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Modeling of Coupled Harmonic Current Source for
Grid-Connected Inverters

Shun Tao , Member, IEEE, Xinyi Zhu , Shaobo Xu, and Yonghai Xu, Member, IEEE

Abstract—Power systems are entering the era of high propor-
tions of new energy and power electronic equipment. The inter-
action between grid background harmonics and grid-connected
inverters (GCIs) leads to frequency coupling effect, which re-
sults in additional frequency components injecting into the power
networks. However, there is limited research on the modeling of
harmonic sources based on the frequency coupling effects. Hence,
this article, first, analyzes the harmonic response and emission
mechanisms of frequency coupling effect caused by dq-axis asym-
metric control of GCIs. Then, the transmission process of harmonic
components in sampling delay progress, outer loop, inner loop,
phase-locked loop, signal modulation module, and filter of the
inverter is deduced. Voltage-controlled coupled harmonic current
source models are established considering the frequency coupling
effect, suitable for harmonic/interharmonic power flow studies
of public supply networks. The proposed models are verified by
time-domain simulations under different single harmonic and by
hardware-in-the-loop simulations under multiple harmonics. Fi-
nally, the impacts of the outer loop, inner loop, phase-locked loop
and output power, and the characteristics of harmonic admittance
are analyzed.

Index Terms—Coupled harmonic current source model, dq-
axis asymmetric control, frequency coupling effect, grid-connected
inverter.

NOMENCLATURE

Us Nominal line voltage of power grid.
ugx Background harmonics in the power

grid.
un0, unx1, unx2 Fundamental component, background

harmonic frequency component, and
coupling component of the voltage at
the point of common coupling (PCC).

Umn0, Umnx1, Umnx2 Magnitude of un0, unx1, and unx2.
in0, inx1, inx2 Fundamental component, background

harmonic frequency component, and
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coupling frequency component of the
grid-connected current at the PCC.

Imn0, Imnx1, Imnx2 Magnitude of in0, inx1, inx2.
iC0, iCx1, iCx2 Fundamental component, background

harmonic frequency component, and
coupling frequency component of the
filter capacitor’s current.

ImC0, ImCx1, ImCx2 Magnitude of iC0, iCx1, and iCx2.
uC0, uCx1, uCx2 Fundamental component, background

harmonic frequency component, and
coupling frequency component of the
filter capacitor’s voltage.

ϕun0, ϕunx1, ϕunx2 Initial phase angles of un0, unx1, and
unx2.

ϕin0, ϕinx1, ϕinx2 Initial phase angles of in0, inx1, and inx2.
ϕiC0, ϕiCx1, ϕiCx2 Initial phase angles of iC0, iCx1, and

iCx2.
up0, upx1, upx2 Fundamental component, background

harmonic frequency component, and
coupling frequency component of the
inverter port voltage.

udn0, uqn0 d-axis and q-axis components of un0.
udnx, uqnx d-axis and q-axis harmonic components

of the voltages at PCC.
idn0, iqn0 d-axis and q-axis components of in0.
idnx, iqnx d-axis and q-axis harmonic components

of the currents at PCC.
idC0, iqC0 d-axis and q-axis components of iC0.
idCx, iqCx d-axis and q-axis harmonic components

of the currents of filter capacitor.
P Active power of GCI at PCC.
Q Reactive power of GCI at PCC.
Px Harmonic component of P.
Qx Harmonic component of Q.
idref0, iqref0 Current reference values of the inner

loop generated by fundamental compo-
nents.

idrefx, iqrefx Current reference values of the inner
loop generated by harmonic compo-
nents.

udref0, uqref0 Voltage reference values for the inner
loop output generated by idref0 and
iqref0.

udrefx, uqrefx Voltage reference values for the inner
loop output generated by idrefx and
iqrefx
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f0, fx1, fx2 Fundamental frequency, background
harmonic frequency component, and
coupling frequency.

ω0, ωx1, ωx2 Angular frequencies corresponding to
the fundamental frequency, background
harmonic frequency component, and
coupling frequency.

θ0, θx Fundamental and harmonic compo-
nents output from the phase-locked loop
(PLL).

Hin Transfer function of inner loop.
Hout Transfer function of out loop.
HPLL Transfer function of PLL.
L1, R1 Inductance and resistance of LCL filter

on the inverter side.
L2, R2 Inductance and resistance of LCL filter

on the grid side.
C, RC Filtering capacitor and its additional re-

sistance.
Zg Grid impedance.
Ki Current decoupling coefficient.
Kn Coefficient for voltage feedforward

compensation.
KC Coefficient for capacitor current feed-

back.
The capitalized and italicized bold let-
ters in the text indicate the phasor form
of the corresponding variables.

I. INTRODUCTION

FOLLOWING the Paris Agreement of 2015, the proportion
of integration of new energy generation systems into power

grids is progressively increasing [1]. The grid-connected devices
mainly composed of inverters are crucial links for connecting
new energy generation systems to power grids [2]. The in-
teraction between background harmonics of power grids and
grid-connected inverters (GCI) not only causes additional har-
monic components, leading to harmonic pollution of the power
grid [3], [4], but also may cause system resonance problems
[5], [6], endangering the safety of power grids and equipment.
Therefore, accurate modeling of GCI harmonic characteristics
under background harmonics is of great significance for har-
monic/interharmonic flow studies and resonance analysis in the
coming power systems.

Domestic and foreign scholars have conducted certain
research on the modeling of inverters. With regard to the native
harmonics of inverters, Jiao et al. [7] presented a quantitative
analysis method for dead-time harmonics based on the
switching angle function. Guest et al. [8] established a sequence
component harmonic model that reflected dead-time harmonics
and pulse width modulation (PWM) harmonics. Xie et al. [9] de-
veloped a mathematical model that reflected the low-frequency
and switching-frequency harmonics of the inverter itself.
Regarding the interaction with background harmonics, Xu et al.
[10] discussed the modeling of harmonic currents in grid-side

inverters for direct-drive wind turbines under low-frequency
harmonics in the grid and dead-zone disturbances.

In the aforementioned research on harmonic source modeling,
a background harmonic voltage at a certain frequency and phase
sequence could only generate the current response at the same
frequency and phase sequence. They can be all called single-
frequency harmonic source models of GCIs. However, due to
the asymmetry of dq-axis control of GCI, frequency coupling
effect occurs and the secondary harmonic frequency is induced
[11], [12]. Once it approaches the system resonance point, a
resonance amplification effect will be triggered and harmonic
pollution, thus, further exacerbate. Therefore, the frequency
coupling effect needs to be considered for the harmonic source
modeling of GCI.

Research on the frequency coupling effects of GCI model
mainly includes harmonic modeling and impedance modeling
for system stability analysis in the field of electrical engineering.
In terms of harmonic modeling, Xu et al. [13] analyzed the
generation and frequency coupling mechanisms of the secondary
harmonic components of the sampling and PWM sideband,
and obtained a quantitatively analytical model of the secondary
harmonic currents. However, the influence of dq-axis control
asymmetry was not taken into account. Gao et al. [14] es-
tablished the harmonic model of GCI taking into account the
control asymmetry of the outer loop and inner loop, acting as an
impedance. However, the impact of harmonic components on
the phase-locked loop (PLL) of the inverter was not analyzed.
In terms of impedance modeling of GCI, Xu et al. [10], Ye
et al. [15], Liu et al. [16], Nian et al. [17], Wang et al. [18], and
Sun et al. [19] established the two-frequency coupled impedance
models for system stability studies; Ye et al. [15] and Wang et al.
[18] ignored the further influenced of the coupled harmonics to
control loops’ outputs; Xu et al. [10], Liu et al. [16], and Nian
et al. [17] did not achieve decoupling between the two-frequency
harmonics, unsuitable for harmonic power flow studies; Sun
et al. [19] ignored the influence of harmonic components on
PLL, resulting in slight deviations; Xu et al. [10], Ye et al. [15],
Liu et al. [16], Nian et al. [17], Wang et al. [18], and Sun et al. [19]
lack the consideration of sampling and delay progress, which is
inevitable and will alter the system’s output characteristics for
the actual GCI systems using digital controllers [20].

In this article, the voltage-controlled coupled harmonic cur-
rent source models are proposed considering the frequency
coupling effects under medium to low-frequency (up to 2500 Hz,
which are studied in harmonic flow analysis of public power
network) background harmonics in both positive and negative
sequences. The models simultaneously consider the transmis-
sion processes of two-frequency coupled harmonics in the in-
verter control loop and additionally incorporate the influence of
sampling delay, improving the accuracy of the models.

The harmonic components of the GCI grid-connected current
at the background harmonic frequency and the coupled harmonic
frequency can be calculated with disturbance frequency voltage
at PCC, respectively. The model considers the mutual influence
between the two-frequency currents simultaneously, called two-
frequency coupled harmonic current source models. The main
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TABLE I
COMPARISON OF DIFFERENT MODELS

characteristics of the new models over the existing methods are
as follows.

1) They take into account the secondary currents induced
by frequency coupling effect which mainly functions for
frequencies below 1000 Hz.

2) They are linear models under steady-state conditions.
3) They are current source models controlled by the harmonic

voltages at PCC and the harmonic currents at same fre-
quency, generated from different background harmonics,
can be vectorially superimposed. Hence, they can be read-
ily integrated into existing harmonic power flow tools.

The comparison of the work in this paper with those in other
references is shown in Table I.

The rest of this article is organized as follows. Section II
analyzes the emission mechanism of the background harmonic
frequency current and coupling frequency current. Section III
presents the detailed derivation of the two-frequency coupled
harmonic current source models of GCI. Section IV verifies the
correctness of the models under different single background har-
monic with time-domain simulations and the adaptability of the
models under multiple background harmonics with hardware-
in-the-loop (HIL) simulations. The influencing factors of the
models and the harmonic admittance characteristics of GCI are
analyzed in Section V. Finally, Section VI concludes this article.

II. HARMONICS CAUSED BY CONTROL ASYMMETRY UNDER

BACKGROUND HARMONIC

Fig. 1 depicts the structure frame of GCI, including the main
circuit and control circuit. From Fig. 1, it can be seen that GCI in
this article adopts a control strategy with current inner loop and
power outer loop, obtaining the voltage phase at PCC through
PLL. Though there are more advanced PLL algorithms, such
as decoupled double synchronous reference frame (SRF) PLL
[21], SRF-PLL is more generally used in impedance modeling
[10], [15], [16], [17], [18], [19], [22], and is studied in the article.
Under the condition of symmetric inputs in the control system,
there exist three aspects of asymmetry in the dq control system
[17], [11].

1) The input to PLL consists only of the q-axis voltage uqn.

Fig. 1. Topology structure and control elements of GCI connected power grid.

2) The inputs to the inner loop are unequal because of the
difference of active and reactive power controllers [23].

3) The structure of inner loop controller control is asymmet-
ric.

The fundamental components X(f0) in positive sequence in
the three-phase stationary coordinate system are changed into dc
components, Xd0 and Xq0, being relatively stationary in the dq
coordinate system, as shown in Fig. 2(a). Even if the magnitudes
of d- and q-axes components are unequal, no new frequency
component is produced after inverse Park transformation to the
three-phase coordinate system except the fundamental compo-
nents.

Symmetrical input harmonic components Xin(fx) in positive
sequence in the three-phase stationary coordinate system are
changed into symmetrical rotating components Xq_in and Xd_in
at fx − f0, as shown in Fig. 2(b). After such symmetrical
rotating components are inversely transformed to the three-phase
stationary coordinate system, only harmonic components with
the frequency fx exist.

However, after passing through the asymmetric control stages
of GCI, symmetric inputs along the dq-axis will yield asym-
metric outputs of dq-axis, Xq_out and Xd_out, as illustrated in
Fig. 2(c). The asymmetric outputs can be decomposed into two
sets of symmetric components. One set is the components Xout1

in the same rotating direction at fx − f0, as shown in Fig. 2(d),
and the other set is the components Xout2 in the inverse rotating
direction at fx − f0, which are in the same rotating direction at f0
– fx [24], as shown in Fig. 2(e). A component with frequency f
is equivalent to the conjugate of a component with frequency −f
in the frequency domain [25]. Therefore, the symmetric compo-
nents with rotating frequency fx − f0 correspond to those with
the frequency fx in the three-phase stationary coordinate system
after inverse transformation, while the symmetric components
with rotating frequency f0 − fx correspond to those with the
frequency 2f0 − fx in positive sequence or fx − 2f0 in negative
sequence in the three-phase stationary coordinate system.

Therefore, it is seen that the response currents of GCI have
the components at fx in positive sequence and the components
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Fig. 2. Mechanism of frequency coupling effect. (a) Fundamental component X(f0). (b) Symmetrical input Xin(fx). (c) Asymmetrical output Xout(fx).
(d) Symmetrical output Xout1(fx). (e) Symmetrical output Xout2(fx-2f0).

TABLE II
CORRESPONDENCE BETWEEN BACKGROUND VOLTAGE COMPONENTS AND

RESPONSE CURRENT COMPONENTS

at fx − 2f0 in negative sequence under the excitation of back-
ground harmonic voltages at fx in positive sequence because
of the asymmetric control stages of GCI. This is the frequency
coupling effect. Similarly, the response currents of GCI have the
components at fx in negative sequence and the components at fx
+ 2f0 in positive sequence under the excitation of background
harmonic voltages at fx in negative sequence.

According to the relationships of coupled frequencies, the
disturbance frequency range and the sequence characteristics,
there are three scenarios for the background harmonic voltages
and the response harmonic currents of GCI, summarily shown
in Table II.

III. TWO-FREQUENCY COUPLED HARMONIC CURRENT

SOURCE MODELS

A. Harmonic Current Source Modeling in Sce I

According. to the conclusion in Sce I of Table II, taking
phase a as an example, when the grid is subjected to a positive-
sequence background harmonic Uagx with a frequency fx1
(fx1>2f0), the voltage at PCC is expressed as

uan = uan0+uanx1 + uanx2

⎧⎨
⎩
uan0 = Umn0 cos(ω0t+ ϕun0)
uanx1 = Umnx1 cos(ωx1t+ ϕunx1)
uanx2 = Umnx2 cos(ωx2t+ ϕunx2).

(1)

After the sampling delay process, the grid-connected voltage
can be expressed as

u′
an = uan0e

−1.5jTsω0+uanx1e
−1.5jTsωx1 + uanx2e

−1.5jTsωx2

(2)
where Ts represents the sampling period. Equation (2) takes into
account the sampling delay, which is usually set to 1.5 Ts [26].

The grid-connected current and the filter capacitor current can
be expressed in the same way, as shown in (1) and (2).

The harmonic components of the grid-connected voltages
and currents are transformed into dq-axis components, denoted
as Udnx and Uqnx in (3), respectively, in the control stage
using Park’s transformation matrix P(θPLL). P(θPLL) is equal to
the product of the harmonic component transformation matrix
Px(θx) and the fundamental component transformation matrix
P(θ0) [27], [28]. The specific forms of the transformation ma-
trices can be found in Appendix A

⎧⎨
⎩
Udnx = Uanx1e

−1.5jTs(ωx1−ω0) +U ∗
anx1e

−1.5jTs(ωx1−ω0)

U qnx = −jUanx1e
−1.5jTs(ωx1−ω0)

+jU ∗
anx1e

−1.5jTs(ωx1−ω0) − Umn0θx

(3)
where “∗” represents the conjugate of a phasor.

The input to PLL is the measurement value of the q-axis
voltage uqn. Hence, PLL will be affected by the harmonic
voltage. The output of PLL includes not only the fundamental
component but also the harmonic component with a frequency
of fx1-f0, as shown in

θPLL = θ0 + θx (4)
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θx can be solved by combining PLL expression, as shown in

θx=
HPLL(j(ωx1−ω0))e

−1.5jTs(ωx1−ω0)(−jUanx1+jUanx2)

j(ωx1−ω0)+Umn0HPLL(j(ωx1−ω0))
.

(5)
Similarly, the harmonic components Idnx and Iqnx as well as

Idcx and Iqcx can be obtained.
The system adopts a power outer loop controller, where the

active and reactive power output by the inverter track the three-
phase power setpoints. The relationship between the three-phase
power and the dq-axis voltage and current in the control stage
can be expressed by[

P
Q

]
=

3

2

[
udnidn + uqniqn
uqnidn − udniqn

]
. (6)

Extracting harmonic components from P and Q, as shown in[
P x

Qx

]
=

3

2

×
[
Umn0Ianx1+Umn0I

∗
anx2+Uanx1I

∗
an0+Ian0U

∗
anx2

jUmn0Ianx1−jUmn0I
∗
anx2−jUanx1I

∗
an0+jIan0U

∗
anx2

]
.

(7)

The current inner loop controller controls the dq-axis currents
idn and iqn to track the current reference values idref and iqref
output by the power outer loop controller. Therefore, idn0 and
iqn0 have the same numerical values as idref0 and iqref0, respec-
tively, as shown in (8). The harmonic components Idrefx and
Iqrefx can be deduced from the structural diagram of the power
outer loop in Fig. 1, as shown in (9)[

idref0
iqref0

]
=

[
idn0
iqn0

]
=

[
Imn0 cos(ϕin0)
Imn0 sin(ϕin0)

]
(8)

[
Idrefx

Iqrefx

]
= HOUT(j(ωx1 − ω0))

[−P x

Qx

]
. (9)

The dc components udref0 and uqref0, as well as the harmonic
components Udrefx and Uqrefx of the dq-axis voltage reference
values output by the current inner loop can be deduced from
the structural diagram of the current inner loop with the voltage
feedforward compensation and the capacitor current feedback,
as shown in⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

udref0 = HIN(jω0)(idref0 − idn0)−Kiiqn0 +Knudn0

−KCidC0

= −KiImn0 sin(ϕin0) + Umn0 −KCidC0

uqref0 = HIN(jω0)(iqref0 − iq0) +Kiidn0 +Knuqn0

−KCiqC0

= KiImn0 cos(ϕin0)−KCiqC0

(10)⎧⎪⎪⎨
⎪⎪⎩
Udrefx = HIN(j(ωx1 − ω0))(Idrefx − Idnx)−KCIdCx

−KiIqnx +KnUdnx

U qrefx = HIN(j(ωx1 − ω0))(Iqrefx − Iqnx)−KCIqCx

+KiIdnx +KnU qnx.

(11)

The dq-axis voltage reference values Udref and Uqref are the
superposition of their direct components and harmonic compo-
nents, as shown in

[
Udref

U qref

]
=

[
udref0 +Udrefx

uqref0 +U qrefx

]
. (12)

Udref and Uqref are transformed into the harmonic compo-
nents of the voltage at the inverter’s port through the Park’s
inverse transformation matrix P−1(θPLL) [27], [28] (seen in
Appendix A) and the modulation process, as shown in (13).
The specific equations of coefficients Aij in (17) can be found in
Appendix (B.1)

{
Uapx1 = A11Ianx1 +A12Uanx1 +A13Uanx2 +A14θx

Uapx2 = A21Ianx2 +A22Uanx2 +A23Uanx1 +A24θx
.

(13)
Incorporating the topology of the inverter’s main circuit, the

equations can be derived, as shown in (14)–(16) to describe the
relationships of the currents and voltages at the inverter’s port,
the voltages and currents at PCC, the filter capacitor, and the
power grid at harmonic frequencies.

The current equations are shown in (17) according to Kirch-
hoff’s current law.

By substituting (13)–(16) into (17), an equation can be es-
tablished between the background harmonic voltage and the
voltages at the background harmonic frequency and the coupled
secondary frequency at the PCC. The solution is shown as (18),
where the specific expression for coefficients Ai can be found in
Appendix (B.2).

By substituting (18) into (15), (19) is obtained to represent that
the harmonic response current Ianx1 and the coupled secondary
harmonic current Ianx2, which are all the function of background
harmonic voltage Uanx1 at the PCC.

In (19), Yi1 and Yi2 are referred to as two-frequency coupling
admittances. When the power grid has a certain frequency
background harmonic, Yi1 quantifies the response degree of
gird-connected current at the background harmonic frequency,
referred to as self admittance, Yi2 quantifies the response degree
of gird-connected current at the coupling harmonic frequency,
referred to as transfer admittance [19], [29]

{
Iapx1 =

Uapx1−Uacx1

R1+jωx1L1

Iapx2 =
Uapx2−Uacx2

R1+jωx2L1

(14)

{
Ianx1 = Uacx1−Uanx1

R2+jωx1L2
=

Uanx1−Uagx

Rg+jωx1Lg

Ianx2 = Uacx2−Uanx2

R2+jωx2L2
= Uanx2

Rg+jωx2Lg

(15)

⎧⎨
⎩
Iacx1 = UaCx1

RC+ 1
jωx1C

Iacx2 = UaCx2

RC+ 1
jωx2C

(16)

{
Iapx1 = Ianx1 + IaCx1

Iapx2 = Ianx2 + IaCx2
(17)

[
Uanx1

Uanx2

]
=

[
A2A5

A3A4−A1A5

−A2A4

A3A4−A1A5

]
Uagx (18)
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[
Ianx1

Ianx2

]
=

[
A2A5−A3A4+A1A5

A2A5(Rg+jωx1Lg)
−A4

A5(Rg+jωx2Lg)

]
Uanx1=

[
Yi1

Yi2

]
Uanx1. (19)

B. Harmonic Current Source Modeling in Sce II

When the frequency of the positive-sequence background
harmonic is less than twice the fundamental frequency (see
Sce II in Table II), it is necessary to modify the expression
for coefficient Aij in (13), and then substitute it back into (19)
to obtain the two-frequency harmonic current source model of
GCI at the PCC in Sce II. The specific modification equations
are shown in Appendix (B.3).

C. Harmonic Current Source Modeling in Sce III

For the model under negative-sequence background harmon-
ics (see Sce III in Table II) with frequencies greater than twice
the fundamental frequency, similar transfer processes yield the
voltage reference values in the dq-axis, denoted as Udref and
Uqref. After the voltage feedforward and the capacitor current
feedback, they are modulated with P−1(θPLL) and PWM mod-
ulation to obtain the harmonic components at the inverter port,
as shown in (20). The coefficients Bij in (20) are presented
in Appendix (B.4). Considering the circuit topology, the PCC
harmonic voltages and harmonic currents can be presented in
(21) and (22). The coefficient Bi can be found in the Appendix
(B.5). Equation (22) constitutes the emission model of harmonic
current sources at PCC under negative-sequence background
harmonic{

Uapx1 = B11Ianx1 +B12Uanx1 +B13Uanx2 +B14θx

Uapx2 = B21Ianx2 +B22Uanx2 +B23Uanx1 +B24θx

(20)[
Uanx1

Uanx2

]
=

[
B2B5

B3B4−B1B5

−B2B4

B3B4−B1B5

]
Uagx (21)

[
Ianx1

Ianx2

]
=

[
B2B5−B3B4+B1B5

B2B5(Rg+jωx1Lg)
−B4

B5(Rg+jωx2Lg)

]
Uanx1=

[
Yi1

Yi2

]
Uanx1. (22)

For the harmonic current source model under negative-
sequence background harmonic with frequencies lower than
twice the fundamental frequency, the expression is the same
as that of the negative-sequence model with frequencies greater
than twice the fundamental frequency.

D. Characteristics of Harmonic Current Source Models

It can be observed from the derivation process of (19) and (22)
that the established models of two-frequency coupled harmonic
current sources are obtained under steady-state conditions. The
harmonic response current and the coupled secondary harmonic
current are all the functions of background harmonic frequency
voltage at PCC. The harmonic at fx1 generates a harmonic at
fx2 through the frequency coupling effect, and the two have
opposite phase sequence. The coupled harmonic at fx2 generated
a new coupled harmonic at fx1. Therefore, the further coupling
effects of coupling components do not lead to new harmonic
frequencies. The frequency coupling process of GCI between
the two-frequency components is depicted in Fig. 3. With the

Fig. 3. Coupling process between two-frequency harmonics.

TABLE III
SIMULATION PARAMETERS

assumptions of the expressions for voltage and currents similar
to (1), the establishment of steady-state model has already
included the further coupling process of coupling components.

IV. MODEL VERIFICATION AND ANALYSIS

In this section, the proposed models are verified under differ-
ent single background harmonic with time-domain simulations
of MATLAB/Simulink. HIL simulations are also conducted to
check the adaptability of the models under multiple background
harmonics. The parameters in Fig. 1 are presented in Table III.

A. Time-Domain Simulations Verification Under Single
Background Harmonic

Positive and negative-sequence background harmonics, and
interharmonics are individually applied with a grid voltage
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TABLE IV
GRID-CONNECTED HARMONIC CURRENTS UNDER POSITIVE-SEQUENCE BACKGROUND HARMONIC (>2f0)

TABLE V
GRID-CONNECTED HARMONIC CURRENTS UNDER NEGATIVE-SEQUENCE BACKGROUND HARMONIC (>2f0)

TABLE VI
GRID-CONNECTED HARMONIC CURRENTS UNDER INTERHARMONIC (<2f0)

0.1 p.u. and a phase angle of 90°. The calculating results with the
models and the simulation results under the single background
harmonic are presented in Tables IV, V, and VI. All calculation
and simulation results are in amplitude.

It can be seen from the Tables that the calculated values and the
simulated values are close, which confirms the accuracy of the
two-frequency coupled harmonic current source models under
single positive and negative-sequence background harmonic and
interharmonic.

B. HIL Simulation Validation Under Multiple Harmonics

Background harmonic in power systems often consists of
multiple harmonic frequencies. Therefore, a HIL simulation
platform is applied to verify the accuracy and adaptability of
the model under composite background harmonics.

The HIL simulation platform, shown in Fig. 4 consists
of an RT-BOX hardware simulator, a physical digital signal
processor (DSP) controller (TMS320F28069), and an external

computer device. The DSP controller is used to implement the
voltage/current sampling, controlling, and PWM signal gen-
eration process. A symmetrical rule based PWM modulation
method is adopted. The three-phase currents waveforms of the
inverter at the PCC are sequentially recorded by an oscilloscope.
The frequency spectrums of currents are obtained with FFT anal-
ysis. The waveforms in three-phase and the analysis results in
phase A is shown in Fig. 5 as an example, where the background
harmonic component is positive sequence and its frequency is
set to 350 Hz (7th) with an amplitude of 0.1 p.u.

Multiple harmonics including 5th to 13th odd-order positive
sequence with amplitudes of 0.05 p.u. are applied to the grid
voltage simultaneously. The calculated values of Ianx1 and
Ianx2 corresponding to each order are obtained by (19), and
then those at the same frequency order are superimposed
with phase angle. The calculated harmonic current and
experimental current from the HIL simulation platform at each
order are shown in Table VII. In the table, the numbers in
parentheses represent the harmonic components at each order,
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Fig. 4. Experimental verification platform. (a) Experimental schematic dia-
gram. (b) Hardware-in-the-loop test platform.

Fig. 5. Experimental platform results under positive-sequence background
harmonics. (a) Oscilloscope waveforms of grid-connected currents. (b) Oscillo-
scope waveforms of PCC voltages.

TABLE VII
GRID-CONNECTED HARMONIC CURRENTS UNDER MULTIPLE POSITIVE

SEQUENCE HARMONICS

TABLE VIII
GRID-CONNECTED HARMONIC CURRENTS UNDER MULTIPLE POSITIVE AND

NEGATIVE-SEQUENCE HARMONICS

and the subscripts represent the coupling effect between the
corresponding frequency harmonics. The calculated values and
the experimental values are close, proving the adaptability of
the proposed models under multiple background harmonics.

Taking into account the phase sequence characteristics of
different symmetrical harmonics, multiple harmonics of fifth
negative sequence and seventh positive sequence with an am-
plitude of 0.1 p.u. are simultaneously applied to the grid. The
calculated values can be obtained by (19) and (22). The compar-
ison results are shown in Table VIII. The calculated values are
in close agreement with the experimental values. It is verified
from Tables VII and VIII that the harmonic currents at the same
frequency calculated with the proposed models under multiple
harmonics can be vectorially superimposed.

In the HIL simulations, the amplitudes of background har-
monics increase from 0.025 p.u. to 0.1 p.u. The harmonic voltage
and harmonic current at PCC are measured, which are used to
calculate the experimental values of the admittances in (19) and
(22). The experimental values of Yi1 and Yi2 are invariable with
the change of magnitudes of background harmonic, which means
that the models are linear.

V. ANALYSIS OF INFLUENCING FACTORS ON MODELS

A. Harmonic Impact Factor Analysis

In the previous section, the correctness of the models has been
verified based on the digital simulation and hardware experimen-
tations. Further discussion is required to identify specific factors
that affect the harmonic currents at PCC.

1) Bandwidth of Frequency Coupling Effect: The magnitude
curves of Ianx1 and Ianx2 are obtained based on the calcu-
lations and the simulations under single 5th–51st odd-order
positive-sequence background harmonics and 3rd–49th odd-
order negative-sequence background harmonics with grid volt-
age magnitude of 0.1 p.u., as shown in Fig. 6. In Fig. 6, it can be
observed that when the harmonic frequency is low, the coupling
current cannot be ignored. In a particular case, when the third
negative-sequence background harmonics are applied, the mag-
nitude of Ianx2 even exceeds Ianx1. As the frequency increases,
the coupling currents gradually decrease, and at approximately
1000 Hz, the magnitude of the coupling currents will be less
than one-tenth of the currents at the background harmonic order,
hence, it can be negligible. Additionally, it can also be seen
from Fig. 7 that the models established in this article exhibit
good adaptability in the mid-to-low frequency range, enabling
accurate calculation of background harmonic frequency currents
and coupling currents.
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Fig. 6. Comparison of calculation with simulation. (a) Positive sequence.
(b) Negative sequence.

2) Impacts of Sampling Delay Process: Under the conditions
with and without the sampling delay progress, the comparisons
of current responses with 5th–21st odd-order positive-sequence
background harmonic disturbances are shown in Fig. 7. It can
be observed from Fig. 7 that the sampling delay has a significant
impact on the calculated results of the two-frequency currents. If
sampling delay is not considered in the modeling process, it will
not only lead to errors in the calculation of current responses but
also further impact the subsequent analysis of model influencing
factors. Hence, in order to make the model more closely aligned
with engineering reality, the sampling delay must be considered
during the modeling process.

3) Impacts of Inner Loop Control Parameters: The impacts
of inner loop control parameters are shown in Fig. 8. It can
be observed that the two-frequency coupled harmonic currents
increase with the increase of control coefficients. The impact
of the proportional coefficient is stronger than that of the in-
tegral coefficient. When the harmonic frequency is equal to or
below 750 Hz, modifying the inner loop control parameters has
significant effects on both Ianx1 and Ianx2.

4) Impacts of Outer Loop Control Parameters: The impacts
of outer loop control parameters are shown in Fig. 9. According
to Fig. 9, the increase of control coefficients leads to the increase
of two-frequency coupled harmonic currents. The proportional
coefficient has a stronger impact on harmonic currents than that
of the integral coefficient. When the frequency is equal to or
below 750 Hz, changing the outer loop control parameters will

Fig. 7. Impact of sampling delay on the two-frequency currents. (a) Ianx1.
(b) Ianx2.

Fig. 8. Impact of inner loop parameters on the two-frequency currents.
(a) Ianx1. (b) Ianx2.

have a relatively noticeable impact on the harmonic currents. In
this particular case, when the proportional coefficient exceeds
0.1, the system gradually becomes unstable.

5) Impacts of PLL Parameters: The impacts of PLL pa-
rameters are shown in Fig. 10. The impacts of integral coef-
ficient on the two-frequency coupled harmonic currents can be
negligible. However, as the proportional coefficient increases,
the harmonic currents at both frequencies increase. When the
harmonic frequency is equal to or below 550 Hz, altering the
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Fig. 9. Impact of out loop parameters on the two-frequency currents. (a) Ianx1.
(b) Ianx2.

Fig. 10. Impact of PLL parameters on the two-frequency currents. (a) Ianx1.
(b) Ianx2.

proportional coefficient will have relatively pronounced impacts
on the two-frequency coupled harmonic currents.

6) Impact of Output Power of GCI: Four values of output
active powers are set, respectively, and the impacts of output
powers are shown in Fig. 11. The secondary harmonic current
Ianx2 is significantly affected by the output power, increasing
as the output power rises. Ianx1 is less influenced by the output
power and primarily affected at frequencies equal to or below
550 Hz.

Fig. 11. Impact of output power of GCI on the two-frequency currents.
(a) Ianx1. (b) Ianx2.

Fig. 12. Two-frequency harmonic admittances of GCI. (a) Positive sequence.
(b) Negative sequence.

B. Analysis of the Admittance Characteristics of GCI Under
Frequency Coupling Effect

The admittances of GCI, Yi1 and Yi2 in the models are cal-
culated after applying single odd-order positive and negative-
sequence background harmonics, as shown in Fig. 12.

In Fig. 12(a), under positive-sequence background harmonics,
Yi1 is greater than Yi2. Yi1 increases at first then decreases as the
harmonic frequency increases and reaches its peak at the 13th
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harmonic. Yi2 is almost inversely proportional to the harmonic
frequency. However, when the harmonic frequency is below
11th, there is not much change in Yi2, which indirectly proves
that the frequency coupling effect cannot be ignored when the
harmonic frequency is not high.

In Fig. 12(b), under negative-sequence background harmon-
ics, Yi1 increases at first then decreases as the harmonic fre-
quency increases and reaches its peak at the 15th harmonic.
When the harmonic order is lower than the seventh, Yi2 is close
to or even higher than Yi1, which further proves the importance
of considering the frequency coupling effect in the medium-low
frequency range.

VI. CONCLUSION

This article presents a two-frequency coupled harmonic cur-
rent source models for GCIs considering the frequency coupling
effects caused by dq-axis control asymmetry, which accurately
calculates the magnitudes and phase angles of harmonic cur-
rents grid-connected under background harmonic distortion. The
main conclusions are as follows.

1) Considering the interaction of background harmonics and
the frequency coupling effect, the harmonic currents of
GCIs can be analytically determined. The current source
models controlled by the harmonic voltages at PCC are lin-
ear under steady-state conditions. Moreover, for the case
of multiple background harmonics, the harmonic currents
at the same frequency can be vectorially superimposed.
Hence, the models presented in this article can be easily
integrated into existing harmonic power flow tools.

2) In the bandwidth below 1000 Hz, the frequency coupling
effect is more pronounced, and the magnitude of the
coupling current cannot be ignored.

3) The parameters of outer loop, inner loop, PLL, and output
power of GCI affect the magnitude of the two-frequency
coupled harmonic currents. The proportional coefficient
of each loop has a stronger impact than that of the integral
coefficient.

APPENDIX A

The Park transformation matrix with disturbance component
P(θPLL) is equal to the product of the harmonic component
transformation matrix Px(θx) and the fundamental component
transformation matrix P(θ0), as shown in

P(θPLL) = Px(θx) ·P(θ0)

=

[
cos(θx) sin(θx)
− sin(θx) cos(θx)

]

· 2
3

[
cos θ0 cos(θ0 − 2π

3 ) cos(θ0 +
2π
3 )

− sin θ0 − sin(θ0 − 2π
3 )− sin(θ0 +

2π
3 )

]
. (A.1)

The harmonic component θx caused by grid background
disturbance voltage has a relatively small magnitude. It can

be mathematically approximated as an infinitesimal transfor-
mation on Px(θx), as shown in

Px(θx) =

[
cos(θx) sin(θx)
− sin(θx) cos(θx)

]
≈

[
1 θx

−θx 1

]
. (A.2)

P−1(θPLL) can be expressed as the product of the inverse
transformation matrix P−1(θ0) for the fundamental frequency
and the inverse transformation matrix P−1(θx) for the harmonic
components, as shown in

P−1(θPLL) = P−1(θ0) ·Px
−1(θx)

=

⎡
⎣ cos θ0
cos(θ0 − 2π

3 )
cos(θ0 +

2π
3 )

− sin θ0
− sin(θ0 − 2π

3 )
− sin(θ0 +

2π
3 )

⎤
⎦

·
[
cos(θx) − sin(θx)
sin(θx) cos(θx)

]
. (A.3)

APPENDIX B

A. Coefficients of the Model in Sce I

The coefficients Aij in (17) and Ai in (23) can be expressed,
as shown in (B.1) and (B.2), respectively, as follows:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

A11 = [−1.5HIN(j(ωx1 − ω0))HOUT(j(ωx1 − ω0))Um0

−HIN(j(ωx1 − ω0)) + jKi +Kcω
2
x1L2C]

KPWMe−1.5jTsωx1

A12 = KPWM(Kn − jKcωx1C)e−1.5jTsωx1

A13 = −1.5KPWMHIN(j(ωx1 − ω0))HOUT(j(ωx1 − ω0))
∗Imn0e

jϕin0e−1.5jTsωx

A14 = 0.5KPWM{[Ki + jHIN(j(ωx1 − ω0))]Imn0e
jϕin0

−jKnUmn0 + judref0 − uqref0}
A21 = [−1.5HIN(j(ωx1 − ω0))HOUT(j(ωx1 − ω0))Umn0

−HIN(j(ωx1 − ω0))− jKi +Kcω
2
x1L2C]

KPWMe−1.5jTs(ωx1−2ω0)

A22 = KPWM(Kn − jKcωx2C)e−1.5jTs(ωx1−2ω0)

A23 = −1.5KPWMHIN(j(ωx1 − ω0))HOUT(j(ωx1 − ω0))
∗Imn0e

−jϕin0e−1.5jTs(ωx1−2ω0)

A24 = 0.5KPWM{[Ki − jHIN(j(ωx1 − ω0))]Imn0e
−jϕin0

+jKnUmn0 − judref0 − uqref0}
(B.1)⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

A1 =
A11−(R1+jωx1L1+R2+jωx1L2+Rg+jωx1Lg)

Rg+jωxLg

+A12 − (R1+jωx1L1)(R2+jωx1L2+Rg+jωx1Lg)

(Rc+
1

jωx1C )(Rg+jωx1Lg)

− jA14HPLL(j(ωx1−ω0))
j(ωx1−ω0)+HPLL(j(ωx1−ω0))Umn0

A2 =
R1+jωx1L1+R2+jωx1L2−A11

Rg+jωxLg

+ (R1+jωx1L1)(R2+jωx1L2)

(Rc+
1

jωx1C )(Rg+jωx1Lg)

A3 = A13 +
jA14HPLL(j(ωx1−ω0))

j(ωx1−ω0)+HPLL(j(ωx1−ω0))Umn0

A4 = A23 − jA24HPLL(j(ωx1−ω0))
j(ωx1−ω0)+HPLL(j(ωx1−ω0))Umn0

A5 =
A21−(R1+jωx2L1+R2+jωx2L2+Rg+jωx2Lg)

Rg+jωx2Lg

+A22 − (R1+jωx2L1)(R2+jωx2L2+Rg+jωx2Lg)

(Rc+
1

jωx2C )(Rg+jωx2Lg)

+
jA24HPLL(j(ωx1−ω0))

j(ωx1−ω0)+HPLL(j(ωx1−ω0))Umn0
.

(B.2)
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B. Coefficients of the Model in Sce II

Equation (B.3) corresponds to the modifications required for
the positive-sequence model for frequencies lower than twice
the fundamental frequency

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

A11 = [−1.5HIN(j(ωx1 − ω0))HOUT(j(ωx1 − ω0))Um0

−HIN(j(ωx1 − ω0)) + jKi +Kcω
2
x1L2C]

KPWMe−1.5jTsωx1

A12 = KPWM(Kn − jKcωx1C)e−1.5jTsωx1

A13 = −1.5HIN(j(ωx1 − ω0))HOUT(j(ωx1 − ω0))
∗ Imn0e

jϕin0e−1.5jTsωx1

A14 = 0.5{[Ki + jHIN(j(ωx1 − ω0))]Imn0e
jϕin0

−jKnUmn0 + judref0 − uqref0}
A21 = [−1.5HIN(j(ωx1 − ω0))HOUT(j(ωx1 − ω0))Umn0

−HIN(j(ωx1−ω0))−jKi+Kcω
2
x2L2C]

e−1.5jTs(2ω0−ωx1)

A22 = (Kn − jKcωx2C)e−1.5jTs(2ω0−ωx1)

A23 = −1.5HIN(j(ωx1 − ω0))HOUT(j(ωx1 − ω0))
∗ Imn0e

−jϕin0e−1.5jTs(2ω0−ωx1)

A24 = 0.5{[Ki − jHIN(j(ωx1 − ω0))]Imn0e
−jϕin0

+jKnUmn0 − judref0 − uqref0}.
(B.3)

C. Coefficients of the Model in Sce III

The coefficients Bij in (24) and Bi in (26) can be expressed,
as shown in (B.4) and (B.5), respectively, as follows:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

B11 = [−1.5HIN(j(ωx1 + ω0))HOUT(j(ωx + ω0))Umn0

−HIN(j(ωx + ω0))− jKi +Kcω
2
x1L2C1]

KPWMe−1.5jTsωx1

B12 = KPWM(Kn − jKcωx1C1)e
−1.5jTsωx1

B13 = −1.5KPWMHIN(j(ωx1 + ω0))HOUT(j(ωx1 + ω0))
∗ Imn0e

−jϕin0e−1.5jTsωx1

B14 = 0.5KPWM{[−jHIN(j(ωx1 + ω0)) +Ki]Imn0e
−jϕin0

+jKnUmn0 − judref0 − uqref0}
B21 = [−1.5HIN(j(ωx + ω0))HOUT(j(ωx + ω0))Umn0

−HIN(j(ωx1 + ω0)) + jKi +Kcω
2
x1L2C1]

KPWMe−1.5jTs(ωx1+2ω0)

B22 = KPWM(Kn − jKcωx2C1)e
−1.5jTs(ωx1+2ω0)

B23 = −1.5KPWMHIN(j(ωx1 + ω0))HOUT(j(ωx1 + ω0))
∗ Imn0e

jϕin0e−1.5jTs(ωx1+2ω0)

B24 = 0.5KPWM{[jHIN(j(ωx1 + ω0)) +Ki]Imn0e
jϕin0

−jKnUmn0 + judref0 − uqref0}
(B.4)

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

B1 =
B11−(R1+jωx1L1+R2+jωx1L2+Rg+jωx1Lg)

Rg+jωx1Lg

+B12 − (R1+jωx1L1)(R2+jωx1L2+Rg+jωx1Lg)
(Rc+B1)(Rg+jωx1Lg)

+
jB14HPLL(j(ωx1+ω0))

j(ωx1+ω0)+HPLL(j(ωx1+ω0))Umn0

B2 =
R1+jωx1L1+R2+jωx1L2−B11

Rg+jωxLg

+ (R1+jωx1L1)(R2+jωx1L2)
(Rc+B1)(Rg+jωx1Lg)

B3 = B13 − jB14HPLL(j(ωx1+ω0))
j(ωx1+ω0)+HPLL(j(ωx1+ω0))Umn0

B4 = B23 +
jB24HPLL(j(ωx1+ω0))

j(ωx1+ω0)+HPLL(j(ωx1+ω0))Umn0

B5 =
B21−(R1+jωx2L1+R2+jωx2L2+Rg+jωx2Lg)

Rg+jωx2Lg

+B22 − (R1+jωx2L1)(R2+jωx2L2+Rg+jωx2Lg)
(Rc+B2)(Rg+jωx2Lg)

+
jB24HPLL(j(ωx1+ω0))

j(ωx1+ω0)+HPLL(j(ωx1+ω0))Umn0
.

(B.5)
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