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Abstract—Load power sharing is an important aspect of the
parallel-connected voltage source inverters (VSIs). It is widely
accepted that the active power sharing accuracy is ensured by
the conventional frequency droop control, whereas the reactive
power sharing is poor because of mismatched grid impedances.
To overcome this challenge, a novel control scheme is proposed
in this paper, which utilizes the inherent dead-time effect to
improve the reactive power sharing. As compared with most of
the existing power-sharing approaches, the proposed control
scheme can eliminate the reactive power sharing error in a
completely decentralized manner. Moreover, the VSI output
current quality can also be improved at the same time.
Simulation and experimental results from a typical microgrid
prototype are provided for verification.

adjusted, i.e., either inductive or complex, either with a
fixed value or can be adaptively regulated according to the
delivered reactive power. However, there is always a
compromise between the reactive power sharing accuracy as
well as the voltage magnitude deviation [11], unless the grid
impedance knowledge can be acquired in prior, or the point
of common coupling (PCC) voltage can be measured by a
local VSI.
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I. INTRODUCTION
The increasing use of distributed generations (DGs) has
brought flexibility for the microgrid operation, and it is
possible for the microgrid to operate autonomously without
connecting to the main grid [1]. Such an islanded operation
mode is highly preferable for remote and small utilities,
where the grid-forming function is cooperatively performed
by multiple parallel VSIs [2]. In this case, the coordination
among these VSIs, especially in terms of load power sharing,
is of great importance. This is because a poor load power
sharing does not fully utilize the VSI capacities and will
probably lead to overloads.

To accurately share the reactive power, communicationbased control schemes, including centralized or distributed
approaches are further developed in [12]–[14]. Despite that
the reactive power sharing error can be eliminated, these
approaches rely highly on communication links among VSIs
and hence will bring additional costs as well as reliability
issues. Alternatively, some other power-sharing approaches,
such as the Q-V dot droop control [15], the signal-injection
based method [16], and the frequency-disturbance based
method [17] are also proposed. Yet, their performances will
either influence the system normal operation or require an
accurate global synchronization clock. As a consequence,
practical implementations may become troublesome.

One major barrier for the power sharing is that VSIs are
usually distributed at different locations. Therefore, only
local voltages or currents are measurable and can be used
for load power sharing. Fortunately, a technical milestone is
reached by enabling the VSI to mimic the characteristic of a
synchronous generator. This idea, which can either be called
droop control or known as the virtual synchronous generator
control, utilizes the microgrid frequency as a medium for
conveying the VSI active power information [3]–[5]. As a
result, the active power sharing is always accurate, as long
as VSIs are synchronized with each other in the steady state.

To fill in this research gap, this paper finds out that the
inherent PWM dead-time effect can be utilized to ensure the
accurate reactive power sharing, just like the VSI frequency
is adopted by droop/VSG control to facilitate the active
power sharing. The theoretical background behind this idea
can be traced back to our previous work [18], which points
out that the dead-time effect will bring additional circulating
harmonic currents among the VSIs with different power
factors. Based on this finding, this paper develops a novel
control scheme, which uses the dead-time induced harmonic
power as a feedback signal to equalize the power factors of
multiple VSIs. Given that the active power is already
accurately shared by the frequency droop control, the
reactive power sharing error is also eliminated as long as
VSIs have the same power factors. Moreover, the VSI
output currents are also sinusoidal, i.e., with less harmonic
distortions, in the steady state, which complies with the IEC
power quality standard.

Nevertheless, this approach cannot eliminate the reactive
power sharing error, which often occurs as a consequence of
mismatched grid impedances [6]. To improve the reactive
power sharing performance, several control algorithms are
reported in the literature, which can equivalently modify the
grid impedance through the well-known virtual impedance
control [7]–[10]. Depending on different scenarios and
targets, the synthesized virtual impedance can be flexibly

The rest of the paper is organized as follows: Section II
introduces the background and control block diagram of the
conventional frequency droop control. The influence of the
dead-time effect on VSI reactive power sharing is analyzed
in Section III. The control scheme principle is detailed and
elaborated in Section IV, while simulation and experimental
verifications are provided in Section V. Finally, Section VI
concludes the whole paper.

II. SYSTEM STRCTURE AND CONTROL

III. ANALYSIS OF THE DEAD-TIME EFFECT

Fig. 1 illustrates the circuit and control block diagrams for
a single-phase grid-forming VSI. As can be clearly seen, the
H-bridge VSI is coupled to the point of common coupling
(PCC) through an LC filter (Lf is the filer inductance, Cf is
the filer capacitance) and the grid impedance Lg. vo and vpcc
are the VSI voltage and the PCC voltage, respectively. io is
the VSI output current.

A. Investigation of the dead-time Effect.
This section analyses the dead-time effect and explains
how is it related to the fundamental power sharing among
parallel VSIs. Fig. 2 shows the principle of the bipolar
SPWM modulation scheme and the corresponding current
paths. In Fig. 2 (a), the modulation wave vr is compared
with the triangular carrier uc to generate gate signals for the
switches Q1-Q4. tsw and td are the switching period and the
dead-time period, respectively. vac and iac are the AC-side
voltage and current of the H-bridge VSI, respectively.

Fig. 1. Circuit and control block diagram for an individual VSI.

Without loss of generality, the VSI controller has a multiloop structure, which consists of an inner voltage controller
and an outer power controller. According to droop or VSG
control, the outer power loop generates the reference voltage
vref. The frequency and magnitude of vref are determined as:
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where ω0 and V0 are the nominal frequency and magnitude,
respectively; mi and ni are the droop coefficients; Pi and Qi
are the measured active and reactive power of VSI#i. Note
that low-pass filters Gf (s) with the cut-off frequency ωf are
also employed in (1) and (2) to attenuate the power ripples.
In the steady state, all the VSIs will synchronize with each
other and reach the same frequency. As a result, the active
power Pi is inversely proportional to the droop coefficient mi.
It should be mentioned that such a result is independent with
the value of grid impedance Lg.
However, a similar principle does not work for reactive
power sharing. This is because different VSIs may have
different voltage magnitudes even in the steady state. In
order to solve the inaccurate reactive power sharing issue,
one commonly-adopted method is the virtual impedance
control. This technique can equivalently modify the grid
impedance Lg through the feedback or feedforward of the
VSI current io [19]. A typical example is illustrated by the
transfer function Zv (s) in Fig. 1. Nevertheless, it is widely
known that this method only reduces rather than eliminates
the reactive power sharing error.

(b)
Fig. 2. (a) Principle and waveforms of the bipolar SPWM scheme. (b)
corresponding current paths.

In ideal situations, the dead-time effect is not considered.
The AC-side voltage waveform, i.e., vac(ideal) shown in Fig.
2(a), will strictly follow the SPWM modulation scheme.
However, this cannot happen in practical scenarios, as the
dead-time period has to be set in order to prevent the shootthrough. With the dead-time effect, the real AC-side voltage
vac will differ from the one under ideal situations.
The waveform of vac can be determined according to the
corresponding current paths shown in Fig. 2(b). In specific,
for the time interval Δt1, vac will have a positive voltage
polarity as switches Q1 and Q4 conduct. On the contrary, vac
will have a negative polarity during the time interval Δt2 as
Q2 and Q3 conduct. During the dead-time interval td, none of

the switches conduct, and VSI output current iac will flow
through anti-parallel diodes. Therefore, the AC-side voltage
polarity will be negative for Δt3, and positive for Δt4. By
comparing vac with vac(ideal), the dead-time effect imposes
additional voltage pulses vdt on the AC-side voltage, i.e.:
vdt  vac  vac (ideal ) .

(3)

Through the Fourier decomposition [20], the hth-order
harmonic voltage magnitude of vdt can be calculated as:

vdt  h 
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that grid impedances will increase and exhibit stronger
blocking effects as the frequency goes up.
In addition, it is also worth mentioning that the circulating
harmonic current will be eliminated if the reactive power is
accurately shared, as shown in Fig. 5. Although additional
harmonic voltages are brought by the dead-time effect, they
are exactly in phase and hence will counteract with each
other. For this reason, there exists no circulating harmonic
currents, which can also serve as an indicator of the accurate
reactive power sharing.

(4)

where udc is the DC-side voltage and h is the harmonic order.
A more intuitive illustration of the Fourier decomposition is
provided below in Fig. 3. As can be observed from the
figure, the induced voltage pulses vdt is an equivalent sum of
the harmonic voltages (for each harmonic order). More
importantly, the phase of vdt-h is determined by the phase of
the output current iac.

Fig. 5. Current waveforms for parallel VSIs with equal power factors.

For the situation shown in Fig. 4, a quantitative phasor
diagram is also provided in Fig. 6 to better analyse the
influence of the dead-time effect, where io1-h and io2-h are the
additional harmonic currents caused by the dead-time effect;
vo1-h and vo2-h are the harmonic voltages of the two VSIs; Zo1
and Zo2 are VSI harmonic impedances; θ12 is the angle
difference between vdt1-h and vdt2-h.

Fig. 3. Graph illustration of the Fourier decomposition result.

B. Impact Analysis for parallel VSIs.
Based on the above analysis, the impact of the dead-time
effect on parallel VSIs is further investigated. For simplicity,
only two VSIs are considered in this section, while multipleVSI scenarios will also be discussed in the following section.
Fig. 4 shows the output currents of the two VSIs, and there
exists a phase angle difference Δδ because of the imperfect
reactive power sharing. As a consequence, the dead-time
induced harmonic voltages vdt-h1 and vdt-h2 are also not in
phase with each other.

Fig. 6. Harmonic phasor diagram illustration for two parallel VSIs.

From Fig. 6, it is clear that:

io1 h  io 2  h 

Fig. 4. Current waveforms for parallel VSIs with different power factors.

In this case, it is clear that circulating harmonic current
icir-h between VSIs will appear and can be calculated as:

icir  h

vdt  h1  vdt  h 2

Z g1  Z o1  Z g 2  Z o 2

(5)

Note that the circulating harmonic current icir-h is mainly
considerable for low-order harmonics. This is due to the fact

vdt1 h  vdt 2  h
Z o1  Z o 2  Z g1  Z g 2

(6)

Notice that grid impedances are dominantly inductive at
harmonic frequencies (if not, they can be simply reshaped
inductive by virtual impedance controls). The magnitude of
io1-h and io2-h are calculated as:
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2 vdt  h  sin

12

2
Z o1  Z o 2  Z g1  Z g 2

(7)

By defining the dot product of io-h and vo-h as the hth-order
harmonic power ph, it can be derived that:
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Q2 will decrease. Such a regulation process will last until the
two VSIs have equalized power factors, which means that
the reactive power has been accurately shared according to
their respective power ratings.

Specifically, harmonic powers of VSI#1 and VSI#2 are
calculated as:
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It is interesting to find out that the dead-time effect will
generate the positive harmonic power for the VSI with a
leading harmonic voltage phasor and the negative harmonic
power for the VSI with a lagging harmonic voltage phasor.
Since the phase of vdt-h is determined by the phase of VSI
output current, the harmonic voltage phase angle difference
θ12 will be eliminated as long as VSI output currents are
exactly in phase with each other, or in other words, VSIs
have equalized power factors.
IV. PROPOSED CONTROL SCHEME
Fig. 7. Proposed reactive power sharing control scheme.

A. Proposed Control Scheme.
Based on the previous analysis, the circulating harmonic
currents introduced by the dead-effect can be utilized as the
feedback signal to equalize the power factors of VSIs. The
controller implementation is detailed in Fig. 7. Notice that
the 3rd-order harmonic is utilized in this paper, as it is the
most dominant harmonic. In Fig. 7, a supplementary
controller is designed and used in conjunction with the Q-V
droop control. This controller can eliminate the reactive
power sharing error through the integration of pi-3 (where kc
is the integral control gain). In order to obtain the exact
value of pi-3, band-pass filters are employed to extract the
third-order harmonic voltage voi-3 and current ioi-3. The
constant k is tuned as 0.01 so that these filters can
effectively remove the fundamental components. Besides, a
moving average filter is also adopted to remove the 2ω, 4ω
and 6ω power ripples by selecting the average time as π/ω.
The operating principle of the proposed control scheme
can be explained by the flow chart shown in Fig. 8. Suppose
that only conventional droop control is applied originally,
the active power is accurately shared between the two VSIs
according to their power ratings (P1/S1N = P2/S2N), while the
reactive power is not (Q1/S1N < Q2/S2N). Therefore, io1 will
lead io2 by some degrees. According to the previous analysis,
the dead-time effect will generate positive harmonic power
for VSI#1 and negative harmonic power for VSI#2. With
the proposed control scheme, the voltage magnitude V1 will
keep increasing whereas V2 will keep decreasing. As a
consequence, the reactive power Q1 will also increase and

Fig. 8. Principle of the proposed control scheme.

B. Extension to Multiple-VSI Scenarios.
Next, a more generalized scenario is also considered, and
there are n VSI units in the islanded microgrid. Fig. 9 shows
the phase diagram at the hth-order harmonic frequency,
where vdti-h (i =1,2…n) represents the dead-time induced
harmonic voltage of VSI#i, and ioi-h is the harmonic current
of VSI#i. Similarly, the harmonic power of VSI#i is
calculated as:

pi  h  voi  h  ioi  h

(15)
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Suppose that the per-unit reactive of VSI#i is different
from those of other VSIs, there will exist harmonic voltage
angle differences θij. As a consequence, Pi-h is not zero and
will continuously regulate the voltage magnitude of VSI#i,
until all the VSIs have equalized power factors.

(a)

(b)

Fig. 9. Harmonic phasor diagram illustration for multiple parallel VSIs.

Although the above theoretical analysis is made under
inductive grid impedance and radial grid structure situations,
the feasibility of the control scheme is independent with the
grid structure, the number or location of VSI/load, and the
type of grid impedance. The only disadvantage associated
with this method is that it can only share the fundamental
power among VSIs. Given that nonlinear loads also exist, it
is difficult to distinguish whether the harmonic power is
introduced by the dead-time effect or by the nonlinear loads.
In this case, an active power filter (APF) is required for
compensating the harmonic currents of nonlinear loads so
that the proposed control scheme is still effective.
V. SIMULATION AND EXPERIMENTAL RESULTS
To validate the proposed control scheme discussed above,
both simulation and experimental results are provided for
verification. The system parameters are provided below in
Table I.
TABLE I.
SYSTEM PARAMETERS

Parameters

Descriptions

Values

udc
V0
ω0
fs
fsw
td
Lf
Cf

DC-link voltage
AC voltage magnitude
Nominal angular speed
Sampling frequency
Switching frequency
Dead-time
Filter inductor
Filter capacitor

140 V
100 V
100·π
20 kHz
20 kHz
1 µs
2 mH
10 µF

(c)
Fig. 10. Power sharing results for two parallel VSIs. (a). active power. (b).
reactive power. (c) 3rd-order harmonic power.

B. Experimental Results
In addition to simulation results, hardware experimental
verifications are also performed through a laboratory-built
islanded microgrid prototype. The samplings and controls
were processed by a PLECS RT-BOX.
Fig. 11 shows the VSI output current waveforms without
the proposed control scheme. Due to the inherent dead-time
effect, VSI output currents are distorted when there exists a
phase angle difference between io1 and io2. As a comparison,
when the proposed control scheme is enabled, not only the
reactive power sharing is improved, but also the current
harmonic distortions are mitigated, as illustrated in Fig. 12.

A. Simulation Results

Fig. 11. VSI output currents without the proposed control scheme.

Fig. 10 shows the load power sharing performance with
and without the proposed control scheme. In the simulation,
grid impedances for VSI#1 and VSI#2 are 0.65 mH and 1.05
mH, respectively. Notice that the two VSIs have the same
power ratings and hence are expected to equally share the
power. In Fig. 10, the proposed control scheme is enabled at
t1. It can be observed that the reactive power sharing error,
which is considerable before t1, is gradually eliminated after
the implementation of the proposed control scheme. Besides,
the harmonic powers also significantly reduce.

Fig. 12. VSI output currents with the proposed control scheme.

The dynamic performance of the proposed method is also
validated and shown below in Fig. 13. The proposed control
scheme is enabled at t1, and the experimental result agrees
well with the theoretical analysis and the simulation result.

VI. CONCLUSIONS
This paper investigates the impact of the dead-time effect
on parallel VSIs. It is revealed that the dead-time effect can
be utilized as the feedback signal to observe and even adjust
the fundamental power sharing among parallel VSIs. Based
on this theoretical finding, a control scheme is proposed to
eliminate the reactive power sharing error. One of the most
attracting features would be that only local measurements
are required. Finally, both simulation and experiment results
are provided for verification.
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