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ABSTRACT:

Voltage Source Converter based High Voltage Direct Current (VSC-HVDC) has been an area of growing interest
during the recent years. Indeed, VSC-HVDC has the capability of controlling the active power and the reactive power;
rapidly, independently, and simultaneously. The main focus of this research is on VSC-HVDC system modeling; in
which, two different controllers, such as the PI controller and the fuzzy logic controller, have been implanted in the
system. Furthermore, these two controllers have been analyzed and compared to each other. Whereas, the main
objective of the work presented in this paper is finding the more suitable controller which could allow improving the
robustness of the whole control system and its impact on the dynamic performance of the VSC-HVDC during
parameter uncertainties, such as load change, parametric variation, and faults occurrence. The obtained results have
shown that using the fuzzy controller could lead to a better performance of the studied system, compared to the other

controller.
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1. INTRODUCTION

The important development on power electronics
devices has led to the appearance of several and
improved converters topologies. Among these devices
the IGBT with higher rated capabilities [3] which has
allowed to the VSC-HVDC transmission to be included
as a very feasible solution and used as a keystone for
power system grid expansion. Indeed, the VSC-HVDC
transmission has become a major factor in the planning
of the power transmission and has attracted much
interest and attention due to a number of factors, such
as its modularity, the possibility to control the active
and the reactive power independently [8], and the
power transmission reversal. Accordingly, the
globalization  process based on VSC-HVDC
transmission systems has been emerged and the
numbers of these systems have been increased rapidly
all over the world [4]. In this paper, a dynamic model
of the VSC-HVDC is developed and mathematical
model of the control system based on the relationships
between voltage and current is described. Furthermore,
the vector control strategy is studied and the control
system is developed combining the inner current loop
controller and the outer controllers. In order to fully

utilize the capability of the VSC-HVDC, two control
strategies (PI controller and, fuzzy logic) are presented;
where the corresponding dynamic performance is
studied under step changes and parameter uncertainties
(different types of faults, change load) are investigated.
The presence of large nonlinearities in VSC-HVDC
system dynamics makes the linearized model
inadequate  for controller design.  Furthermore,
traditional PI controllers often works only within a
limited operating range [13] which motivates the use of
nonlinear control techniques in order to overcome the
undesired problems that may be caused by using
conventional tuned Pl controllers under operating
conditions variations and to guarantee system stability.
Therefore, in this paper robust control design and
adaptive control structures based on fuzzy logic have
been proposed. Finally, the dynamic performance of
the VSC-HVDC system through various simulation
scenarios is tested for the validation of the proposed
controller performances.

2. VOLTAGE SOURCE CONVERTER (VSC)
HVDC SYSTEM

The fundamental operation of VSC-HVDC system
can be explained by considering a (VSC) voltage
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source converter connected to two AC networks as
shown in Fig. 1 [10], [11].
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Fig. 1. Basic configuration of VSC-HVDC.

3. MODELING OF VSC-HVDC SYSTEM

The first step to apply any control strategy of VSC-
HVDC system is the mathematical model as shown in
Fig. 2. [1.2].
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Fig. 2. Siﬁgle line diagram of VSC-HVDC system.

The main purpose of the modeling is to represent
the non linear HVYDC system with a linear time system
and apply a proportional integral (PI) controller to
achieve the desired response from the system [10]. The
difficulties of a control system design increases with
the system order. Especially, in adaptive control design,
a higher order system needs to be simplified to apply
adaptive control and parameter estimation. Indeed
VSC-HVDC system has advantage of independent
control of active and reactive power [6]. It is obvious
that the direction of active power flow can be changed
without changing the DC voltage polarity. The reactive
power can be controlled independently at -either
converter station by controlling converter AC output
voltage. The control of a VSC-HVDC system is
basically the control of the transfer of energy between
the two sides of the VSC-HVDC system [9]. Therefore,
the aim of the control in VSC based HVDC
transmission is thus the accurate control of transmitted
active and reactive power. Moreover, the VVSC controls
are often used to provide ancillary services, such as the
improvement of the AC grids dynamics. Different
control strategies of the VSC-HVDC system can be
found in literature[4.5], such as direct control and
vector control methods which are based on voltage
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controlled VSC and current controlled VSC [1]
schemes respectively are the most widely used
methods. Direct control method is not used in practical
applications, it is useful in comparative studies of
operation and performance of VSC-HVDC. The vector
control strategy can be derived from the mathematical
modeling of the system shown in Fig. 2, by the AC
dynamics in stationary coordinates, seen from the filter
bus voltage towards the converter are given by the
dynamics of the phase reactors, based on Clark
transformation matrix, which allows the transformation
of the three-phases system variables in ABC-frame to
bi-phase variables in (alpha-béta) frame [7.12], the AC
dynamics can be presented in (alpha-béta) frame as
follows:

L

di,,; .
ot =V, —U, —Ri, (1)

By using the transformation angle & derived from a
phase-locked loop (PLL), the above equation can
further be transferred to the synchronous rotating dg
reference frame, as follows:

dig, L
LF =Vy, —Uygy — (R+ joL)iy, (2)

The term ( jolLliy, ) represents the time derivative of

the synchronous rotation of the dq reference frame, the
equation (2) can be rewritten as:

G

it =V, —U, —Riy +olLi,

3
di, o ®
Lazvq -u, —Ri, —wLli,

During steady state operation, the dq-components of
voltages are constant at the rated values. Therefore,

v, =0andv, =v 4)

Considering the above assumptions, the active and
reactive powers are expressed as follows:

{Pref =V id _ref (5)

Qref = _Vd Iq_ ref

This equation shows the independent control of the
active and the reactive power.
The dynamics models of the DC link are given by:
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(6)

pdc = udcldco

4. CONTROL STRATEGIES BASED ON PI-
CONTROLLER

Equation (3) shows that the model of the VSC in
the synchronous reference frame is a multiple-input
multiple output, strongly coupled nonlinear system.
Thus, it will be difficult to realize the exact decoupled
control system with conventional linear control
strategies. The transformed voltage equations of each
axis have speed/frequency induced term (wlLi,

and wLiq) that give a cross-coupling between the two

axes. For each axis, the cross-coupling term can be
considered as disturbance from a control point of view.
Thus, a close-loop direct current controller with
decoupled current compensation and voltage feed-
forward compensation is required to obtain a good
control performance.

Equation (3) can be rearranged as follows:

Uy = Ldi+ Ri,
dt )

diq )
U, = LEJF qu

This equation shows that the cross coupling terms
are cancelled out and independent control in d and g
axis is achieved. Moreover, the equations in d and g
axis show the same form. Thus, analysis of the d -axis
controller is enough. Using Laplace transformation for
this equation, the system transfer function can be
obtained as follows:

1
R1+7zs

Where, the time constant, = is defined as: 7 = VR .

T()—

(8)

Equation (8) shows that the resulting system is
composed of two independent first order systems, thus
it is sufficient to use a PI controller as a controller.
Finally the transfer function H(s) can be expressed as:

H(s)=K,+— 9)

Based on the basic relationship of the system
model, the inner current control loop can be
implemented in the dq frame as in Fig. 3.
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Fig. 3. Schematic diagram of current control loops.

4.1. Block Diagram of Control Scheme of VSC-
HVDC

Based on precedent equations obtunds in modeling
system, the block diagram of VSC-HVDC system is
shown in Fig. 4.
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Fig. 4. Vector control scheme of VSC-HVDC.

4.2. Direct Voltage Control

The main objective of the DC voltage controller is
to ensure the DC-link voltage regulation following the
reference value. As it is shown in Fig.2, the active and
reactive powers in dg-reference frame at the AC side of
the VSC are expressed as follows:

Pref =V id _ref (10)
Qref = _Vd iq_ ref

From equations (6) and (7), the reference current
Iy e 1S derived as follows:

. iU
Id _ref = de0 e (11)
d
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This current d-component gives the reference
current for the inner current controller of the DC
voltage control. The block diagram of the DC voltage
controller is shown in Fig. 5.
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Fig. 5. Block diagram of the DC voltage controller.

5. CONTROL STRATEGIES BASED ON FUZZY
LOGIC

Application of fuzzy logic controller in VSC-
HVDC transmission systems have been carried out for
the last one decade [6]. Adaptive controllers have the
ability to adjust gain parameters based on system
operating conditions. An adaptive controller based on
fuzzy logic does not need any prior knowledge of the
system.

Fuzzy Logic is a new control approach with a great
potential for real-time applications [14]. It is a rule
based controller where a set of rules represent the
control decision mechanism [15]. The presence of large
nonlinearities in VSC-HVDC system dynamics causes
the design of appropriate controllers. To overcome
these problems, a controller with the capability of
changing gain parameters depending on system
dynamics or a controller with wide operating range of
gain would be a good solution. The proposed control
strategy for VSC-HVDC is PI fuzzy logic controller as
shown in Fig. 6.
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Fig. 6. Fuzzy PI controller.

The fuzzy logic rules for tuning the Pl controller
gain are shown in Table 1; they are based on the
following factors:

In the Fuzzification of the PI fuzzy logic controller
[7], the error (e) and its derivative (Ae) are used as the
principal signals controller inputs. The inputs e and Ae
are fuzzified into three sets, namely P, Z, and N
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(positive, zero and negative respectively).The output
membership functions are shown in Fig. 7.

IN N Z P LP N N Z PL

Vq
Fig. 7. I\Xé’mbership functions of V, and V, .

The five linguistic variables used for error and
variations are: LN-large negative, N-negative, Z-zero,
P-positive, LP-large positive.

Table 1. Fuzzy rules implementation.

Ae el N YA P
N LP P z
Z P z N
P N LN

To convert the fuzzy sets to the real numbers, the
centroiddefuzzifier is used to calculate the output
change V, of fuzzy PI controller.

The output is expressed as:

V.= 2,0 (12)

S Zinzlui

Fig. 8 shows the fuzzy logic decoupling of VSC-
HVDC.
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Fig. 8. fuzzy logic decoupling of VSC-HVDC.

6. SIMULATION RESULTS
Simulation results are presented in this paper, in
order to evaluate the system behavior of the VSC-
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HVDC at steady state and dynamic state conditions.
Therefore, an advanced control scheme fuzzy logic
controller is compared to a conventional Pl controller
strategy to improve and enhance system performance.
The dynamic performance of the transmission system is
verified by simulating and observing dynamic response
to step changes applied to the principal regulator
references and dynamic performance during load
changes, parameters variations and AC side, DC side
faults. Model parameters are provided in appendix.

6.1. Step Changes Applied to the Principal
Regulator

In this case, step changes in active power, reactive
power and DC voltage are implemented in all VSC-
HVDC controllers. As shown in Fig. 9, a negative step
of 10% is applied at 1.25s in active power controller at
VSCL. First, the transition is observed to be well
controlled with little overshoot. Second, it can be seen
that the change in active power does not affect the
reactive powers on either side of the AC systems
though there are some transients observed when the
step is applied. A noticeable effect in the DC voltage is
observable and the size of the DC capacitor employed
will have an impact on this. Next, a negative step of
10% is applied at 1.75s in the reactive power controller
at VSC1. First, the transition is observed to be well
controlled with little overshoot. Second, it can be seen
that the change in reactive power affects neither the
active power on same side nor the reactive power on
other side of the AC system. This clearly demonstrates
the independence of the P and Q controllers at the
VSCL1 end.
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Fig. 9. Step changes in the active power, reactive
power at VSC1.

In Fig. 10, initially the DC voltage is maintained
constant at 1pu which is followed by a negative step of
10% applied at 2.25s in DC voltage controller at VSC2.
First, the transition is observed to be rapid, well
controlled with overshoot. Second, it can be seen that
the change in DC voltage does affect the reactive
powers on either side of the AC systems. Naturally, the
size of DC capacitor will be a significant element in
controlling this effect.
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Fig. 10. Step changes in the DC voltage at VSC2.

Based on the simulation results, both the controllers
perform well but the fuzzy logic controller gives a
better transient performance and quite a low overshoot
as compared to the conventional PI controller.

6.2. Parameter Variations

In this case, a performance comparison between
fuzzy logic and conventional PI controller has been
made. This is done by putting the VSC- HVDC system
under parameter variations considering a decrease DC
and AC side parameters from the nominal value to
25%. Figures 11, 12, 13 and 14 illustrate the simulation
results. It is seen that in this conditions, Fig. 11
demonstrates the active power and reactive power
dynamic behavior following the change in parameter.
After the variation, slow Pl control renders acceptable
overshoot and settling time.
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Fig. 11. Response of PI controller to parameter
variations at VSC1.
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Fig. 12. Response of PI controller to parameter
variations at VSC2.

Fig. 13 shows that the active power dynamic
behavior remains stable even in presence of parameter
variation in favor of fuzzy logic controllers.
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Fig. 13. Response of fuzzy logic controller to
parameter variations at VSC1.
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Fig. 14. Response of fuzzy logic controller to
parameter variations at VSC2.

Results have shown the robustness of the fuzzy
logic controller; the flexibility of the implemented
controller could improve the system dynamic behavior
and increase its stability better than conventional Pl
controller.

6.3. Change Load

In this case, a change in the load of the both AC
sides, decreasing 20% of the nominal values, is applied.
One of these changes is applied at the converter VSC1,
which controls the active power and reactive power,
and the other one is applied at the VSC2, which
controls the DC voltage and reactive power. From the
simulated results in Figs. 15 and 16, it is clear that for a
load change, both the controllers perform well but the
fuzzy logic controller gives a better transient
performance and quite a low overshoot as compared to
the conventional PI controller.
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Fig. 15. Response of PI controller and fuzzy logic
controller to load change of 20% at VSC1.
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Fig. 16. Response of PI controller and fuzzy logic
controller to load change of 20% at VSC2.

For a large disturbance change in load, conventional
Pl controller suffers and does not recover well as in
Fig. 12; the reason for the inadequate of Pl controller
may be attributed to the gains fixed. On the other hand,
fuzzy logic controller is able to recover quite well,
which shows the potential of the proposed controller.

6.4. Three-phase Fault at VSC2

At the simulation time point of 0.5s, a three-phase
fault is applied for 100ms at VSC2 active and reactive
powers, at VSC1, DC voltage and reactive power at
VSC2 are shown in Figs. 17 and 18.
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When the fault is removed at 0.6s, the DC voltage
at VSC2 shows the variation from 0.3pu with fuzzy
controller and 0.65pu with PI controller. After the fault
clearing a slowly recover of the active power but fuzzy
controller should have a very short response time then
P1 conventional controller.
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Fig. 17. Response to three-phase fault at VSC1.
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Fig. 18. Response to three-phase fault at VSC2.
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6.5. DC pole-to-pole Fault

A DC pole-to-pole fault is applied at 0.5s for
duration of 100ms. The active power at VSC1 is shown
in Fig. 19. It can be observed that the fault active power
is limited to 0.4pu during the fault in DC transmission
system, the DC voltage at VSC2 (fig.20) reduces due to
continuous flow of the DC fault current. Since DC
breakers are not available to interrupt this fault current,
so the AC breakers on both the AC systems must be
opened to remove this fault. An implemented
protection system must supplement to the control
system in order to mitigate the DC faults that can occur
on VSC- HVDC system.
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Fig. 19. Response to DC pole-to-pole fault at VSCL1.
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Fig. 20. Response to DC pole-to-pole fault at VSC2.

7. CONCLUSION

This paper focuses mainly on the VSC-HVDC
performance assessment during steady state and
dynamic state where step changes in active power,
reactive power and DC voltage have been performed.
Indeed, to ensure the improvement of the dynamic
performance of the studied VSC-HVDC, two different
control techniques have been used based on two
different controllers, the conventional PI controller and
the fuzzy logic controller. These two controllers have
been integrated to achieve high dynamic performance
especially under load changes, parameters variations
and faults occurrence. Both approaches have been
compared regarding their dynamic performance,
robustness and simplicity. It was found that the
robustness of the proposed fuzzy Logic controller has
achieved more improved performance of the HVDC
system in comparison with the conventional PI
controller. Consequently, the proposed nonlinear
controller robustness has allowed improving the overall
system dynamic behavior and its stability under various
scenarios.

8. APPENDIX

The system parameters of the VSC-HVDC are:
AC voltage and reactive power (230 kV, 2000
MVA),
DC voltage and active power (200 kV, 200 MW),
DC Cable Length (75KM).
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