energies MBPY

Article
Non-Linear Control for Variable Resistive Bridge
Type Fault Current Limiter in AC-DC Systems

Md Shafiul Alam 1202, Mohammad Ali Yousef Abido 1'*© and Alaa El-Din Hussein 1

1 Department of Electrical Engineering, King Fahd University of Petroleum & Minerals, Dhahran 31261,

Saudi Arabia; shafiul@kfupm.edu.sa (M.S.A.); husseina@kfupm.edu.sa (A.E.-D.H.)

Department of Electrical & Electronic Engineering, International Islamic University Chittagong,
Chittagong 4318, Bangladesh

*  Correspondence: mabido@kfupm.edu.sa; Tel.: +966-5-0875-7838

check for
Received: 15 January 2019; Accepted: 10 February 2019; Published: 22 February 2019 updates

Abstract: This paper proposes a non-linear control-based variable resistive bridge type fault current
limiter (VR-BFCL) as a prospective solution to ease the effect of disturbances on voltage source
converter-based high voltage DC (VSC-HVDC) systems. A non-linear controller for VR-BFCL has
been developed to insert a variable optimum resistance during the inception of system disturbances
in order to limit the fault current. The non-linear controller takes the amount of DC link voltage
deviation as its input and provides variable duty to generate a variable effective resistance during
faults. The VSC-HVDC system’s real and reactive power controllers have been developed based on
a current control loop where direct axis and quadrature axis currents are used to control the active
and reactive power, respectively. The efficacy of the proposed non-linear control-based VR-BFCL
solution has been proved with balanced as well as unbalanced faults. The results confirm that the
oscillations in active power and DC link voltage have been significantly reduced by limiting the
fault current through the insertion of an optimum effective resistance with the proposed control
technique. The real time digital simulator (RTDS) has been used to implement the proposed approach.
The performance of the proposed non-linear control based VR-BFCL is compared with that of
traditional fixed duty control.

Keywords: non-linear control; variable resistive bridge type fault current limiter (VR-BFCL); voltage
source converter high voltage DC (VSC-HVDC); transient stability; voltage fluctuation

1. Introduction

High voltage direct current (HVDC) has evolved as an optimum solution for renewable energy
integration and long-distance power transmission, especially voltage source converter-based HVDC
(VSC-HVDC). Compared to traditional line commutated converter HVDC (LCC-HVDC), VSC-HVDC
system have several potential benefits, for instance, independent control of active and reactive power,
high power quality, lower losses and less insulation material for the DC cables [1-3]. Additionally,
nowadays, different problems faced by power networks such as network congestion and grid
re-enforcements are resolved by using VSC-HVDC [4,5]. Mainly two-level and multi-level VSC
topologies are presented in the literature [6,7] for VSC-HVDC transmission system.

However, despite several potential benefits, VSC-HVDC systems are more defenceless against
AC/DC faults than LCC-HVDC systems. Upon the occurrence of short circuit faults, the level of
fault current surges tenfold within several milliseconds feeding very high fault currents into the
DC cables through the freewheel diode which may cause severe damage to the voltage source
converters [8-11]. Currently, analysis and isolation of DC faults on VSC-based DC systems has attracted
the interest of numerous researchers [12-14]. Since large capacity DC circuit breaker technology and
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its engineering application is not yet mature, a novel DC fault handling capability for a modular
multi-level (MMC)-based system is presented in [12]. The presented method adopts damping modules
to accelerate DC fault isolation and avoid maloperation of AC system protection. Earthed and
unearthed DC fault detection and protection methodology for DC systems is presented with a back
propagation neural network [14].

A prospective solution to the fault problems of VSC-HVDC systems is to employ fault current
limiters [15]. During the response time of a circuit breaker, a fault current limiter can suppress the large
fault current in VSC-HVDC systems. Thus, fault current limiters can evidently mitigate the current
interruption stress on circuit breakers and avoid possible serious damage to the power electronic
converters. Superconducting [16-21] and non-superconducting [22-29] fault current limiters (FCLs)
have been widely applied in power systems to protect them against high currents as well as improve
transient stability.

A DC reactor type superconducting FCL has been presented [30] to limit the fault current which
has high implementation and maintenance costs. This structure also has a resistor to reduce the current
rating of the superconducting coil. However, this resistance cannot be varied to control the fault
current level. In [29], a similar type of FCL has been introduced with a non-superconducting DC
coil. This structure is more practical and keeps the fault current level within the pre-specified value
range better than the one presented in [30]; however, it has a considerable voltage drop in the large
non-superconducting coil.

To date, VSC-HVDC system stability has been examined with the implementation of different
categories of superconducting FCLs (SFCLs) [1,9,31,32]. However, superconducting fault current
limiters have several drawbacks such as big size, heavy weight and cost, magnetic field interference
with nearby sensitive devices, higher leakage and circulating currents, long recovery time, and loss in
stand-by mode [33-40] compared to non-superconducting fault current limiters. Non-superconducting
variable resistive bridge type fault current limiters (VR-BFCLs) could restrict the fault current as well
as improve transient stability with low cost, loss and voltage drop [24,28,41,42]. However, this new
non-superconducting low cost VR-BFCL technology has not been examined as yet in VSC-HVDC
systems for fault current reduction as well dynamic performance improvement. Thus, VR-BFCL
presents a potential solution for improving the FRT operation of VSC-HVDC with minimal cost.

Against this background, a variable resistive bridge type fault current limiter (VR-BFCL) has
been proposed in this work to enhance VSC-HVDC system FRT capability. A simple non-linear
control has been proposed to control VR-BFCL. The advantage of the proposed non-linear control is
two-fold in that it is superior to traditional fixed duty control and less complicated as well as easy
to implement. In this work, non-linear control based VR-BFCL is proposed and the performance of
the proposed strategy is compared with conventional fixed duty-based control approach. Real time
implementation of the system and associated controllers has been conducted with a real time digital
simulator (RTDS) device.

2. Variable Resistive Bridge Type Fault Current Limiter

In this study, non-linear control-based VR-BFCL has been proposed to resolve the fault issues
in VSC-HVDC systems. Its construction, operating principles and the proposed non-linear control
method are described in the subsections that follow.

2.1. VRBECL Structrue and Operation

VR-BFCL is composed of an isolation transformer, a diode bridge, and series connected resistance
and reactance in the DC side of the diode bridge [41-44] as shown in Figure 1. An IGBT switch is
connected in parallel with the resistance, the main current limiting part of VR-BFCL. IGBT switch is kept
turned on during normal operation of the system without any fault and hence evacuating resistance
is bypassed. In this operating condition, Lpc acts like short circuit as it gains maximum charge
corresponding to the maximum value of the line current. Eventually, VR-BFCL has approximately
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no effect on normal operation of the power system. The main purpose of adding Lpc in series with
resistance is to protect drastic increase of current and hence to provide protection of IGBT switch
against large di/dt.
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Figure 1. Variable resistive bridge type fault current limiter (VR-BFCL).

The DC side voltage of the VR-BFCL is given by the following equation [41]:
6 . 7
Vpe = ;sm(g)a\/m 1)

where a the isolation transformer turns ratio and V, is the peak voltage in the primary side of the
isolation transformer. The effective resistance appeared in the DC side of the bridge can be made
adaptable by applying the proper control signal to the IGBT gate as follows:

Rpc = (1 - D)Rvar )

where Rpc and D are the effective DC resistance and duty ratio, respectively. The concept of equal
power in the AC and DC sides of bridge is employed in order to find the effective resistance appearing
in the AC side by neglecting the power loss in isolation transformer, bridge rectifier and IGBT switch
as follows [41]:

3(Vi/V2) _ (Esin(§)av)’

®)
Race ff Rpc
This gives the following effective AC resistance:
2
s
Racefs = 792 RpC 4

This effective resistance appears in series with the line during system faults to reduce the severe
fault current and eventually improvement of system FRT capability as well as dynamic stability is
observed. In this study, a non-linear controller is proposed to generate variable duty cycle during the
inception of severe faults in order to insert dynamic effective resistance for regulating fault current
and augmenting the transient stability of AC/DC systems.

2.2. Non-linear Control of VRBFCL

Since the power system is highly non-linear, a nonlinear controller is proposed in this work to
control VR-BFCL. The control block takes the deviation of reference DC link voltage (Vpcy) and
measured DC link voltage (Vpcyes) of the HVDC link. As the HVDC system stability is mainly affected
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by the control action of the DC voltage control loop [45-49], the non-linear controller takes the amount
of DC link voltage deviation as its input and provides variable duty (D) to emulate variable effective
resistance during fault governed by the following non-linear equation:

1
D=———= )
VK|AVpc|
where K is the gain whose optimum value is to be determined. This non-linear equation is proposed
to generate variable duty depending on the total DC link voltage deviation. Duty (D) versus voltage
deviation is plotted for different values of gain (K) as shown in Figure 2.
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Figure 2. Non-linear controller duty variation with voltage deviation for different gains.

In order to determine the optimum value of the gain (K), different types of faults with different
intensities have been applied in the VSC-HVDC system. It was found that K = 100 gives better
performance during severe faults. This is evident from Figure 3. The performance index value for

T
voltage deviation defined as dc,,;; = [|AVpc|dt is plotted for different values of gain (K) in Figure 3.
T,
Here, T is the transient period after t}01e application of fault. A lower value of the index parameter
indicates better system performance since it the measure of deviation of the DC link voltage. It is
evident from the Figure 3 that there is an optimal value of the gain where the performance index
has its optimal (lowest) value. In this study, K = 100 gives the better performance of the system
during severe faults and any higher gain values give overcompensation whereas lower values provide
insufficient compensation.

It is worth mentioning that other nonlinear functions such as exponential, quadratic, cubic, and
logarithmic were tried. However, those functions all failed to provide better system performance.
Detection of faults in AC/DC systems could be achieved by sensing voltage sag or overcurrent at the
point of common coupling (PCC) [50]. Overcurrent at the PCC has been used in this study to detect
faults for the proposed non-linear controller as shown in Figure 4.

Measured PCC current (Ipcc) is compared with a predefined threshold current (I7). During normal
operation when Ipcc is lower than the I, the output of Comparatorl becomes low. Thus, output
of the summation block is high during normal operating conditions of the system. Consequently,
the output of the step voltage generation block becomes high to keep IGBT turned on. Therefore,
the evacuating resistance is bypassed and VR-BFCL has a negligible impact on system under these
conditions. However, during grid faults Ipcc goes on increasing and becomes higher than I, and as a
result the Comparatorl output becomes high, so the low and a high voltage signals are provided by
the block of step voltage generation to turn on and turn off IGBT in dynamic fashion for providing
varying compensation depending on the duty (D) provided by the non-linear equation during system
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disturbances. Another noteworthy features of this work is that the proposed non-linear controller
performance is compared with fixed duty control [41] where a fixed duty is applied corresponding to
the average value of the D during a severe disturbance.
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Figure 3. Performance index parameters for different gains.
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Figure 4. Non-linear controller for VR-BFCL.

3. System Modelling and Controller Design

For fault ride through (FRT) capability and transient stability analysis, AC/DC system as
presented in Figure 5 is demonstrated in this research work.

Power flow is bidirectional for the VSC-HVDC system depending on the reference power
command of one of the VSCs in two terminal topology. Proper operation of the system mainly
depends on the control of DC link voltage to a specified value. In two terminal topology, one VSC
employs a double loop control strategy in which the outer controller controls the DC voltage and the
inner current controller regulates the active power transfer between two grids. following subsections
present in detail the proposed non-linear control technique with VR-BFCL.
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Figure 5. Schematic diagram of VSC-HVDC system with VR-BFCL.
3.1. Control of VSC1

The amount of active power flow between two grids is regulated by VSC1. Additionally, reactive
power interchange between grid and point of common coupling (PCC) can be controlled by VSC1
in order to control AC voltage at the PCC. Now, direct axis and quadrature axis components of
voltage and current can be used to control active and reactive power as follows as per instantaneous
power theory:

3
3
Qs = E[—leq + Vald] )

Phase locked loop (PLL) is employed to measure grid angle and synchronize VSC with grid in
such a way that quadrature axis voltage (V) is zero. Thus, we get following equations from the above

two equations:
3

P = EVdId 8)
3
Qs = —EVqu (9)

So, control of active and reactive power is achieved by simply controlling the direct axis and
quadrature axis current, respectively, as below:

2

Idref = mpref (10)
2

Iqref = _mQref (11)

Now, using the a-b-c to d-q transformation technique the following first order differential equations
and converter equations are obtained:

L% = Lwoly — Rl + Vi — Vy (12)
L% = —Lawoly — Rl + Vig — V, (13)
Via = *2Cmg (14)
Vig = @mq (15)
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Finally, the VSC1 controller is developed using this equation set and adopting the third harmonic
injected pulse width modulation (PWM) method for controlling the active and reactive power as
shown in Figure 6.

Transfermerl

3" Harmonic Injected PWM

Preﬂ 2 §
—* 3vdl g
&
Qrer1 =0 2 | s To
e VSC1
™ 3val g Kotkifs g
qrefl

Reference Current Generation

Inner Current Controller

Figure 6. Schematic diagram of controller of VSC1.

As shown in Figure 6 inner current controllers control the active and reactive power controlling
the corresponding d-axis and g-axis currents, respectively. Both the d-axis and g-axis currents are
controller by proportional integral (PI) controllers. Controller parameters for the inner PIs are tuned
by using the pole-zero cancellation technique. Implementation of a feed-forward filter (FFF) scheme
removes undesirable start-up transients in the VSC. The third harmonic injected PWM method is
adopted in this study as the required minimum DC bus voltage level is lower than classical PWM
generation which, in turn, increases system stability in the worst case scenario [51]. In the third
harmonic injected PWM technique, the squares of the d-axis and g-axis signals are added together to
generate the modulating signal (im1).

3.2. Control of VSC2

Control performance of the outer DC link voltage controller directly affects the stability of the
system [45]. The VSC2 controller employs double control loop: an outer loop to control the DC link
voltage and an inner loop to control the active and reactive power. The inner control loop for VSC2 is
similar to the current control loop of VSC1 represented in Figure 7. The main difference is that the
reference active power (Py,) for VSC2 is delivered by the outer DC voltage regulator as shown in
Figure 7.

In the outer voltage controller, the error between the measured DC voltage (Vpcyes) and reference
DC voltage (Vpcre) is processed by a proportional integral (PI) controller. The outer PI parameters are
obtained by employing the symmetrical optimum method [52]. The output of the outer PI is added to
the amount of active power transferred from grid1 to grid2 for the active reference power generation of
VSC2. Then, the d-axis reference current is generated and processed by the inner current control loop.
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Figure 7. Schematic diagram of the controller of VSC2.

4. Results and Discussion

Both symmetrical and unsymmetrical faults have been applied in the system without FCL, with
fixed duty control and with the proposed non-liner control of VR-BFCL. The system data and results
are presented in the following subsections.

4.1. RTDS Implementation

The effectiveness of the proposed non-liner duty based control technique of VR-BFCL is evaluated
by implementing the test system of Figure 5 and the associated controller as proposed in Figures 6
and 7 in a real time environment using a real time digital simulator (RTDS). Furthermore, the non-linear
controller is equated with fixed duty control to show the improvement of system performance in
limiting fault current. Details of the VSC-HVDC system and controller data are listed in Table 1.

Table 1. Parameters of the VSC-HVDC system and its controller.

Parameter Value
Rated power of AC/DC 30 MVA
AC Grid voltage 138 kV (L-L rms)
System Frequency 60c/s
Transformer voltage ratio 138/18 kV (Delta/Y)
Transformer magnetizing resistance 0.001 pu
Transformer magnetizing inductance 0.001 pu
AC side resistor (R) 88 mQ()
AC side reactor (L) 8.5 mH
DC capacitor 500 uF
DC voltage 35kV
VR-BECL resistor (Rygr) 100 mQ)
VR-BFCL inductor (Lpc) 30 mH
Current controller 8.5 +88/s
DC voltage controller 0.1036 +17.7/s
Feed forward function (FFF) 1/(1+75 % 1076 s)

RTDS is a completely digital power system simulator working in real time. It comes with
custom hardware with a high speed processor and software named RSCAD. The RTDS platform has
been widely recognized by most of the electrical utilities, research institutes, protection equipment
manufacturers, and educational institutions for developing and testing of power system equipment [53].
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The RTDS rack is connected to the workspace computer with a network hub as shown in Figure 8.
The AC/DC system and all controllers are developed in the RSCAD software and compiled in the
workspace computer. After successful compilation, codes are downloaded in the RTDS hardware to
run the system in real time and observe the system behavior. Detailed RTDS implementation results
are presented and discussed below.

RTDS RACK

—_———— L ———a

DRAFT FILE

1
)
1
1
1
]
]
]
Complie ]
]
]
]
1
1
1
]
]

Remote
Workstation

Figure 8. Real Time Digital Simulator setup.
4.2. Simulation Considerations

At the start, both the VSCs are disconnected from the grids and the DC link capacitors are
discharged. When the capacitors are fully discharged, VSCs are connected to the grids through the
interface reactor and resistors. As a result, capacitors are now gradually charged and reach a steady
state value. Then the DC link reference voltage is step changed to 35 kV and all the controllers are
unblocked, so the outer DC link voltage controllers of VSC2 regulate the DC link voltage to the
reference value. In the next stage, the reference power of VSC1 is changed to 20 MW in order to
transfer this amount of power from grid1 to grid2. At this level, the system is ready to apply different
faults and observe the improvement of system transient response with the proposed variable duty
based control of VR-BFCL. Different faults are applied for six cycles and the following three conditions
are evaluated:

(i) without FCL
(ii) with fixed duty controller VR-BFCL
(iify with proposed non-linear controller VR-BFCL

4.3. Symmetrical Fault Application

Figure 9 demonstrates the dynamic performance improvement of the VSC-HVDC system with
the proposed non-linear control-based VR-BFCL for a symmetrical three-phase fault applied in grid1.
The DC link voltage varies from 23.56 kV to 50.05 kV without any supplementary controller. This
higher voltage fluctuation is slightly reduced with the fixed duty controller-based VR-BFCL which
corresponds to a 45.76% voltage fluctuation reduction. However, the proposed non-linear control-based
VR-BFCL suppresses voltage fluctuation greatly reducing the voltage variation by 62.26%. Furthermore,
the settling time is significantly reduced with the proposed control technique to only 0.906 s. whereas
it takes 1.04 s with the fixed duty controller and 1.669 s without any FCL.

Figure 10 clearly depicts that the oscillation in power exchange between two grids through the
HVDC link is higher without any auxiliary controller. The fixed duty controller-based VR-BFCL
improves power damping slightly. However, the proposed non-linear controller-based VR-BFCL
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significantly damps the power oscillation in the system for 3LG fault applied in grid1l. The current

limiting capability of the non-linear control-based VR-BFCL is clearly visualized in Figure 11.

Figure 10. Response of active power exchange between two grids for 3LG fault.
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Figure 9. DC link voltage response for 3LG fault.
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Figure 11. Response of Phase ‘a’ current of grid1 for 3LG fault.
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4.4. Unsymmetrical Faults Application

An unsymmetrical single line to ground (1LG) fault has been applied in gridl. The DC link
voltage variation, power oscillation and the fault current have been reduced with non-linear control-
based VR-BFCL as visualized by the real time simulation results. The fluctuation in the DC voltage is
shown in Figure 12 for all the considered cases. Without FCL, the DC link voltage fluctuates between
32.56 kV to 39.75 kV. A DC link voltage fluctuation reduction of 9.87% has been observed with fixed
duty control. However, the proposed non-linear control-based VR-BFCL reduces the DC link voltage
fluctuation by 24.6%.

— — without FCL
with fixed duty VR-BFCL 7
with proposed non-linear VR-BFCL
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Figure 12. DC link voltage response for 1LG fault.

As shown in Figure 13, power exchange between grid1l and grid2 oscillates over a wide range
without any auxiliary controller. Application of fixed duty control-based VR-BFCL damps the power
oscillation by 30.8%. However, the proposed non-linear controller for VR-BFCL gives the best power
oscillation damping performance of 50.5%. A maximum level of fault current limiting capability is
observed with the proposed non-linear control-based VR-BFCL over without FCL and with the fixed
duty VR-BFCL controller for 1LG fault as shown in Figure 14.

21 r / A\ 4
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205 1

N
o
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©
(4]
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¥
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Figure 13. Response of active power exchange between two grids for 1LG fault.
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Figure 14. Response of Phase ‘a’ current of grid1 for 1LG fault.

4.5. Index-Based Comparison

For a more clear perception of the VSC-HVDC system fault ride through capability enhancement
with the proposed non-linear control-based VR-BFCL, several performance indices are evaluated such
as DClink voltage, dclink,y;, active power, acpor, and line current, linec,,,. Mathematical representations
for the abovementioned indices are given by the following equations:

T
dclink,y; = / |AVpe|dt (16)
0
T
aCpor = / |AP|dt (17)
0
T
litteours = / |Aildt (18)
0

where AVpc, AP, and Ai represent the deviation of DC link voltage, active power, and line current,
respectively. Since the performance index is the total deviation of the signals over the simulation period
T, a lower value indicates better system performance. Performance index values for symmetrical and
unsymmetrical faults are presented in the Tables 2 and 3, respectively.

Tables 2 and 3 show a slight improvement with traditional fixed duty control. However,
a notable improvement in FRT capability as well as stability is observed with the proposed non-linear
control-based VR-BFCL. Non-linear VR-BFCL shows smaller values for all indices. This demonstrates
the better performance for stabilization of the VSC-HVDC system with the proposed control approach.

Table 2. Values of indices with proposed non-linear VR-BFCL for symmetrical 3LG fault.

Values of Indices in Percent

Index Parameters, kV.sec Without FCL With Fixed Duty With Proposed
1thou VR-BFCL Nonlinear VR-BFCL
dclink 2.0276 0.6452 0.4623
aCpouw 7.8727 1.4493 0.6301

linecyrr 0.3948 0.3360 0.3159
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Table 3. Values of indices with proposed non-linear VR-BFCL for unsymmetrical 1LG fault.

Values of Indices in Percent

Index Parameters, kV.sec Without FCL With Fixed Duty With Proposed
VR-BFCL Nonlinear VR-BFCL
dclink,,;; 0.5321 0.4835 0.3831
aCpow 0.6653 0.5155 0.4485
linecyrr 0.3532 0.3029 0.3013

5. Conclusions

In this work, non-linear control-based VR-BFCL has been proposed for limiting fault currents
and augmenting the fault ride through capability of AC/DC systems. Depending on fault detection
based on PCC current, VR-BFCL non-linear controller has been designed. The proposed non-linear
controller takes the amount of DC link voltage deviation as its input and provides variable duty to
generate and insert effective resistance in order to restrict fault current and increase FRT capability.
VSC-HVDC plant, VR-BFCL, and the proposed control strategy have been implemented in RTDS.
Both balanced and unbalanced faults have been applied in the system to show the proficiency of
the proposed controller in improving the FRT capability of the VSC-HVDC system. From real time
implementation results, non-linear control-based VR-BFCL has been found as very efficient way of
restricting fault current and augmenting the transient response of VSC-HVDC systems. Active power
oscillation, DC link voltage fluctuation, and fault current have been reduced significantly and system
stability can been guaranteed with the proposed non-linear control-based BR-BFCL. Furthermore,
the proposed non-linear control-based VR-BFCL outperforms the traditional fixed duty control as
confirmed by the obtained results.
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Nomenclature

Abbreviations

1LG Single line to ground fault

3LG Three line to ground fault

D Duty cycle

FFF Feed forward function

FRT Fault ride through

HVDC High voltage DC

IGBT Insulated gate bipolar transistor
LCC Line commutated converter
MTDC Multiterminal HVDC

PCC Point of common coupling

PI Proportional integral

PLL Phase locked loop

RTDS Real time digital simulator
VR-BFCL Variable resistive bridge type fault current limiter

VSsC Voltage source converter
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Subscripts

aceff Effective value in AC side
d Direct axis

max Maximum

mes Measured

min Minimum

q Quadrature axis

ref Reference

var Variable
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