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Abstract: Renewable energy and voltage source inverter-driven microgrids generally lack
natural inertia to provide transient energy support during sudden load demands. To
address this, the virtual synchronous generator (VSG) is a state-of-the-art control technique
applied in power controllers to emulate virtual inertia during sudden load changes. This
allows for stable power delivery from the source to the loads during sudden active power
load demands. However, in systems with large inductively dominant load demands,
conventional VSG-based power controllers may exhibit a delayed reactive power response
due to their inertia-emulating characteristics, potentially affecting the overall power-sharing
performance. To address this limitation of VSG control, this paper proposes an advanced
control scheme in which the VSG is supported by appropriately designed voltage and
current controllers. Conventionally, classical tuning techniques are used to design the
controllers in the forward paths of the voltage and current controllers (CVAs). Thus, the
conventional control scheme is a combination of a VSG and CVAs. Recently, a hybrid
modified pole-zero cancellation technique has been discussed in the literature for the
design of voltage and current controllers (HVAs) to improve the vector control of the
inverter. This method supports better tuning for controllers of both forward and cross-
coupling paths. Therefore, to improve the power delivery with VSG-based control when
subjected to inductive load changes, this paper proposes an advanced control scheme that
is based on the combination of VSG and HVA. The performance of both conventional and
proposed control schemes is verified through simulation in MATLAB/Simulink under two
different test load conditions, namely good and poor power factor loadings. Based on the
results obtained during these test cases, the response and power delivery capability of the
proposed control scheme is comparable with that of the conventional control scheme. The
results verify that the power delivery capability of the microgrid with the proposed control
scheme is improved by 25% compared to the conventional control scheme.

Keywords: power delivery; microgrids; transient response; virtual inertia; virtual synchronous
generator; voltage and current controllers

1. Introduction

Environmental and financial constraints have motivated the need to replace conven-
tional synchronous generator-based power plants with distributed energy-based micro-
grids [1,2]. These microgrids are generally driven by a power electronic-based voltage
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source inverter through suitable control logic [3]. However, the main setback of these
microgrids is their inability to mimic the inertia characteristics of conventional synchronous
generators [4,5]. A virtual synchronous generator (VSG) is a state-of-the-art control tech-
nique applied in power controllers to emulate virtual inertia during sudden load changes
in microgrids [6]. This VSG control logic is used at the power controller level, which is
further supported by inner voltage and current (VA) control loops [7,8]. The role of VSGs
toward frequency regulation in the case of active power load changes has been widely
studied in the literature [9]. Conventionally, the power-handling capability is improved
through the adjustment of inertia and damping coefficients of traditional VSG logic [10,11].
While VSG control techniques effectively emulate the dynamic behavior of synchronous
machines, their response to inductively dominant loads may be limited in terms of reac-
tive power compensation. This is primarily due to the VSG’s reliance on frequency and
phase angle dynamics, which govern active power flow but do not directly control reactive
power unless supplemented by additional voltage or current control loops. However, these
techniques offer limited improvement in power delivery. To overcome this limitation, a
modified VSG (MVSG), based on designing the governor gain constant, was discussed [12].
In the study, the emphasis was on improving the power delivery response under active
power-type load switching, which is less common than inductively dominant reactive-type
load switching. This provided the necessary motivation to enhance the power delivery
capability of traditional VSG/MVSG-based microgrids under inductively dominant load
switching. MVSG cascaded with improved VA control loops were discussed in [13]. From
this, it is understood that improved VA control loops will also enhance the power delivery
of MVSG-based microgrids in the case of inductively dominant load switching. Improve-
ments to VA control loops are implemented either through advanced tuning [14] or through
structural modifications [15]. Recently, a hybrid method (HVA) that incorporated both
advanced tuning and structural modifications for VA control loops was discussed [16].
Therefore, it is clear that the power delivery of MVSG-based microgrids is achieved with
support from advanced VA controllers.

Very few works have focused on enhancing the power delivery capability of traditional
VSG-based microgrids through support from improved VA control loops. Improved VA
control loops whose controllers were tuned based on parametric sensitivities of eigenvalues
and cascaded with traditional VSGs were studied in [17]. This method falls under the
category of effective tuning of controllers, while the method discussed in [16] incorpo-
rates both tuning improvements and structural modifications. These studies led to the
identification of a research gap, highlighting the need to study the role of advanced VA
controllers in the power delivery capability of traditional VSG-driven microgrids. There-
fore, to further address the issue discussed in the aforementioned research gap, this paper
proposes a traditional VSG cascaded with HVA. Therefore, the novelty of our work lies not
in the reinvention of HVA but in its strategic integration with a VSG-based control scheme
for a renewable energy microgrid, along with a systematic evaluation under dynamic
load conditions.

The remaining sections of the paper are organized as follows. Section 2 describes the
implementation of the proposed methodology. The results obtained from the proposed
control method and a corresponding discussion based on these results are presented in
Section 3. The conclusions, along with limitations and possible future directions of this
proposed work, are outlined in Section 4.

2. Proposed Methodology

A block diagram that helps to compare and identify the differences between the
conventional and proposed control methodologies of this research is shown in Figure 1.
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Traditional VSG control logic is used for the active power controller of both the conventional
and proposed methodologies. The conventional VA (CVA) control loops of the conven-
tional methodology employ proportional-integral (PI) controllers in the forward paths,
whose values are tuned based on [17], whereas the HVA control loops of the proposed
methodology are developed based on the hybrid modified pole-zero cancellation (HMPZC)
method as discussed in [16]. Hereafter, the conventional methodology will be referred to as
VSG-CVA and the proposed methodology as VSG-HVA in this paper.
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(b) Proposed Methodology

Figure 1. Block diagram of the conventional and the proposed control methodologies. (a) Conven-
tional Methodology; (b) Proposed Methodology.

2.1. Power Control Loops

The VSG-based active and reactive power control loops are shown in Figure 2. Active
power is derived from the swing equation of the conventional synchronous generator to
emulate virtual inertia. The difference between the nominal frequency w and the output
frequency of the VSG wys, is processed through the speed governor gain constant K.
To this, the nominal active power Py is added, resulting in active power reference P*.
Assuming a lossless system, the power delivered to the load Py, is the power generated.
Therefore, the difference between P* and Py, is processed through the inertia constant |
and the damping coefficient D.

Figure 2. VSG-based active and reactive power control loops.

Similarly, the reactive power loop generates the voltage reference. This control loop
helps the load voltage follow the reference voltage based on the difference between the
reference and nominal reactive powers. This difference is processed through the reactive
power—voltage droop gain logic.
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2.2. Hybrid Voltage and Current Control Loops (HVAs)

A generic block diagram for the design of VA control loops is shown in Figure 3. In
both cases of designing a voltage control loop and a current control loop, the plant model
can be viewed as a two-input, two-output (TITO) system, with G11 and G22 representing
plant transfer functions in the forward paths, while G12 and G21 represent plant transfer
functions in the cross paths. To provide a better response without the need for a separate
decoupler, the controller model that is employed in the proposed work can be seen in
this figure. In Figure 3, C11 and C22 are controllers in the forward paths, while C12 and
C21 are controllers in the cross paths. In HVA, C11/C22 are tuned using advanced tuning
techniques and avoid the need for a derivative in the controller. In the case of conventional
methods, C12/C21 are simple proportional gain controllers with very little decoupling
capability. In contrast, in HVA, C12/C21 are designed as PI controllers, whose values are
obtained through the internal model control principle.
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Figure 3. Block diagram for the design of VA control loops.

3. Results and Discussion

The test setup consisted of a single voltage source inverter-regulated distributed
energy resource that fed two loads. The inverter received the necessary gate pulse based
on the decisions from the controller. The simulation was conducted for 160 s, during which
sudden inductive load switching was implemented at the 80th s and 90th s. Three different
test cases, T1, T2, and T3, were designed to verify the efficacy of the proposed method.
Commonly, in all the test cases, the resistive and inductive components of the first load
were the same. Similarly, the resistive component of the second load was also the same in
all test cases. But the inductive component of the second load was different in each of the
test cases. In test case T1, its value was 3 kVar; in T2, the value was 7.5 kVar; and in T3, the
value was 10 kVar.

3.1. Evaluation Criterion

The results of the proposed control methodology were compared with those of the
conventional methodology with respect to frequency and voltage. VSG control-based
schemes generally suffer from large deviations in the frequency and magnitude of voltage
when subjected to sudden load changes [18]. These deviations are treated by the frequency
and voltage relays as an indication of a true fault, which eventually leads to unnecessary
tripping and loss of power delivery from the microgrid. Therefore, the nuisance tripping
criterion was used in this work for evaluating the frequency and voltage results of the
conventional and proposed control methodologies. This criterion involves magnitude and
time conditions. First, the magnitude condition was verified, and if its condition was
violated, then the time condition was checked. In case the time condition was also violated,
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a nuisance trip occurred. A control scheme that does not prevent the occurrence of a
nuisance trip will eventually fail to deliver the power and is, therefore, considered inferior.
In this work, the magnitude condition was fixed as +5%, and the time condition as 1 s for
both the frequency and voltage [19]. Accordingly, the allowable margin, which was defined
as the magnitude condition for the frequency, ranged from 47.5 Hz to 52.5 Hz and from
418 V to 462 V for the voltage. When the deviation in frequency or voltage crossed either
the upper limit or lower limits, the tripping action was initiated and the time measurement
began. When this deviation returned to inside the allowable margin before 1 s of time
measurement, the tripping action was suspended or tripping occurred.

3.2. Test Case 1 (T1)

The frequency and voltage results with the conventional and proposed method during
test case T1 are shown in Figures 4 and 5, respectively. From the frequency results shown
in Figure 4, it can be observed that the load switching at 80 s caused undershoots of 1.5 Hz
and 0.63 Hz with the conventional and the proposed methods, respectively. Similarly, the
load switching at 100 s caused overshoots of 2.5 Hz and 0.05 Hz with the conventional and
the proposed methods, respectively. As all these values were within the tolerance limits,
the magnitude condition was not violated either during load switch ON or switch OFFE.
From the voltage result, as shown in Figure 5, it can be observed that the load switching
at 80 s caused undershoots of 3.91% and 1.95% with the conventional and the proposed
methods, respectively.

As both these values were within the tolerance band, the magnitude condition was
not violated. However, the load switching at 100 s caused overshoots of 6.12% and 0.35%
with the conventional and the proposed methods, respectively. Therefore, during this test
case, the magnitude condition was violated with the conventional method only. But this
deviation returned to within the tolerance band in 0.2 s, which avoided tripping, thereby
ensuring power delivery. The proposed method with a deviation of 1.95% under load
switch ON and 0.35% under load switch OFF remained within the tolerable limits, thus not
violating the magnitude condition.
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Figure 4. Frequency results with the conventional and proposed methods during T1.
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Figure 5. Voltage results with the conventional and proposed methods during T1.

3.3. Test Case 2 (T2)

160

The frequency and voltage results with the conventional and proposed methods

during test case T2 are shown in Figures 6 and 7, respectively.
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Figure 6. Frequency results with the conventional and proposed methods during T2.

As shown in the frequency results in Figure 6, load switching at 80 s caused under-

shoots of 3.1 Hz and 1.25 Hz with the conventional and the proposed methods, respectively.
Similarly, the load switching at 100 s caused overshoots of 4.2 Hz and 0.1 Hz, with the
conventional and the proposed methods, respectively. In both situations, the magnitude
condition was violated with the conventional method. However, as the settling times were
0.29 s and 0.817 s under load switch ON and OFF, respectively, the time condition was not

violated with the conventional method with respect to frequency.

As shown in the voltage results in Figure 7, load switching at 80 s caused undershoots
of 8.01% and 3.12% with the conventional and the proposed methods, respectively. Similarly,
the load switching at 100 s caused overshoots of 8.16% and 0.49% with the conventional
and the proposed methods, respectively. Therefore, the magnitude condition was violated
with the conventional method only. However, as the settling times with the conventional
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method were 0.35 s and 0.6 s under load switch ON and switch OFF, respectively, the time
condition was not violated.
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Figure 7. Voltage results with the conventional and proposed methods during T2.
3.4. Test Case 3 (T3)

The frequency and voltage results with the conventional and proposed methods
during test case T3 are shown in Figures 8 and 9, respectively. As shown in the frequency
results in Figure 8, load switching at 80 s caused undershoots of 4.96 Hz and 2.39 Hz with
the conventional and the proposed methods, respectively. Similarly, load switching at 100 s
caused overshoots of 6.9 Hz and 0.48 Hz with the conventional and the proposed methods,
respectively. Therefore, in both situations, the magnitude condition was violated with the
conventional method. For load switching at 80 s, as the settling time was 0.57 s, the time
condition was not violated. However, in the case of load switching at 100 s, as the settling

time was 1.846 s, the time condition was violated, eventually leading to tripping due to the

frequency when the conventional method was used.
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Figure 8. Frequency results with the conventional and proposed methods during T3.
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Figure 9. Voltage results with the conventional and proposed methods during T3.

As shown in the voltage results in Figure 9, load switching at 80 s caused under-
shoots of 15.13% and 6.05% with the conventional and the proposed methods, respectively.
Therefore, the magnitude condition was violated by both methods. However, based on
the time condition, the settling times were 1.34 s and 0.31 s with the conventional and
proposed methods, respectively. Therefore, the time condition was violated in the case of
the conventional method but not with the proposed method. On the other hand, the load
switching at 100 s caused overshoots of 15.13% and 0.95% with the conventional and the
proposed methods, respectively. Therefore, the magnitude condition was violated with the
conventional method only. With the settling time of 1.2 s, the time condition was violated,
leading to tripping and loss of power.

A summary of the comparison between the conventional and proposed methods with
respect to the frequency and voltage results under various test cases is presented in Table 1.
The terms ‘deviation” and ‘time” under the condition column of this table relate to the
magnitude condition and time condition, respectively.

Table 1. Summary of the test results.

For Load Switch ON at 80th s For Load Switch OFF at 100th s
Variable Condition Test Case Conventional Proposed Conventional Proposed
VSG-CVA [17] VSG-HVA VSG-CVA [17] VSG-HVA
Deviati T1 -15 —0.63 25 0.05
GZ’;IaZ;OH T2 -3.1 ~1.25 42 0.1
T3 —4.96 —2.39 6.9 0.48
Frequency
T1 0 0 0 0
Time (s) T2 0.29 0 0.817 0
T3 0.57 0 1.846 (Trip) 0
T1 —3.91 —195 6.12 0.35
Deviation (%) T2 —8.01 —-3.12 8.16 0.49
T3 —15.13 —6.05 15.13 0.95
Voltage
T1 0 0 0.2 0
Time (s) T2 0.35 0 0.6 0

T3 1.34 (Trip) 0.5 1.2 (Trip) 0
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4. Conclusions

This paper focused on enhancing the power delivery capability of traditional VSG-
based microgrids through the support of improved VA control loops under inductively
dominant load-switching conditions. Accordingly, this paper implemented the VSG-HVA
control method.

The two control schemes were tested under three test cases, T1, T2, and T3. The
frequency and voltage results that were obtained during these test cases were carefully
evaluated using nuisance tripping as the criterion. From the highest loading conditions,
deploying the conventional method resulted in settling times of 1.846 s in frequency and
1.2 s in voltage, whereas the proposed VSG-HVA method successfully prevented the
occurrence of any nuisance trip, thus contributing to a 25% improvement in power delivery.
Finally, this work concludes that the proposed VSG-HVA method can enhance the power
delivery capability of microgrids.

4.1. Limitation

Based on the frequency plot of test case T3 (Figure 8), the proposed method resulted
in a steady error from 80 to 100 s. This highlights the need for extra compensation. It
was observed that the HVA control scheme exhibited a small steady-state error in voltage
regulation under certain load conditions. This behavior is attributed to the absence of an
explicit integral component in the voltage control loop. The HVA method, in its current
form, prioritizes dynamic response by relying on coordinated voltage and current feedback,
which improves transient performance but may not fully eliminate steady-state offsets. Ad-
ditionally, the tuning of proportional control gains in HVA was optimized for fast response
rather than precision at a steady state. This trade-off is a known characteristic of hybrid
control schemes, where responsiveness is favored over accuracy in steady-state scenarios.
Future enhancements can include the integration of an adaptive or PI-based compensator
to improve steady-state accuracy without compromising dynamic performance.

4.2. Future Scope

The present work focused on the development and analysis of an HVA control tech-
nique aimed at achieving effective power sharing and dynamic load-following capability
in renewable energy microgrids. While the proposed technique is derived from virtual
synchronous generator (VSG) principles, this study specifically limited its application to
scenarios involving varying load demands and did not explore other potential benefits
of VSG-based control, such as transient stability enhancement during electrical faults,
grid voltage support, or harmonic compensation. These aspects, although beyond the
scope of the current study, are recognized as important performance metrics in practical
grid-connected systems. The inherent inertia-mimicking behavior of the HVA technique
suggests its potential to positively influence system stability and voltage regulation. Future
research will be directed toward evaluating the performance of the HVA controller under
fault disturbances, weak grid conditions, and harmonically distorted environments, thereby
broadening its applicability and robustness in real-world microgrid operations.
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