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The voltage control performance of the voltage source inverter (VSI) in a microgrid may
change under different load conditions. However, in the case of traditional control
strategies, the robustness of VSI is insufficient. In response to the above problems, a
novel robust control scheme for VSI in the microgrid based on H∞ hybrid sensitivity is
proposed in this study. The grid-side interference during the VSI operation is taken as the
variable, and the sensitivity function is designed to build a H∞ robust voltage controller for
VSI. In addition, an adaptive virtual impedance group is designed to further improve the
voltage control robustness under a variety of operation conditions. Finally, comparative
simulation experiments are carried out to verify the anti-interference ability of the proposed
control strategy under different working conditions.
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INTRODUCTION

A microgrid is a small power system composed of DGs, loads, energy storage devices, energy
conversion devices, and protection devices (Beheshtaein, et al., 2019; Anderson and Suryanarayanan,
2020), which can generally operate in an island mode or a grid-connected mode according to
different system conditions (Yang et al., 2014). In the island operation mode, the microgrid bus
voltage is regulated by multiple DG units through the joint action of their converters. The island
operation mode is more prone to various power quality problems such as voltage deviation, three-
phase imbalance voltage (Bouzid et al., 2015; Chen et al., 2021; Xu et al., 2019), and harmonic
problem (Zhai et al., 2020; Yi et al., 2014; Wang, et al., 2019). The voltage deviation is mainly caused
by the load change in the system (Shokri et al., 2015). The three-phase asymmetric load connected to
the microgrid is the main cause of the three-phase voltage imbalance, which leads to increased system
losses and malfunctions in the operation of electrical equipment (Shi et al., 2016). The goal is to
suppress the voltage deviation of the inverter system; a low-frequency communication recovery
voltage control strategy is used by Sun et al. (2016) to compensate for voltage drops that occur in the
inverter system. In the work of Rathore et al. (2021), the authors adjusted the output voltage
amplitude to compensate for the voltage deviation. In the work of Liu et al. (2017), an adaptive virtual
impedance is added to compensate for the difference in voltage drop caused by the transmission line
impedance mismatch. Aiming at the problem of island mode voltage imbalance, a negative sequence
voltage is injected into the line through a series of power quality regulators (Das et al., 2020). Aiming
at the imbalance problem in the control of the microgrid inverter, a variety of control strategies are
used to coordinate and suppress the unbalanced voltage in layers (Tian et al., 2016). In the work of
Nejabatkhah et al. (2018), the parallel interfacing converters’ control strategy of the parallel hybrid
compensation system can effectively suppress the three-phase unbalanced voltage. (Xiongfei Wang
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et al., 2014) introduced a stable negative sequence virtual
impedance compensation method (2014). This compensation
strategy needs to separate the positive sequence part and the
negative sequence part of the voltage. The dynamic response is
mainly affected from the excessively positive and negative
sequence separation loops. For this reason, a composite virtual
impedance is proposed by Wang et al. (2018) to offset the
negative sequence voltage drop caused by the negative
sequence current. The harmonic current is mainly caused by
the non-linear load, which may further affect the voltage control
performance. In this case, the harmonic can be compensated by a
special converter such as active power filter (APF) (Zhai et al.,
2020; Yi et al., 2014) or can be eliminated by the special control
scheme within the inverter (Wang, et al., 2019).

In the traditional droop control strategy, the voltage and
current double-loop control in the inverter usually adopts
proportional integral control (Sarmiento et al., 2018).
However, its robust control performance needs to be further
improved while system parameters are perturbed (Bouzid et al.,
2015). Most of the improved inverter control algorithms are only
for several specific working conditions, and the controller design
is complicated and takes up more controller memory.

In industrial controllers, robust controllers can achieve good
control performance when there are external disturbances or
parameter perturbations in the system. The application of robust
controllers in power electronic converters is gradually increasing
(Pradhan et al., 2019; Sadabadi et al., 2017), such as AC–DC
hybrid microgrid AC–DC section and photovoltaic inverter
(Rasekh and Hosseinpour, 2020; Sedhom et al., 2020). There
are several research studies on the realization of robust controllers
in an inverter (Taher and Zolfaghari, 2014; Lai and Kim, 2018;
Pathan, 2020; Dehkordi, 2020). However, the design of sensitivity
function and the stable performance need to be studied further,
regarding how to select disturbance variables and sensitivity
functions reasonably, how to formulate inverter optimization
control strategies, and how to design robust control schemes
suitably for microgrid VSI. In order to finally improve the
stability and dynamic robustness of the voltage inverter in
terms of performance, further research is needed. In response
to the above problems, a new robust control strategy suitable for
microgrid VSI is proposed in this study. Its main purpose is to
ensure the steady-state and dynamic robust performance of the
VSI under system parameter disturbances and load disturbances.

In this study, a generalized parameter uncertainty model of
VSI is constructed based on the mathematical model, disturbance
variables, and sensitivity function. According to linear matrix
inequality (LMI), a robust H∞ controller is obtained. Meanwhile,
a virtual impedance group is designed to further improve the
robustness of voltage control.

THE ISLAND MICROGRID SYSTEM AND
CONTROL STRATEGY

The Structure of the Island Microgrid
In island microgrids, the load power may fluctuate in different
time periods. Diesel generators and fuel cells are used to ensure

the basic power supply of the island microgrid. Renewable
energies (wind energy and photovoltaic) supply power
according to the load demand in different time periods and
meet the power demand through reasonable planning and
forecasting of renewable energy, reducing operating costs
(Mazidi et al., 2020).

The structure diagram of the microgrid is shown in Figure 1.
When the microgrid is disconnected from the grid, it operates in
an island mode (Xin et al., 2015). In this mode of operation,
power generation equipment and energy storage equipment are
used to maintain the stable operation of the microgrid. Energy
storage systems, wind power, photovoltaics, and fuel cells need to
be connected to the microgrid through inverters. Therefore,
improving the control performance of the inverter in the
microgrid is an important way to ensure the power supply
quality of the microgrid.

The Control Scheme of VSI
The VSI adopts a three-phase three-wire two-level full-bridge
topology. The inverter structure is shown in Figure 2. The output
filter of the inverter generally adopts the LC form.

VSI is the core converter in a microgrid, including an active
power outer loop, a voltage loop, and a current loop. Reactive
power Q and active power P are obtained by calculating the
voltage and current (Liu et al., 2019). Then, according to the
droop control equations of P-f and Q-U, the frequency reference
and voltage reference are calculated. The droop control equation
is written as follows:

⎧⎪⎨⎪⎩
Ud � Un − nqQ,
Uq � 0,
ω � ωn −mpP,

(1)

where Ud and Uq are the reference voltage in the dq frame, ω is
reference frequency, ωn is the rated frequency, Un is the rated

FIGURE 1 | Schematic diagram of the island microgrid structure.
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voltage reference value, and mp and nq are the droop
coefficients.

For the purpose of enhancing the power-sharing performance
of VSI, a virtual resistance is added to the traditional parallel
operation to increase the damping of the system and effectively
suppress the oscillation in the system (H. Shi et al., 2016). At the
same time, the introduction of virtual inductors improves the
accuracy of decoupling control of active and reactive power
(Geng et al., 2020; Dheer et al., 2020). The virtual impedance
is realized in the dq rotating coordinate system as follows:

{Up
d � Ud − Rviriod + ω0Lvirioq

Up
d � Uq − Rvirioq − ω0Lviriod

(2)

Among them, Rvir, Lvir, andω0 are the virtual resistance, virtual
inductance, and the angular frequency of the rotating coordinate,
respectively, Ud* and Uq* are the reference output voltage

adjustment values of d and q axes, respectively, and iod and ioq
are the value of the load current in the dq coordinate system.

THE PROPOSED ROBUST VOLTAGE
CONTROLLER FOR VSI
A General Description of the Robust Control
Scheme
Architecture of the H∞ System
The basic framework of robust control is shown in Figure 3A
(Bouzid et al., 2016),where, i(t), z(t), y(t), and u(t) are the input
signal, the performance evaluation signal, the controller input
signal, and the output signal of the controller, respectively; F(s) is
the H∞ robust controller, and P(s) is the generalized controlled
system.

FIGURE 2 | Traditional inverter topology of the island microgrid.

FIGURE 3 | A general description of the robust control scheme. (A) H∞ standard question structure diagram and (B) mixed sensitivity problem of the model.
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The transfer function between i(t) and z(t) can be expressed as

Tzi(s) � P11(s) + P12(s)[1 − F(s)P22(s)]−1F(s)P21(s). (3)

To solve the H∞ robust controller is to solve the appropriate
F(s) satisfaction,

‖Tzi‖∞≤ c. (4)

Mixed Sensitivity Issues
The mixed sensitivity problem contains two issues: the
uncertainty of the controller parameters and the restraint
effect of the controller on external disturbances (Li et al.,
2016). The general structure of the mixed sensitivity function
is shown in Figure 3B, where F(s)and G(s) are the H∞ robust
controller and the controlled plant, respectively;WS,WR, andWT

are weighting functions; and r(t), u(t), y(t), and e(t) are the
relative signals in the system and tracking error. Its closed-
loop transfer function can be written as follows:

⎧⎪⎨⎪⎩
S � (I + GF)−1,
R � F(I + GF)−1 � FS,
T � GF(I + GF)−1 � I − S,

(5)

where I is the identity matrix, G is the transfer function of the
controlled object, and F is the controller model. The sensitivity
function S has an absolute effect on the tracking error of the
system. When S is smaller, the tracking performance of the
inverter controller is better. The control transport function R
limits the size of the control quantity u. The compensation
sensitivity function T plays a decisive role in the stability of the
system and determines the size of the output quantity. In this
case, the choice of features S and T is mutually constrained. A
compromise should be considered when selecting. The mixed
sensitivity problem is to find the appropriate weighting
functions, WS, WR, and WT, and find the appropriate
controller F(s) to make the closed-loop control system
stable. Eq. 6 is as followed:

YZi � [WSS,WRR,WTT]T ≤ c, (6)

where c is the system performance index.

Mathematical Model of VSI in the Island
Microgrid
The structure of VSI in the microgrid is shown in Figure 4,
where Udc, uabc, and ucabc are the DC voltage source, inverter

voltage, and voltage drop on filter capacitance, respectively; Rf,
Rc, Lf, and Cf are LC filter parameters; Lline and Z are wire
inductance and the three-phase load, respectively; and iabc and
igabc are current flowing through the filter inductor and load
current, respectively. According to the above parameters, a
mathematical model of the inverter output voltage is
established (Liu et al., 2016; Wang et al., 2017). By using
the KVL calculation method (Kirchhoff’s law of voltage),
the voltage relationship through the inverter can be
expressed as follows:

⎧⎪⎨⎪⎩
ua(s) � Lf ia(s) + Rf ia(s) + uca(s),
ub(s) � Lf ib(s) + Rf ib(s) + ucb(s),
uc(s) � Lf ic(s) + Rf ic(s) + ucc(s).

(7)

According to the KCL theory (Kirchhoff’s law of current), the
relationship of the current flowing through the inverter can be
described as follows:

⎧⎪⎨⎪⎩
ia(s) � Cfuca(s) + iga(s),
ib(s) � Cfucb(s) + igb(s),
ic(s) � Cfucc(s) + igc(s).

(8)

The goal is to enhance the control performance of the VSI
system. The parameters are converted from a three-phase
AC to DC. The relationship between the output current and
output voltage in the system is obtained as follows:

{ id � Cf sucd + ωCfucq + igd,
iq � Cf sucq − ωCfucd + igq,

(9)

{ ud � Lfsid + Rfid + ucd + wLfiq,
uq � Lfsiq + Rfiq + ucq − wLfid.

(10)

Therefore, the state space model can be obtained as

{X
. � AX + B1U + B2V,
Y � CX +DU.

(11)

By replacing Eqs 9, 10 into Eq. 11, in the dq coordinate, the
parameter perturbation can be shown as follows:

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
id
iq
ucd

ucq

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ �

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

−Rf

Lf
ω − 1

Lf
0

−ω −Rf

Lf
0 − 1

Lf

1
Cf

0 0 ω

0
1
Cf

−ω 0

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
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id
iq
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ucq
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0
1
Lf

0 0

0 0

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
[ ucd

ucq
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+

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 0
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− 1
Cf

0

0 − 1
Cf

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
[ igd
igq

],

(12)

FIGURE 4 | Topology of the inverter.
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[ ucd

ucq
] � [ 0 0 1 0

0 0 0 1
]⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

id
iq
ucd

ucq

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ + [ 0 0
0 0

][ ud

uq
], (13)

whereX� [id iq ucd ucq]
T is the state variables;U� [ud uq]

T is the input
carrier; Y � [ucd ucq] is the output variable; the disturbance current
input vector is V � [igd igq]

T; and ω is the rated angular frequency.

Design of the Proposed H‘ Robust
Controller
Selection of the Mixed Sensitivity Weighting Function
WS, WR, and WT are the weighted functions of the sensitivity
function in the H∞ robust controller design, which play a key
role in the performance of the robust controller. The general
selection principle needs to consider the anti-interference ability,
bandwidth, and high-frequency characteristics of the controller.
Since there are mutual constraints between S+T � I, two weights α
and β are introduced in the design of the sensitivity function to
balance the control performance of the controller in a low-
frequency range and a high-frequency range, respectively, and
the setting of the weights makes the design of the controller more
flexible.

As a weighted function of S, WS has the low-pass
characteristics of a Butterworth low-pass filter. In the low-
frequency band, the gain should be selected with a larger
value, which can effectively improve the tracking accuracy of
the system and resist interference. In the high-frequency band,
the gain is generally less than one (Bouzid et al., 2016). Weighting
function WS is a low-pass filter with high gain,

Ws(s) � α

Ms

s + ωdBMs

s + ωdBAe
, (14)

where ωdB is the lowest expected bandwidth of the system, Ae is
the expected steady-state error of the system,MS is the maximum

allowable peak value, and α is the adjustable coefficient in low
frequency.

The parameters and performance in the system are considered
comprehensively. In this study, Ae � 0.001,ωdB � 750 rad/s, Ms �
0.2, and α � 0.6.

WR is a weighted function of the sensitivity function R,
which can limit the size of the control quantity, u, to make it
work within the allowable range allowed by the system. The
choice of WR should not only consider the saturation of the
system but also the bandwidth requirements of the system. The
weighted function WR is written as

WR(s) � [ 0.1 0
0 0.1

]. (15)

As a weighting function of T, WT has the high-pass
characteristics of a Butterworth high-pass filter. At high
frequencies, the gain should be selected to a larger value,
which reflects the requirements of robust stability, that is,
the requirement of high-frequency characteristics. The
weighting function WT a high-pass filter with large static
gain, which has no attenuation in high-frequency
performance (Bouzid et al., 2016). WT is written as

WT(s) � β

εu

s + ωh/Mu

s + ωh/εu
, (16)

where εu can ensure that themeasurement error is well limited. ωh

limits the pulsation bandwidth and β is the adjustable coefficient
in high frequency.

Mu can ensure the control effect. For guaranteeing that the
robust controller is stable, εu � 0.001; ωh � 10,000 rad/s, Mu � 2,
and β � 0.4 are selected in this study.

H‘ Controller Solution
The VSI model in the study is taken as the controlled object,
combined with the weighted function selected above. By using the
MATLAB robust control toolbox to solve the Riccati equation, a
robust controller with a seventh-order denominator is obtained.
Due to the higher order of the controller, it is difficult to apply in
actual engineering; therefore, the controller must be reduced in
order. Using the ohklmr () function to reduce the order of the
desired controller, the reduced-order controller can be obtained
as a third-order model. Then, discretizing the controller, the
calculation results of the controller are as follows:

FIGURE 5 | Step response.

FIGURE 6 | Adaptive virtual impedance group.
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F � A1Z3 − A2Z2 − A3Z + A4

B1Z3 − B2Z2 + B3Z − B4
, (17)

where F stands for the H∞ controller and A and B are the
controller parameters.

In the design process of the robust controller in this study, by
suppressing the external disturbances of the system, the immunity of
the system is improved, which enhances the robustness of the system
and thus ensures the dynamic characteristics of the system. The
stability of the closed-loop system is calculated; after iterative
computation for ten times, the optimal ||Tzi||∞ � 0.3184, which
ensures the stability of the closed-loop system. As shown in Figure 5,
from the designed robust controller step response, the overshoot of
the controller is very small and the time to reach the steady state is

very short, which further reflects the good dynamic performance of
the controller.

ADAPTIVE VIRTUAL IMPEDANCE GROUP

A set of adaptive virtual impedances is designed to further
improve the robust stability of the inverter, as shown in
Figure 6. It includes the positive sequence virtual impedance,
negative sequence virtual impedance, and harmonic virtual
impedance.

Adaptive Virtual Impedance Positive Part
The introduction of the adaptive positive sequence virtual
impedance can compensate the voltage drop caused by the
load switching, which can be realized in the rotating
coordinate system as follows:

{Upp
d � Up

d − Rviri
p
d + w0Lviri

p
q ,

Upp
q � Up

q − Rviri
p
q − w0Lviri

p
q ,

(18)

where Up
d* and Up

q* are the reference value of d and q axis
reference output voltage adjustment, respectively; ω0 is the
angular frequency of rotation in the dq coordinate system; and
Rvir and Lvir are adaptive virtual resistance and virtual inductance,
where Rvir is written as

Rvir � R0 + kd1Δu + kd2 ∫ (Δu)dt, (19)

FIGURE 7 | Proposed control scheme of H∞ control for VSI.

TABLE 1 | Main parameters of the VSI system.

Description Symbol Value

DC-link operating voltage Vdc 750 V
MG voltage U 220 V
Rated frequency f 50 HZ
Inverter switching frequency fs 10 kHZ
Filter inductance of the inverter L 1 mH
Filter capacitor of the inverter C 70 μF
Droop coefficient of active power m 5e-4 rad/s/w
Droop coefficient of reactive power n 3e-5 V/var
Constant value virtual resistor R0 0.2 Ω
Virtual inductor Lvir 0.7 mH
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where R0 is the constant resistance,Δu is the voltage error, and kd1
and kd2 are the proportional adjustment coefficient and integral
link coefficient.

Negative Sequence Virtual Impedance
The precise decoupling and power sharing of the inverter may be
affected by the unbalanced inverter voltage due to the unbalanced
current under the unbalanced load conditions (Jiang et al., 2019).
In this case, the proposed adaptive virtual impedance
group–negative sequence part can suppress the negative
sequence part in the output voltage, to ensure the inverter
voltage control performance, the control principle of which is
as follows:

ZN
vir � kg ∫(−uN

od)dt, (20)

where kg is the proportional factor and uNod is the negative
sequence part separated from voltage.

The compensation voltage uP can be obtained by the above-
mentioned negative impedance and current. Then, it will be used
as one of the control signals.

Harmonic Impedance
In microgrid operation, non-linear loads generate a large number
of harmonics that affect the power quality of the VSI output. In
this case, an adaptive virtual harmonic impedance is proposed to
improve the output voltage in the harmonic domain and thus the
voltage control performance of the inverter, and its
corresponding expression is given as follows:

ZH
Vir � KH ∫ ∑

H�3,5,7/n

(−uH
od), (21)

where uHod is the harmonic part separated from voltage, kH is
the virtual harmonic impedance proportional factor, and H
is set as the value from 3 to n with general generality. Limited
by the switching frequency, the adaptive harmonic
impedance method proposed in this study only corrects
for harmonics at low frequencies, and n is taken as 9 in
the study.

Overall Scheme of the Proposed Robust
Control Strategy for VSI
The control system block diagram of the robust control strategy
of the VSI is shown in Figure 7.

TABLE 2 | Load parameters of the microgrid inverter system.

Case Time (s) Parameter Value

Three-phase balanced loads 0.2 Three-phase balanced load 1 22.5 Ω + 29 mH
0.3 Three-phase balanced load 2 22.5 Ω + 29 mH

Non-linear load 0.25 Non-linear load Uncontrolled rectifier
Three-phase asymmetric load 0.3 Three-phase asymmetric load 1 20, 10, 0.1 Ω

0.6 Three-phase asymmetric load 2 20, 10, 5 Ω
Power sharing 0.1 Three-phase balanced load 1 22.5 Ω + 29 mH

0.5 Three-phase balanced load 2 22.5 Ω + 29 mH

FIGURE 8 | Output voltage of the inverter under the traditional control strategy (voltage deviation).

FIGURE 9 | Output voltage of the inverter under the proposed control
strategy (voltage deviation).
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SIMULATION VERIFICATION

A simulation model of VSI applied in the microgrid is built in
MATLAB. The related experiments are designed to verify the
effectiveness of the proposed control scheme. The main
parameters of the microgrid inverter are given in Table 1.

The comparative experiments are carried out under the
traditional control strategy and the proposed control strategy.
The load parameters are given in Table 2.

Three-Phase Balanced Loads
Figure 8 shows the voltage waveforms of the inverter with the
traditional control strategy. First, when the inverter is running at
0–0.2 s, the VSI voltage waveforms are three-phase sine waves,
and the amplitude is rated. When the inverter runs to 0.2 s, the
three-phase symmetrical resistance inductive load is
incorporated, and the output voltage deviates. When the

inverter runs to 0.28 s, a set of three-phase symmetrical
resistive inductive loads is added, and the output voltage drops
further. As can be seen from the figure, under the traditional
control strategy, the inverter output power quality is affected by
the load and changes accordingly.

Figure 9 shows the voltage waveforms of the inverter for the
control strategy proposed in this study. First, the inverter runs at
no load from 0 to 0.2 s, and the inverter output is a three-phase
sine wave with the rated amplitude. At 0.2 s of inverter operation,
a three-phase symmetrical resistive load is incorporated and the
output voltage undergoes a smaller deviation. At 0.28 s, another
set of three-phase symmetrical resistive load is incorporated and
the output voltage undergoes a smaller voltage deviation, which is
subsequently compensated by the controller to the rated value. As
can be seen from the figure, the power quality of the output
voltage can be guaranteed under the proposed strategy in
the study.

TABLE 3 | Electricity quality analysis.

Case Control strategy Load 1 (%) Load 2 (%)

Voltage deviation Traditional control strategy −4.05 −8.01
The proposed robust control strategy 0.03 1.09

Three-phase voltage unbalance Traditional control strategy 10.75 11.74
The proposed robust control strategy 1.11 1.51

FIGURE 10 | Output voltage of the inverter under the traditional control strategy (three-phase unbalance). (A) Three-phase asymmetric load 1. (B) Three-phase
asymmetric load 2.
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Table 3 shows the voltage deviation analysis of VSI under
different control strategies. Under the conventional control
strategy, the voltage deviation is −4.05% after incorporating
the first group of loads and −8.01% after incorporating the
second group of loads, and the power quality is further
degraded; under the proposed robust control strategy, the
voltage deviation is 0.03% after incorporating the first group
of loads and 1.09% after incorporating the second group of loads.

Three-Phase Asymmetric Load
Figure 10 shows the voltage waveforms of the inverter with the
traditional control strategy. When the three-phase asymmetrical
load 1 is added at 0.3 s, the three-phase voltage of the inverter is
three-phase asymmetrical, and the degree of three-phase asymmetry
is 10.75%. When the three-phase asymmetrical load 2 is added
at 0.6 s, the output voltage of the inverter drops further, and the

FIGURE 12 |Output voltage (A) and current (B) of the inverter under the
traditional control strategy (harmonic).

FIGURE 11 | Output voltage of the inverter under the proposed control
strategy (three-phase unbalance). (A) Three-phase asymmetric load 1. (B)
Three-phase asymmetric load 2.

FIGURE 14 | Inverter output voltage d-axis component waveform.

FIGURE 13 |Output voltage (A) and current (B) of the inverter under the
proposed control strategy (harmonic).
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three-phase asymmetry of the inverter is 11.74%. Under the
traditional control, the voltage control performance of the
inverter changes under different load conditions, which seriously
affects the power quality of the inverter output power quality. The
three-phase asymmetry is given in Table 3.

Figure 11 shows the voltage waveforms of the inverter with
the proposed control strategy. When the three-phase

asymmetrical load 1 is added at 0.3 s, the output voltage of the
inverter has a small voltage deviation and then reverts back to the
rated value, and the three-phase asymmetry is 1.11%. When the
three-phase asymmetrical load 2 is added at 0.6 s, the output
voltage of the inverter drops obviously, but it recovers after one
cycle, and the three-phase asymmetry degree is 1.51%. The three-
phase asymmetry of the output voltage is less than 2% when the
asymmetric load is added, which ensures the power quality of the
output voltage. The three-phase asymmetry is given in Table 3.

Non-linear Load
The feasibility of the proposed strategy is verified by comparing
the power quality of the inverter output voltage when the
conventional control strategy is compared with the proposed
control strategy with the non-linear load.

Figure 12 shows the inverter voltage (A) and current (B)
waveforms under the traditional strategy. At 0.25 s, non-linear
loads including the uncontrollable rectifier loads, shunt
capacitors, resistors, and inductors are merged into the
system. The inverter output voltage deviated significantly,
which landed to 280 V, and there was a significant voltage
distortion. At this time, the voltage distortion rate was 2.75%.
The inverter cannot guarantee the reliability of the voltage.
After the non-linear load is incorporated, the inverter output
current has a significant distortion, whose rate is 13.85% at
this time.

Figure 13 shows the inverter voltage (A) and current (B)
waveforms under the control strategy of this study. At 0.25 s, non-
linear loadsmerged into the system, and the inverter output voltage has
a significant voltage deviation. The voltage returns to the rated value
after one cycle. At this time, the voltage harmonic distortion rate THD
is 1.47%, which verified that the proposed strategy can make sure the

FIGURE 15 | Active and reactive power output of the inverter. Line impedance is the same.

FIGURE 16 | Active and reactive power output of the inverter. Line
impedance is different.
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power quality of the inverter voltage. load Before 0.25 s, the inverter
with three-phase resistive inductive load, the load current is three-phase
symmetric, and after incorporating the non-linear load, the current
distortion occurs obviously, and the harmonic current distortion rate is
10.32% at this time.

Dynamic Performance Comparison of
Control Strategies
To verify the dynamic performance of the proposed strategy, the
comparative experimental results are shown in Figure 14,
incorporating a group of unbalanced loads. When the
proposed robust control scheme is used, on the one hand, its
voltage deviation is smaller than that of a separate PI controller
and PI adaptive impedance control; on the other hand, its voltage
dynamic recovery performance is also obviously optimal.

Parameter Perturbation Analysis
This experiment is used to verify the robustness and robust
control performance of the proposed control strategy in the
study while the system parameters are perturbed.

In this case, when the system parameters are perturbed by
30%, the total distortion rate of the three-phase output voltage of
VSI is compared, and the results are given in Table 4.

The voltage distortion rate under the traditional control strategy and
the control method proposed in this study is shown in Table 4. In the
experiment, comparative experiments are carried out without adding
system disturbance and adding 30% system disturbance. It can be seen
from the results that when the system parameters are severely
disturbed, the VSI robust control strategy proposed in this study
can improve the robustness of the VSI and ultimately improve the
power quality.

Power Sharing Analysis
Figure 15 shows the active and reactive power output of the inverter
with a three-phase resistive inductive load when the line impedance is
the same (line impedance of 1mH). At 0.3 s, the second inverter is
connected to the bus and the power output from the inverter achieves
equalization. At 0.5 s, a group of three-phase resistive inductive loads
are connected in parallel, and their sizes are shown in Table 3. At this
time, the power output of the inverters can still be well equalized.

Figure 16 shows the active and reactive power output of the
inverter with a three-phase resistive inductive load when the line
impedance is different (line 1 impedance drops 10%). At 0.3 s, the
second inverter is connected to the bus and the power output from the
inverter achieves equalization. At 0.5 s, the three-phase resistive
inductive load is pitched, and its magnitude is given in Table 3. At

this time, the power output from the inverter can still almost get
equalization.

CONCLUSION

A novel H∞ control scheme for VSI in the microgrid is proposed to
improve the robustness of VSI under complicated microgrid
conditions. The robust controller is designed to improve the
tracking performance, so the main purpose of this article is to
ensure the dynamic performance of the VSI. At the same time, the
adaptive virtual impedance group is proposed to eliminate the voltage
deviation caused by load variation. In the comparative verification,
under variousmicrogrid operating conditions, the inverter parameters
are perturbed, and the voltage control performance of VSI with the
proposed control scheme can be well maintained. In general, under
the combination of the H∞ controller and the adaptive virtual
impedance group, the dynamic performance and steady-state
performance of the inverter output voltage are improved, which
further guarantees the good power quality of the inverter output
voltage. At the same time, the power output of the inverter can be well
equalized. In future studies, the VSI robust control scheme for the
microgrid operating under more operating conditions needs to be
further optimized, including robust controllers with better robustness
and more complete adaptive virtual impedance groups.
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(parameters attenuation by
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Traditional control strategy 1.15 2.82
PI+ Adaptive virtual impedance group 0.97 2.47
Proposed robust control strategy 0.73 1.08
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