency and a double

tuned filter to filter 5th and the harmonic at twice carrier

frequency of the VSC. The dc-side of the VSC uses

reservoir dc capacitors to equalize dc voltage, enhance the

system dynamics and reduce the dc-side voltage ripple. The

dc-side filter circuit consists of the 3rd order tuned filters

and dc-smoothing reactors.

3 Relationship between ac and dc quantities
of VSC

Figure 2 shows the phase quantities of a three-phase

three-level NPC-VSC. Corresponding to three voltage

levels, the switching function kx tð Þ of phase x (x ¼ a; b; c)

takes the values 1, 0, and -1 which is relative to three

switching states of the valves. For the VSC using pulse-

width modulation (PWM) technique, kx tð Þ ¼ 1 is relative

to the valve switched to the positive dc pole, corresponds to

the positive half cycle modulation wave; kx tð Þ ¼ �1 is

relative to the valve switched to the negative dc pole,

corresponds to the negative half cycle modulation wave;

and kx tð Þ ¼ 0 is relative to the valve switched to the

midpoint.

The relationship between ac and dc side quantities can

be expressed as:

AC system 2 

VSC Station 

2

AC system 1

VSC Station 

1

AC system 3

VSC Station 3 

DC grid

Fig. 1 Schematic diagram of the studied system
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Fig. 2 Phase quantities of a three-level VSC
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ua tð Þ ¼ ka tð Þuad tð Þ
ub tð Þ ¼ kb tð Þubd tð Þ
uc tð Þ ¼ kc tð Þucd tð Þ

8
><

>:
ð1Þ

id tð Þ ¼ ka tð Þia tð Þ þ kb tð Þib tð Þ þ kc tð Þic tð Þ
2

ð2Þ

In (1), the dc voltage relates to the output voltage of

phase x can be defined as [9]:

uxd tð Þ ¼ up tð Þkxp tð Þ þ un tð Þkxn tð Þ
� �

ð3Þ

where kxp(t) and kxn(t) are step functions corresponding to

each half cycle of modulation wave of phase x, with

characteristic of phase a, kap tð Þ � kan tð Þ ¼ 1 and kapðtÞ þ
kanðtÞ is defined as:

kap tð Þ þ kan tð Þ ¼ 4

p

X1

h¼1;3;5...

1

h
sin

hp
2
cos hx1tð Þ ð4Þ

In the case of up tð Þ ¼ �un tð Þ ¼ ud tð Þ=2; the relationships
between ac-and dc-side quantities of VSC, without the zero

sequence components, can be determined in the general

formula of the space vector [5]:

�uV tð Þ ¼
�K tð Þud tð Þ

2
ð5Þ

id tð Þ ¼ 3

4
Re �K tð Þ½ ���iV tð Þ

� �
ð6Þ

where �uV tð Þ; �iV tð Þare space vectors of ac-side voltage and

current; ud tð Þ; id tð Þ are dc-side voltage and current; �K tð Þ is
space vector of three-sinusoidal switching functions.

The switching function of the three-level NPC-VSC is

analyzed in [9] composed of the largest fundamental

switching component and the other high-order switching

components (see Appendix A). The space vector repre-

sentation of any Nth switching component has the form as:

�KN tð Þ ¼ K̂Ne
jxN t ð7Þ

As a fundamental switching component, K̂N ¼ M is the

modulation index, and xN ¼ x1 is the fundamental angular

frequency.

4 Origin of inter-harmonics

4.1 DC side inter-harmonics

4.1.1 DC side characteristic harmonics acting as inter-

harmonics

The studied system in the Fig. 1 forms asynchronous

interconnections between different frequency ac systems.

Therefore, the dc-side characteristic harmonics of VSC1,

which are triple harmonics [11, 12], can act as the dc-side

ripples and also are inter-harmonics source to the con-

verters at the other two ends, i.e., VSC2 and VSC3. The

same mechanisms are also applied to the dc-side charac-

teristics of the VSC2 or VSC3 acting as the inter-harmonic

sources to the VSC1. Consequently, the all three converters

will operate to cause the different harmonics on both ac-

and dc-sides.

4.1.2 External impacts

Assuming that the ac-side current of the VSC1 consists

of harmonic components expressed in the space vector

form as:

�iV1h tð Þ ¼ îþ1he
jxht þ î�1he

�jxht ð8Þ

The first part in (8) is the positive-sequence harmonic,

and the second is the negative-sequence harmonic. Under

the interaction of the Nth switching component, the dc

positive pole current is written as:

id1h tð Þ ¼ 3K̂N

4
Re îþ1he

�j xN�xhð Þt þ î�1he
�j xNþxhð Þt

n o
ð9Þ

Theoretically speaking, if the ac side of the VSC1 exists a

positive-sequence harmonic, the dc side will produce a

harmonic with the frequencies of xN � xhj j; and the ac side

harmonic is a positive-sequence one, the dc side harmonic

has the frequency of xN þ xhj j: If the ac side of VSC1 has

an unbalanced harmonic, it has both the positive- and

negative-sequence components as in (8); therefore, there

will be two side band harmonics on the dc-side. For

example, considering the fundamental switching component,

the dc side harmonics will have frequency of xh � x1 and

xh þ x1; respectively. They are inter-harmonics if

harmonics in (8) are inter-harmonics.

4.2 AC side inter-harmonics

4.2.1 External impacts

The inter-harmonics on the ac side of the VSC may be

those that propagated from distant areas in the connected ac

systems or originated from the dc side harmonics.

The connected ac system may be inter-harmonic polluted

by nonlinear connected loads including static frequency

converters, cycloconverters, subsynchronous converter cas-

cades, adjustable speed drives, arc furnaces; and of course

including the loads not pulsating synchronously with the

fundamental power system frequency [7, 8].

Background harmonics (or ripples) could exist on the dc

side of a VSC-based HVDC and convey to the ac side.

Assuming that the dc-side voltage comprises a background

harmonic with angular frequency xr which is not an integer
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of the fundamental frequency, say the x1, written in the

form as:

udr tð Þ ¼ ûdr cos xrtð Þ ¼
ûdr ejxr t þ e�jxr t

� �

2
ð10Þ

Under the interaction of the Nth switching component,

the ac side voltage is

�uV1r tð Þ ¼ K̂N

4
ûdr ej xrþxNð Þt þ e�j xr�xNð Þt

� 	
ð11Þ

As can be seen that, the two side band inter-harmonics

on the ac side will be xN � xrj j; and the sequence of the

harmonics is the same to the sequence of the switching

component for any N[ r. For any N\ r, such as the

fundamental switching component N = 1\ r, one dc

harmonic will cause a higher and a lower order

harmonics on the ac side. The higher order harmonic has

positive sequence and the lower one has negative sequence.

4.2.2 DC capacitor ripples

In the case of the three-level NPC VSC, the dc midpoint

current contains a large third-order harmonic component,

causing the 3rd-order harmonic voltages (the ripples) on the

dc capacitors. These ripples in turn result in low-order volt-

age harmonics on the ac-side [11]. In the studied three-ter-

minal VSC-based HVDC system, the midpoint current of one

VSC could flow through the earth return paths to the other

VSCs, causing the ripples on those VSCs’ dc capacitors.

Assuming that the ripple on the dc capacitor of the VSC2

caused by the midpoint current of the VSC1 is expressed as:

u3r tð Þ ¼ U3r cos 3x1t þ nð Þ ð12Þ

where x1 is the fundamental frequency of the ac system 1;

n ¼ p� tan�1 1:5tancð Þ with c is the phase delay of the

currents with respect to the terminal voltages on the ac-side

of the VSC1.

The dc positive and negative pole voltages at VSC2 can

be written as:

u2p tð Þ ¼ Ud

2
þ U3r cos 3x1t þ nð Þ

u2n tð Þ ¼ �Ud

2
þ U3r cos 3x1t þ nð Þ

8
><

>:
ð13Þ

Substituting (13) into (3) and then to (1), and if just

considering the interaction of the fundamental switching

component, the harmonic components of the ac output

voltage of the VSC2, for example, the phase a output

voltage can be calculated as:

ua2 tð Þ ¼ MU3r

p

X1

h¼1;3;5...

1

h
sin

hp
2
cos 3x1 � hx2 � x2½ �t þ nð Þ

ð14Þ

From (14), because x1 6¼ x2; x2 is the fundamental

frequency of the ac system 2, the inter-harmonics will

appear on the ac side of the VSC2 and may have smaller

frequency then the fundamental, which could damage

rotating machine connected to the system, especially in

case of negative-sequence sub-harmonics.

4.2.3 Unsymmetrical conditions

When the point of common coupling (PCC) of the ac

system 1 is subjected to single phase-to-ground fault, the

HVDC system will operate under unbalanced conditions,

and VSC is quite sensitive to the negative-sequence com-

ponent in the ac voltage [13].

Based on the theory of symmetrical components, an

unbalanced quantity comprises three balanced components

of positive-, negative- and zero-sequence components. The

space vector corresponding to three-phase current without

the zero-sequence component is:

�i1s tð Þ ¼ Îþ1se
jx1t þ Î�1se

�j x1tþuð Þ ð15Þ

where Îþ1s; Î
�
1s are amplitudes of positive- and negative-se-

quence components; u is phase-angle of the negative-se-

quence component, relative to the positive-sequence

component.

Equation (15) has a similar form to (8) for unbalanced

harmonics. As a result, a series of ripples will be induced

on the dc-side of the converter where the component with

frequency 2x1 is dominant under the interaction of the

fundamental switching component. Again, this dominant

component is conveyed to the ac systems 2 and 3 to pro-

duce a series of inter-harmonics, where the negative-

sequence and positive-sequence components have fre-

quencies at 2x1 – x2 and 2x1 ? x2, respectively, are

dominant.

5 Harmonic interactions through dc grid

Figure 3 illustrates the equivalent circuit of the dc grid

in the three-terminal VSC-based HVDC system in Fig. 1

used for harmonic interaction study. In Fig. 3, to analyze

the interaction of harmonics generated by the VSC1, the

VSC1 is equivalent to harmonic current source looked

from its dc side, the other VSCs may be considered with

the same manner; ZD1; ZD2; ZD3 are equivalent impe-

dances of the VSC and its ac side system, respectively for

VSC1, VSC2 and VSC3; Z12; Z13; Z23 are equivalent

impedances of the dc cables; and ZF1; ZF2; ZF3 are

respectively equivalent impedances of the dc filters

respectively in three converter stations.

As can be seen that, the dc grid is a complex system

where harmonic interaction of each converter station is not
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only affected by its self but also affected by other con-

verter stations. At each node of the dc grid, the dc side

filter design is implemented to avoid resonance at critical

frequencies. However, the low-order resonant points still

appear at non-integral frequencies which depend on a

number of operating configurations of the grid. There-

fore, the harmonic distortion at each node may be higher

than those generated locally under certain circumstances,

meaning that the ac side harmonic distortion increases as

well. Moreover, the transferred power of each ac system

can also contribute to the distribution of currents in the

dc grid, affecting the harmonic interaction through the

grid.

Figure 4 illustrates the impedance-frequency character-

istics of the ac- and dc-side system looked from the output

terminal of the converters. Clearly, different resonant

points appear at low-frequency range, especially at 135 Hz

at the dc terminal of the Stations 1 and 3, and at 115 Hz at

the dc terminal of the Stations 2 and 3. If a harmonic

appears at any resonant frequencies with any reasons, the

harmonic will be magnified leading to harmonic

magnification in harmonic transferring through the grid or

the converters.

6 Simulation and result analysis

Simulation models are set up for the VSC-based HVDC

system in Fig. 1 using SimPowerSystems in MATLAB.

The ac system 1 and ac system 3 support the ac system 2

through the dc grid with the power rate at 70% and 60% of

their own capacity. In each model, the sending end VSCs

are modeled to operate as power dispatcher while the

receiving end VSC is modeled to operate as dc voltage

regulator and reactive power controller [2]. In each VSC

station, the main component, that is VSC, is a three-level

NPC converter. The VSCs adopt the sinusoidal pulse width

modulation (SPWM) technique. The frequency of the tri-

angle carrier wave is 27 times of the fundamental

frequency.

For acceptable accuracy of measurement of both har-

monics and inter-harmonics, Fourier analysis is imple-

mented with a number cycle windows chosen to get a

suitable resolution spectrum for both two systems. For

example, according to IEC-61000-4-7 standard, a 10 (for

50 Hz systems) or 12 (for 60 Hz systems) cycle windows is

chosen, therefore a spectrum with 5 Hz resolution is

achieved [7]. Due to the design of the systems with high

pass filters on the ac sides, the high order harmonics could

be suppressed. Moreover, the dc side impedance of the

VSC has capacitive characteristic which is larger at higher

frequency; therefore, the phase current and dc side voltage

are just analyzed in low frequency range.

6.1 Case 1: with background harmonics

in the system

The first case is the base-case giving a comparative view

to the other cases. The spectra of phase current are shown

in Fig. 5.

It can be seen that, the 5th-order harmonics in the cur-

rent spectra are almost suppressed due to the double-tuned

filters; the 7th-order harmonics appear in all three ac cur-

rent spectra. These harmonics are caused by dc-capacitor

ripples in the local converter stations. Because of the

asynchronous interconnections, there was also a series of

insignificant inter-harmonics in both phase current and dc

side voltage (see Fig. 6).

Due to the effects of inter-harmonics, although the

harmonic level of individual is within the limits defined by

[14], the harmonic demand distortion (TDD) at the PCC1

of the ac system 1 is still higher than the acceptable value

(1.5%).

Z12

ZD1
Ih1

ZD3

Z23
Z13

ZD2

I12 I21

I23

I32I31

I13

I3

Ud1
Ud2

Ud3

ZF1

ZF3

ZF2

I2

Fig. 3 Equivalent circuit of the dc grid

Fig. 4 Impedance-frequency characteristic of the system
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6.2 Case 2: dc capacitors affecting inter-harmonics

In this case, the 3rd-order dc harmonic filters are

removed from the model in Case 1. The inter-harmonics

from the simulation agreed with the analytical results from

(14) with the dominant inter-harmonics are 30 Hz and 270

Hz in the 60 Hz system (Fig. 7a); and 80 Hz in the 50 Hz

system (Fig. 7b, c).

6.3 Case 3: ac system with background harmonics

Obviously, inter-harmonic transferred to the converter

station from the connected ac system is one of the inter-

harmonic sources of the multi-terminal VSC-based HVDC

system. As can be seen from Fig. 4, the dc side of the

converter Station 3 resonated at 135 Hz with larger

amplitude than that at the same frequency at the converter

Station 1, while the dc side of the converter 2 resonated at

115 Hz. The 135 Hz harmonic could be caused by positive

sequence harmonic at frequency of 195 Hz from the ac

system 1, or at frequency of 185 Hz from ac systems 2 or 3.

The ac system 1 is assumed to be distorted with a 10%

positive-sequence harmonic voltage at 195 Hz for the first

investigation (called the Case 3a). As a result, the dc-side

voltage mainly distorted at 135 Hz which is fed back to the

VSC1 ac side to produce a new harmonic at 75 Hz.

However, the ac side had no series resonance at 75 Hz and

hence the feedback again to dc side is insignificant.

The dominant inter-harmonic, which is 135 Hz, trans-

ferred to the remote converter Stations 2 and 3, and pro-

duced the same harmonic orders in their ac-side system but

with different magnification and damping factors. Due to a

parallel resonance at 135 Hz at dc terminal of the converter

Station 3, the distortion in the ac system 3 is larger than

that in the ac system 1 (Figs. 8, 9).

The second investigation on the production of inter-

harmonics is that a background inter-harmonic at 185 Hz in

the ac system 3 (called the Case 3b). The new inter-har-

monics in all three ac systems are the same to the Case 3a

but with smaller magnification despite of larger resonance
Fig. 5 Case 1: AC side phase current spectra

Fig. 6 Case 1: DC side voltage spectra Fig. 7 AC current inter-harmonics caused by dc capacitors
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magnitude at the dc terminal of the VSC3. This is because

the power contribution of the VSC3 to the grid is smaller

than that of the VSC1. The values of individual inter-har-

monics and the total distortion are shown in Table 1.

Another case (called the Case 3c) is also investigated to

illustrate the effect of resonance on the dc side on the inter-

harmonic and harmonic distortion of the system. In this

case the harmonics with the same magnitudes relative to

the Case 3a and 3b are injected into the system, which are

the 2nd-order negative sequence harmonic in the ac system

1 and the 4th-order positive-sequence harmonic in the ac

system 3. Although the harmonic source is doubled,

because of no resonance appeared at relative harmonics on

the dc side, the total distortions are smaller than the Case

3a, which are 12.72%, 5.13%, and 27.67% relative to the ac

systems 1, 2, and 3. It can be seen from the waveform of

the current in these three cases in Fig. 10 where the blue

line (Case 3a) is the most distorted.

6.4 Case 4: series-parallel dc grid

The series-parallel dc grid was configured by cutting out

a dc link of the mesh dc grid. To investigate the harmonic

characteristic of the system in this case, the dc link between

the converter Stations 2 and 3 is out of service, while the ac

system 1 is still injected a positive background inter-har-

monic at 195 Hz. As a result, the impedance-frequency

characteristic of the dc grid is different, thus affecting the

harmonic levels. It can be seen in Table 1, the harmonic

demand distortions, as well as the significant additional

harmonics are all smaller than those in the Case 3a above.

6.5 Case 5: unsymmetrical fault in ac systems

In this section, single phase-to-ground faults at the PCCs

of the ac system 1 (called the Case 5a) and the ac system 3

(called the Case 5b) are investigated.

In the Case 5a, during the fault, a series of inter-har-

monics are produced on the dc side as well as the ac side of

either converter Stations 2 or 3. The dc side of the con-

verter Station 1 had a harmonic with frequency of 120 Hz

due to the negative-sequence component of the ac side

voltage. This 120 Hz harmonic is transferred to the con-

verter Stations 2 and 3 acting as inter-harmonic sources,

consequently causing inter-harmonic on the ac side of each

converter with dominant at 170 Hz and 70 Hz; the former is

the positive sequence and the latter is the negative

sequence, as shown in Fig. 11 and Table 2.

The same mechanism of inter-harmonic producing in the

Case 5b is the same to the Case 5a but with a 100 Hz

harmonic on the dc side. The ac side of VSC2, therefore,

has an additional positive sequence harmonic at 150 Hz;

the ac side of VSC1 has two dominant inter-harmonics at

160 Hz (positive sequence) and 40 Hz (negative sequence).

Notably, the negative sequence inter-harmonic at 40 Hz,

which is smaller than the fundamental frequency, if a series

resonance at this frequency occurs, a modest inter-har-

monic voltage may drastically amplify the inter-harmonic

current, damaging the rotating machine connected to the ac

system 1. The values of individual harmonics are shown in

Table 2. The fault in the ac system 3 in this case has

insignificant effect on the other ac systems.

Fig. 8 Case 3a: AC side current spectra

Fig. 9 Case 3a: DC side voltage spectra
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7 Conclusion

The inter-harmonics in multi-terminal VSC-based

HVDC systems are originated from the characteristic of

each converter in asynchronous connection, the distorting

in the connected ac systems, and the unsymmetrical fault or

unbalance.

In all cases, there are a series of inter-harmonics

produced in the connected ac systems and the dc grid. For

confirmation, the simulation models are established and

implemented. Simulation results are in agreement with

the theoretical analyses. The dc grid is a complex system

with dc resonance points occurred at low frequency

range, and the operating configurations also affect har-

monic transfer through the grid. The harmonic and inter-

harmonic interaction at each converter station depended

on the characteristic of the converter its own is also

affected by the interaction from the other converter sta-

tions. Corresponding to the simulation results, the effect

of dc capacitors is significant in raising a series of low-

frequency inter-harmonics in the ac side systems. More-

over, the unsymmetrical ac system has significant effect

on harmonic interaction in the multi-terminal VSC-based

HVDC system, it is proportional to its power

contribution.

Table 2 Effects of unsymmetrical condition on harmonic distortion

f (Hz) Case 5a (% of load) Case 5b (% of load)

Ipcc2 Ipcc3 Ipcc1 Ipcc2

40 – – 0.81 –

70 14.03 15.57 – –

150 – – – 2.51

160 – – 1.26 –

170 15.96 20.18 – –

TDD 33.63 42.70 2.90 3.10

Table 1 Background inter-harmonic propagation from one ac system to the other ones through dc grid

f (Hz) Case 3a (% of load) Case 3b (% of load) Case 4 (% of load)

Ipcc1 Ipcc2 Ipcc3 Ipcc1 Ipcc2 Ipcc3 Ipcc1 Ipcc2 Ipcc3

75 7.61 – – 2.99 – – 11.06 – –

85 – 1.84 12.88 – 0.82 2.11 – 0.966 10.18

185 – 1.95 16.00 – 0.79 15.68 – 0.97 12.88

195 18.62 – – 4.14 – – 13.63 – –

210 2.92 – – 0.43 – – 5.66 – –

220 – 0.36 6.92 – 0.03 0.22 – 0.38 4.83

320 – 0.09 3.95 – 0.05 0.28 – – 2.676

330 2.57 – – 0.50 – – 4.23 – –

TDD 30.28 3.42 36.57 8.09 1.76 26.80 28.88 2.15 28.84

Fig. 10 AC side phase current waveform

Fig. 11 Case 5a: fault at PCC1 causing inter-harmonics in the other

ac systems
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Appendix A

Switching function of VSC

The switching function kx tð Þ of phase x(x = a, b, c) of a

three-phase three-level NPC VSC in time domain [4]:

kx tð Þ ¼ M cos x1t þ hxð Þ þ 2

p

X1

m¼2;4;6...

1

m

Xþ1

n¼�1
�

J2nþ1 mpMð Þ cos np

� cos m xct þ dð Þ þ 2nþ 1½ � x1t þ hxð Þð Þ

" #

þ 8

p2
�

X1

m¼1;3;5...

1

m

Xþ1

n¼�1

Jkm cos np

� cos m xct þ dð Þ þ 2n x1t þ hxð Þð Þ

" #

ðA1Þ

Jkm ¼
X1

k¼1

J2k�1 2m� 1½ �pMð Þ 2k � 1ð Þ
2k þ 2n� 1ð Þ 2k � 2n� 1ð Þ

ðA2Þ

where M is the modulation index; x1 is the frequency of

the modulation wave; xc is the frequency of the carrier

wave; m is the group index (multiple of switching fre-

quency); n is the side band harmonic index from each

group; hx is the modulation wave phase shift for each phase

x; d is the carrier wave phase shift; J2nþ1; J2k�1 are the first

kind Bessel functions.

Clearly, the switching function contains a fundamental

frequency component and high frequency harmonic com-

ponents. The even carrier side-band harmonics only exist

around the odd carrier multiples (m is odd), and odd carrier

side-band harmonics only exist around the even carrier

multiples (m is even).

Applying space vector theory, the space vector repre-

sentation form of the VSC’s switching function is com-

posed of three component sets as:

�K tð Þ ¼ �K1 tð Þ þ
X1

m¼1

Xþ1

n¼�1

�Kþ
mn tð Þ þ

X1

m¼1

Xþ1

n¼�1

�K�
mn tð Þ ðA3Þ

�K1 tð Þ ¼ Mejx1t

�Kþ
mn tð Þ ¼ K̂þ

mne
jNþ

mnx1t

�K�
mn tð Þ ¼ K̂�

mne
�jN�

mnx1t

8
>><

>>:

ðA4Þ

where K̂þ
mn and K̂�

mn are the amplitudes of the positive- and

negative-sequence switching components; Nþ
mn ¼ 3iþ 1 and

N�
mn ¼ 3i� 1; where i is an integer. The zero-sequence

switching component with N0
mn ¼ 3i does not appear in (A3).

Space vector representation of harmonic

For the three-phase harmonic quantity,

fha tð Þ ¼ f̂ cos hx1tð Þ

fhb tð Þ ¼ f̂ cos
hx1t � 2hp

3


 �

fhc tð Þ ¼ f̂ cos
hx1t þ 2hp

3


 �

8
>>>>><

>>>>>:

ðA5Þ

The space vector form in (A6) contains a positive-

sequence component (the first part), a negative-sequence

component (the second part).

�fh ¼
f̂

3
1þ e�j h�1ð Þ2p

3 þ e�j h�1ð Þ4p
3

h i
ejhx1tþ

f̂

3
1þ ej hþ1ð Þ2p

3 þ ej hþ1ð Þ4p
3

h i
e�jhx1t

ðA6Þ
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