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Abstract: The stochastic behavior of PV together with high PV penetration have given rise to power
quality concerns involving voltage dynamic issues such as undervoltage, overvoltage, sag and swell.
To ensure the grid’s stability, various methods have been practiced such as a proper sizing of the grid
lines and the installation of power quality compensation equipment. However, these measures often
require high costs and high control complexity due to additional equipment being involved such as
multiple transformers and inverters. Moreover, the current available reactive power compensation
equipment has a lesser impact on distribution level networks. Therefore, this work proposes a hybrid
control of grid-feeding mode and energy storage with Direct Current (DC) fault detection scheme
utilizing fuzzy control to mitigate high PV penetration problems, PV intermittency and faults via
active power compensation to maintain the system’s voltage within its nominal range. This hybrid
control works on two mode of operations: strategic power dispatch by the grid-feeding mode to
solve under and overvoltage caused by inconsistent PV generation. Meanwhile, the utilization of
fuzzy control aims to solve PV intermittency and line faults. The novel hybrid control has proven
its capability to solve voltage dynamic problems caused by high PV penetration, intermittency and
faults in the network within a shorter timeframe.

Keywords: voltage dynamic issues; undervoltage; overvoltage; sag; swell; PV intermittency; fault;
grid-feeding; fuzzy control; 33 kV Malaysian distribution test network

1. Introduction

In recent years, PV system deployments in the grid system have increased significantly,
with yearly installed capacities of around 100 GWp [1]. According to the estimation by
the International Renewable Energy Agency (IRENA), the cumulative installed capacity
would escalate to up to 2840 GW by 2030 and 8519 GW by 2050 [2]. In Malaysia, the
Sustainable Energy Development Authority (SEDA) has imposed an energy target of 3%
renewable energy in the 11th Malaysian Plan (2016–2020) [3]. Subsequently, the new
government under the Ministry of Energy, Science, Technology, Environment and Climate
Change (MESTECC) set a new target for renewable energy (RE) of 20% for 2025 excluding
large hydro in the power mix [4]. With the available climate advantages in Malaysia,
this would make PV-RES (PV-renewable energy sources) one of the leading forms of
renewable generation in Malaysia aside from biomass and mini-hydro energy. Currently,
there are two types of PV systems, which are roof top and large-scale solar (LSS). However,
the implementation of high capacity LSS to fulfil load demand will give rise to power
quality issues such as under and overvoltage due to high PV penetration if left unattended.
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In addition to high PV penetration issues, the intermittency of PV will lead to voltage
fluctuations. The current market solutions available to solve power quality problems
caused by PV integration are the tap transformers, capacitors, batteries, voltage regulators
and smart PV inverters [2]. Each of the equipment mentioned requires high costs and
high control complexity. Another common method to overcome the high PV penetration
problem is performing PV curtailment, but this would hinder the potential of PV to
maximize its generation [5]. Thus, to address the stated issue, a grid-feeding mode with
control strategies such as a voltage oriented control (VOC) is proposed to provide support
in terms of power compensation, and because of its capability to perform power dispatch
between primary and renewable generation. Despite its low cost, simplicity and robustness,
a grid-feeding mode is unable to solve fault problems due to its slow response time.

In addition, an unpredictive fault may causes unfavorable disturbances within the
network. The four possible fault occurrences within the distribution network are the line-
to-ground, double-line-to-ground, line-to-line and three-phase faults [6]. The presence of
these faults may cause breakdowns on the line cables or the load equipment in a power
system network. In distribution networks, the main encountered power quality issues
involve the voltage interruption, sag and swell [7]. As defined in IEEE 1159–1995, voltage
sags and swell are a type of power quality problem which occurs when there is a sag or
swell of its root mean square within a half cycle to a minute [8]. A short decrease in power
supply or load current to less than 10% of the nominal voltage in less than one minute are
often classified as an interruption [8]. The following description of the causes and effects of
the PQ issues are summarized in Table 1.

Table 1. Description of the power quality issues involving a voltage interruption, fluctuation, sag and swell [5,6,9].

Description Causes Effects

Interruption
• Fault occurs at the feeder
• Loose connection in wiring

• Mostly a short-term effect arising
from voltage sag

Voltage Sag
• Fault occurrence within power system network
• Sudden switching of heavy load or motor

• Tripping issues
• Overheating of inductive equipment
• Flickering of light
• Damage to sensitive equipment

Voltage Swell
• Fault occurrence which results in a rise in unfaulted phases
• Switching off large load application or switching on a

capacitor bank

• Damage to the insulator cable
• Overheating of equipment

Voltage Fluctuation
• PV Intermittency
• Long transmission distance between source and load

• Interference to electronic devices
• Flickering of light

Hence, the deployment of the Flexible Alternating Current Transmission System
(FACTS) has come into effect to prevent any possible damage caused by power quality
issues (voltage interruption, sag, swell and fluctuation) within the power system [10]. With
the emerging technology of renewable generation in distribution networks, intermittency
on environmental-dependent renewable energy (RE) technology could cause voltage insta-
bility within the network. Series compensation devices such as Dynamic Voltage Restorer
(DVR) offer compensation via reduction of the reactance element in the line impedance to
improve the power factor or injection of the required voltage magnitude towards the load
side to maintain grid stability [11]. However, solving both under/overvoltage and voltage
sag/swell issues will reduce the lifespan of the energy storage significantly. Furthermore,
compensating for the under/overvoltage problem requires larger energy storage, which
will induce more costs in this case. Similar to series compensation devices, prominent shunt
compensation devices such as the Static VAr Compensation (SVC) or Static Synchronous
Compensator (STATCOM) inject reactive current to compensate for voltage magnitude
in order to enhance stability within the grid. Overall, both of these systems offer faster
voltage dynamic compensation, maintaining voltage stability and the quality of power



Energies 2021, 14, 3545 3 of 27

factor in an acceptable range. Despite that, the capability of Distribution Flexible Alter-
nating Current Transmission System (D-FACTS) in solving the above-mentioned voltage
disturbance problem within the distribution network is still being questioned in terms of
its reliability and effectiveness for reactive power compensation [12]. This is due to the
load on the residential side being more resistive, while reactive power compensation could
cause higher current injection into the network, inducing the possibility of cable overheat.
D-FACTS devices which utilize real power compensation show a better performance in
resolving the voltage disturbance problem; however, this comes with a higher operational
cost and these devices are bulkier compared to reactive compensation devices. The list of
power quality (PQ) compensation devices with their main functions and drawbacks have
been summarized into Table 2.

To evaluate on the occurrence of the voltage disturbance problem (voltage interruption,
sag, swell and fluctuation), several detection techniques have been conducted by various
researchers for avoiding electrical breakdown within the grid. The three techniques, namely
the Data Driven, Process Model and Knowledge Based techniques, are shown in Figure 1.

Figure 1. Types of fault detection schemes [13–16].

The Data Driven technique offers better reliability and simplicity based on the previous
historical data. However, in order to achieve a more reliable and precise computational
value, it demands a large model size and heavy computational efforts, which causes a
potential time delay in fault detection. The Process Model or the Physical Model (Control
System Based) delivers output of a residual form based on a reference value to indicate the
presence of a fault within a system, which is relatively simple for fault detection. A major
disadvantage was found in this model through the failure of the filter to suppress unwanted
signals (signal noises/disturbance) from its residuals [17,18]. This leads to an uncertainty
in fault detection, thereby defeating its objective to detect the required fault signals.

As for the Knowledge-Based technique, its methods such as fuzzy logic provide more
robustness than the Process Model (PM) fault detection scheme. This is due to Process
Model requiring additional sensors and an actuator to obtain the residual output by com-
paring the output of the process model with actual output of the monitored system [19].
Furthermore, when there is no presence of a fault, the residual output cannot be low-
ered down to zero due to the noises and interference incurred in the PM fault detection
scheme [20]. Thus, an additive fault detection with a different form of residual filtering is
needed to resolve the stated issue [21]. In contrast with the PM fault detection technique,
the knowledge-based fuzzy logic method only requires signal input and formulation of the
membership function. However, selection of the AC signal as the fuzzy input could gener-
ate numerous rules, which further increases the complexity and computational load. To
address drawbacks of the conventional Knowledge-Based fuzzy logic method, a simplified
and faster computational method (DC fault detection method) that utilizes lesser inputs is
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proposed in this work to replace conventional AC fault detection. The potential solution to
drawbacks of PQ devices and fault detection schemes is presented in Table 2.

Table 2. Summary of Power Quality Devices and Fault Detection Schemes Drawbacks and the Potential Solution [9–11,22–24].

Power Quality (PQ)
Compensation Devices Main Function Drawbacks

Dynamic Voltage Restorer
(DVR)

• Active power compensation [11]
• Reactive power compensation
• Sag and swell compensation [22]

• Short lifespan of energy storage if it operates to solve both
under/overvoltage and sag/swell problems.

• High cost due to large battery sizing for active power compensation
• Reactive power compensation is less effective in distribution network

due to resistive load.
• Requires additional transformer

Static VAr Compensator
(SVC)

• Reactive power compensation [9]
• Sag and swell compensation
• Address voltage fluctuation

• Reactive power compensation is less effective in distribution network
due to resistive load.

• Unable to compensate for large voltage margin (limitation in
capacitor sizing)

Static Synchronous
Compensator
(STATCOM)

• Active power compensation
• Reactive power compensation
• Sag and swell compensation [23]
• Power factor correction [24]

• High operational cost for active power compensation (larger
battery size)

• Reactive power compensation is less effective in distribution network
due to resistive load

• Short lifespan of energy storage if it operates to solve both
under/overvoltage and sag/swell problems.

• Requires coupling transformer

Fault Detection Schemes Drawbacks

Data Driven • Possible time delay in fault detection due to high demand in large
modal size and heavy computational effort [25,26]

Process Model • High event of uncertainty in fault detection [17,18]
• Requires additional sensors and actuator [19]

Conventional Knowledge-Based (fuzzy logic)

• Requires only signal input and formulation of membership function.
However, selection of AC signal as fuzzy input could generate
numerous rules that increase complexity and computational load in
fault detection [23]

Potential Solution to Drawbacks of PQ Devices and Fault Detection Schemes

Technique Aim Advantages

Hybrid Control of
Grid-Feeding Voltage

Oriented Control (VOC)
and Direct Current (DC)
Fuzzy Logic (FL) Fault

Detection Scheme

To solve under/overvoltage problem

• Introducing VOC control could avoid large sizing of energy storage to
perform active power compensation (cost reduction).

• With the VOC control back-to-back converter (AC-DC-AC) topology,
fuzzy logic control could tap into data at the DC-link to formulate a
DC fault detection scheme, which significantly reduces the number of
membership function rules as compared to an AC fault detection
scheme, thus leading to a faster fault solving time.

• Coordination of both VOC and FL control could solve a wide range of
power quality problems, at the same time prolonging battery lifespan.

• Does not require additional transformer

To solve sag/swell/voltage
fluctuation (fault)

In light of the above, this work aims to resolve the high PV penetration problem,
intermittency (PV fluctuation) and fault (sag/swell) in the distribution network by in-
troducing a hybrid control of grid-feeding mode (Voltage Oriented Control) and energy
storage with a fuzzy controlled Direct Current (DC) fault detection scheme. First, a 33 kV
PV-integrated Malaysian Distribution Network (RN#1) was constructed followed by a
power flow study to identify the weak bus through observation on the possible line losses
based on the permissible voltage tolerance. Next, the weak bus from the network was
integrated with PV-RES to compensate for the line voltage losses. A back-to-back converter
was proposed along with the grid-feeding control strategy (VOC) where the objective
was to regulate the power output between the primary generation and renewable sources
within a 33 kV PV-integrated Malaysian Representation Network. This would maximize
the potential generation of PV by solving the under and overvoltage issue caused by high
PV penetration. On the other hand, the selection of fault detection method which is the
Knowledge-Based Fuzzy Control was modeled along with the energy storage to solve
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PV intermittency (fluctuation) and fault (sag/swell). The proposed hybrid compensation
method between Voltage Oriented Control (VOC) and fuzzy control would ensure a faster
fault clearance while at the same time preventing frequent charging and discharging events
for the energy storage. Consequently, it would prolong the state-of-health of the energy
storage and contributes to an overall lower operational cost within the network in the long
run. The overall proposed hybrid control could mitigate the high PV penetration problem
(under/overvoltage), intermittency (fluctuation) and faults (sag/swell) all at once through
active power compensation to maintain the system’s voltage stability.

2. Methodology
2.1. Development of the Malaysian Representative Network (RN#1)

A 33 kV PV-integrated Malaysian Representation Network (RN#1) was developed
based on an actual network in Malaysia, as shown in Figure 2. The voltage level was in
accordance with the MS 61,000 standard, which is 230 V for a single-phase system and 400 V
for a three-phase system with a permissible tolerance voltage level of +10% and −6%. For
the maximum loading of the transformer, it was set below 75% of the maximum demand
according to the standards set by the Malaysian Electric Utility company [27]. The standards
of PV sizing were based on 75% of the load maximum demand (560 kW) according to
the Net Energy Metering introduced by the Malaysian Energy Commission [28]. For the
slack bus voltage, it was set according to the normal operation limit with a tolerance of 5%
(1.05 p.u.) in a 33 kV distribution network [29]. The parameters for RN#1 are presented in
Table 3 and the five types of loads within the network in Figure 2 are categorized as follows:

• Long distance (10 km) of supply to load—Load Type A
• Commercial load—Load Type B
• Small residential load—Load Type C
• Normal residential load—Load Type D
• PV integrated rooftop residential load—Load Type E

Figure 2. Malaysian Representative Network (RN#1) with different types of load [30].
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Table 3. Parameters for the 33 kV Malaysia Representative Network (RN#1) [27].

No. Parameters
Average Value

RN#1

1 No of 11 kV feeders per 33/11 kV Tx 5
2 No of 11 kV feeders (unit) for each main intake -
3 11 kV feeder length per feeder (km/feeder) 2.6
4 11 kV Tx nos per 11 kV feeder (nos) 5
5 LV feeder nos per 11/0.4 KV Tx (nos) 8
6 Average distance between 11/0.4 kV Tx (per feeder in km) 0.6
7 33/11 kV Tx MD (MW/Tx) 9.6
8 11 kV Feeder MD per feeder (MW/feeder) 2.5
9 11/4 kV Tx capacity (MVA) 1
10 11/0.4 kV Tx MD per 11 kV feeder (kW) 560
11 11/0.4 kV Tx maximum loading (%) 65
12 11 kV Feeder MD per km (MW/km) 1.3
13 % ratio of number of LV Overhead (OH) lines over total feeder nos 52
14 % ratio of number of LV Underground (UG) lines over total feeder nos 48

After the RN#1 network was modeled, a power flow study was conducted to identify
the possible weak bus within the network. The observed voltage p.u. for five different load
types is shown in Table 4.

Table 4. Load flow analysis using DigSILENT Software for the RN#1 network.

Load Terminal Voltage
Max. (p.u.)

Time
Point Max

Voltage
Min. (p.u)

Time
Point Min.

Type A Residential A (1) 1.035 1:00:00 PM 1.01 12:00:00 AM
Residential A (2) 1.033 1:00:00 PM 1 12:00:00 AM
Residential A (3) 1.031 1:00:00 PM 0.99 12:00:00 AM
Residential A (4) 1.03 1:00:00 PM 0.99 12:00:00 AM
Residential A (5) 1.03 1:00:00 PM 0.99 12:00:00 AM

Type B Small Residential (1) 1.038 5:00:00 AM 1.02 12:00:00 AM
Small Residential (2) 1.038 5:00:00 AM 1.02 12:00:00 AM
Small Residential (3) 1.037 5:00:00 AM 1.02 12:00:00 AM

Type C Commercial (1) 1.037 1:00:00 PM 1.03 4:00:00 PM
Commercial (2) 1.036 1:00:00 PM 1.03 4:00:00 PM
Commercial (3) 1.036 1:00:00 PM 1.02 4:00:00 PM

Type D Residential B (1) 1.037 1:00:00 PM 1.02 12:00:00 AM
Residential B (2) 1.037 1:00:00 PM 1.02 12:00:00 AM
Residential B (3) 1.037 1:00:00 PM 1.01 12:00:00 AM
Residential B (4) 1.036 1:00:00 PM 1.01 12:00:00 AM
Residential B (5) 1.036 1:00:00 PM 1.01 12:00:00 AM

Type E Residential C (1) 1.05 1:00:00 PM 1.02 12:00:00 AM
Residential C (2) 1.05 1:00:00 PM 1.02 12:00:00 AM
Residential C (3) 1.05 1:00:00 PM 1.02 12:00:00 AM
Residential C (4) 1.05 1:00:00 PM 1.02 12:00:00 AM
Residential C (5) 1.05 1:00:00 PM 1.01 12:00:00 AM

From Table 4, it can be observed that the bus with load Type A and load Type E were
prone to a high voltage drop and overvoltage. The overvoltage problem at load Type E
could be avoided by resizing the PV. However, load Type A was not PV integrated, thus,
to recover from the voltage drop, the weak bus had to be restimulated with PV source
integration using Simulink, MATLAB software. The parameters of the constructed weak
bus and load profile for load Type A with PV generation are shown in Table 5 and Figure 3.
In Table 5, the load at 4:00 p.m. was selected which represents the average time in Malaysia
that is prone to weather changes (becoming rainy and cloudy) [31].
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Table 5. Parameters of the weak bus network constructed.

Components Parameter Description

Source
Lline 2 mH Line impedance
Rline 0.05 Ω

Vinput 400 Vrms (three-phase) Source

LC filter
Lfilter 1 mH To remove ripple so that the inverted sinewave

output from inverter will be smootherCfilter 4.7 mF

Load at 4:00 pm Rload 243 kW
LoadLload 108 kVAr

Inverter fs, inv 2 kHz Switching frequency

Rectifier
fs,rect 2 kHz Switching frequency

C,dc-link 150 µF DC-Link Rectifier

Solar panel Wmax 200 kW Maximum power
Energy Storage V 720 V DC source

Figure 3. Power Demand for both Residential Load and PV Generation.

Based on Figure 3, the integration of PV sources at load Type A will lead to issues
such as high penetration level and intermittency that will cause voltage dynamic concerns
(undervoltage, overvoltage and fluctuation). Solely depending on energy storage to address
the mentioned problem would eventually deteriorate the lifespan of the battery. Therefore,
a grid-feeding mode with VOC control scheme was required to address part of the issue
caused by PV integration, mainly involving under and overvoltage problems. However,
this work focuses mainly on two scenarios which utilize the hybrid control (VOC and
fuzzy control), representing the events of undervoltage, fault and PV intermittency. The
following conditions and scope of work are described in Table 6.

Table 6. Scope of work based on load conditions at 4:00 p.m.

Case Weather Condition PV Generation Load Condition at 4:00 p.m. Voltage Dynamic Problem

1 Rainy No Normal (243 kW) Undervoltage and Fault

2 Cloudy Intermittency Normal (243 kW) Fluctuation
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2.2. Grid-Feeding Mode on Weak Bus

Referring to Figure 4, the grid-feeding mode with VOC control scheme was integrated
between the back-to-back converter. The VOC control would obtain the grid line voltage
(Vabc) and current (Iabc), then convert it to the form of d-q axis through Clarke (1) and
Parks (2) Transformation. Clarke Transformation converts a three-phase system into
two component frames (α and β) that were later used in Phase Lock Loop (PLL) (1a) to
synchronize signals for simplicity for analysis purposes. The Parks Transformation converts
the α-β frame into an orthogonal rotating frame reference (d–q). The transformation was
employed to rotate reference frames of an AC waveform into a DC waveform. Simplified
calculations could be performed in DC quantities before inverse transforming them to
actual three-phase results.

Figure 4. Grid-Feeding Mode (VOC) Configurations on the Weak Bus.

The voltage difference (V, diff) of reference voltage (Volt. Ref) and DC-link voltage
(Vdc) (3) were converted into representations of current (I,diff) and then passed through the
decoupled controller (4). The decoupled controller prevented mapping of the d-axis onto
the q-axis, as that can distort the signal and affect overall effectiveness of the grid-feeding
mode. The difference voltage Vdq,diff was transformed back to abc reference signals
through an inverse Parks Transformation (5). The inversed abc reference signals were
compared with a sawtooth carrier signal to generate “0” or “1” pulses (6) according to the
conditions whereby,

Vref > Vcarrier = “1” pulse (1)

Vref < Vcarrier = “0” pulse. (2)
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Vref are the voltage references from the output of the controller after the Inverse Park’s
Transformation and Vcarrier is the voltage carrier generated from the sawtooth generator.

Lastly, the pulse was sent to the PWM rectifier to perform switching based on the
stated condition to regulate the voltage back to the desired voltage level (Volt. Ref) through
optimal power dispatch at the DC-link. Despite the grid-feeding mode being able to
solve under and overvoltage caused by high PV penetration, it failed to respond to fault
conditions and PV intermittency. Hence, hybrid control of grid-feeding mode and fuzzy
control for energy storage were modeled onto the weak bus to address the following issues:
undervoltage, overvoltage, fault and PV intermittency.

2.3. Grid-Feeding Mode and Energy Storage with Fuzzy Logic Direct Current (DC) Fault
Detection Scheme on the Weak Bus

The configuration of both hybrid control, a grid-feeding mode and a fuzzy logic fault
detection scheme with energy storage on the weak bus are shown in Figure 5. In a condition
whereby there is a high penetration level in the grid, the grid-feeding mode (VOC) regulated
the voltage level by charging the DC-link between the back-to-back converter. When the
grid voltage experienced undervoltage within the network, the DC-link discharged to
attain its nominal voltage value. Unfortunately, this would not be possible when the grid is
experiencing a fault condition or PV intermittency. Therefore, a fault-compensation scheme
was introduced to address the problem above. This demonstrated the importance of having
a hybrid control (grid-feeding and fault compensation) to solve voltage dynamics without
overstraining the energy storage.

Figure 5. A representation of both the grid-feeding control strategy and the fuzzy-logic control scheme.

A fault-compensation control scheme would need to achieve a faster detection method
and the ability to adapt towards grid changes in load or any sources. Therefore, fuzzy logic
(FL) was selected as the control scheme prior to fault/voltage fluctuation detection in this
work. For a conventional AC fault detection scheme, four representation of inputs (phase
A, B, C and neutral) are required, which includes the current and voltage signal for each
phase. However, the combination of both grid-feeding and an FL control scheme used in
this work require only two inputs taken from the DC-link, which are the DC voltage and
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current. This is due to both DC voltage and current exhibiting fault characteristics relative
to AC signals but in a simplified manner. In addition, the DC current signal could act as an
auxiliary indicator for the fuzzy control to avoid miscomputation.

The comparison between conventional AC and the proposed DC fault detection are
listed in Figure 6. The proposed DC fault detection minimized the computational load,
compensation speed and complexity of the overall system.

Figure 6. Proposed DC fault detection by replacing five AC detection with two conditions.

The FL control scheme of the energy storage shown in Figure 7 consists of two main
parts: calculation of the energy storage compensation margin and the computation of fuzzy
logic. The first part (i) of the calculation of energy storage margin obtained the difference
(Ve) between voltage at DC-link (Vdc) from the grid and the ref. voltage (Vref). In the event
of voltage sag being present in the grid, the difference between Vref and Vdc would be a
negative value. Likewise, the difference between Vref and Vdc would be a positive value in
the events of voltage swell. The computed voltage margin magnitude (M.Ve) was added
to the reference voltage (Vref) to acquire the new voltage output (Vo) as the compensation
value for the energy storage. The fuzzy logic part (ii) was computed based on two inputs
from the DC-link, which are the difference voltage (Ve) and mean current (I_mean). The
reason for selecting I_mean is that it has a lesser ripple as compared to DC-link current
(Idc), which leads to a more accurate computation. The two inputs of fuzzy exhibit the
behavior of fault and PV intermittency, which eliminates unnecessary operations other than
fault and intermittency conditions. Next, each input was represented in three membership
functions classified as (i) Low (VL/IL), (ii) Normal (VN/IN) and (iii) High (VH/IH). From
three membership function with two inputs, this formed nine rules (Knowledge-Based) in
total, as shown in Table 7.

The output of the fuzzy logic displayed three conditions which reflects the state of
operation (SoO) of the energy storage: (i) Discharge (DISC), (ii) Remain (N) and (iii) Charge
(C). For an example, when Ve was low (VL) and Im was low (IL), the SoO of the output
was DISC. The overall representation of two inputs and one output of the FL controller is
illustrated in Figure 8.

Table 7. Rule Table for Fuzzy Logic Controller.

Im
Ve VL VN VH

IL DISC N N
IN N N N
IH N N C
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Figure 7. General representation of the workflow on the control scheme of the battery (i) Energy storage compensation
margin (ii) Computation of Fuzzy Logic.

Figure 8. Representation of two inputs and one output of the Fuzzy Logic Controller.

3. Results
3.1. L-G Fault

The results obtained for L-G, L-L, L-L-G and three-phase fault were based on Case
1 where the weather condition is rainy and there is no PV generation. Throughout the
simulation time (0–7 s), the L-G fault period wa set from 1.2–1.4 s. In Figure 9a, initially
before the fault occurred, VOC could regulate the Vdc voltage to the reference value at
700 V by VOC through power dispatch of the DC-Link. Without VOC control, the system
experienced serious undervoltage with an output of 320 Vpeak (nominal voltage requires
at least 531.1 Vpeak). This was due to the disruption of PV generation during the rainy
scenario, causing the supply to fail to fulfil the heavy load demand through the long span



Energies 2021, 14, 3545 12 of 27

(10 km) of line distance. However, the grid-feeding mode (VOC) could not react to a fault
condition, causing a steep voltage drop at the Vdc, as shown in Figure 9a. This also led to
fluctuation followed by a decreasing value for I_mean after 1.2 s, as shown in Figure 9b.
Reduction of the voltage and current output (Vout and Iout) beyond −6% can be observed
in Figure 9c. The Vdc reference voltage was set at 700 V to cater for losses at the LC filter
so that the desired AC output (V_out) would be 565 Vpeak. The range of safe voltage
margin for the Malaysian Distribution Network was within +10% (621.5 Vpeak) and −6%
(531.1 Vpeak) based on a 565 Vpeak.
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Referring to Figure 10a, after integrating fuzzy control into the power system, VOC
was able to retain its reference voltage at 700 V before 1.2 s and fuzzy control was able to
solve the L-G fault at 1.2–1.4 s by sustaining the Vdc at 685 V to prevent the system from
collapsing. At the end of the fault occurrence time, VOC was able to move the Vdc back to
700 V at 1.8 s of simulation time. The spike of I_mean at 1.42 s of simulation time that can
be seen in Figure 10b occurred due to a high inrush of current. However, this condition did
not affect the voltage output (Vout) on the AC side. The fuzzy control was able to solve
the L-G fault and after the fault period, VOC recovered the systems’ voltage back to its
nominal value (within +10% and −6% based on 565 Vpeak), as shown in Figure 10c.
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3.2. L-L Fault

For L-L Fault, the initial I_mean and Vdc were 323.5 A and 700 V, respectively. During
fault occurrence at 1.2 s, both I_mean and Vdc in Figure 11a,b dropped to zero, indicating
serious voltage instability within the power system.
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After integrating fuzzy control into the system, the L-L fault was solved as shown
in Figure 12a by maintaining the Vdc at 684.7 V, followed by voltage recovery by VOC
after the fault (1.4 s) to the desired ref voltage at 700 V. Meanwhile, the drop shown in
I_meangraph (Figure 12b) at 1.2 s and 1.42 s were attributed to switching losses. The
voltage output at AC side (V_out) was observed to be 533.8 V at the lowest level and
546.5 V at the highest level, which are within the nominal voltage range.
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3.3. L-L-G Fault

For an L-L-G Fault, the graph of I_mean and Vdc exhibited same characteristics as the
waveform in Figure 11a,b. The integration of fuzzy control was able to retain the Vdc to
684.5 V which prevented a system collapse, as shown in Figure 13a. After fault clearance at
1.4 s, VOC regulated the system’s Vdc back to 700 V. The I_mean graph of L-L-G faults after
integrating fuzzy control possessed a similar pattern to the one in Figure 12b. The voltage
stability of the power system was maintained at 533.8 V (lowest) and 546.6 V (highest),
as can be seen in the V_out graph in Figure 13b. The hybrid control of VOC and fuzzy
in this work could resolve faults and regulate voltage within the power system, which
demonstrates its potential to prolong the lifespan of the energy storage.

3.4. Three-Phase Fault

In Figure 14a,b, the initial I_mean and Vdc were 323.5 A and 700 V and during the
fault occurrence at 1.2 s, the system could not fulfill the load demand, hence both Vdc and
the I_mean dropped to zero. The VOC failed to regulate the voltage back to its nominal
value during and after a fault condition without the aid of fuzzy control.

Once fuzzy control was integrated within the back-to-back converter, the Vdc was
maintained at 684.3 Vdc during the fault condition, as shown in Figure 15a. At 1.4 s after
the fault period, the VOC was able to recover the Vdc back to 700 V. The I_mean graph
of three-phase fault after integrating fuzzy control was identical to the one in Figure 12b.
With hybrid control of both VOC and fuzzy, the AC voltage output in Figure 15b was
maintained within its nominal voltage range (533.7 V lowest and 546.6 V highest).
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Figure 13. (a) Vdc waveform, (b) V_out AC waveform (L–L–G Fault After Fuzzy Integration).
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Figure 14. (a) I_mean waveform (b) Vdc waveform (Three–Phase Fault Before Fuzzy Integration).
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Figure 15. (a) Vdc waveform, (b) V_out AC waveform (Three–Phase Fault After Fuzzy Integration).

3.5. PV Intermittency (Fluctuation)

This part of the work is based on Case 2 where the weather conditions are cloudy and
when PV generation is inconsistent. Referring to Figure 16a, voltage fluctuation caused by
PV occurred between 1.2 s to 1.6 s simulation time. Before integrating fuzzy control, VOC
was able to obtain the desired ref voltage (700 Vdc) before and after the voltage fluctuation
period. However, the voltage fluctuation scenario caused the V_out in Figure 16b to exceed
its nominal value (621.5 Vpeak), which is 628.8 Vpeak.
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Figure 16. (a) Vdc waveform (b) V_out and I_out AC waveform (Voltage Fluctuation Before Fuzzy Integration).

The integration of fuzzy control with VOC successfully retained the Vdc back to the
reference voltage (700 V) and suppressed the voltage fluctuation by sustaining the Vdc
at 720.8 Vdc, as shown in Figure 17. Nevertheless, switching losses were observed at the
initial fluctuation state.
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Figure 17. Vdc waveform of Voltage Fluctuation (Case 2) After Integrating Fuzzy Control.

The observed flicker present during the initial of PV intermittency in Figure 17 did
not affect much of the AC voltage output (V_out) in the grid system because the severity
of the flicker was kept within the safe limit of the stipulated standard described in IEC
61000-4-15 [32]. Other than the concern stated, the grid system was recorded as stable, as
shown in Figure 18.

Figure 18. V_out AC waveform After Integrating Fuzzy Control.

The results of VOC and Fuzzy control performance for L-G, L-L, L-L-G, Three Phase
fault and PV intermittency are organized in Table 8. The DC voltage (Vdc) and AC output
voltage (Vout) before and after fuzzy integration were categorized for each fault and PV
intermittency scenario. The L-L, L-L-G and Three-Phase fault were tabulated under same
category as the obtained results, and were nearly identical. The nominal voltage range for
both Vdc and Vout are indicated as tick symbols, whereas the unstable system is marked
as a cross symbol.
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Table 8. Results of VOC and fuzzy control performance in different fault conditions.

L-G Fault

Before Fuzzy Integration

Pre-Fault (VOC Control) Fault Post-Fault (VOC Control)

Vdc (V) 700 Steep decrease
approaching zero 8

Steep decrease approaching
zero 8

Vout (Vp) In Range Out of Range 8 Out of Range 8

After Fuzzy Integration

Vdc (V) 700 685 4 700 4

Vout (Vp) In Range 534.7 4 546.7 4

L-L, L-L-G and
Three-Phase Fault

Before Fuzzy Integration

Pre-Fault (VOC Control) Fault Post-Fault (VOC Control)

Vdc (V) 700 0 8 0 8

Vout (Vp) In Range Out of Range 8 Out of Range 8

After Fuzzy Integration

Vdc (V) 700 684.3–684.7 4 700 4

Vout (Vp) In Range 533.7–533.8 4 546.5–546.6 4

PV Intermittency

Before Fuzzy Integration

Pre-Fault (VOC Control) Fault Post-Fault (VOC Control)

Vdc (V) 700 Fluctuate reaching max
Vdc at 812.1 8

700 4

Vout (Vp) In Range Out of Range 8 Out of Range 8

After Fuzzy Integration

Vdc (V) 700 720 4 700 4

Vout (Vp) In Range 565.5 4 533.9 4

Remarks: Nominal AC output voltage range (531.1 Vp–621.5 Vp); Nominal Vdc range (658 V–770 V), (4 = In range, 8 = Out of range).

4. Discussion

In this work, the hybrid control of grid-feeding mode (VOC) and fuzzy logic (FL) is
meant to solve the undervoltage, fault (sag) and PV intermittency (fluctuation) problem in
a PV-interconnected distribution network caused by unlikely weather conditions. Solely
depending on energy storage to address all of the stated voltage dynamic problems would
overstrain it, as demonstrated in Figure 19. After the fault period at 1.4 s, energy storage
attempted to regulate the Vdc back to its desired voltage level (700 Vdc) and this is expected
to eventually deteriorate the lifespan of the energy storage.

On the other hand, the grid-feeding mode (VOC) could not act as a standalone solution
for the voltage dynamic problem due to its inability to solve faults. Based on the results
obtained in Figure 16a, VOC is proven to have a slower response time that prevents
it from reacting to fault conditions. Thus, the proposed hybrid control has shown its
importance in solving a wide range of voltage dynamic problems without jeopardizing
the lifespan of the energy storage. Another notable contribution of the Fuzzy Logic (FL)
control is adoption of the DC fault detection method instead of conventional AC fault
detection, which allows it to address faults more quickly. In AC system, it requires a few
transformation techniques including Clarke and Park, which the detection scheme needs
to interpret and this eventually increase the complexity of the detection scheme. However,
in DC form, the value of voltage and current can be utilized directly by the control scheme.
Therefore, this reduces the computational load and systems’ complexity that led to a faster
Fault Clearance Time (FCT).
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Figure 19. Vdc Waveform without VOC after Post-Fault.

The fault period and post-fault period including the hybrid controls’ FCT have been
displayed in a form of a timeline, as shown in Figure 20. The alphabet in Figure 20
represents the timing or compensation time for each fault (four types) and PV intermittency
cases. The (a) and (c) indicate start and end time of the fault period (1.2 s and 1.4 s), whereas
the annotation (b) is the end time of FCT. The post-fault period is represented by the start
time of (c) and end time of (d). Additionally, (e) implies the duration of FCT and (f) implies
the VOC solving time. The results for each case are then arranged accordingly in Table 9.

Figure 20. Fault Occurrence and Post-Fault Timeline (process (a–e)).



Energies 2021, 14, 3545 25 of 27

Table 9. Fault occurrence and Post-Fault timeline with FCT and VOC solving time.

Type of Fault/
Fluctuation

(a)
Fault Start

(b)
FCT End

(c)
Fault End/

Post-Fault Start

(d)
Post-Fault

End

(e)
FCT

(f)
VOC

Buffer Time

Benchmark
(FCT)

L-G 1.2 s 1.206 s 1.4 s 1.8 s 6 ms 0.4 s 0.16 s (STAT-COM)

L-L 1.2 s 1.20002 s 1.4 s 1.8 s 20 µs 0.4 s -

L-L-G 1.2 s 1.20002 s 1.4 s 1.8 s 20 µs 0.4 s -

Three-Phase 1.2 s 1.20002 s 1.4 s 1.8 s 20 µs 0.4 s 12 ms (SSTS)

PV Intermittency 1.2 s 1.24 s 1.4 s 1.7 s 40 ms 0.2 s -

Referring to column (e) in Table 9, the FCT for:

• L-G fault is 6 ms
• L-L, L-L-G and three-phase fault are 20 µs
• PV intermittency is 40 ms.

Due to the limitations of data in fault solving and Fault Clearance Time (FCT) available,
the closest benchmark that can be used as a comparison to this work would be a matured
technology, namely Solid-state Transfer Switch (SSTS) and a STATCOM research article in
2017 [33,34]. The SSTS has reported a FCT of 12 ms in solving three-phase fault, whereas this
work only requires 20 µs for solving a three-phase fault. On the other hand, research work
utilizing STATCOM to address L-G faults in minimum load condition has demonstrated
a FCT of 0.16 s, which is still slower than the FCT for L-G faults in this work (6 ms). The
FCT of PV intermittency is higher (40 ms) due to the behavior of PV being unpredictable,
which requires a longer time for the control scheme to solve the voltage fluctuation. The
grid-feeding mode (VOC) solving time is mostly at 0.4 s, except for in the case of PV
intermittency. The reason PV intermittency demand is reduced compared to for VOC
control in post-fault solving is because the DC-link is charged partially during the PV
fluctuation. This reduces the time for the DC-link to be fully charged before performing a
power dispatch towards the grid and overall inducing a faster VOC buffer time (0.2 s) for
addressing the mentioned problems. In addition, during the VOC buffer time, the Vdc is
kept strictly within the nominal range based on 700 Vdc (+10% and –6%), which further
increases the voltage stability of the system.

5. Conclusions

The proposed hybrid control of grid feeding mode (VOC) and energy storage with
fuzzy logic control has proven its capability to mitigate the stated voltage dynamic issues:
undervoltage, voltage sag and fluctuation caused by high PV penetration, fault and PV
intermittency via active power compensation to maintain the system’s voltage within its
nominal range. The main contributions of this work are as follows:

• The developed Grid-Feeding mode with Voltage Oriented Control (VOC) is able to
solve the undervoltage problem, whereas the designed Fuzzy Logic (FL) control is
capable of solving fault (sag) and PV intermittency issues in the grid-interconnected
PV-RES. The novel hybrid control could potentially prolong the lifespan of batteries,
which eventually lead to cost reductions in future deployment of energy storage.

• A DC fault detection scheme using Fuzzy Logic is introduced for this work, which
was proven to be more effective than AC schemes for fault detection. The reason is
because AC detection in resolving PV intermittency (fluctuation) is still immature.
However, the DC scheme could minimize the computational load and complexity of
the system, thus inducing a faster Fault Clearance Time (FCT). In addition, the DC
scheme with FL control has outperformed several available technologies in terms of
the FCT.

• The enhanced DC fault detection scheme has showed a more accurate computation in
fault solving by utilizing the mean current (I_mean) instead of DC-Link current (Idc).
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By computing the average current in the system, the current ripple exhibited in the
DC current can be omitted.

In the future, this work could contribute a huge impact to the energy storage field by
providing a second life to batteries in terms of their cost effectiveness and by preserving
the environment.
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