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Abstract— Three-phase microgrid-interactive inverters are 

expected to provide a range of ancillary services, with negative-
sequence current compensation being particularly prominent. 
However, unbalanced pulse width modulation (PWM) references 
may be generated when providing these services. Since references 
used by carrier-based PWM techniques cannot exceed the dc-bus 
voltage defined limits without causing over-modulation, the 
maximum positive-sequence voltage microgrid-interactive 
inverters can generate may therefore be diminished. This will in 
turn reduce the maximum active- and reactive-power that the 
inverter could otherwise provide, unless PWM references are 
adjusted. In this paper, an atypical PWM method is proposed for 
maximizing dc-bus utilization of microgrid-interactive two-level 
voltage source inverters (2L-VSI) operating under unbalanced 
conditions. Through the injection of a common-mode component 
computed based on instantaneous reference magnitudes, the 
proposed method increases the maximum active- and reactive-
power that a 2L-VSI can deliver when providing negative-
sequence current compensation. The validity of the proposed 
technique is verified through simulation, as well as experimental 
data obtained using a 208V three phase grid-connected 2L-VSI. 

Keywords—Atypical PWM, DC-bus utilization, microgrids, 
negative-sequence compensation, ancillary (auxiliary) services. 

I. INTRODUCTION 

Traditional power systems are characterized by 
unidirectional flow of power from large power plants to load 
centers over a great distance. Recently with the increased 
penetration of renewable energy resources the load centers now 
have localized power generation in the form of distributed 
generation (DG) units such as rooftop photovoltaic (PV), small 
wind turbines, fuel cells, micro-turbines and battery energy 
storage systems to name a few. This arrangement is called a 
microgrid, where a group of DG units can either work in 
conjunction with the utility in grid-connected mode or isolated 
from the utility in stand-alone mode to provide power to its 
associated loads [1], [2]. The enabling technology of these DG 
units is an inverter-based power electronic interface, with the 
two-level voltage source inverter (2L-VSI) being the most 
prevalent option. Depending on whether the microgrid is grid-
connected or islanded, the 2L-VSI can operate in PQ mode to 

regulate the flow of active and reactive power to the load or in 
voltage control mode to regulate the voltage and frequency at 
the load terminal, respectively. In addition to providing power, 
inclusion of 2L-VSIs enables the microgrid to provide a range 
of ancillary (or auxiliary) services, some of which are, but not 
limited to, voltage support, power factor correction, harmonic 
compensation and unbalance compensation [3]-[5]. Due to their 
small scale, microgrids are subject to a significant degree of 
unbalanced [6], making negative-sequence current compen-
sation a particularly important ancillary service for microgrids.  

Traditionally negative-sequence compensation has been 
provided through external power conditioning devices such as 
STATCOMs and active filters [7]-[10]. However, as both these 
technologies are inverter based, inverters are capable of 
providing these services following the same operating 
principle. Several techniques have been proposed in literature 
to compensate negative-sequence components in grid currents 
using inverters, primarily through the implementation of new 
control strategies [11]-[14]. In [11], the authors investigate two 
different control strategies for negative-sequence compensation 
with particular emphasis on minimizing active power 
oscillation. Unbalance compensation under polluted grid 
conditions has also been studied using a gain scheduling multi-
resonant controller [12], a non-linear controller based on back 
stepping control and high-order sliding mode differentiator 
[13], and a control strategy employing third-order sinusoidal 
signal integrator-based frequency adaptive filter [14]. 
However, some limitations such ancillary services impose on 
the 2L-VSI operating range is yet to be investigated. Providing 
negative-sequence current compensation may require 
unbalanced 2L-VSI line-to-neutral voltages, as measured from 
a line output to the inverter’s dc-bus midpoint [15]. Since line-
to-neutral voltages cannot exceed dc-bus voltage limits without 
causing over-modulation, the inverter’s maximum positive-
sequence voltage component must therefore be reduced. 
Accordingly, if line-to-neutral voltages are not adjusted, the 
maximum active- and reactive power that a 2L-VSI can supply 
may be diminished when the inverter provides ancillary 
services. 

To increase the maximum active- and reactive-power a grid-
interactive 2L-VSI can deliver when providing negative-
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sequence compensation, an atypical pulse width modulation 
(PWM) method for enabling maximum dc-bus utilization by 
injecting a common-mode component into PWM references is 
presented in this paper. When utilizing carrier-based PWM 
techniques, preferred due to implementation simplicity and a 
well-defined harmonic spectrum [16], the injection of a 
common-mode component is facilitated as PWM references 
define line-to-neutral voltages. For 2L-VSIs, a common-mode 
component in the line-to-neutral voltages may be designed to 
improve inverter performance, e.g. decreasing switching losses 
or increasing the linear modulation range [16], [17]. Common-
mode injection techniques typically focus on balanced inverter 
conditions [16], [18], with little attention paid to inverters 
operating under the unbalanced conditions typical for microgrid 
operation, a shortcoming addressed by this paper. 

 In addition to this introduction, this paper contains five 
sections. In Section II, the need for ancillary services and the 
grid-connected 2L-VSI system is reviewed. In Section III, the 
carrier-based atypical PWM scheme is introduced. The 
developed PWM technique is verified through simulation and 
experimental data presented in Sections IV and V, respectively. 
Concluding remarks are provided in Section VI, along with an 
outline of future works.  

II. ANCILLARY SERVICES AND SYSTEM DESCRIPTION 

As single-phase DG units penetration increases in the grid, 
three-phase systems that are typically balanced have the 
potential to become unbalanced as the load demand of each 
phase fluctuates. This issue is exacerbated by the topology of 
power distribution systems in the US, where single electrical 
phases supply geographically distinct areas, as well as, in 
islanded microgrids. If the resulting asymmetric load variations 
are severe enough, they can potentially saturate three-phase 
transformers, cause malfunctions in protection devices, and 
damage diesel synchronous generators [19], [20]. To alleviate 
this three-phase power imbalance, a three-phase smart 2L-VSI 
controlled energy storage system can be utilized to balance the 
current drawn from the grid or from synchronous generators in 
islanded microgrids. Through negative-sequence compen-
sation, the 2L-VSIs can provide the negative-sequence current 
requirements of their associated loads. However, this restricts 

the positive-sequence voltage a 2L-VSI can generate which in 
turn limits the active- and reactive-power a 2L-VSI can provide. 

The schematic diagram of a grid-connected 2L-VSI is 
shown in Fig. 1. As illustrated in Fig. 1, grid-connected 2L-VSI 
are typically coupled to the grid via an LCL filter, with inverter-
side inductance ܮଵ , grid-side inductance ܮଶ , and Δ-connected 
capacitors, ܥ௙  with series damping resistors ௙ܴ . The positive-
sequence current component of the 2L-VSI is regulated by two 
cascaded PQ-controllers in the synchronously rotating ݀ݍ 
frame of reference [21], [22]. This approach allows independent 
control of active- (P) and reactive-power (Q) being supplied.  

The positive-sequence controller requires measurement of 
two line-to-line voltages (ݒ௣௖௖ ) from the point of common 
coupling (PCC) and two line currents ( ݅௜௡௩ ) after the filter 
capacitors as feedback signals as shown in Fig. 1. The line-to-
line voltages are also used as grid voltage feedforward for better 
dynamic performance of the controller. The q- and d-
components of the measured signals are calculated with ݒ௣௖௖ as 
reference. A phase locked loop (PLL) is used to measure the 
instantaneous phase angle of the PCC voltage.  

To provide negative-sequence compensation, a separate set 
of independent controllers are utilized. These negative-
sequence controllers require the negative-sequence component 
of currents delivered by the grid to be computed. Based on the 
grid’s negative-sequence component, caused by the unbalanced 
load shown in Fig. 1, a compensating current is injected by the 
inverter. The output of both set of controllers are added to create 
PWM references. The resulting references may be 
asymmetrical, making traditional common-mode injection 
techniques, such as third-harmonic injection, unsuitable. A 
more flexible common-mode injection approach, which utilizes 
instantaneous reference values, is proposed in the next section. 

III. PWM REFERENCE COMMON-MODE INJECTION 

In this section, the atypical PWM scheme for maximizing 
dc-bus utilization of a 2L-VSI is derived. For a typical carrier-
based PWM, the modulation signal can be expressed as ݒ௫ = ௠௩೏೎ଶ sin(߱ݐ − ߮௫) ݔ											, ∈ {ܽ, ܾ, ܿ}           (1) 

where, ݒௗ௖  is the dc-bus voltage, ݉ is the modulation index, 
and ߮௫ is 0, 2ߨ 3⁄  and 4ߨ 3⁄  for phases a, b and c, respectively. 
A 2L-VSI is in the linear modulation range if |ݒො௫| ≤ ௗ௖ݒ 2⁄ , 
where ݒො௫ is the peak phase-x PWM reference. Therefore, when 
operating in the linear modulation range, the 2L-VSI’s 
maximum line-to-line voltages are obtained when |ݒො௫| ௗ௖ݒ= 2⁄  for some ݔ ∈ {ܽ, ܾ, ܿ} if no common-mode component is 
used to adjust PWM references. Accordingly, the PWM 
reference’s maximum positive sequence component is reduced 
when a negative-sequence component is required. To mitigate 
this effect, references can be used to define a common-mode 
component, allowing adjusted references to be generated.  

For a set of references at angle ߠ଴ , a common-mode 
component is required when |ݒ௫(ߠ଴)| > ௗ௖ݒ 2⁄  for some ݔ ∈
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Fig. 1. Schematic diagram of a grid-connected 2L-VSI supplying an
unbalanced load. 
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{ܽ, ܾ, ܿ}. Defining ݇ as the phase for which over-modulation 
occurs ݇ = ݔ (2)																						,(|(଴ߠ)௫ݒ|)	ݔܽ݉݃ݎܽ ∈ {ܽ, ܾ, ܿ} 
the minimum common-mode component placing ݒ௞(ߠ଴) in the 
linear modulation range is computed as, 

(଴ߠ)௢ݒ = ൝ݒ௞(ߠ଴) + ௗ௖ݒ 2⁄ (଴ߠ)௞ݒ < ௗ௖ݒ− (଴ߠ)௞ݒ⁄2 − ௗ௖ݒ 2⁄ (଴ߠ)௞ݒ > ௗ௖ݒ 2⁄0 otherwise.           (3) 

The common-mode component computed via (3), is then used 
to generate modified PWM references as, ݒ௫∗(ߠ଴) = (଴ߠ)௫ݒ − ݔ									,(଴ߠ)௢ݒ ∈ {ܽ, ܾ, ܿ}.         (4) 

Atypical PWM references generated using (4) is plotted in Fig. 
2 and compared with the unadjusted PWM references which 
contain positive and negative-sequence components. The 
atypical references may appear distorted and clamped as shown 
in Fig. 2. However, by injecting the same common-mode 
component for all the phases ensures that the distortion does not 
appear in the line-to-line voltages. It can also be seen from Fig. 
2 that the regular PWM signals are in the over-modulation 
region while the PWM generated using (4) remains clamped at ݒௗ௖ 2⁄ . Since, for |ݒ௞(ߠ଴) >| ௗ௖ݒ 2⁄ , applying ݒ௢(ߠ଴) as in (3) 
and (4) guarantees |ݒ௞(ߠ଴) − |(଴ߠ)௢ݒ = |(଴ߠ)∗௞ݒ| = ௗ௖ݒ 2⁄ .  

The ݒ௫∗(ߠ଴)  are guaranteed to be within the linear-
modulation range provided หݒ௫(ߠ଴) − ห(଴ߠ)௬ݒ ≤ ௗ௖ݒ  for all ݔ, ݕ ∈ {ܽ, ܾ, ܿ}. Compared to the case where PWM references 
contain no common-mode component, the increase in dc-bus 
utilization when utilizing the proposed technique is dependent 
upon the references’ negative-sequence content. The proposed 
scheme does not influence the voltage reference generation 

through the controller nor does it directly generate the gate 
pulses. It operates as an intermediary between reference voltage 
and gate pulse creation. As a result, the proposed atypical 
scheme can work in conjunction with any control system and 
carrier-based PWMs. 

IV. SIMULATION RESULTS 

In this section, the performance of the atypical PWM 
scheme developed in the previous section is evaluated through 
MATLAB/Simulink simulation studies. The parameters used 
for simulation can be found in Table I. Furthermore, for the 
unbalanced load a ∆-connected 20kW resistive load with ܴ௔௕ =5.408Ω, ܴ௕௖ = 5.408Ω	and	ܴ௖௔ = 10.816Ω was used. A 208 ௥ܸ௠௦	three-phase voltage source with an impedance of 0.107Ω 
and a X/R ratio of 0.4 was used for grid connection. 

In the first scenario, the grid-tied 2L-VSI is supplying 18 
kW power to the unbalanced load, with no negative-sequence 

Fig. 3. (a) Three-phase grid currents  and (b) PWM references when the 2L-
VSI is supplying 18 kW power to an unbalanced load with no negative-
sequence compensation. 
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Fig. 4. (a) Three-phase grid currents  and (b) PWM references when the 2L-
VSI is supplying 18 kW power to an unbalanced load while providing
negative-sequence compensation. 
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TABLE I 
SIMULATION PARAMETERS 

PWM Carrier Frequency 10	kHz 
Fundamental Frequency 60	Hz	௅ܸ௅,௥௠௦  208 V ݒௗ௖ 350	V	ܮଵ  1.0	mH ܥ௙(Δ)  10.0	μF ௙ܴ  3.3	Ω ܮଶ  1.0	mH ܥௗ		 1800	μF 
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compensation provided. The resulting grid currents and the 
PWM references are shown in Fig. 3. Due to the unbalanced 
load, the grid current has a significant negative-sequence 
component. On the other hand, the PWM references are 
balanced, as only positive-sequence controller of 2L-VSI is 
operational.  

Attempting to maintain the delivery of 18 kW at unity 
power factor and activating negative-sequence compensation 
results in unbalanced PWM waveforms, as shown in Fig. 4. 
Because these unbalanced waveforms have peak values above ݒௗ௖ 2⁄ , the inverter operates in the overmodulation region. Low 
order harmonic content, which is typical in the over-modulation 
region, causes noticeably distorted grid currents.  

To enable negative-sequence compensation while operating 
the inverter in the linear modulation region, the inverter’s 
positive-sequence component must be reduced, which requires 
the power delivered by the inverter to be reduced to 12 kW, 

delivered at unity power factor. The resulting grid currents and 
PWM references are shown in Fig. 5. The proposed atypical 
PWM scheme can be utilized as an alternative technique to 
enable linear-region modulation without requiring this 
significant decrease in the delivered active power. 

Grid currents and PWM waveforms shown in Fig. 6 were 
obtained with the inverter delivering 18 kW at unity power 
factor, with negative-sequence compensation and the proposed 
atypical PWM scheme activated. The resulting grid currents are 
balanced, as expected from the negative-sequence 
compensation. Further, the grid currents contain no low order 
harmonic content, as the atypical PWM technique keeps all 
references in the linear modulation region.  

 Next, the performance of the atypical PWM scheme was 
tested under a range of load unbalance. Delta-connected 
resistances ܴ௕௖ and ܴ௖௔ were independently varied up to 30% 
from a nominal resistance of 6.5 Ω, selected to create a 20 kW 
load under nominal condition. For all tests, the 2L-VSI 
delivered 20 kW at unity power factor and provided negative-
sequence compensation. For each unbalance configuration, the 
total harmonic distortion (THD) of three phases of the grid 
currents were calculated and then averaged, and results are 
provided in Table II. The calculated THD are within acceptable 
limits for all load unbalance cases considered, demonstrating 
the efficacy of the proposed PWM scheme. 

V. EXPERIMENTAL VERIFICATION 

 In this section, the proposed atypical PWM scheme is 
verified via data collected using a grid-connected 2L-VSI 
system supplying a 2 kW unbalanced load with ܴ௔ =24Ω, ܴ௕ = 24Ω,  and ܴ௖ = 31Ω . The 2L-VSI used for 
experimental data collection was an Allen-Bradley Powerflex 

Fig. 5. (a) Three-phase grid currents  and (b) PWM references when the 2L-
VSI is supplying 12 kW power to an unbalanced load with negative-sequence 
compensation. 
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Fig. 6. (a) Three-phase grid currents  and (b) PWM references when the 2L-
VSI is supplying 18 kW power to an unbalanced load with negative-sequence 
compensation while employing atypical PWM scheme. 
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70(%) 85(%) 100(%) 115(%) 130(%) 

70(%) 1.13 1.30 1.24 1.25 1.28 

85(%) 1.48 1.34 1.62 1.41 1.33 

100(%) 1.38 1.43 1.34 1.38 1.33 

115(%) 1.45 1.43 1.26 1.31 1.22 

130(%) 1.62 1.76 1.34 1.38 1.22 

TABLE II 
GRID CURRENT THD (%) FOR VARYING DEGREE OF LOAD UNBALANCE

TABLE III 
EXPERIMENTAL PARAMETERS 

PWM Carrier Frequency 6.25	kHz
Fundamental Frequency 60	Hz௅ܸ௅,௥௠௦  208 V ܮଵ  1.0	mH ܥ௙(Δ)  5.0	μF ௙ܴ  3.3	Ω ܮଶ  0.5	mH ܥௗ 1800 μF
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755, controlled by PWM references generated using a dSpace 
CP1103 control board. Gate signals were generated using 
Altera Cyclone III FPGA coupled to the dSpace board [23], 
[24]. For all data collected, the inverter was set to deliver 500W 
due to constraints of the laboratory equipment. The 
experimental setup is shown in Fig. 7. The experimental data 
was collected using a LeCroy Waverunner 64Xi-A oscilloscope 
with ADP300 differential voltage probes and CP030 current 
probes for voltage and current measurement, respectively. The 
data was collected at a sampling frequency of 100kHz and 
plotted using MATLAB. 

Using a 375 V dc-bus voltage, the grid currents shown in 
Fig. 8 were obtained when the inverter provided the desired  
500 W but did not provide negative-sequence compensation. 
Since this unbalanced current can cause deleterious effects in 
microgrid scale generators, implementing negative-sequence 

compensation may be beneficial. The grid currents shown in 
Fig. 9 were obtained when the inverter was made to provide  
500 W as well as negative-sequence compensation. For data 
shown in Figs. 8 and 9, the proposed atypical PWM scheme was 
not utilized.  

 To demonstrate the efficacy of the proposed technique 
when negative-sequence compensation is provided, grid 
currents were measured for a 320 V dc-bus voltage. The results 
obtained with and without using the proposed scheme are 
shown in Figs. 10 and 11, respectively. When the proposed 
technique is not utilized, grid currents contain significant low 
order harmonic content. These harmonics are generated as the 
inverter must operate in the over-modulation region to deliver 
the desired power while also providing negative-sequence 
compensation. On the other hand, over-modulation is avoided 

Fig. 8. Experimentally obtained grid currents when ௗܸ௖ = 375ܸ  and no 
negative-sequence compensation is used. 

Fig. 11. Experimentally obtained grid currents when ௗܸ௖ = 320ܸ , obtained 
when negative-sequence compensation is used utilizing the proposed atypical 
PWM scheme. 

Fig. 10. Experimentally obtained grid currents when ௗܸ௖ = 320ܸ  and 
negative-sequence compensation is used without utilizing proposed atypical 
PWM scheme. 

Fig 7. Hardware setup used for the experimental scenarios in Section IV. 
Fig. 12. Plot showing grid current THD vs. ௗܸ௖, with each dc-bus voltage tested 
at three different measurement times. 
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Fig. 9. Experimentally obtained grid currents when ௗܸ௖ = 375ܸ and negative-
sequence compensation is provided by the 2L-VSI. 
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for the same dc-bus voltage when using the proposed scheme, 
demonstrating increased dc-bus utilization. 

To further demonstrate increased dc-bus utilization when 
utilizing the proposed technique, grid currents were measured 
as the dc-bus voltage of the inverter was decreased in 5 V steps 
from 375 V to 300 V. Note that the dc-bus voltage was changed 
to demonstrate the effectiveness of the atypical PWM scheme 
in maximizing dc-bus utilization, since ratings of the laboratory 
equipment limited the maximum output power the 2L-VSI 
could provide. Grid currents drawn, both with and without 
using the proposed atypical PWM method, were measured at 
three separate occasions to take into account for grid variations. 
The average THD of the three measured currents was then 
computed for both PWM schemes. The results, shown in Fig. 
12, demonstrate that utilization of the proposed atypical PWM 
scheme results in a lower THD for a larger range of dc-bus 
voltages, demonstrating that the atypical PWM scheme extends 
the linear modulation range. This increased linear modulation 
range means that implementation of the proposed method 
increases the maximum active- and reactive-power that the 
inverter can provide for a given dc-bus voltage. 

VI. CONCLUSION AND FUTURE WORK 

An atypical PWM method for microgrid-interactive 2L-VSI 
operating in unbalanced conditions has been presented in this 
paper. The proposed technique injects PWM references with a 
common-mode component computed based on instantaneous 
reference values. The validity of the proposed switching 
scheme has been verified through both simulation and 
experimental studies. It has been shown that the atypical 
scheme facilitates the injection of active power when the 
inverter provides negative-sequence compensation as an 
ancillary service. The proposed technique maximizes dc-bus 
utilization by maximizing the positive-sequence component 
PWM references can contain, thereby maximizing the power 
that the inverters can supply. As future work, the authors expect 
to analyze the proposed PWM scheme under other ancillary 
services, such as harmonic compensation.  
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