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Abstract—Pulse width modulated current-source converter
(PWM-CSC) has great prospects in high voltage direct current
transmission system (HVDC) due to its attractive features, such
as flexible control characteristics, ability to avoid commutation
failure, and lower cost. However, valve voltage of the PWM-
CSC is the jump value between filter capacitors line-voltage and
zero voltage due to its bypass operation, resulting in high peak
voltage withstand by the converter for a rated HVDC system
and high voltage ripper ratio. In order to solve these issues, an
improved modulation method called specific carrier frequency
of SPWM is proposed. After adopting the improved modulation
method, the number of the reverse blocking integrated gate
commutated thyristor (RB-IGCT) in series can reduce by 31.5%
under unity power factor operation and the value of the dc choke
can reduce by about 78.6% compared to traditional modulation
methods, improving practicability of engineering application.
Moreover, active power and reactive power operating range are
derived under different modulation methods and the relationship
of the power factor, modulation in q-axis and DC current
are studied. Finally, effectiveness of the improved modulation
method and comparisons of power operating range are verified
in PSCAD/EMTDC.

Index Terms—Bypass operation, current source converter
(CSC), HVDC system, improved modulation method, operating
range of active power and reactive power, valve voltage of the
converter.

I. INTRODUCTION

L INE commutated converter technology is playing an
important role in high voltage direct current transmission

system and asynchronous power grid interconnection because
of its attractive features, such as the simplest topology, lowest
converter power dissipation, lowest converter cost and mature
technology [1]. However, this technology has some unavoid-
able shortcomings, such as commutation failure, high reactive
power consumption, disability to supply passive grid, etc. The
modular multilevel converter (MMC) using self-commutated
device gives an effective method to overcome these short-
comings in LCC-HVDC system. Also, MMC gives attractive
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features in renewable energy interconnection such as: active
and reactive power decoupled control, the ability to supply
passive loads and no commutation failure [2], [3]. Compared
to traditional LCC technology, MMC has the disadvantages
of high manufacturing cost, small power capacity and high
converter loss.

The Hybrid HVDC system consists of LCC applied in
rectifier and MMC applied in inverter has the advantages of
both: no commutation failure and lower cost, which has been
applied in the project [4]–[6]. However, it is more complicated
to realize system power reversal, and reducing DC voltage
operation due to different characteristics of the converters used
on both ends. Additionally, a full-bridge sub-module MMC
can address this issue but incurs additional loss because a half-
bridge sub-module MMC lacks the capacity to ride through
faults [7], [8].

The current source converter, which is the dual form with
the voltage source converter, can realize flexibly adjustment of
output dc voltage from zero to line voltage and controllable
power factor [9]. It has obtained engineering application in the
aspect of motor drive [10] and the compensation of reactive
power [11] in the middle and low voltage fields. Maximum
peak value of CSC valve voltage has not had enough attention
because a few series devices are needed in the field of medium
and low voltage grade.

The progress of IGCT provides strong support for de-
velopment of this technology [12], [13]. The CSC consists
of RB-IGCTs, has no commutation failure, so the inverter
of the LCC-HVDC could be upgraded to CSC to improve
reliability of the inverter grid. Also, the converters have the
same characteristics, so LCC-CSC HVDC system has the
ability of power reversal, fault ride-through and reducing DC
voltage operation.

Reference [14] proposed the control method of intercon-
nection between offshore wind farm and power grid based on
current source converter, and can realize decoupling of active
power and reactive power according to wind speed. In order to
reduce additional loss caused by the bypass operation of the
converter, the modulation index in the control technique is set
as 1, to reduce dc current to reduce converter loss. In [15], the
paper proposes cascade CSC is used to solve the problem of
grid connection with offshore wind farms, reducing volume
and cost of offshore converter stations. Similarly, in order
to decrease loss of converter, a control scheme of minimum
DC current is proposed. Although reducing DC current can
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weaken problems caused by bypass operation to some extent:
such as extra loss and lower power transmission efficiency,
these problems cannot be fundamentally solved. The steady-
state low frequency model of PWM-CSC in d-q coordinate
system is derived in [16]. The control strategy of startup,
power reversal and AC/DC fault is designed, which verifies
feasibility of application of LCC-CSC system in the field of
long-distance and large power capacity HVDC transmission
system. Moreover, large inductance on DC side of CSC can
provide natural protection against short-circuit faults [17],
reducing stress on the converter. The theoretical derivation of
power operating range is given in combination with steady-
state model of PWM-CSC in [18], [19], but it is not further
analyzed with the control technique of the system. Control
strategy under unbalanced grid and dc fault ride through of
CSC are proposed in [20] and [21], respectively. The system
control strategy is more complicated due to the second-order
circuit in the AC-side of the PWM-CSC. Control strategies in
[14]–[16], [18], [19] are all affected by system parameters and
cannot be adjusted through feedback.

In this paper, the working principle of CSC is analyzed. It is
found peak valve voltage of the converter is high and voltage
ripple ratio on the DC side is large due to the appearance of
bypass operation during normal operation of CSC, resulting in
a large amount of RB-IGCTs required and the big value of dc
choke. Although fundamental frequency modulation method
can solve these issues, DC voltage and reactive power are
coupled [22], [23]. By proposing an improved modulation
method in this paper, the occurrence of bypass during con-
verter operation can be eliminated, the number of devices
in series can be reduced by 31.5% under unity power factor
operation, and the value of dc choke can be reduced by about
78.6%. Moreover, active power and reactive power operat-
ing range are derived according to the proposed modulation
methods and the power factor is given when DC current and
modulation in q-axis changes. Finally, effectiveness of the
improved modulation method is verified, and active power and
reactive power operating range is compared by simulations in
PSCAD/EMTDC.

The remainder of this paper is organized as follows: Sec-
tion II introduces the topology and operation mode of LCC-
CSC HVDC system first, and then analyses valve voltage
characteristic of PWM-CSC and its issues when applied in
HVDC system. Section III proposes an improved modulation
method that can solve the issues of PWM-CSC analyzed in
Section II, then a control strategy of the system is derived
which is insensitive to system parameters. Finally, active
power and reactive power operating range is derived, and
power factor is given combining with the control strategy of
the system. Section IV gives simulation verification of the
theoretical analysis. Conclusions are drawn in Section V.

II. OPERATION MODE OF LCC-CSC HVDC AND VALVE
VOLTAGE CHARACTERISTIC OF PWM-CSC

A. Circuit Topology of LCC-CSC HVDC

The standard LCC-HVDC transmission system rectifier
structure is adopted in the LCC-CSC HVDC system depicted

in Fig. 1, including 12-pulse thyristor converters, compensa-
tion of reactive power, and filter equipment.

Grid 1 LCC CSC Grid 2

Fig. 1. Circuit topology of LCC-CSC HVDC system.

The inverter side is composed of two CSCs in series,
topology of a single converter is shown in Fig. 2, and taking
a single converter as an example to analysis the operating
principle. RB-IGCTs make up the bridge legs of the converter.
On the grid side, there is a second-order filter circuit composed
of capacitors and inductors. The parallel connection of the
filter capacitors benefits current commutation and filters out
converter harmonics.
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Fig. 2. Topology of current-source converter.

B. Operating Mode of LCC-CSC HVDC System

1) Operating Mode of System
The rectifier usually adopts minimum trigger angle control

mode and DC current control model, and DC voltage and reac-
tive power control modes in inverter side are usually employed
in LCC-CSC HVDC system. Steady-state characteristics are
shown in Fig. 3. In order to deal with voltage drop on the
rectifier side, the inverter side can change to DC current
control mode, corresponding to EF segment.
2) Operating Mode of PWM-CSC

The switching function and constraints of PWM-CSC can
be derived in (1) and (2).

gj(j=a,b,c) =


1 upper switch on and lower switch off
0 both switch on or off
−1 upper switch off and lower switch on

(1)
ga + gb + gc = 0 (2)
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Fig. 3. Steady-state control scheme based on LCC-CSC HVDC system.

C. Valve Voltage Characteristic of PWM-CSC

There are only allowed two bridge legs conducting during
operation of the converter According to (1) and (2), so they
correspond to two working conditions:

i) the upper and lower bridge legs in different phases are
on. Valve voltage of the converter is the filter capacitor line-
voltage of the corresponding phases according to (1) and (2)
and Fig. 2.

ii) The upper and lower bridge legs in the same phase are
on. Valve voltage of the converter is zero. This operation mode
is referred as bypass operation.

The waveform of converter valve voltage is shown in Fig. 4.
uab, ubc, uca are line-voltage of the filter capacitor, Udc is the
DC voltage of the system, udc inverter is the valve voltage of
the converter. It can be seen from Fig. 4 that when PWM
modulation method is used, valve voltage of converter is the
jump value between filter capacitors line-voltage and zero
voltage.

uab

u
 (

k
v
) ubc uca udc_inverterUdc

0

Bypass operation

T/2 t (s)

Fig. 4. DC voltage of the system, valve voltage of converter and filter
capacitor line voltage working waveform.

D. Issues Analysis of PWM-CSC When Applied in HVDC
System

1) High Peak Valve Voltage of the Converter
CSC operates with tri-logic signals, and it needs to ensure

that only two bridge legs are in conduction state during
operation. Therefore, bi-logic signals is often transforms into
tri-logic signals through (3) [21].gagb

gc

 =
1

2

 1 −1 0
0 1 −1
−1 0 1

papb
pc

 (3)

where pa, pb, pc are the bi-logic signals. It can be seen from
(3) when the bi-logic signals are (1, 1, 1) or (−1,−1,−1), the

corresponding tri-logic signals are (0, 0, 0), and there will be
the bypass operation. According to Fig. 4, the DC voltage of
the system is the average value of the converter valve voltage.
Therefore, the longer the bypass operation exists in a working
cycle, the higher peak valve voltage of the converter will be,
resulting in increase of the number of RB-IGCTs required and
cost of the converter.
2) High Ripper Voltage Ratio

Valve voltage of the converter is the jump value between
the filter capacitors line-voltage and zero voltage, therefore, the
range of voltage fluctuation is wide. To keep the voltage ripper
ratio of the transmission line satisfying the requirement of the
HVDC system, a large dc choke should be chosen according
to (4).

Ldc =
Ud(n)

nωIdc ×
Idc(n)
Idc

(4)

where Ud(n) is the RMS of the lowest characteristic harmonic
voltage at DC side, Idc is the rated dc current, Idc(n)/Idc is the
allowable relative value of the lowest characteristic harmonic
current at DC side. n is the lowest characteristic harmonic.
A large dc choke can decrease the voltage ripper and current
ripper, but also will increase loss of active power and difficulty
of engineering application.

In summary, those issues analyzed above will exist when
PWM-CSC is applied in HVDC system. Therefore, advanced
modulation methods are needed to solve these issues.

III. IMPROVED CONTROL STRATEGY AND ITS POWER
OPERATING RANGE

To solve these existing issues, analyzed in Section II, this
section proposes an improved modulation method. At present,
modulation methods used in CSC are mainly divided into
two categories: on-line modulation methods [24] and off-line
modulation methods [25], [26]. Off-line modulation methods
need to store data in advance, so it is difficult to satisfy
the requirements of power systems under complicated work-
ing conditions. On-line modulation methods mainly include
SPWM and SVPWM. SPWM methods have the advantages
of simple control and easy hardware implementation, so it has
been widely used.

A. The Improved Modulation Method of CSC

As analyzed in Section II, it is the bypass operation that
results in valve voltage of the converter being the jump value
between the filter capacitor line-voltage and zero voltage,
therefore, no bypass operation modulation method should be
proposed to fundamentally solve these existing issues.

It can be seen from (3) there will be the bypass opera-
tion when the bi-logic signals are (1, 1, 1) or (−1,−1,−1).
Therefore, taking SPWM as an example, when the modulation
index is less than 1, the converter will be bypassed once in
half a carrier cycle. In order to avoid the bypass operation,
the modulation method of the converter should satisfy the
following requirements:

i) The modulation index is greater than 1.
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ii) The carrier is only compared with two carriers in half a
period;

iii) In order to ensure symmetry of single-phase waveform,
the number of carriers in a period should be odd.

iv) In order to ensure symmetry of three-phase waveform,
frequency of a single carrier should be divisible by 120.

Carrier frequency satisfying the above requirements is
150 Hz, 450 Hz, et al. When carrier frequency is 150 Hz,
the corresponding tri-logic signals are square wave, and the
system will lose the ability to adjust reactive power. When
the carrier frequency is 450 Hz, there will be two situations,
but only one situation without bypass operation is shown in
Fig. 5.

m

1

0

ωt
1

ωt
2

ωtπ

m
min

Fig. 5. Proposed modulation method of CSC.

In order to ensure the modulation index always satisfies the
requirements of the modulation method when it changes dur-
ing steady-state, the modulation index is limited as m(ωt1) >
1 and m(ωt2) < 1. The three-phase sinusoidal modulation
method and the bi-logic and tri-logic signals are shown in
Fig. 6. At this time, switch signals of the upper bridge legs
are completely complementary, and switch signals of the same
phase do not have overlap.
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Fig. 6. Modulation method and trigger signal of PWM-CSC.

The improved modulation method operates in the over mod-
ulation region, and the relationship between the modulation
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Fig. 7. The relationship between the modulation index and the effective
value of the fundamental current.

index and the effective value of the fundamental current is
shown in Fig. 7 according to constraint of the improved
modulation.

As can be seen from Fig. 7, variation range of fundamental
current of the improved modulation method is adjustable
compared with the fundamental frequency modulation method.
What is more, the improved modulation method does not
have the bypass operation, avoiding high peak valve voltage
and wide ratio of DC current ripper compared to traditional
modulation methods.

B. The Improved Control Strategy of LCC-CSC HVDC System

The second-order filter circuit on the grid side of the CSC
makes the control scheme more complicated, and it is difficult
to achieve inner and outer loop fast control strategy similar to
VSC. In [14]–[16], [18], [19], the relationship between grid-
current and converter-current is obtained by establishing the
expression of steady-state circuit. This expression relying on
circuit parameters are easily affected by system parameters.

The equivalent d-q circuit of CSR is analyzed in [27], the
equivalent circuit shown in Fig. 8 of LCC-CSC HVDC system
when grid-voltage phase-locked loop(PLL) is employed.
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Fig. 8. D-Q equivalent circuit of LCC-CSC HVDC system.

According to Fig. 8, we can obtain the following equations:
L

digd
dt

= ucd − ugd + ωLigq −Rigd

L
digq
dt

= ucq − ugq − ωLigd −Rigq

(5)
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
C

ducd

dt
= ipd − igd + ωCucq

C
ducq

dt
= ipq − igq − ωCucd

(6)

Set dX/dt = 0 in steady-state, so grid-current and
capacitor-voltage in d-q component can be obtained:

ucd =
ugd − ωLipq
1 − ω2LC

ucq =
ωLipd + ugq

1 − ω2LC

(7)


igd =

ωCugq + ipd
1 − ω2LC

igq =
ipq − ωCugd

1 − ω2LC

(8)

At this time, the expression of DC voltage and reactive
power are as follows setting ugq = 0:

udc =
3

2
(mducd + mqucq)

=
3

2
· mdugd −mdωLipq + mqωLipd

1 − ω2LC

=
3

2
·md

(
ugd + ωL

− 2
3Qac

ugd

)
+ mqωL

2
3Pac

ugd
(9)

Qac = −3

2
ugdigq =

3

2
·
ωCu2

gd − Pac

Udc
ugdmq

1 − ω2LC
(10)

DC voltage udc and reactive power Qac can be expressed as
udc = f(md,mq, Pac, Qac) and Qac = f(Pac,mq) according
to (9) and (10). Active power Pac and Qac are the reference
values given by the system, so Udc is the known quantity under
the control strategy of constant current at the rectifier side.
Therefore, DC voltage is related to md and mq, while reactive
power is related to mq and DC current. For the control system,
changing DC current and mq will change reactive power of
the system. When mq is known, changing md to keep the DC
voltage adjustable, md and mq can be obtained through (11).{

md = m cos(ϕ1 − ϕ2)

mq = m sin(ϕ1 − ϕ2)
(11)

where ϕ1 is the phase angle of grid-voltage, ϕ2 is phase angle
of modulation function of converter, m is modulation index of
the converter.

The control scheme of LCC-CSC HVDC system composed
of LCC and PWM-CSC is shown in Fig. 9 according to (9)
and (10).

C. Power Operating Range Under Different Modulation Meth-
ods

1) Operating Range of Reactive Power Under Different Mod-
ulation Methods

Assuming DC current is kept constant when analyzing the
power operating range, (12) can be obtained.

md =
ipd
idc

mq =
ipq
idc

(12)

Substitute (12) into (9) and (10), active power and reactive
power can be derived under the steady-state.

Pac =
3

2
· ugdmd

1 − ω2LC
idc (13)

Qac =
3

2
·
ωCu2

gd − idcugdmq

1 − ω2LC
(14)

PWM-CSC can realize the decoupled operating of active
power and reactive power within a certain operating range.
However, due to limitations such as: modulation index, current
and voltage of the converter, it will show power coupling in
a certain range. It can be seen from (14) reactive power is
linked with the mq, mq is as follows:

−
√
m2

max −m2
d ≤ mq ≤

√
m2

max −m2
d (15)

Steady-state working point is shown in Fig. 10. The range
of reactive power in the system is proportion to the change of
mq according to (14). Limited by the upper and lower limits of
modulation index, the change range of mq is narrow. +∆mq

and −∆mq affect the value of reactive power absorbed and
generated by the system, respectively. In this range, active
power and reactive power are decoupled. When the upper or
lower limits of the modulation index are reached, the steady-
state operation point will move along the boundary of the
circle, so active power and reactive power are coupled.

According to the operating range of md and mq, the
power operating range of CSC under the improved modulation
method can be obtained, as shown in Fig. 11. In Fig. 11, L1,
L2, L3, L4 are modulation constraints.
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Fig. 9. Control scheme for LCC-CSC HVDC transmission system.
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Fig. 11. Active power and reactive power operating range of different
modulation methods. (a) Power operating range of improved modulation
method. (b) Power operating range of traditional modulation method.

Figure 11(a) shows the power operating range of the CSC
under the improved modulation method. According to analysis
in Section III, the operating range of reactive power is narrow
due to the limiting modulation index. Fig. 11(b) shows the
power operating range of the CSC under traditional modula-
tion methods. Theoretically, the variable range of modulation
index is wider than of the traditional modulation method, and
the operating range of reactive power is large. However, the
following two points limit the power operating range of the
CSC.

i) CSC will cause bypass operation after adopting traditional
modulation method, therefore, in order to reduce peak voltage
withstand by the converter, the converter should operate at a
high index in the steady state, which limits the ability of the
converter to generate reactive power.

ii) When the modulation index decreases, not only the
harmonic distortion rate will increase, but also the duration
of the bypassed operation will be longer. DC voltage of
the current source converter is supported by filter capacitor
voltage, in order to ensure stability of the DC voltage, the
intercepted filter capacitor voltage will move up, leading to a
higher peak valve voltage.

The above two points correspond to the ability of the
converter to generate and absorb reactive power, and the
constraints of the two are contradictory. Therefore, the reactive
power operating range of the converter under the traditional
modulation method needs to be considered in combination
with the peak valve voltage of the converter.
2) Operating Range of Active Power Under the Different
Modulation Methods

Active power and reactive power remain decoupled during

change of reactive power when the inverter adopts constant
voltage mode. However, when active power changes, there
are decoupling intervals and coupling intervals between active
power and reactive power. The expression of active power at
inverter side is as (16):

Pac = udc · idc (16)

The change of active power of LCC-CSC HVDC system is
mainly realized by adjusting DC current. In order to maintain
stability of reactive power, mq needs to be adjustment to
compensate variation of active power according to (10). It can
be seen from (10) that when the product of mq and Pac remain
unchanged, active power and reactive power are decoupled.
When mq reaches its limitation, they will be coupling.

Reactive power can be expressed as (17).

Qac =
3ωCu2

gd

2(1 − ω2LC)
− 3

2
· ugdmq

(1 − ω2LC)Udc
· Pac (17)

Limitation of the maximum modulation index of CSC
causes the coupling of active power and reactive power ac-
cording to (17). When active power of the system is less than
Plim, CSC cannot keep reactive power being zero, and CSC
cannot operate at unity power factor. Therefore, the expression
of Plim is (18):

Plim =
ωCugdUdc

mq
(18)

When mq reaches maximum value, Plim reaches minimum
value according to (18). If decreasing active power continu-
ously, the converter cannot operate at unity power factor by
adjusting mq.

Regulation of active power and reactive power of the con-
verter are realized by changing DC current and mq, separately.
Therefore, in the process of power change, the relationship
between the power factor at the converter and DC current and
mq is shown in Fig. 12 according to (17) and (18).

1

0.8

0.6

0.6mq Idc (p.u.)

−0.6−0.4−0.2

0.4

0.4

0.2

0.2 0.2
0.4

0.6
0.8

1
0

0

P
o
w

er
 f

ac
to

r

0

Fig. 12. Power factor at the grid side of PWM-CSC.

To sum up, when DC current is greater than Ilim, the
converter can operate at unity power factor according to
Fig. 12. When DC current is less then Ilim, the converter
cannot operate at unity power factor, and the power factor
decreases with decrease of DC current.
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IV. SIMULATION RESULTS OF LCC-CSC HVDC SYSTEM

In order to verify effectiveness of the control strategy and
correctness of operating range of power, a monopole simula-
tion model depicted in Fig. 1. was built in PSCAD/EMTDC.
Simulation parameters are shown in Tables I and II.

TABLE I
DC SIDE PARAMETERS OF LCC-CSC HVDC TRANSMISSION SYATEM

Parameters Value
Rated power 1000 MW
DC voltage DC current 500 kV 2 kA
Equivalent resistance of transmission line 5 Ω
Equivalent capacitor of transmission line 26 µF
Equivalent inductance of transmission line 0.6 H

TABLE II
CSC SIDE PARAMETERS OF LCC-CSC HVDC TRANSMISSION SYATEM

Parameters Improved
inverter side

Traditional
inverter side

Grid-voltage 500 kV 500 kV
Transformer ratio 500 kV/185 kV 500 kV/240 kV
Inductor of LC filter 23 µF 14 µF
capacitor of LC filter 90 mH 130 mH
DC choke 0.3 H 1.2 H
Carrier frequency 450 Hz 450 Hz
RB-IGCT switch frequency 150 Hz 450 Hz

A. Start-up Process and Steady-state of LCC-CSC HVDC
System

The startup’s transient process is depicted in Fig. 13. Both
ends of the converter are locked during the time interval
of 0–0.4 s. At 0.4 s, both converter stations are unlocked
simultaneously, rectifier side current climbs to 2 kA in 0.2 s at
a fixed gradient, and the inverter side voltage rises to 500 kV
in 0.2 s. There is a small overshoot of DC voltage, about
4%, throughout the growing process of DC voltage and DC
current. After a brief period of transition, the DC voltage and
DC current stay constant, and their fluctuation range satisfies
specifications. Active power and reactive power of the inverter
side remain stable, and unity power factor operation of the
system is realized.
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B. Effectiveness Analysis of the Improved Modulation Method

In order to verify improvement of key issues of the PWM-
CSC after adopting the improved modulation method, compar-
isons are made between the traditional modulation method and
the improved modulation method based on circuit topology
shown in Fig. 1. Traditional inverter side parameters are shown
in Table I, rectifier side parameters are unchanged.
1) Comparisons of the Valve Voltage of the Converter

In Section III, the relationship between peak voltage and
reactive power of the converter is analyzed. In order to
make a balance between valve voltage of the converter and
reactive power, the modulation index in steady-state of the
converter under the traditional modulation method is set at
0.93 by adjusting system parameters, and under the improved
modulation method is 2.13.

Valve voltage of the low voltage converter waveform under
the traditional modulation method and the improved modula-
tion method are shown in Fig. 14. According to analysis of the
working principle of the converter, the traditional modulation
method has bypass operation and then valve voltage of the
converter will be zero. Therefore, to ensure the same DC
voltage grade of the system, peak voltage withstood by the
converter will be higher, about 1.656 times the DC voltage
of the system. However, the improved modulation method
could avoid bypass operation, so peak voltage withstood by
the converter is lower, about 1.132 times the DC voltage of
the system.
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The rated voltage of RB30QY4500IGCT is 4500 V. Taking
half of the rated voltage of RB-IGCT as operation voltage, the
improved modulation method can save 31.5% of total devices
compared with traditional modulation method in unity power
factor operation, which greatly reduces cost of the converter.
2) Relationship Between Dc Current Ripper Ratio and the Dc
Choke

When PWM-CSC is applied to HVDC system, due to the
particularity of PWM-CSC working principle, the different
values of the two ends converters fluctuate greatly under the
traditional modulation method, resulting in high current ripper
ratio. In order to decrease dc current ripper ratio, a large value
of dc choke must be chosen. DC current waveforms under
different dc chokes are shown in Fig. 15.

DC current ripper ratio cannot satisfy the requirement of the
system by choosing a small value of the dc choke according
to Fig. 15(a), (b), (c). The dc current ripper ratio is about
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2.00% when the dc choke value increased to 1.2 H. However,
a large value of dc choke may bring about more power loss
and slow response speed of the system. After adopting the
improved modulation method, the dc current ripper ratio is
about 0.70% with the dc choke value at 0.3 H as shown in
Fig. 15(d). Therefore, the value of the dc choke can decrease
by 78.6% compared to the traditional modulation method.
3) Grid-voltage and Grid-current

Switching frequency of the RB-IGCT is 150 Hz under
the improved modulation method, and switching frequency
is 450 Hz under the traditional modulation method. The
distortion rate of grid side current waveform is closely related
to switching frequency of devices and the ripple coefficient of
DC current. Waveforms of the grid-voltage and grid-current
are shown in Fig. 16.
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Fig. 16. Voltage and current waveforms of grid side. (a) Adopting the tra-
ditional modulation method. (b) Adopting the improved modulation method.

Although switching frequency of the devices under the tradi-
tional modulation method is higher, which is three times that of

the improved modulation method, the ripple coefficient of DC
current under the traditional modulation method is higher than
of improved modulation, so total harmonic distortion (THD)
of grid-current is higher than under the improved modulation
method according to Fig. 16.

THD of grid-current and DC ripper ratio under different
values of dc choke of traditional modulation method are shown
in Table III. It can be seen from Tables I, II and III when the
resonant frequency of LC parameters are close, THD of grid-
current in CSC is mainly affected by DC ripple ratio.

TABLE III
DC CURRENT RIPPER RATIO AND THD OF GRID-CURRENT UNDER

DIFFERENT VALUE OF DC CHOKE

Value of dc choke DC current ripper ratio THD of grid-current
0.3H 6.60% 1.57%
0.9H 3.50% 1.43%
1.2H 2.00% 1.36%

In conclusion, compared with the traditional modulation
method, the converter with the improved modulation method
has the following advantages:

i) Under the improved modulation method, peak valve volt-
age is 68.5% of the peak voltage of the traditional modulation
method, which can significantly reduce the number of bridge
leg devices in series, reduce difficulty of series voltage sharing
and cost of converter valve.

ii) The improved modulation method does not have bypass
operation, so the ripple ratio of DC current is small. The ripple
ratio of DC current is only 0.70% after choosing the value of
dc choke as 0.3 H. The DC current ripple ratio is about 2.00%
when the 1.2 H dc choke was chosen under the traditional
modulation method.

iii) When the resonant frequency of LC parameters is close,
the THD of grid-current is mainly affected by DC current
ripple ratio. Therefore, the THD of grid-current under the
improved modulation method is smaller.

C. Verification of Operating Range of Reactive Power

The improved modulation method can avoid bypass opera-
tion and has adjustable modulation index. Modulation in d-axis
and in q-axis may influence DC voltage and reactive power
according to (9) and (10). To verify correctness of the reactive
power operating range analysis, several simulations have been
made.

Figures 17 and 18 are waveforms of active power and valve
voltage of converter when the converter generates reactive
power under traditional modulation method. It can be seen
from Fig. 17 and 18 when reactive power changes, active
power basically remains unchanged. During steady-state op-
eration, the modulation index of the traditional modulation
method is 0.93. When the modulation index increases to 1,
voltage amplitude of the filter capacitors at the grid side
increases, and the converter generates reactive power, with
an upper limit of 146 Mvar. By decreasing the modulation
index, amplitude of filter capacitors voltage decreases, and
the converter absorbs reactive power. As the modulation index
decreases, duration of the bypass operation increases, and due
to the upper limit of filter capacitor voltage, the modulation
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Fig. 17. Simulation results when CSC generates reactive power under
traditional method. (a) Active power and reactive power. (b) The valve voltage
of the converter.
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Fig. 18. Simulation results when CSC absorbing reactive power under
traditional method. (a) Active power and reactive power. (b) The valve voltage
of the converter.

index has a low limit on the premise of ensuring stability of
DC voltage. When the modulation index is reduced to 0.85,
the lower limit of reactive power absorbed by the converter is
229 Mvar.

Change of reactive power is accompanied by change of peak
valve voltage according to Figs. 17(b) and 18(b). Peak valve
voltage of the converter increases from 414 kV to 455 kV, an
increase of about 10%, when the converter generates reactive
power of 146 Mvar.

Figures 18 and 19 are waveforms of active power and
valve voltage of converter when the converter changes reactive
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Fig. 19. Simulation results when CSC generates reactive power under
improved method. (a) Active power and reactive power. (b) The valve voltage
of the converter.
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Fig. 20. Simulation results when CSC absorbing reactive power under
improved method. (a) Active power and reactive power. (b) The valve voltage
of the converter.

power under the improved modulation method. Since regula-
tion range of the effective value of the fundamental current at
the grid side is narrow, the operating range of reactive power
is also relatively small compared to traditional modulation
method. When upper and lower limits of the modulation
ratio are reached, reactive power is −80 Mvar and 36 Mvar,
respectively.

According to Figs. 19(b) and 20(b), when the converter
reaches the limit of reactive power, peak valve voltage in-
creases from 283 kV to 290 kV, an increase of only 2.47%.

To sum up, the CSC can change the reactive power and
realize power decoupling on the premise of keeping active
power unchanged within a certain range. The operating range
of the reactive power of the converter under the traditional
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modulation method is significantly larger than of the improved
modulation method. When reactive power changes accom-
panied with peak valve voltage withstand by the converter
changing, resulting in peak valve voltage increase. Under
maximum generating reactive power, devices in series with
improved modulation method can save 36.5% compared to
traditional modulation method. Therefore, there should be a
compromise between reactive power and valve voltage.

D. Verification of Operating Range of Active Power

1) Verification of Critical Power plim under different modula-
tion methods

As the analysis of active power operating range in Sec-
tion III, change of active power is realized by adjusting DC
current, and there is a critical Plim when active power changes.
The position of Plim is determined by the change range of
modulation index. Fig. 21(a) and (b) are waveforms of critical
power when DC current changes under the two modulation
methods.
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Fig. 21. Simulation results of critical power under different modulation meth-
ods. (a) Traditional modulation method. (b) Improved modulation method.

Reduce DC current linearly at 2 s. It can be seen from
Fig. 21 after DC current gets stable, reactive power of the
system can be kept at zero, so active power and reactive
power are decoupled in this interval. Critical power Plim

under the traditional modulation method is 806 MW, which is
81.6% of rated active power. Therefore, the decoupling interval
under the traditional modulation method accounts for 19.4% of
rated power. Similarly, critical power Plim under the improved
modulation method is 876 MW, and the decoupling interval
accounts for 12.4% of rated power. It can also be proved that
critical point of Plim under the traditional modulation strategy
is smaller compared with the improved modulation method.
2) Verification of Operating Characteristics Under Different
Modulation Methods

After reaching critical power Plim, if active power continues
to be reduced, it can be seen from (17) that md and mq

remain unchanged at this time, so reactive power and active
power change linearly in the process. Figs. 22 and 23 show
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Fig. 22. Simulation results under the half load of the traditional modulation
method. (a) Active power and reactive power. (b) Valve voltage of the
converter.
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Fig. 23. Simulation results under the half load of the improved modulation
method. (a) Active power and reactive power. (b) Valve voltage of the
converter.

the waveforms of power and valve voltage of the converter
under half load operation of the two modulation methods.

As we can be seen from Figs. 22 and 23, in the process
of linear reduction of active power, reactive power increases
linearly. This is because enough adjustable voltage cannot be
generated on the filter capacitor when DC current decreases,
the converter absorbs a certain amount of reactive power.

When active power is operating in half load, reactive power
absorbed by the converter under the two modulation methods
is approximately equal, and DC voltage remains unchanged
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and change of peak voltage of the converter is small between
rated power operation and half load power operation. Due
to the constraint of the modulation index of the converter,
there is a coupling interval between active power and reactive
power, and the smaller active power is, the greater reactive
power absorbs, which is very unfavorable. Therefore, a better
system control strategy coordinating electrical quantities at
two-terminals is needed to reduce dependence of reactive
power on the grid-side.

V. CONCLUSION

Based on analysis of working principle of the PWM-CSC,
several issues of PWM-CSC when applied in HVDC system
are elaborated, such as high peak valve voltage of the converter
and high voltage ripper ratio. These issues will bring about
more RB-IGCTs in series and a large value of dc choke
needed. To solve these issues, an improved modulation method
is proposed. The improved modulation method can avoid
bypass operation, so it can reduce the amount of the RB-
IGCTs in series and value of the dc choke, about 31.5% and
78.6%, improving practicability of engineering application.

Operating range of active power and reactive power are
derived under the traditional method and improved method of
PWM-CSC, and the relationship of power factor, modulation
in q-axis and DC current are given. Simulation results show
reactive power operation of the converter under the improved
modulation method is about one-third of that under the tra-
ditional modulation method, and power decoupling operating
range is about 12.4% and 19.4%, respectively. However, after
critical power Plim, the converter will have power coupling,
and the relationship between reactive power and active power
is linear.
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