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Abstract

This paper presents modeling and control for the emerging IGBT converter-based high-voltage

direct-current system (IGBT-HVDC). This paper adds to the representation of the IGBT-HVDC

system in the dq-synchronous reference frame and its decoupled control scheme. Additionally, since

the IGBT-HVDC is able to actively support the grid due to its capacity to control independently active

and reactive power production, a reactive power control scheme is presented in order to

regulate/contribute to the voltage at a remote location by taking into account its operational state and

limits. The ability of the control scheme is assessed and discussed by means of simulations using

ahybrid power system, which consists of a permanent magnetic synchronous-generator (PMSG) based

wind turbine, an IGBT-HVDC, and a local load.
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1. Introduction

HVDC technology finds applicationsin the

transmission of power over long distances,

significant underwater distances, and in the

interconnection of separate alternating current (ac)

systems [1]-[3]. These systems have a long history

and are likely to continue to be used in the future,

especially as technological improvements make them

competitive cost-wise with alternative acschemes.

Their unique control characteristics can be exploited

to enhance the capacity and level of interconnection

of existing ac systems.

HVDC systems have been undergoing research and

development for many years in areas such as the

Middle East, China, India and South America as they

require infrastructure to power their growth. Power

sources in these places were based initially on

thyristor technology and more recently on
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fully-controlled semiconductors and voltage-source

converter (VSC) topologies [4]-[14]. The

ever-increasing penetration of power electronics

technologies into the power systems is mainly dueto

the continuous progress of high-voltage high-power

fully-controlled semiconductors. The fully-controlled

semiconductor devices available today for high-voltage

high-power converters are either thyristors or

transistors.

Today, there are more than 92 HVDC projects

worldwide transmitting more than 75GW of power

using two distinct technologies as follows [14]: a)

line-commutated current-source converters using

thyristors, a technology that is well established for

high power, typically around 1000MW, with the

largest project being the Itaipu system in Brazil at

6300MW power level [14], and b) forced-commutated

VSCs using gate-turn-off thyristors or, in most

industrial cases, insulated gate-bipolar-transistors

(IGBTs). It is well established technology for

medium power levels with the largest size project

being the latest one named Cross Sound Cable in the

North Eastern USA at 1000 MW level [14]-[26].

Since recent emerging technologies in the

application of VSC-HVDC enable the use of

pulse-width-modulation (PWM) and IGBT [26],

VSC-HVDC can provide rapid, independent control

of active and reactive power [27], small

contributions to short circuit currents [28], the feed

of remote isolated loads from a main ac grid [29],and

enhanced power quality [30].

Hence, it is important to develop proper tools and

models to fully realize the advantages of

IGBT-HVDC. With this in mind, this paper presents

a dq-synchronous reference frame [31]

representation of the IGBT-HVDC system and its

decoupled control scheme. As a result, the proposed

model and control scheme can be easily utilized to

power system models and stability analyses.

This paper is organized as follows: The modeling

of an IGBT-HVDC system is presented in section II,

in section III and IV, a decoupled control scheme and

a reactive power control method are described, the

simulation result isshown in section V, and

concluding remarks are given in section VI.

2. Modeling of an IGBT-HVDC 

System

Fig. 1 shows the study system, which consists of

a permanent-magnetic synchronous-generator

(PMSG) wind turbine, a local load, and an

IGBT-HVDC. An IGBT-HVDC system is realized

through IGBT-HVDC links, transformers (TR), and

six-pulse converter bridges. The model of the

PMSG used in this paper is from [32]. The

mathematical models of the electrical components

such as a TR, a transmission line (TL), and a local

load can be found in [33].
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Fig. 1. Grid-connected ac hybrid power system

The representation of an IGBT-HVDC system is

evaluated as shown in Fig. 2 using a resistance ,1R

a reactance ,1L and a capacitance .cC The

capacitance oC is fabricated for modeling purposes

and is set to 610- in per unit.

The dq-axes models of Fig. 2 are represented as



99

Hong-Woo Kim․Suk-Whan Ko․Hae-Joon An․Gil-Soo Jang․Hee-Sang Ko

조명․전기설비학회논문지 제25권 제7호, 2011년 7월

shown in Fig. 3, and their corresponding equations

are followed in Eq. 1 and Eq. 2. In Fig. 3, the

voltages 11dqv and 31dqv are obtained from the

voltages , 1dq rv and , 1dq iv by multiplying the

converter control signals that are depicted in Fig. 4

and Fig. 5. In this paper, the power electronic

converters are represented using average-value

models that are expressed in the dq-synchronous

reference framesas given in [31].

Fig. 2. One line diagram of the IGBT-HVDC system
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Fig. 3. The dq-synchronous reference frame
representation of the IGBT-HVDC system
(top: d-axis, bottom: q-axis)

3. The Decoupled Control Scheme 

of the IGBT-HVDC

IGBT converter controls have several advantages

over thyristor converter controls. These include

avoidance of commutation failures due to distur-

bances in the ac network, independent control of the

reactive and active power consumed or generated by

the converter, the possibility to connect an

IGBT-HVDC system to a weak ac network or even

to one where no generation source is available and

the short-circuit level is naturally very low, and a

faster dynamic response due to higher than the

fundamental switching frequency operation, which

further results in reduced need for filtering and

hence smaller filter size. For these reasons, several

IGBT-HVDC systemshave been commissioned in

recent years, including the connection of off-shore

wind farms or oil drilling platforms into the

mainland electrical network and for underground

transmission or distribution systems within

densely-populated cities [14], [15].

However, to fully utilize the advantages of an

IGBT-HVDC system,a properly designed control
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system is essential. To develop a control plan, it is

assumed that the rectifier-side converter controls

the active-current set-point, which is controlled by

the dc-voltage 1rv , and the reactive-current
set-point, which is set to zero for the unity power

factor (or power factor control, PFC). The

inverter-side converter works to control the

active-current set-point, and the reactive-current

set-point, which is also set to zero for the PFC.

The decoupled control scheme is then finalized as

depicted in Fig. 4 for the rectifier-side and in Fig.

5 for the inverter-side with the corresponding

de-coupling terms 2 21e tr dqLw i and 2 41e tr dqLw i between

the d and qaxis. Subscripts r and i stand for the
rectifier- and the inverter-side, respectively. In Fig.

4, the voltage
set
rv 1 is the dc-voltage set-point, and

the measured voltage 1rv can be obtained by

The current set-point
set
di 21 to the

rectifier-side control is set to zero for the PFC, and

the current set-points to the inverter-side control

are computed by

1
, 1 , 141 1

, 1 , 141 1

set setd i q id i
set setq i d iq i

v vi P
v vi Q

-é ù é ùé ù
ê ú ê ú= ê ú

-ê ú ê úê úë û ë ûë û (3)

Fig. 4. Block diagram of the rectifier-side control
in the IGBT-HVDC system

Fig. 5. Block diagram of the inverter-side control
in the IGBT-HVDC system

4. The Reactive Power Control

As shown in Fig. 5, Converter 2 (inverter-side,

see Fig. 1) operates conventionally in the PFC. A

reactive power control scheme is presented in this

section. The purpose of the reactive power control is

to regulate the voltage at a specified remote PCC

(see Fig. 1) by adjusting the reactive power

produced by the converter 2 of the IGBT-HVDC

(see Fig. 1), taking into account its operating state

and limits. As depicted in Fig. 6, the control

objective is to utilize 1iQ from Converter 2 of the

IGBT-HVDC to control the voltage at the PCC to

the predefined value by the reactive power set-point

control signal 1
set
iQ (see Eq. 4).

Fig. 6. Schematic diagram of the reactive power
control

When controlling the converter, it is important

that the operating limit of the converter is not

exceeded. By considering the operating limits the

reactive power required from Converter 2 can be

computed as

{ }max max
1 1 1min ,set
i i i pccQ Q Q Q= D

(4)

where
max
1iQ is the maximum available reactive

power (limit) that Converter 2 can provide, and

pccQD is the total reactive power required to support

the voltage at the PCC.

Fig. 7shows the active- and the reactive-power
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operating limits, wherein it is assumed that

Converter 2 should not exceed its apparent power

limit
max
1iS depicted by the half-circle. The

maximum available reactive power from Converter 2

can then be expressed as

( )2max max 2
1 1 1i i iQ S P= - (5)

where it is assumed that the nominal apparent

power of the converter is
max
1iS , defined here as the

converter rating. Based on Fig. 7, it also follows that

max max
1 1 1i i iS P S- £ £ .

Suppose that at a given time, a converter is

delivering active power as denoted herein by 1iP .

Then, in addition to the active power, the converter

can supply or absorb a maximum of
max
1iQ of the

reactive power. Therefore, the reactive power

available from the converter lies within the limits
max max
1 1;i iQ Qé ù- +ë û , which are operating-condition

dependent.

Fig. 7. Converteractive and reactive power
operating limits

A proportional-integral (PI) controller is designed for

the controller shown in Fig. 6, and its gains are

summarized in the Appendix. Since limiting control

action should be implemented in tandem with an

integrator anti-windup scheme that would stop

integrating error when the limit is approached, a PI

controller with the proposed distributed anti-windup is

implemented in Matlab/Simulink [19] as shown in Fig. 8.

Fig. 8. Implementation of PI controller with the
distributed anti-windup

5. Case Studies

The system depicted in Fig. 1 was implemented in

detail using the Matlab/Simulink [19]. Computer

studies considering the local-load variations, the trip

of the wind turbine from the grid, and the

three-phase symmetrical fault between the wind

turbine and local load were conducted to compare

the dynamic responses of the system with different

controls. Going forward, Mode 1 indicates the

PFC-mode operation of the IGBT-HVDC, which

1
set
iQ is set to zero. As the reactive power control

operation, Mode 2 actively utilizes 1
set
iQ for voltage

control at the PCC.

A. Local-Load Variation

The local-load impedance was decreased by 20%

at 0.2t s= . Wind speed is assumed to be 12m/s.

The comparison of the voltage transients observed

at the PCC is shown in Fig. 9. As noted in Fig. 9,

when Mode 1 was in operation, the load impedance

changes resulted in a noticeable drop of the bus

voltage by 20%,which does not satisfy the

permissible voltage range ±2%. When Mode 2 was

in operation, voltage recovery to its predefined value
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was achieved. Thus, the performance in Mode 2

operation significantly improved the voltage control

at the PCC as compared to Mode 1 operation.

Fig. 9. Voltage observed at the PCC due to
local-load variation

B. Wind-Turbine Trip from the Grid

In this study, the wind turbine is disconnected

from the grid at 0.2t s= . Wind speed is also

assumed to be 12m/s. The comparison of the voltage

transients observed at the PCC is shown in Fig. 10.

As noted in Fig. 10, when Mode 1 was in operation,

a noticeable voltage drop at the PCC resulted by

50%, which does not satisfy the permissible voltage

range ±2%. When Mode 2 was in operation, voltage

recovery to its predefined value was achieved.

Fig. 10. Voltage observed at the PCC due to the
wind-turbine trip

C. Fault in the TL between the Wind Turbine and

Local Load

To emulate this scenario, it is assumed that the

fault occurred at 0.2t s= and cleared at 0.36t s= in

the TL between the wind turbine and local load.

Wind speed is 12[m/s]. As noted in Fig. 11, Mode 2

operation resulted in voltage recovery to its

predefined voltage at the PCC faster than in the

Mode 1 operation.

Fig. 11. Voltage observed at the PCC due to the
fault

6. Conclusion

This paper proposed a model for the IGBT-HVDC

system in a dq-synchronous reference frame and a

decoupled control scheme including reactive power

control. Since the dq-synchronous reference frame

representation of power system models are

traditionally used for power system stability

analyses, the proposed model representation and its

decoupled control scheme can be easily

accommodated with power system models for power

system stability analyses. The other contribution of

this paper is the presentation of a reactive power

control methodology. This control scheme takes into

account the active power, generated by the converter

of the IGBT-HVDC,and ensures that local operating

limits are not exceeded. The information passed to

the control module is used to calculate the reactive

power, required from the converter to achieve the

voltage control objective. As shown in simulations,

the reactive power control scheme (Mode 2) delivers
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improvement in performance as compared to the

power factor control scheme (Mode1).

7. Appendix

For simulations, all parameters are converted to

per unit based on 2MVA.

Infinite bus voltage, dc-voltage, maximum

operating limit of VSC (pu)

,inf 11.165 0.185 , 1.164set
dq rv= =é ùë ûv ,

max
1 1iS =

TL and TR parameter connected to IGBT-HVDC (pu)

0.0035, 0.006, 0.0004, 0.02, 0.3TL TL TL TR TRR L C R L= = = = =

IGBT-HVDC and TR(pu)

1 10.0055, 0.0631, 0.0109, 0.0092, 0.1382c TR TRR L C R L= = = = =

Controller gains (pu)

- PI: 0.5, 100p ik k= = and PI1: 4, 200p ik k= =

- Reactive power controllers: 1, 20p ik k= =
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