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Abstract— With the development in power electronics technologies and control techniques, a new generation of
HVDC system has been launched based on voltage source converters (VSC-HVDC). It is a new dc transmission
system technology known as "HVDC Light" and "HVDC Plus". This paper presents analysis, modeling and
control of VSC-HVDC based. The operation principle and control strategies of VSC-HVDC are also explored and
analyzed. Simulations for a VSC-HVDC are conducted using PSCAD/EMTDC software. The control design and
system responses under several conditions such as control tracking performance, steady state and fault scenario are
tested and verified. The linear frequency domain design and analysis have been verified by time-domain
simulations.

Keywords— High voltage direct current (HVDC), Modeling, PSCAD/EMTDC, Simulation, System dynamics,
Voltage sources converter (VSC).

L. INTRODUCTION

High Voltage Direct Current (HVDC) technology is an efficient and flexible method to
transmit power compared to conventional AC transmission [1], [2]. It uses power electronics
technology with high power and voltage ratings. Using HVDC instead of High Voltage
Alternative Current (HVAC) for high power transmission is advantageous for long power
transmissions, bulk power delivery, long submarine power crossing, and low line cost and
losses [3], [4]. Further, HVDC offers an economical and reliable method for asynchronous
interconnections between AC networks, renewable resources integration, fast and dynamic
power flow control, and power system stability improvement [5], [6].

With the development of power electronics technologies, control equipment and techniques, a
new generation of HVDC has been launched based on voltage source converters (VSC-
HVDC). It is a new dc transmission system technology known as "HVDC Light" [7] and
"HVDC Plus" [8] by leading vendors (ABB and Siemens). VSC-HVDC converters include
Insulated Gate Bipolar Transistors (IGBT’S) which are operated with high frequency Pulse
Width Modulation (PWM) in order to get high speed control of both active and reactive
power and to create the desired voltage waveform. As a result of using VSC technology and
PWM, the VSC-HVDC has a number of potential features compared with classic HVDC
(thyristor-based).

The VSC-HVDC is a mature technology; it provides several advantages over the classic
HVDC such: improving system stability, connecting wind farms to an AC grid, enhancing
power quality [9]-[11], lower losses, less expensive, limitation short circuit currents, grid
access for weak AC networks, independent control for active and reactive power, supply of
passive networks and black-start capability, high dynamic performance, low space
requirements, long distance water crossing, and environmental reasons [12]-[22]. These
features allows VSC-HVDC converters to be appropriate for a large range of applications
related to power flow flexibility, fast response and recovery after the disturbances being
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cleared. Due to these merits, VSC-HVDC has been an area of a growing interest; it is
expected that VSC-HVDC will play an important role in power systems; and it will be one of
the most important components of power systems in the future. Therefore, modeling, control
design and simulation are important for power system studies and interactions [22]-[31].
There are many topologies for voltage source converters (VSC) available for HVDC
applications such as Two-level VSCs [22] and multilevel VSCs [23], cascaded multilevel
converters and modular multilevel VSC (MMC) [24]. The focus of this paper is on two levels
VSC-HVDC.

A typical back to back VSC-HVDC system is presented in Fig.1. It consists of AC filters,
transformers, converters, phase reactors and DC capacitors [23]-[25]. The main function of
the VSC-HVDC is to transmit constant DC power from the rectifier to the inverter.
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Fig. 1. Basic configuration of back to back VSC-HVDC system

1I. HVDC-VSC CONTROL STRATEGY

There is several control methods used for VSC-HVDC systems. This section provides an
overview of the three control strategies [24]. Vector current control is adopted in this paper.
Vector current control of VSCs was first used at variable-speed drives, where the VSC is
connected to an AC motor. In this method, with respect to the point of common coupling, by
controlling the phase angle and the voltage magnitude of the VSC line current, the real and
reactive power can be controlled. Further, this method can independently and precisely
control active and reactive power through an inner-current control loop; and it has high
dynamic performance. Fig. 2 shows the main-circuit and control block diagrams of a VSC-
HVDC converter using vector current control.
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Fig. 2. Schematic diagram of VSC-HVDC system
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A. Control Design Procedure and Criteria

In HVDC systems, the active power of the grids is transmitted only over the DC link, whereas
the reactive power is exchangeable only on the AC sides and cannot be exchanged through
the DC-link. Normally, the one side of HVDC system is utilized to control the DC-voltage;
and the other side converter is used to regulate the active power which is typically referred to
as inverter and rectifier stations, respectively. The most common control implementation is
the vector control, which gives the ability to control the active and reactive powers
independently. Therefore, at both sides and in parallel to the DC and active power control, the
converter can be designed to 1) control the voltage at the PCC, 2) control the reactive power
or to 3) maintain the unity power factor. In this paper, the control voltage at the PCC at both
stations is adopted; and the control arrangement is shown in Fig. 3. It shows the control circuit
for the system under the study. VSCI is used to control the DC-voltage (DC control), while
VSC2 is used to control the active power (active power control). The control is implemented
in dg-frame; and the well known controller, PI controller, is used. Fig. 3 shows the control
loop structures.
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Fig. 3. Control loops and structures of VSC-HVDC system converters schematic diagram of VSC-HVDC system
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A.1.  Inner Current Control Loop

Fig. 4 shows the schematic diagram of the grid-side converter. The dynamic equations in a
synchronous frame rotating with the grid voltage are:

. di .
Vg = (Rld + Lﬁ) + (Vgq — wlLiy) (N
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Fig. 4. Control block diagram of a current-controlled VSC-HVDC system

PI controller is the most common type in dg-frame due to its ability to track DC and low
frequency signals. By combining the current system and grid side dynamic, the closed loop

system is:
[kp—cc +ki—cc][;]
F (S) — S. Ls+R 3
)= iz ] ©

. L L .
The gains of PI controller such as k,_.. =— and k;_.. = — are selected, where 7 is the
Tec Tec

time constant of the closed loop current controller. Equation (3) can be simplified by the first
order transfer function:

1 cc
Fo(s) = = W, =1/t “4)

TeeS+1 - Stwec

Where w.. is the bandwidth for the closed loop current controller. The switching frequency is
chosen as 1980 Hz. The recommended bandwidth for the current controller is selected as one
fifth of the switching frequency [32], [33]; and the bandwidth of current controller is selected
to be 15% of the switch frequency (i.e. 1866 rad/s). With L= 0.031H and R=0.83C2, the value
of PI gains are calculated (k,=60 and £=300000). This designed is for both converters. Fig. 5
shows the linear frequency response of current controller closed loop systems.
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Fig. 5. Closed-loop frequency response

A.2.  DC Outer Loop

In dg-frame control, DC control is an outer loop Fig. 6 shows the DC control structure. For a
stable cascaded control operation, the recommended bandwidth for the outer controller is at
least five times lower than the inner loop [34]. The bandwidth of the DC controller loop is
chosen to be slower than the inner loop, with a bandwidth 10% of the inner loop, which is
equal to 186 rad/s. The dynamics of the current-control loop (F,.) is much faster than the
outer loops, so it is reasonable to assume that F,. = 1 within the bandwidth of the outer loops.
The closed loops transfer function of DC control loop can be described by:

2
ref
_ (Vdc ) _ skp—dctki—dc (5)
(vdc)z 0-552C+Skp—dc +ki—qac

Gdc

The common second-order transfer function is w? = Igigé and 2w, = % ; where (=1
and w, = 0.67 pu yields kj, 4. = 0.05and k; 4. = 0.0454. Fig. 7 shows the frequency

response of the DC voltage.
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Fig. 6. Control block diagram of DC control loop
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Fig. 7. Linear frequency response of DC voltage control

A.3.  Active Power Outer Loop

The power loop is a simple loop; it can be performed as shown in Fig. 8. The difference
between the measured and the reference active power is used to generate the reference signal

for current controller.
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Fig. 8. Active power controller

1I1. SIMULATIONS AND RESULTS

A. Control Performance—Controller Tracking Capability

Fig. 9 shows PSCAD/EMTDC [35] block diagram implementation of the studied HVDC-

VSC system.
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Fig. 9. PSCAD implementation for the HVDC-VSC system
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Figs. 10 and 11 show control performance, control tracking capability, and response under a
change in the reference signals (10% change in DC link voltage). This step is necessary for
initial validation of control design. As it is presented in Fig. 10, the DC-voltage has a good
tracking for its reference. Also, it is observed that the current control is much faster than the
DC control which validates the linear design process. Fig. 11 shows the control response and
the power at both ends. It is obvious that the controller tracks its reference in a good response.
While the DC is kept constant, the sending end is able to push the power to the other end. The
difference between the sending end and receiving end is the HVDC system loss.
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Fig. 10. DC-voltage and current control responses under 10% change in DC link voltage
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Fig. 11. Active power control response with different changes

B. Steady State Simulation

The results shown in Figs. 12 and 13 represent the steady state condition where the case
VSC2 (grid 2) is transmitting 100 MW to VSCI1 (grid 1). The current, voltage waveforms for
both VSC1 and VSC2, the DC- link voltage and the transmitting and receiving power are
shown in both figures. The results clearly indicate that the DC- link voltage is constant and
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stable; also the power received by gridl is less than the transmitted power due to the converter
losses.
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Fig. 13. System response under steady-state condition
C. System Response under Three Phase Fault at Grid 1

Figs. 14 and 15 show the performance of HVDC under a three phase fault at grid 1. A three
phase fault is applied at time /=1, for 50ms fault duration. The VSCI1 current and voltage
waveforms show that the system faces an over-current and voltage dip; this fault has led to
increasing the DC-link voltage as the power transmitted from VSC2 is accumulated at the
DC-link due to the fault at grid 1 (which made the power at the receiving end almost zero).
After the fault had been cleared, the controller brought the system to the steady state
condition. However, there is no impact of the fault on the other end (grid 2) since DC link acts

as a buffer to isolate both ends.
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Fig. 14. System response under fault at grid 1; a) current and voltage at PCC point of grid 1, b) current and voltage

at PCC point of grid 2
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Fig. 15. System response under fault at grid 2; a) sending and receiving active Power, b) DC voltage link

D. System Response under Three Phase Fault at Grid 2

Figs. 16 and 17 show the system response under a three phase fault at grid 2. The VSC2
current and voltage waveforms show that the system faces an over-current and voltage dip.
This fault has led to decreasing the DC-link voltage due to the fact that the power fed to the
DC is reduced due to the fault. This decrease is manifested as a decrease in DC link and in the
power (current) at the receiving end. In comparison, fault at grid 2, where the active power is
controlled, only reduces the current. However, voltages are still not influenced in both cases.
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Fig. 17. System response under fault at grid 2; a) sending and receiving active power, b) DC voltage link

E. System Response under Single Phase Fault at Grid 1

Figs. 18 and 19 show the system response under a single phase fault (phase A) at grid 1. The
VSCI1 current and voltage waveforms show that the system faces an over-current and voltage
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dip in phase A (faulted phase). This fault created an increase and harmonics in the DC-link
voltage due to an unbalance in the voltage and current. Like three phase fault, the remote grid
is not affected by this fault.

: [
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Fig. 18 System response under fault at grid2 ; (a) current and voltage at PCC point of grid 1, (b) current and
voltage at PCC point of grid 2
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Fig. 19. System response under fault at grid 2; a) sending and receiving active power, b) DC voltage link

F. System Response under Single Phase Fault at Grid 2

Figs. 20 and 21 show the system response under a single phase fault (phase A) at grid 2. The
VSC2 current and voltage waveforms indicate that the system faces an unbalanced over-
current and voltage dip in phase A (faulted phase). This fault created a decrease and rich of
harmonics in the DC-link voltage due to an unbalance in the voltage and current that is
reflected on the DC link. Similarly, for the previous fault scenario, the remote grid is not
influenced by this fault.
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Fig. 21. System response under fault at grid 2; a) sending and receiving active power, b) DC voltage link

G. Harmonics Analysis

Under steady state operation, the current and voltage waveforms are taken to evaluate the
harmonics content of the designed VSC systems. The standard blocks in PSCAD for Fast
Fourier Transform (FFT) and Total distortion harmonics (THD) block are used to determine
the harmonic magnitude of the line currents and voltages. Fig. 22 shows the FFT and THD for
the line current before the filter. The highest harmonic appears at harmonic order 39. These
measurements are consistent with the theoretical predictions from the PWM scheme [36]. The
switching frequency is 1950Hz for grid 1 and 1980Hz for grid 2 which gives frequency
modulation ratio (m=39). Harmonics appear as side bands, centered around the switching
frequency with the highest value at m,=39.
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Fig. 22. Harmonics spectrum of injected current at converter terminal (before the filter), a) individual harmonic
distortion (%), b) total harmonics distortion THD
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Fig. 23 shows current and voltage waveforms at the point of common coupling (PCC) for grid
1. The corresponding individual harmonic, harmonic distortion and total harmonics distortion

are shown in Fig. 24.

180 1 o =g

100 040
50 020

0 0.00

-50 -020

y (Phase RMS)
y (Phase RMS)

-100 -040

150
Tne 02200 025 0200 02350 02400 02450 02500 0250 02600 02650 Tne 0200 02650

a) b)
Fig. 22. Waveforms at PCC; a) voltage waveforms, b) current waveforms
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Fig. 23. Harmonics spectrum of injected current and voltage at PCC (after the filter), a) current harmonics
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Based on the above results, the THD levels for both of the injected current and voltage at PCC
are less than 1%, which is under the maximum limit specified in IEEE standards [37].

1V. CONCLUSION

This paper presents analysis, modeling and control of HVDC-VSC-based. The operation
principle and control strategies of VSC-HVDC are also explored and analyzed. Simulations
for a back-to-back VSC-HVDC are conducted using PSCAD/EMTDC software. The
simulations are conducted for connecting asynchronous grids (50 and 60Hz) as one of HVDC
applications in modern power systems and grids interconnection.



© 2016 Jordan Journal of Electrical Engineering. All rights reserved - Volume 2, Number 3 211

Control and system response performance under both steady-state condition and grid dynamic
scenario such as symmetrical and unsymmetrical fault are tested and verified. It is shown that
the design controller is able to bring the system to the steady state condition after the fault is
cleared. Further, the design and control responses show an excellent matching between the
linear analysis (frequency domain analysis) results and those from nonlinear analysis (time
domain simulation). After harmonic analysis is carried out, the converter output harmonics
contents match the theoretical predictions from the PWM scheme. THD levels for both
injected current and voltage at PCC are less than 1%, which is within IEEE standards limit.
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