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The oscillations on output power and distortion of the inverter currents will occur in the case of unbalanced grid voltage faults.
Constant output power and good current quality cannot be achieved simultaneously. Aiming at these problems, a coordinate control
strategy for suppressing power fluctuations and current harmonics is proposed by analyzing instantaneous power control and
current balance control. The proposed control is achieved by adjusting the weight coefficient of current reference values to change
the current harmonic contents based on proportional complex integral (PCI) controller and proportionalmultiple complex integral
(PMCI) controller.The control strategywith a simple control structureneither needs to detect harmonic components of the inverter
currents, nor needs to separate the positive and negative components of voltage and current, which is easy to be realized. The
feasibility and effectiveness of the proposed control are verified by the comparison and analysis of simulation.

1. Introduction

With the problem of global climate increasingly serious and
nonrenewable resources being largely consumed, the devel-
opment of renewable energy has attracted much attention.
Among the many renewable energy sources, the installed
capacity of wind energy is increasing year by year because
of abundant resources, good industrial foundation, and low
environmental pollution. The grid-connected inverter, as the
grid-connected interface between wind turbine and large-
scale energy storage system, plays an important role in the
grid-connected control of wind power system [1–4]. The
operation of the grid-connected inverter is susceptible to the
unbalanced grid voltage. The causes of unbalanced voltage
are various: the interference of high-power single-phase load,
the unbalanced distribution of single-phase load in grid
and randomness of the single-phase load, etc. [5, 6]. The
oscillations on output power and distortion of the inverter
currents will occur under unbalanced grid faults [7, 8]. If
there is a serious harmonic distortion in the three-phase
currents, it may not meet the IEEE Std.1547 standard that the

current THD is more than 5%. Therefore, it is important to
study the control strategy for grid-connected inverter under
unbalanced grid voltage, which is of great significance for
stable and efficient operation of the system.

Many control strategies for grid-connected inverter
under unbalanced grid voltage have been proposed [5, 6,
9–20]. The traditional control strategy is the dual current
vector control in the positive and negative sequence ref-
erence frames, and this method is applied in [9–11], by
controlling the positive and negative components of voltage
and current to eliminate oscillations on the active power.
But the realization of this control objective is based on the
injection of negative sequence currents, which will inevitably
result in harmonics distortion in three-phase inverter cur-
rents, and the oscillations on reactive power have not been
eliminated. In order to obtain constant output active and
reactive powers, a control scheme is proposed which utilizes
the resonance compensation method without considering
the distortion of inverter currents [12–14]. An interesting
control method which utilizes the positive and negative
sequence components is proposed in [15] for generating
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Figure 1: Circuit topology of the grid-connected inverter.

current reference values to reduce the imbalance of grid
voltage. But this method mainly aims at current quality; the
problem of power oscillations has not been solved under
unbalanced grid voltage. For the three control targets, which
are aimed at suppressing active power oscillations, reactive
power oscillations, and negative current components, a coor-
dinate control of power and current is proposed in [16, 17]
where the current references are unified by introducing the
coefficients, and the coordinate control is realized by adjust-
ing the coefficients. However, the method requires positive
and negative sequence separation and complex reference
frame transformation. In addition, the method includes a
large number of PI controllers, and parameters tuning is
not easy to implement. In order to reduce the complexity
of control, the current references of coordinate control can
be obtained in 𝛼𝛽 stationary reference frame [5, 6, 18, 19].
A scheme is proposed in [20], which analyzes the power
fluctuations and current harmonicsmagnitude quantitatively.
Notch filter is used in the control, and the coordinate control
of output power and current quality is realized by using
the idea of weighting. The control strategy can reduce the
harmonic contents in inverter currents. However, due to
the introduction of negative sequence components in the
calculation of current references, the balanced three-phase
currents cannot be obtained.

In this paper, the instantaneous power control and cur-
rent balance control are introduced when the grid voltage
is unbalanced. The essential relationships between the two
control strategies are discussed and the causes of current
harmonics are analyzed. On these bases, a novel control
strategy is proposed, which uses PCI and PMCI controllers
to control inverter currents. Weight coefficient is introduced
in current references to change the harmonic contents
in inverter currents, and the coordinate control of power
fluctuations suppression and current balance is realized.
The proposed control does not need complicated reference
frame transformation, positive/negative sequence extraction
calculation, and notch filter, and it is convenient to realize in
the stationary reference frame.

This paper is organized as follows: Section 2 formulates
the model of grid-connected inverter. Section 3 analyzes the
conventional control schemes and the relationships between
the two conventional control schemes. Section 4 analyzes the
proposed coordinate control strategy under unbalanced grid
voltage. Section 5 shows the simulation results under different

cases when the grid voltage is unbalanced, which validates the
proposed scheme. Section 6 concludes this paper.

2. Model of Grid-Connected Inverter

Figure 1 shows the topology of grid-connected inverter. 𝑢𝑔𝑎,𝑢𝑔𝑏, and 𝑢𝑔𝑐 are the grid voltages, 𝑢𝑐𝑎, 𝑢𝑐𝑏, and 𝑢𝑐𝑐 are the
output voltages of the grid-connected inverter, 𝐿 and 𝑅 are
the inductance and resistance, respectively, and 𝑢dc is the dc-
link voltage.

The control structure of grid-connected inverter is shown
in Figure 2.The power will be transmitted to the grid through
the effective control of voltage and current.

3. Conventional Control Strategies

3.1. Voltage Expressions under Unbalanced Grid Voltage. The
three-phase unbalanced grid voltages can be expressed as

[[[
[

𝑢𝑔𝑎𝑢𝑔𝑏𝑢𝑔𝑐
]]]
]

= [[[[[
[

𝑈+ sin (𝜔𝑡 + 𝜃+) + 𝑈− sin (𝜔𝑡 + 𝜃−)
𝑈+ sin (𝜔𝑡 − 2𝜋3 + 𝜃+) + 𝑈− sin (𝜔𝑡 + 2𝜋3 + 𝜃−)
𝑈+ sin (𝜔𝑡 + 2𝜋3 + 𝜃+) + 𝑈− sin (𝜔𝑡 − 2𝜋3 + 𝜃−)

]]]]]
]

(1)

where𝑈+ and 𝑈− are the amplitudes of positive and negative
components of voltage; 𝜃+ and 𝜃− are initial phase angles of
the positive and negative components, respectively; 𝜔 is the
grid frequency.

Unbalanced grid voltage can be transformed into 𝛼𝛽
stationary reference frame as follows:

[𝑢𝑔𝛼𝑢𝑔𝛽] = 23 [[
[
1 −12 −12
0 √32 −√32

]]
]
[[[
[

𝑢𝑔𝑎𝑢𝑔𝑏𝑢𝑔𝑐
]]]
]
= [𝑢+𝑔𝛼 + 𝑢−𝑔𝛼𝑢+𝑔𝛽 + 𝑢−𝑔𝛽] (2)
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Figure 2: Control structure of grid-connected inverter.

where

[[[[[[
[

𝑢+𝑔𝛼𝑢+𝑔𝛽𝑢−𝑔𝛼𝑢−𝑔𝛽

]]]]]]
]
= [[[[[
[

𝑈+ sin (𝜔𝑡 + 𝜃+)
−𝑈+ cos (𝜔𝑡 + 𝜃+)
𝑈− sin (𝜔𝑡 + 𝜃−)
𝑈− cos (𝜔𝑡 + 𝜃−)

]]]]]
]

(3)

3.2. Instantaneous Power Control Strategy. Based on instanta-
neous power theory, the active power and reactive power can
be expressed as

[𝑃𝑄] = 32 [𝑢𝑔𝛼 𝑢𝑔𝛽𝑢𝑔𝛽 −𝑢𝑔𝛼][𝑖𝛼𝑖𝛽] (4)

where 𝑖𝛼 and 𝑖𝛽 are the current components in 𝛼𝛽 stationary
frame, respectively.

With the power references 𝑃∗ and 𝑄∗, the current
reference values can be calculated as follows:

[𝑖𝛼𝑖𝛽] = 23 [𝑢𝑔𝛼 𝑢𝑔𝛽𝑢𝑔𝛽 −𝑢𝑔𝛼]
−1

[𝑃∗𝑄∗] (5)

From (5), the current references under instantaneous
power control can be obtained as follows:

[𝑖∗𝛼𝑔𝑙𝑖∗𝛽𝑔𝑙] = [𝑖𝛼𝑔𝑙(𝑝)𝑖𝛽𝑔𝑙(𝑝)] + [𝑖𝛼𝑔𝑙(𝑞)𝑖𝛽𝑔𝑙(𝑞)]

= 23 𝑃∗𝑢2𝑔𝛼 + 𝑢2
𝑔𝛽

[𝑢𝑔𝛼𝑢𝑔𝛽] + 23 𝑄∗𝑢2𝑔𝛼 + 𝑢2
𝑔𝛽

[ 𝑢𝑔𝛽−𝑢𝑔𝛼]
(6)

where 𝑖𝛼𝑔𝑙(𝑝) and 𝑖𝛽𝑔𝑙(𝑝) are the active current components
on 𝛼-axis and 𝛽-axis, respectively; 𝑖𝛼𝑔𝑙(𝑞) and 𝑖𝛽𝑔𝑙(𝑞) are the
reactive current components.

Substituting (2) into (6), the denominator in (6) can be
expressed as

𝑢2𝑔𝛼 + 𝑢2𝑔𝛽 = (𝑢+𝑔𝛼 + 𝑢−𝑔𝛼)2 + (𝑢+𝑔𝛽 + 𝑢−𝑔𝛽)2
= 𝑈+2 + 𝑈−2 − 2𝑈+𝑈− cos (2𝜔𝑡 + 𝜃+ + 𝜃−) (7)

It can be known that 𝑈− ̸= 0 under unbalanced grid
voltage, so the existence of 2𝑈+𝑈- cos(2𝜔𝑡 + 𝜃+ + 𝜃-) term
in (7) will result in a large amount of harmonic currents.

Based on the above analysis, it can be seen that the
instantaneous power control can maintain a constant output
power, but there is severe harmonics distortion in the inverter
currents.

3.3. Current Balance Control Strategy. In order to obtain bal-
anced three-phase inverter currents, the negative sequence
current components must be eliminated, and the current
references under the current balance control strategy can be
obtained as follows:

[𝑖∗𝛼𝑑𝑙𝑖∗𝛽𝑑𝑙] = [𝑖𝛼𝑑𝑙(𝑝)𝑖𝛽𝑑𝑙(𝑝)] + [𝑖𝛼𝑑𝑙(𝑞)𝑖𝛽𝑑𝑙(𝑞)]

= 23 𝑃∗𝑢+2𝑔𝛼 + 𝑢+2
𝑔𝛽

[𝑢+𝑔𝛼𝑢+𝑔𝛽] + 23 𝑄∗𝑢+2𝑔𝛼 + 𝑢+2
𝑔𝛽

[ 𝑢+𝑔𝛽−𝑢+𝑔𝛼]
(8)

where 𝑖𝛼𝑑𝑙(𝑝), 𝑖𝛽𝑑𝑙(𝑝) and 𝑖𝛼𝑑𝑙(𝑞), 𝑖𝛽𝑑𝑙(𝑞) are the active and reactive
current components, respectively.

It can be seen that the current references do not contain
harmonic terms, and the sinusoidal and balanced inverter
currents can be obtained. It should be noted that the negative
sequence current components are eliminated, but the neg-
ative sequence voltage components still exist in the voltage
when the grid voltage is unbalanced. The interaction between
the negative sequence voltage components and the positive
sequence current components will result in double frequency
fluctuations on the output power.

3.4. Analysis of the Two Control Strategies. Based on the
above analysis, it is known that instantaneous power control
or current balance control cannot achieve constant output
power and balanced inverter currents simultaneously.

In order to analyze the relationships between the current
references under the two control strategies, suppose that the
initial phase angle 𝜃+ = 𝜃− = 0. Firstly, the active current
components on 𝛼-axis are discussed as an example. The
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active current references under the two control strategies are
expressed as

𝑖𝛼𝑔𝑙(𝑝) = 23
𝑢𝑔𝛼𝑃∗𝑢2𝑔𝛼 + 𝑢2𝑔𝛽

= 23
(𝑈+ + 𝑈−) 𝑃∗ sin𝜔𝑡

(𝑈+)2 + (𝑈−)2 − 2𝑈+𝑈− cos (2𝜔𝑡)
(9)

𝑖𝛼𝑑𝑙(𝑝) = 23
𝑢+𝑔𝛼𝑢+2𝑔𝛼 + 𝑢+2𝑔𝛽𝑃

∗ = 23 sin𝜔𝑡𝑈+ 𝑃∗ (10)

From (9) and (10), it can be seen that i𝛼𝑔𝑙(𝑝) is a nonsi-
nusoidal periodic signal, and 𝑖𝛼𝑑𝑙(𝑝) is a fundamental sinu-
soidal signal. According to Fourier theory, 𝑖𝛼𝑔𝑙(𝑝) can be
decomposed into a superposition of fundamental and har-
monic signals as follows:

𝑖𝛼𝑔𝑙(𝑝) = 𝑎02 + ∞∑
𝑛=1

[𝑎𝑛 cos (𝑛𝜔𝑡) + 𝑏𝑛 sin (𝑛𝜔𝑡)] (11)

The coefficients 𝑎𝑛 and 𝑏𝑛 can be expressed as

𝑎𝑛 = 2𝑇 ∫𝑇/2
−𝑇/2

𝑓 (𝑡) cos (𝑛𝜔𝑡) 𝑑𝑡; 𝑛 = 0, 1, 2 ⋅ ⋅ ⋅∞
𝑏𝑛 = 2𝑇 ∫𝑇/2

−𝑇/2
𝑓 (𝑡) sin (𝑛𝜔𝑡) 𝑑𝑡; 𝑛 = 1, 2 ⋅ ⋅ ⋅∞

(12)

where 𝑇 = 2𝜋. It is clear that 𝑖𝛼𝑔𝑙(𝑝) is an odd function, 𝑎𝑛 =0 can be obtained according to the nature of odd function,
and the fundamental frequency component of 𝑖𝛼𝑔𝑙(𝑝) can be
expressed as

𝑖𝑓
𝛼𝑔𝑙(𝑝)

= 𝑏1 sin𝜔𝑡 (13)

where 𝑏1 = (2𝑃∗/3𝜋) ∫𝜋
−𝜋
(𝑢𝑔𝛼/(𝑢2𝑔𝛼 + 𝑢2𝑔𝛽)) sin(𝜔𝑡)𝑑𝜔𝑡 =2𝑃∗/3𝑈+.

From (10) and (13), the following equation can be ob-
tained:

𝑖𝑓𝛼𝑔𝑙(𝑝) = 2𝑃∗3𝑈+ sin𝜔𝑡 = 𝑖𝛼𝑑𝑙(𝑝) (14)

For the sake of simplicity, this conclusion is obtained
under the assumption of 𝜃+ = 𝜃− = 0, but the same
conclusion can be obtained through Fourier decomposition
when 𝜃+ = 𝜃− ̸= 0. Similarly, the fundamental components
of 𝑖𝛼𝑔𝑙(𝑞), 𝑖𝛽𝑔𝑙(𝑝), and 𝑖𝛽𝑔𝑙(𝑞) can be calculated, and compared
with the current references under current balance control,
the essential relationships of the current references can be
obtained as follows:

𝑖𝑓
𝛽𝑔𝑙(𝑝)

= 𝑖𝛽𝑑𝑙(𝑝)
𝑖𝑓𝛼𝑔𝑙(𝑞) = 𝑖𝛼𝑑𝑙(𝑞)
𝑖𝑓
𝛽𝑔𝑙(𝑞)

= 𝑖𝛽𝑑𝑙(𝑞)
(15)

By combining (14) and (15), the current relationships can
be obtained as follows:

𝑖𝑓𝛼𝑔𝑙 = 𝑖𝛼𝑑𝑙
𝑖𝑓
𝛽𝑔𝑙

= 𝑖𝛽𝑑𝑙
(16)

From (16), it can be seen that the fundamental com-
ponents of current references under instantaneous power
control are equivalent to the current references under current
balance control, and three-phase currents are balanced.
This is the essential relationship of current reference values
between the two control strategies and it will lay the founda-
tion for the design of control strategy in the next section.

4. Coordinate Control of Power/Current
Design of Controller

The current references include the fundamental and har-
monic components under instantaneous power control, and
the current fundamental components are equivalent to the
current reference values under current balance control. The
current harmonic components are composed of the low-
order harmonics such as third, fifth, and seventh harmonics,
etc. [20]. Harmonic contents will affect the degree of power
fluctuations suppression and current balance. Therefore, the
coordinate control of power and current can be achieved
by adjusting the harmonic contents in three-phase currents
under instantaneous power control. Based on the analysis,
a coordinate control scheme is proposed to control the
fundamental and harmonic currents simultaneously. The
references of fundamental components 𝑖𝑓∗

𝛼𝛽
and harmonic

components 𝑖ℎ∗𝛼𝛽 can be calculated as follows:

[
[
𝑖𝑓∗𝛼
𝑖𝑓∗
𝛽

]
]
= 23 𝑃∗𝑢2𝑔𝛼 + 𝑢2

𝑔𝛽

[𝑢𝑔𝛼𝑢𝑔𝛽] + 23 𝑄∗𝑢2𝑔𝛼 + 𝑢2
𝑔𝛽

[ 𝑢𝑔𝛽−𝑢𝑔𝛼] (17)

[
[
𝑖ℎ∗𝛼
𝑖ℎ∗𝛽 ]]

= 𝑘[
[
𝑖𝑓∗𝛼
𝑖𝑓∗
𝛽

]
]

(18)

The current references under instantaneous power con-
trol are represented in (17), and 𝑃∗ and 𝑄∗ are the output
active and reactive power references. The value of 𝑘 in (18)
is the weight coefficient. If 𝑘 = 0, there are no harmonic
components in the inverter currents, which means current
balance control; it is equivalent to instantaneous power
control when 𝑘 = 1.The output active and reactive powers are
constant, but the inverter currents contain lots of harmonics
(𝑖ℎ∗𝛼𝛽 = 𝑖𝑓∗

𝛼𝛽
); the control effect is between the effect of

instantaneous power control and current balance control
when 0<k<1. As the value of k increases from 0 to 1, the
harmonic contents in currents will increase gradually, but the
output power will tend to be constant.

The control structure of proposed control strategy is
shown in Figure 3.
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Figure 3:The diagram of system control structure.

4.1. PCI Controller. As mentioned above, the proposed con-
trol can be implemented in the stationary reference frame.
The fundamental current component in the fundamental
control branch and the harmonic current components in the
harmonic control branch need to be controlled, respectively.
Therefore, the scheme based on the PCI controller is pro-
posed [21].

The transfer function of the PCI controller can be
expressed as

𝐺𝑓 (𝑠) = 𝐾𝑝 + 𝐾𝑖𝑠 − 𝑗𝜔 (19)

where 𝐾𝑝 and 𝐾𝑖 represent proportional and integral coef-
ficients, respectively. Due to the existence of plural in the
transfer function, it is not easy to realize. According to
the complex function theory, 𝑗 means that the amplitude
is constant and the phase rotates 90∘ counterclockwise.
Based on the orthogonal relationship (i.e., 𝑚𝛼 = 𝑗 𝑚𝛽) in𝛼𝛽 reference frame, the complex domain controller can be
realized by the structure, as shown in Figure 4.

Figure 5 is the bode diagram of the PCI controller. It
can be seen that there is an infinite gain at the fundamental
frequency (i.e., 50 Hz) and there are almost no gains in the
rest of the frequency bands, so the fundamental component
in the inverter currents can be controlled precisely by the PCI
controller.

The harmonic components in inverter currents should
also be controlled. Based on the PCI controller, PMCI
controller is proposed to suppress the harmonic components.

The transfer function of PMCI controller can be ex-
pressed as

𝐺ℎ (𝑠) = 𝐾𝑝ℎ + 𝐾𝑖3𝑠 − 𝑗3𝜔 + 𝐾𝑖5𝑠 − 𝑗5𝜔 + 𝐾𝑖7𝑠 − 𝑗7𝜔 (20)

Figure 6 shows the bode diagram of the PMCI controller.
The gains are infinite at the third, fifth, and seventh harmonic
frequencies, while the gains are not increased significantly
in the other frequency bands. Hence, the controller can be

-

+
+

+

+

+

+

x
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Figure 4: The structure diagram of PCI controller.

used to suppress the low-order harmonic components in the
inverter currents effectively.

4.2. Performance Analysis of Proposed Control. According to
the control scheme mentioned above, current inner loop
control structure is shown in Figure 7, where, 𝐺𝑓(𝑠) and𝐺ℎ(𝑠) represent the transfer functions of fundamental and
harmonic controllers, respectively. 𝐾𝑃𝑊𝑀 is the equivalent
gain of the PWM converter and it is often taken as 𝐾𝑃𝑊𝑀 =
Udc/2.𝑈𝑔 represents the grid voltage.

According to Figure 7, the output current can be obtained
as follows:

𝑖𝛼𝛽 = 𝑋𝑓𝑖𝑓∗𝛼𝛽 + 𝑋ℎ𝑖ℎ∗𝛼𝛽 − 𝑋𝑢𝑈𝑔 (21)
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Table 1: Main parameters of the grid-side system.

Parameters Value
Unbalanced voltages 𝑈a, 𝑈b, 𝑈c/V 217∠90∘, 311∠ − 30∘, 311∠ − 150∘
(case a)
Unbalanced voltages 𝑈a, 𝑈b, 𝑈c/V 217∠85∘, 296∠ − 28∘, 323∠ − 150∘
(case b)
Unbalanced voltages 𝑈a, 𝑈b, 𝑈c/V 0∠0∘, 311∠ − 30∘, 311∠ − 150∘
(case c)
Grid side inductance, 𝐿/H 0.006
Grid side resistance, 𝑅/Ω 0.1
DC-link voltage, 𝑈dc/V 800
DC-link capacitor, 𝐶/F 0.003
Current fundamental control branch,𝐾p/𝐾i 0.3/300
Current harmonic control branch,𝐾ph/𝐾i3/𝐾i5/𝐾i7 100/20/20/20
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Figure 5: The bode diagram of 𝐺𝑓(𝑠).
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Figure 6: The bode diagram of 𝐺ℎ(𝑠).

where 𝑋𝑓 denotes the transfer function between the output
current and reference of current fundamental component,𝑋ℎ
denotes the transfer function between the output current and
reference of current harmonic components, and 𝑋𝑢 denotes
the transfer function between the output current and grid
voltage, which can be expressed as

𝑋𝑓 = 𝐺𝑓𝐾𝑃𝑊𝑀𝐿𝑠 + 𝑅 + 𝐺ℎ𝐾𝑃𝑊𝑀 + 𝐺𝑓𝐾𝑃𝑊𝑀

𝑋ℎ = 𝐺ℎ𝐾𝑃𝑊𝑀𝐿𝑠 + 𝑅 + 𝐺ℎ𝐾𝑃𝑊𝑀 + 𝐺𝑓𝐾𝑃𝑊𝑀
𝑋𝑢 = 1𝐿𝑠 + 𝑅 + 𝐺ℎ𝐾𝑃𝑊𝑀 + 𝐺𝑓𝐾𝑃𝑊𝑀

(22)

Based on the main parameters of the system in Table 1,
the bode diagrams of transfer functions between the output
current and different input reference signals can be obtained,
respectively, as shown in Figures 8–10, and the control
performances of proposed control strategy are analyzed.

Figure 8 shows the amplitude-frequency and phase-
frequency characteristic curves of closed-loop transfer func-
tion 𝑋𝑓(𝑠). It can be seen that the difference of tracking gain
and phase at fundamental frequency (i.e., 50 Hz) tend to be
0 dB and 0∘, respectively. Therefore, the inverter currents can
track the fundamental component of reference signal 𝑖𝑓∗

𝛼𝛽
with

equal amplitude. Similarly, the amplitude gains are attenuated
greatly at the third, fifth, and seventh harmonic frequencies,
which indicates that the inverter currents have almost no
ability to track low-order harmonics of reference signal 𝑖𝑓∗

𝛼𝛽
.

The amplitude-frequency and phase-frequency charac-
teristic curves of closed-loop transfer function 𝑋ℎ(𝑠) are
shown in Figure 9. As can be seen from the figure, the gain
at the grid fundamental frequency is attenuated greatly. On
the contrary, the differences of tracking gains and phases at
the third, fifth, and seventh harmonic frequencies are close to
0 dB and 0∘, respectively. It indicates that the inverter currents
can track the harmonic components of reference signal 𝑖ℎ∗𝛼𝛽
accurately. However, the fundamental component of the 𝑖ℎ∗𝛼𝛽
can be tracked hardly. Similarly, the amplitude-frequency and
phase-frequency characteristic curves of closed-loop transfer
function 𝑋𝑢(𝑠) are shown in Figure 10. The grid voltage is
equivalent to a disturbance component. From Figure 10, the
tracking gains at the fundamental and low-order harmonic
frequencies are very small, and the influences on the inverter
currents can be neglected.

Based on superposition theorem and the above graphic
analysis, it can be seen that the proposed control can control
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Figure 9: The bode diagram of 𝑋ℎ(𝑠).

three-phase inverter currents effectively. The fundamental
component of 𝑖𝑓∗

𝛼𝛽
affects the fundamental component of

inverter currents, and the low-order harmonic components
of 𝑖ℎ∗𝛼𝛽 affect the low-order harmonic components of inverter
currents. Therefore, this control strategy needn’t detect the
low-order harmonic components of inverter currents by
adjusting the weight coefficient in the references of currents
to realize the control of harmonic currents, and the coordi-
nate control of power and current is realized.

5. Simulation Results

In this section, simulations are carried out with MAT-
LAB/Simulink environment. Figure 11 shows the grid voltages
that change from a balanced condition to an unbalanced
condition in three different cases. Figure 11(a) shows the grid
voltage that 30% voltage dip in phase A during the period
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Figure 10: The bode diagram of𝑋𝑢(𝑠).

from 0.1 s to 0.5 s. Figure 11(b) shows the three-phase voltages
with unbalanced amplitude and phase offset. Figure 11(c)
shows the unbalanced grid voltage when phase A is short
circuited to the ground.

Figure 12 shows the simulation results by using the instan-
taneous power control under three different unbalanced
voltages. From Figure 12, it can be seen that the output
active and reactive powers are constant during the period
of 0.1 s∼0.5 s. The dc-link voltage is relatively smooth, and
there are almost no double-frequency fluctuations on output
power, but the three-phase inverter currents are distorted
obviously. Taking phase A current as an example, harmonic
spectrum analysis is carried out. It can be seen that the
total harmonic current distortion (THD) is large in the three
cases (i.e., 10.31%, 11.39%, and 23.65%, respectively), which
does not meet the THD standard of less than 5% stipulated
by the IEEE Std.1547. In the three cases, the proportions of
the third harmonic are reached: 10.21%, 11.28%, and 23.04%,
respectively. Therefore, if the instantaneous power control
strategy is adopted, the output active and reactive powers
are constant, but there is a serious distortion in the inverter
currents.

Figure 13 shows the simulation results by using current
balance control in the three different cases. From Figure 13, it
can be seen that there are obvious fluctuations on the output
active power, reactive power, and dc-link voltage when the
three-phase voltages are unbalanced (0.1 s∼0.5 s). However,
the three-phase currents are balanced and sinusoidal. From
the harmonic analysis of phase A current, it can be seen that
the THD is 1.15% in case a, 1.39% in case b, and 2.95% in
case c; the third harmonic only accounted for 0.8%, 0.86%,
and 2.57%, respectively. The results satisfy the THD standard



8 Complexity

0.1 0.2 0.3 0.4 0.5 0.60
t (s)

−500

0

500

U
ab

c (
V

)

(a) Case a

0.1 0.2 0.3 0.4 0.5 0.60
t (s)

−500

0

500

U
ab

c (
V

)

(b) Case b

−500

0

500

U
ab

c (
V

)

0.1 0.2 0.3 0.4 0.5 0.60
t (s)

(c) Case c

Figure 11: The unbalanced grid voltages in different cases.
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Figure 12: Simulation results of instantaneous power control strategy in different cases.
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Figure 13: Simulation results of current balance control strategy in different cases.
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Figure 14: Simulation results of using the control strategy proposed in Ref. [20] in different cases.

which is less than 5%. Therefore, the current balance control
strategy can achieve good current quality, but the output
power fluctuates significantly.

As can be seen from Figures 12 and 13, the instanta-
neous power control and current balance control cannot
achieve the constant output power and good current quality

simultaneously, which is consistent with the result of theoret-
ical analysis.

Figure 14 shows the simulation results using the coordi-
nate control strategy proposed in Ref. [20] in three different
cases. The control scheme can judge and weigh the output
power fluctuations and harmonic currents. However, notch
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Table 2: Control effect comparison under different control strategies.

Instantaneous power
control Current balance control Control strategy is

proposed in Ref. [20] Proposed control

Constant power Yes No Yes Yes
Sinusoidal current No Yes Yes Yes
Balanced current No Yes No Yes

filter is needed in the control, the current references contain
negative sequence components, and the balanced three-phase
currents cannot be realized.

As can be seen from Figure 14, the weight coefficient𝑘 = 0 during the period of 0.1 s to 0.2 s, the harmonics
of inverter currents are small, but the active and reactive
powers fluctuate greatly. During the period of 0.4 s to 0.5 s,𝑘 = 1, the active and reactive powers are constant, but the
harmonics of inverter currents are relatively large. As the
value of 𝑘 increases from 0 to 1, the three-phase inverter
currents gradually change from sinusoidal curve to distorted
curve, and the fluctuations on output power are gradually
reduced, which realize the coordinate control of power and
current. However, the current curves show that the balanced
three-phase currents cannot be achieved. The simulation
results are consistent with the theoretical analysis results.

Figure 15 shows the simulation results using the control
strategy proposed in this paper. Theoretical analysis shows
that, when k = 0, the reference of harmonic currents is zero,
which is equivalent to the current balance control. From
Figure 15, it can be observed that the output power fluctuates
seriously during the period of 0.1 s to 0.2 s. However, the
three-phase inverter currents are balanced and sinusoidal.
Based on the analysis of phase A harmonic current spectrum,
it can be seen that the THD is very small in the three
cases (THD = 1.59%, THD = 2.37%, and THD = 3.35%,
respectively) and there are little low-order harmonics, which
are consistent with the theoretical analysis. Similarly, during
the period of 0.4 s to 0.5 s, k = 1, while the nature of it, which
is equivalent to instantaneous power control. The output
active and reactive powers are constant, but the three-phase
inverter currents are unbalanced and distorted. In the period
of 0.2 s∼0.4 s, the value of 𝑘 increases from 0 to 1, and from
the simulation results in this stage, it can be seen that, as𝑘 increases, the fluctuations on output power are decreased
gradually, and the degrees of current unbalance and current
distortion are increased. The simulation results verify the
theoretical analysis. According to the above analysis, the
coordinate control of output power and current can be real-
ized by setting 𝑘 in different applications, and the selection
of the coefficient 𝑘 in equation (18) should consider the THD
of current and the fluctuations on output power based on the
practical applications.

In order to verify the dynamic response ability of active
and reactive powers with step change, the results of power
and three-phase inverter currents in different cases are shown
in Figure 16. In this verification, the active power reference is
stepped from 8 kW to 15 kW at 0.4 s, while the reactive power
reference is stepped from 0 kW to 5 kW for the construction
of a friendly power grid. It can be seen that the output active

power and reactive power have a step change at 0.4 s. At
this stage, the proposed control can also be applied well.
As 𝑘 changes from 0 to 1, the fluctuations on output power
decrease gradually, and the distortion degree of inverter
currents increases gradually. After 0.5 s, the grid faults are
eliminated, the active power and reactive power are almost
constant, and inverter currents are sinusoidal. Therefore, the
proposed control has no effect on the operation of the ideal
grid, which shows that the proposed control is applicable
to both ideal and unbalanced grid conditions. From Fig-
ure 16(c), it can be seen that, as the voltage drops dramatically,
the peak value of the output currents is increased to maintain
the output power. However, in practical applications, current
limiting measures should be taken to prevent the harm of
overcurrent, which has been studied in [22, 23]. This paper
is not extended.

By analyzing the above results, the control effect com-
parison under different control strategies is listed in Table 2.
Obviously, both instantaneous power control and current
balance control can only control a single target, i.e., power
or current. The control scheme proposed in Ref. [20] and
the control proposed in this paper can realize the coordinate
control of power and current.

In order to further analyze the control performance
under these two coordinate control strategies, the per-
formance comparison is shown in Table 3. Obviously, if
the proposed control strategy is adopted, the settling time
will be unchanged or increased in cases a and b, but
other performance indicators have been proven to be more
superior.

6. Conclusion

In this paper, coordinate control of power/current for grid-
connected inverter is analyzed and studied under unbalanced
grid voltage. The conclusions are as follows.

(1) Instantaneous power control and current balance
control cannot meet constant power and balanced current
simultaneously. Therefore, it is necessary to study the coor-
dinate control of power/current.

(2) Based on the analysis of instantaneous power control
and current balance control, the references of fundamental
current under instantaneous power control are equal to
the current reference values under current balance control,
while the contents of harmonic currents under instantaneous
power control determine the harmonic contents of inverter
currents. Therefore, the coordinate control of power/current
can be achieved by adjusting the harmonic contents under
instantaneous power control.
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Fundamental (50Hz) = 19.53 , THD= 7.00%
0.4s~0.5s: 

Harmonic spectrum of A-phase current

The third harmonic:6.79%
The fifth harmonic:1.22%
The seventh harmonic:0.27%
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0.2s~0.4s: 
Harmonic spectrum of A-phase current
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0.1s~0.2s: 
Harmonic spectrum of A-phase current

The third harmonic:0.6%
The fifth harmonic:0.13%
The seventh harmonic:0.07%
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Fundamental (50Hz) = 19.64 , THD= 8.26%

0.4s~0.5s: 
Harmonic spectrum of A-phase current

The third harmonic: 8.07%
The fifth harmonic: 1.13%
The seventh harmonic: 0.15%
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0.2s~0.4s: 
Harmonic spectrum of A-phase current

The third harmonic: 5.89%
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Harmonic spectrum of A-phase current

The third harmonic:0.68%
The fifth harmonic:0.23%
The seventh harmonic:0.22%
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Fundamental (50Hz) = 21.77 , THD= 10.15%
0.4s~0.5s: 

Harmonic spectrum of A-phase current

The third harmonic: 8.51%
The fifth harmonic: 1.59%
The seventh harmonic: 0.18%
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0.2s~0.4s: 

Harmonic spectrum of A-phase current

The third harmonic: 7.06%
The fifth harmonic: 1.19%

The seventh harmonic: 0.14%
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Figure 15: Simulation results of proposed control strategy in different cases.

(3) The fundamental and harmonic currents can be
controlled by PCI controller and PMCI controller, respec-
tively. It is easy to realize in 𝛼𝛽 stationary reference frame
without the complicated reference frame transformation and
positive/negative sequence extraction calculation.

(4) The proposed control scheme does not need to detect
the contents of low-order harmonics, nor does it need to use
the notch filter. It is easy to realize the coordinate control of
power fluctuation suppression and current balance by setting
k in different conditions. The selection about the optimal
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Figure 16: Dynamic response ability of active power and reactive power with step change.

value of coefficient k is the future research direction and
focus.
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