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Abstract-A slow voltage regulating device, an On-load tap changer transformers (OLTC),
which have a poor response time, are actually better operated in the literature by adding a
time delay to the fast-acting converters' operation. Although the literature also suggests that
the transitory condition has improved, it still idles the converters while waiting. There is
therefore much room for improvement in the reactive power reserve. In this paper, we
provide a coordinated voltage control (CVC) method that takes a novel approach, allowing
the converters to absorb reactive power (of a particular voltage range from the grid)
throughout the waiting period. In a real-time digital simulator platform, a modified IEEE
9-bus distribution system is modelled, and the simulation results are contrasted with those
of existing and CVC-free methods. The simulation results demonstrate that the proposed
CVC scheme is effective in increasing the reactive power reserve and voltage profile from
the existing/without CVC system to 100 percent/164 percent and 0.0093 pu/0.014 pu,
respectively. Additionally, compared to the existing/without CVC methods, the proposed
CVC scheme reduces the postfault voltage recovery time by 20 ms/28 ms. These findings
suggest that the suggested CVC scheme performs better under all grid operating scenarios.
Keywords-Reactive power, master/slave, grid side converter and dc microgrid
(dcMG) converter.

1. Introduction
1.1 Background
Recent years have seen an increase in the integration of renewable energy due to ongoing
worldwide environmental concerns and a sudden rise in power demand. Due to their
abundance, wind and photovoltaics have received the most attention among the various
non-fossil energy sources. Due to their natural complementarity, they also provide the
customer with improved reliability. Despite their many benefits, these renewable energy
sources' increased installation has caused the electricity system to face several challenges
because of their erratic nature. One such important subject that has caught the attention of
the world's researchers is voltage instability [1], [2]. Conventionally, the voltage issues are
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addressed through an on-load tap changer (OLTC) transformer. Finding an appropriate tap
setting for the OLTC, however, is a difficult task given the increased penetration of
renewable energy. Numerous soft computing techniques, including genetic algorithms, are
suggested in the literature as a remedy [3]. On the other hand, because renewable energy
sources are intermittent, converters interfaced with distributed generation (DG) are
frequently underutilised. They can, however, be used to provide reactive power support. To
control the voltage of the distribution system, the OLTC can be coordinated with the DG's
provision of reactive power [4]. OLTC, DSTATCOM, DG converters, and other voltage
regulation devices can be coordinated using centralised (communication-based) or
decentralised (communication-free) approaches, respectively [5].
1.2 Contributions
The authors of this article have used a technique that allows fast-responding converters such
as WGSC and STATCOM to use reactive power from the grid during waiting periods rather
than being idle in an effort to improve the overall operating conditions of the grid. Realtime simulator OPAL-RT is used to simulate the updated IEEE 9-bus distribution system,
where the suggested CVC scheme is applied. The simulation's results are compared to those
of the existing and CVC-free systems.

Fig. 1. IEEE 9 bus system design
In compared to previous studies, the following are the main contributions of this article in
terms of enhancing the general working conditions.
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1) The reactive power spare of the converters that participate in the fault ride through (FRT),
such as WGSC and STATCOM, is further improved by the absorption of reactive power
by the converters during the waiting period.
2) Effective use of OLTC in typical operating circumstances, as converters aren't allowed
to stand idle while waiting.
3) A better distribution system voltage profile under typical operating conditions as a result
of greater OLTC and dcMG converter utilisation.
4) The system's post-fault voltage recovers quickly thanks to an increase in reactive power
reserve during steady-state conditions, which also enhances the system's transient
performance.
5) By carefully selecting the voltage bandwidth, the proposed CVC technique, unlike the
previous schemes, avoids the needless inclusion of the waiting interval.

2. Description of System
The redesigned IEEE 9-bus distribution system under study includes mostly of the
following components (see Fig. 1).
2.1 Onload tap changer transformer
The 16-tap 33/12.66-kV OLTC, which is near to bus stop 1, is situated. The voltage range
in which the OLTC is intended to operate changes by 0.00625 pu each time a tap is turned.
The OLTC tap is adjusted if the minimal variation permissible (dv) is exceeded between
the measured voltage and the setpoint voltage (1 pu).

Fig. 2. operating time delay for OLTC with regard to voltage deviation
The divergence must persist for a minimum period of time in order for the tap operation to
take place. The operating time delay (Top) is not a fixed value and depends on the level of
deviation [7]. For instance, when the voltage deviation (dv1) is too big, the time needed for
OLTC operation is relatively short, and vice versa (see Fig. 2). The operation time delay
can be calculated using the equation below:
Top = (10 * dv)/[dv1]
(1)
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2.2 DC microgrid
In the DC microgrid under consideration, the 1.8-MW rated PV is operated in Maximum
Power Point Tracking (MPPT) mode. The most popular MPPT extraction approaches are
Perturb and Observe and incremental conductance-based [6], [7]. The latter is utilised in
this article since it is more efficient and has the advantage of being less computationally
demanding. The dcMG also includes a 0.4 MW lead-acid battery that is believed to act as
a storage device. A 1.7 MW DC load is also present in the DC microgrid. The PV and
batteries are linked to the dc bus by unidirectional and bidirectional dc-dc converters. The
dcMG is additionally connected to bus 6 using a dc-ac inverter with a 2MVA rating.
Switchable ac loads with ratings of 0.12 MW and 0.06 MVAr are also fixed at bus 6.
2.3 Doubly Fed Induction Generator with STATCOM
A 0.69 kV/12.66 kV step up transformer is used to link at bus 5 a DFIG-based wind system
with a 1.1 MW rating. A STATCOM with a rating of 0.7 MVA is also connected to the
same bus through a related transformer in order to maintain the bus voltage.
Bus 5 is also connected to two switchable ac loads that have a combined rating of 0.4 MW
and 0.2 MVAr. The following buses accept loads with ratings that are comparable to those
of a standard IEEE 9-bus system, with the exception of the adjustments to the load ratings
taken into account at buses 6 and 5. OLTC, dcMG converter, STATCOM, and WGSC are
just a few of the many voltage regulating devices that operate independently of one another
and are not physically connected. Their respective bus voltages must be controlled. For this,
the respective voltage regulating devices linked at these buses as illustrated in Figure 1 are
given access to real-time voltage information (vm2, vm5, and vm6).

3. Proposed CVC Scheme
The graphical representations of all the three states are shown in Fig. 3 and each of them
are briefly defined below

Fig. 3. The grid's operational condition
1) Steady State: In the steady state, the fast-acting converters' (q) reactive power
requirements—used to restore the voltage profile quickly in emergency situations—do not
exceed 40% of their capacity. The range of regulated buses' voltage magnitudes is 0.9 vm
to 1.1 pu.
2) Dynamic State: In the dynamic state, a sudden load switching scenario is taken into
account, and the fast-acting converters' (q) reactive power need exceeds 40% of their rated
capacity. The voltage magnitude in this stage, meanwhile, falls within the range of steady
state. To increase the dynamic reactive power reserve for emergency situations, the reactive
power injection is limited to 40% of their available rating.
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3) Transient State: Occasionally, a defect in the system can cause the voltage to rise to
unexpected levels. In order to make this scenario a reality, a 150-ms triple phase to earth
short-term fault is taken into account, during which the system voltage drops below 0.9 pu.
Figures 4 exhibit the flowchart representations of the current and proposed CVC schemes,
respectively. The following are the main distinctions that set the proposed CVC plan apart
from the current programs.
1) This is accomplished by allowing the fast-responding converters to absorb reactive
power while the OLTC is waiting and the bus voltage is in a region where it can react rather
quickly. This will make it possible to considerably enhance the reactive power reserve
during steady state in comparison to the current one. Additionally, the longer reactive power
reserve contributes to a reduction in the transient state postfault voltage recovery time.
Additionally, the system's voltage profile would be better than it is now since the proposed
plan has greater reactive power reserve capacity that is available below the hard limit (40
percent). The grid's overall working condition is improved as a result.
2) Even when there is a slight change in the regulated bus voltage, the current CVC design
contains a time delay in the functioning of the fast-acting converters. The suggested CVC
technique, however, operates wisely and does not take into account a time delay for those
minor voltage variations, which ultimately would not result in an improvement in the
reactive power spare. This is due to the slow OLTC's longer response time to tiny voltage
variations, particularly if those variations occur within a limited range and surpass its
deviation limitations. Below is a description of the steps that make up the planned CVC
scheme's operation.
3.1 Initial Phase (Recognizing the Operating Condition of the Grid)
The real-time voltages measured at the individual voltage regulating bus and the reactive
power injected by the fast-acting converters are used to determine the grid's operational
condition.
3.2 Second Stage (Determining the Role of the Master/Slave)
Based on the grid's operational circumstances, the device's availability, and its speed of
operation, the specific voltage regulating device is given a master/slave function. The
OLTC, which has an operating voltage range of 0.9 to 1.1 pu and may operate in either
steady-state or dynamic states, is a slow-responding device. As a result, OLTC is given a
master role in non-transient situations and a slave role in transitory states.
The operation of these devices takes place as shown below once the grid's operational state
is understood and the master/slave roles have been given to the various voltage regulating
devices.
OLTC: The OLTC has been given the master role during steady and dynamic states and, as
described in Section 2, it will change its tap in line with the voltage deviation for a certain
period of time.
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Fig. 4. CVC scheme flowchart
3.3 Third Stage (Operation of the Voltage Regulating Devices)
DCMGC: The operating voltage is first tested to see if it falls within the range of 0.9-0.95
pu during the steady and dynamic states (0.9-1.1 pu). If it does, the dcMGC is then delayed
and is not permitted to inject any reactive power. The waiting period is skipped if the
voltage is higher than this range. The following equation is used to compute the waiting or
delay period.

𝑡𝑑𝑒𝑙𝑎𝑦 =

(|1− 𝑣𝑏𝑢𝑠𝑥 (𝑝.𝑢.)|)∗ 𝑡𝑂𝐿𝑇𝐶
𝑣𝑂𝐿𝑇𝐶

(2)

𝑣𝑏𝑢𝑠𝑥 is the measured voltage in pu at any bus x, 𝑡𝑑𝑒𝑙𝑎𝑦 is the delay period, 𝑡𝑂𝐿𝑇𝐶 is the
amount of time OLTC needs to switch one tap. The change in per unit voltage caused by
an OLTC solo tap change is known as 𝑣𝑂𝐿𝑇𝐶 . where the OLTC is located.
The WGSC and STATCOM:
FRT is described as "the capacity to endure voltage disturbances within established limits
and to continue working as required" by the IEEE Std 1547-2018 [8]. In other words, the
DER should be able to ride through a problem and retain synchronism, avoid trips, and
restore functionality as directed. As a result, during stable and dynamic states, the
STATCOM and the WGSC that participate in the FRT are less frequently used for injecting
reactive power during transient conditions.
As a result, the reactive power injection in the current scheme is strictly capped at 40% of
their available capacity, even after the delay period. As was previously said, this strategy
by itself might not be very successful in increasing the reactive power reserve.

Volume 24, Issue 8, August - 2022

88

Journal of University of Shanghai for Science and Technology

ISSN: 1007-6735

Fig. 5. Managing converters connected to DCMG
This is due to the fact that the WGSC and STATCOM are idle during the waiting period.
In contrast, they receive a reactive power absorption order based on their available capacity
under the planned CVC arrangement. The reactive power usage of the WGSC and
STATCOM may perhaps allow OLTC to boost its tap switching because this is the moment
when it can respond to altering the voltage profile quite quickly. In contrast to the current
approach, the WGSC and STATCOM will no longer need to inject as much reactive power
after the waiting period has passed.
This method will enhance the system's reactive power reserve while also enhancing the
voltage profile over the whole network. The reactive power reference of the dcMGC,
WGSC/STATCOMs are obtained using
0, 𝑖𝑓 𝑡𝐷𝐶𝑀𝐺 < 𝑡𝑑
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where, correspondingly, 𝑡𝐷𝐶𝑀𝐺 , 𝑡𝑆𝑇𝐴𝑇 /𝑡𝑊𝐺𝑆𝐶 denotes the waiting times for dcMGC,
STATCOM, and WGSC. The overall reactive power reference for the dcMG, STATCOM,
and WGSC, respectively, is denoted by the variables 𝑄𝐷𝐶𝑀𝐺𝑟𝑒𝑓 , 𝑄𝑆𝑇𝐴𝑇𝑟𝑒𝑓 , and 𝑄𝑊𝐺𝑆𝐶𝑟𝑒𝑓 .

4. Execution of the CVC Scheme
Below is a detailed explanation of how to control fast-acting converters such the dcMGC,
STATCOM, and WGSC. DCMG: The key components of the dcMG are a boost converter
for PV, a bidirectional converter for batteries, and a bidirectional dc/ac inverter that
interfaces with the grid.
The addition of a waiting period would effectively enhance the reactive power reserve when
𝑣𝑒𝑟𝑟𝑜𝑟 is between 0.05 and 0.1pu. As a result, Block A receives the 𝑣𝑒𝑟𝑟𝑜𝑟 information to
determine the waiting duration (𝑡𝑑𝑒𝑙𝑎𝑦 ). The switching pulses for the dc/ac converter are
produced by comparing the modulating wave with the high incidence triangle wave, which
is further generated using the modulation index and phase angle.

Fig. 6. Controlling approach for STATCOM and WGSC
STATCOM/WGSC: Fig. 6 shows the control of STATCOM and WGSC. The following is
a list of the key variations between STATCOM and WGSC control and that of the dcMG
converter.

5. Results of Simulation
The OPAL-RT platform has been used to model the system and real-time testing of the
system is conducted in stable, dynamic, and transient modes, and in each of these states,
the proposed CVC scheme is compared to existing and non-CVC methods. The outcomes
are presented in Figures 7 and 8.
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Fig. 7. state results 1 and 2. Power used by loads on buses 6 and 5 (a–i). OLTC
operation (a–ii). (a-iii) dcMG, (a-iv) STATCOM, and (a-v) WGSC offer reactive
power. (b) Voltage profiles for the three controlled buses (b-i, b-ii, and b-iii). (c) The
voltage profile of the IEEE 9-bus distribution system in both stable and dynamic
states (c-i and c-ii).

Fig. 8. State 3: (a) Voltage profile of controlled buses. (a-i) bus 5. (a-ii) bus 6. (a-iii)
bus 1. (b) Various voltage controlling devices operation. (b-i) OLTC. (b-ii) dcMGC.
(b-iii) STATCOM. (b-iv) WGSC
Comparing the proposed CVC scheme to the current CVC scheme, the reactive power
reserve is increased by a minimum of 𝑞𝑑2 = 39 percent and a maximum of 𝑞𝑑2 = 100
percent, 𝑞𝑤2 = 100 percent. The WGSC and STATCOM in the proposed and existing
systems also reach 40% of the reactive power capacity when further load switching occurs
at t4 [see Fig. 7a(i)] on the ac side. They are then further prevented from adding reactive
power to the system. Reactive power injection occurs without regard for the reactive power
reserve in the absence of the CVC scheme. The connecting of the dcMG to the grid, the
decline in PV insolation, and the switching of the dc load at time instants t1, t2, and t3,
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respectively, represent additional internal switching with regard to the dcMG. But at t 4, a
significant finding can be made. Given that the voltage is in the range of 0.95 to 1 pu, the
suggested CVC technique in this case does not include any extraneous time delays. The
current CVC approach, on the other hand, imposes a needless delay period that has no real
bearing on enhancing the reactive power reserve. 3) Getting the Most Out of OLTC and
dcMGC: In order to reduce the pressure on the STATCOM and WGSC to inject reactive
power during stable and dynamic states, it is crucial to maximise the benefits of OLTC and
dcMGC.

6. Conclusion
In order to improve the system's overall operating conditions, this article discusses a
coordinated voltage control for a distribution system that is time delay based. By
designating master/slave roles, the numerous voltage regulating devices are coordinated in
a decentralised manner. This article is unusual in that it permits WGSC and STATCOM to
use reactive electricity from the grid within a given voltage range and during a delay period.
This enables the OLTC to move slowly while still getting the most work possible. An
OPAL-RT platform is used to simulate the entire system, and the proposed CVC scheme is
contrasted with the current and non-CVC methods. This CVC method helps in creating
reactive reserve in steady and dynamic state by fast voltage regulating devices and utilizes
the slow voltage regulating devices in injecting reactive power.
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