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of Photovoltaic Converter
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Abstract—Suppressing current harmonics is an essential issue
for photovoltaics (PVs). The equivalent impedance or admittance
expresses the interaction between the PV converter (PVC) and the
background harmonics from the grid, where the control strate-
gies and parameters play a crucial role in the process. Currently,
multifrequency coupling characteristics have become more vital in
harmonic analysis, and traditional selective harmonic suppression
methods show imperfect performance. The key to solving this
issue is constructing an adaptive controller for coupled harmonic
mitigation according to grid conditions. Therefore, this article
first constructs a harmonic coupling matrix model (HCMM) of
the PVC to describe the harmonic coupling characteristics, which
can represent the influence of topology and control parameters
simultaneously. Second, the effect of the critical controller pa-
rameters and virtual impedance method on the coupled harmonic
admittance of the HCMM is analyzed. Finally, coordinated control
of adaptive parameter tuning and virtual impedance injection
method is proposed to reduce coupled harmonics efficiently and to
avoid the instability caused by the modulation voltage saturation.
Comparative experiments are provided by a three-phase PVC with
a digital signal processing (DSP) controller, and the results verify
the validity of the coupled harmonic analysis and the effectiveness
of the proposed method.

Index Terms—Coupled harmonic mitigation, harmonic
coupling, photovoltaic converter (PVC), stability of the control

system, virtual impedance.

ARMONICS in the distribution network are significantly
H increasing due to the massive amount of distributed pho-
tovoltaic (PV) [1]. Compared with traditional power, PV com-
pletes ac and dc power transmission through a PV converter
(PVC), which is designed to operate in ideal scenarios. However,
complex harmonics are generated by PVCs under nonideal
supply conditions [2]. These harmonics beyond expectations
cause numerous accidents, such as power outages, medical
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and household electrical appliance burns, etc., which limits the
ability of the distribution system to accept a more significant
scale of renewable energy. Therefore, harmonic mitigation of
the PVC is an urgent issue for the quality supply of the current
distribution system [3], [4], [5].

Harmonic sources in traditional distribution systems are rel-
atively centralized, and passive or active power filters (APFs)
are installed to avoid harmonic exceeding limits [6], [7]. This
approach is limited by the significant financial investment.
Furthermore, with PVCs scattered access to new distribution
systems, harmonic sources are located in separate areas. It is
hard to configure enough filters due to the economic operation
principle. Currently, although PVC is not an ideal power, the
harmonic injected into the system can be suppressed through
control optimization without installing additional filters [8].
Furthermore, it has become a hot research topic to make PVCs
produce ideal waveforms in various nonideal conditions.

The nonideal switching characteristic of the converter is an
essential reason for the low-order harmonics [9]. Therefore,
multiple methods have been proposed to make converters exhibit
nearly idealized switching characteristics, such as the lookup
table method [10], online compensation [11], and optimized
time sequence control [12], etc. These studies have shown that
harmonic reduction can be achieved by changing the modulation
signal [13]. However, the same performance of these methods
is hard to guarantee with background harmonics increasing.
Therefore, to mitigate harmonics in such nonideal scenarios
sufficiently, many scholars have developed the PVC to perform
as an APF [14], [15]. These strategies may provide fluctuating
suppression results under different weather due to the deficient
capacity of the PVC and harmonic phase mismatch [16]. In
summary, the above methods achieve different levels of har-
monic mitigation performance but have restricted application
scenarios.

In contrast, virtual impedance control is a more effective
harmonic mitigation method for nonideal supply scenarios. In
many models, harmonic impedance or admittance are used to
describe the characteristic that PVC generates harmonic current
due to background harmonics [17]. If the harmonic coupling is
not considered, constructing virtual impedance between PVC
and grid can effectively suppress the selective harmonics [18].
In addition, virtual impedance is more beneficial to keep the
control system stabilized compared with virtual resistance and
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capacitance due to its phase lead characteristic [19]. To reduce
the complexity of the design due to the harmonic transformation
relationship between the ac and the dc side, a current suppression
method based on impedance editing for the dc side of the voltage
source converter is proposed [20]. Unfortunately, the previous
research almost ignores the harmonic coupling characteristic,
few research has been found on virtual impedance control
strategy for coupled harmonic mitigation. However, the coupled
harmonic percentage of PVC can reach 15% to 30% [21], and
the coupled components may be amplified due to the virtual
impedance injection at the chosen frequency. Therefore, the
complex challenges caused by the harmonic coupling charac-
teristic cannot be ignored.

In summary, harmonic suppression of PVC at distorted
supply voltages is still challenging. The crucial suppres-
sion performance is determined by the influence of the con-
trol method and operating parameters on the harmonic cou-
pling characteristics. The existing techniques are adapted
to specific scenarios and can’t adaptively accomplish cou-
pled harmonics mitigation, remaining a considerable improve-
ment space in distribution systems with variable background
harmonics.

To overcome the above research gaps, this article focuses on
the coupled harmonic mitigation of PVC. It is found that not
only the topology and control but also the harmonic mitigation
strategy contributes to the harmonic coupling characteristic. The
contributions of this article are summarized as follows.

1) To analyze the coupling characteristics of PVC, the har-
monic coupling matrix model (HCMM) is established
based on control and topology parameters. The matrix
dimension is simplified by numerous frequency scanning
experiments.

2) The corresponding regularity of control parameters on har-
monic characteristics of PVC are analyzed. To minimize
harmonics before virtual impedance injection, the most
influential parameter K, is selected to guide the controller
parameter optimal tunning.

3) Performances of different virtual impedances on coupled
harmonics are analyzed to propose the adaptive virtual
impedance injection method. Under random conditions,
the proposed method minimizes the coupled harmonics
without damaging control stability compared with the
traditional methods.

The rest of the article is organized as follows. Section II
describes the HCMM of the PVC. Section III shows the analysis
of the controller parameters on harmonic coupling. The change
of HCMM due to the virtual impedance control is discussed
in Section IV. A coordinated control of adaptive parameter
tuning and virtual impedance injection method is proposed in
Section V, and comparative experiments are shown in Sec-
tion VI. Finally, Section VII concludes this article.

II. HCMM MODELING OF PVC

The harmonic coupling matrix is defined by the harmonic
state-space (HSS) model in this article, and the model is sepa-
rated into two parts.
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Fig. 1.

1) The topology model expresses the ac and dc energy trans-
mission.

2) The controller model expresses the pulsewidth modulation
(PWM) switching functions.

Section II-A and II-B describes the modeling process above
separately, and Section II-C introduces the coupling character-
istics described by the HCMM.

A. Topology Modeling

Fig. 1 shows the typical topology of a PVC with an LCL
filter, and the whole system is nonlinear time-varying. It is
linearized at a steady state in a minimum linearization period
[to, to+T5] to describe its linear periodic time-varying (LPT)
harmonic characteristics, where T is the control and sampling
period. Therefore, the small-signal representation (A) is used
in the linearized model to establish the time-domain differential
equations. The physical connection between the ac side of PVC
and the grid voltage is derived into differential equations of the
LCL filter in

Ly dAd;fz = Aufy — Alcya
L2M = Aucf:r - Augaz: y L = (a’a b, C) (D

a
dA’U,sz . . .
C—" = Aigy — Digy

where Aig, and Aug, are grid-connected current and voltage,
Air, and Auy, are output current and voltage, L, Lo, and C are
parameters of the LCL filter, and Au., is the voltage of the filter
capacitor.

The energy transfer relationship of the ac and dc sides of the
PVC is connected by the switching function (Asw,,). The linear
time-varying characteristics of the ac—dc transformation process
are presented as

. d L ~
Azdc:C’dc%Audc: Z Ai gz 8wy + Z 1 ASWy

x=a,b,c r=a,b,c

Aty = Augesw, + tacAswy, )

where Asw, is the switching function, Cyq. is the capacitor of
the dc side, Aug. and Aig. are the voltage and current of this
capacitor. The superscript “~” in (2) means a previous state
value before the current control cycle.

Another assumption is that the harmonic characteristics of
PVC is linear time-varying periodically at an equilibrium state.
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According to this assumption, the PVC can be modeled by a
state space matrix in (3). The LPT varying theory transfers
time-domain variables in (3) to the frequency domain in (4)
by bilateral Fourier decomposition [22].

A(t)x(t) + B(t)u(t)
z(t) = et >0 wpedot g (t) = (jhwo + s)x(t)
u(t — St 220:700 uhejhwot

A(t) zest Zhoc:—oo 14hejhw0t7 B(t) — est Ef:foo Bhejhwot
“

where h is the harmonic order, and wy is the grid frequency
angular velocity.

To avoid confusion between multiple variables () in the
multiplication operation, two independent variables (m and n)
are used to separate the frequency of interaction in the process of
obtaining (5). According to the harmonic balance principle, the
coefficients of the same frequency components on both sides are
equal, and they should satisfy § = m + n, the state space model
of each frequency can be shown in (6)

@(t) = 3)

)
)

(jowo +5) > wselddwots)t

§=—00
= Z (Aml’n + Bmun)e[j(m+n)w0+s]t 5)
(s + jowo)ws = Y As-mm+ »_ Bs-mtim  (6)
meZ mez

where ¢ is the analyzed harmonic order.
The state space model can be shown in (7) by associating the
harmonic state equations at all frequencies to be considered

sXr = (Ar — Q) X1 + BrUr
Xp = [Diga, Nigy, Nige, Miga, Atigy, Mige, Auge)”  (7)
Ur = [Augq, Augp, Atge, Aswa, Aswy, ASWC]T

where Ap and B are the state and input matrix of the topol-
ogy state space model, Q = diag(-jHwol ... -jwol, Zn1, jwol ...
JjHwol), Zr and [ are H-order zero matrix and unit matrix, and
H is the maximum harmonic order to be considered.

Obviously, each small signal state variable in (7) con-
tains H-order harmonic information. For example, any variable
Af(f = igg Ugg Ude, X = 3, b, ) can be shown as

Af=(f-m, - fo, -\ fu) 3

When the PVC is operating at a steady state, the signals
in two continuous periods are approximately equal. Therefore,
assuming that sX7 = 0 in the linearization period and the
harmonic transfer matrix (HTM) can be shown in (9). Every
element of HTM represents the harmonic interaction between
two frequencies in X and Up. The HSS topology model of
PVC can be expressed as

Hr = —(A7 — N)'Br = Hr, + Hry, )

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 1, JANUARY 2025

i i i —— Ay
| Ao s{PI(s) |2 L [Decoupling "4 Asw,
é 1. 4 ’ and NUYW
5 Allde . Voltage [\Amq ASWo
Iq = #{_Feedback | |SPWM [ Aswe
Al ;Ai%d‘q ) Afugd’q

AUgabe Loabe
ga,b,c, tgab,c
Park ]‘76.

{ Dual closed-loop control] [

Fig. 2. Typical control of the PVC.

where H 1, and H 7 are transfer matrices of voltage and switch-
ing function separately

iz.ga Augq Asw,

Ang =Hrpg | Augy | + Hrp | Aswy (10)
ge Auge Dsw,

Audc

B. Controller Modeling

In Section II-, Fig. 2 shows typical control of the PVC. The
outer loop maintains the dc voltage stability, and the inner loop
realizes fast current tracking. The PWM signals determine the
switching state of the insulated gate bipolar transistor.

The controller of the PVC contains three proportional-integral
(PI) controllers whose functions are PI(s) = K,, 4+ K/s. State
variables are set in (8) to quantify the effect of the integration
module on each frequency

X, = Auge — Auj, Xjg,g = Aify, — Nigg (1)

where Au, is the reference signal of the dc-bus voltage of the
PVC, Aigy 4is the grid-connected current in the d-axis and g-axis,
Aiy  is the reference of the inner loop.

Each intermediate variable of the controller can be calculated
as

AiYy = Kpo(Auge — Auy,) + Ky X, Aiz =0
Amd_,q = Kpi(AiZ},q — Aid,q) + KiiXid,q + Ug. q
Fw(Ly + La)Aidgq

12)

where K, and K ; are the proportionality coefficients in voltage
and current loop, K, and K;; are the integral coefficients and
Aug g is the grid-connected voltage in the d-axis and g-axis,
and Amyg 4 is the modulating voltage signal in d-axis and g-axis.

On this basis, the controller can be modeled in (13) with a
small-signal HTM

sXo=AcXe + BeUe

Yo =CoXe+ DcUe = [ASWQ7 Aswy, ASWC}T
Xo = [AXy, AXig, AXiy)"

Uc = [Aiga, Nigy, Nige, Atge, Attga, Atigy, Atge]”

13)

where Ac and B¢ are the state and input matrix of the controller
state space model.

Similar to the topology model, sX can also be considered
zero in the linearization period. The HTM between the switching
function and grid-connected voltage or current can be rewritten
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Fig. 3. Modeling process of HCMM.

as (15)
He = (—(Ac — N)'Be + De)Uc = Heo + Hey  (14)

where H o, and H ¢, are the separate transfer matrices of voltage
and current.

Therefore, the HSS controller model of PVC in (16) can be
obtained following (15) to represent the relationship between
the switching function and grid-connected voltage or current

Asw, Au RAiga
a ga Ai
Aswy | = Hoa | Bugy | + Hep | A2 (15)
Asw,. Auge Augc
dc

C. HCMM Modeling

To establish the harmonic coupling relationship between the
grid-connected voltages and currents of PVC based on Sections
II-A and Section II-B, Fig. 3 shows the connection between Hc
and H to obtain the HCMM.

The switching function Asw,, is regarded as constant in two
continuous control cycles. Therefore, the PVC can be expressed
in (17) by associating (10) and (16). Obviously, the outer char-
acteristic of PVC is a multiple-input multiple-output system.
Every value in the (8H + 4) x (6H + 3) matrix Hpyc character-
izes the relationship between voltage and current at the chosen
frequency

A ; Bt

AiZ; = (I —HmHeco) (Hro+ HroHew) | Augy

Audc Hpyc Augc
(16)

To analyze the harmonic coupling characteristic in a selective
phase, the HCMM of any phase in (16) can be rewritten as
(17). The transfer relationship between voltage and current at the
same frequency is described by the diagonal harmonic admit-
tance Y, .. Distinguishing from traditional models, the matrix
operation between H and Hr involving interactions between
different frequencies expresses the fact that the non-diagonal
admittance Y, , of HCMM is not zero anymore. In addition, the
harmonic coupling characteristics described by the HCMM can

TABLE 1
TOPOLOGY AND CONTROLLER PARAMETERS
Parameter/Unit Value Parameter Value
Li/mH 2.0 Koy 2
L,/mH 0.5 Kiv 50
C/uF 20.0 Ko 10
Cdc/uF 2% 103 Kji 200

be used to analyze any other control and topology structures

Nig,] [ Yoa Y| [ Aug,

Aig’w = Yl,m Ym,:] YH,.r Aug’l

AiQaH _Yl,H Yx,H YH,H_ Au.(LH
a7

III. HARMONIC COUPLING ANALYSIS OF THE PI PARAMETERS
IN PVC CONTROL

Multiple groups of experiments on a PVC are designed in this
section to obtain accurate admittance and verify the control influ-
ence on the harmonic coupling characteristics. The admittance
amplitude is obtained by frequency scanning experiments. Then,
the effect of control parameters on the admittance is analyzed,
and the key parameter with a high degree of influence is selected.
The final step is to express the law of selected parameter changes
on different frequency bands, which provides a reference for
parameter tuning. Table I gives the topology and initial controller
parameters.

First, frequency scanning experiments are used to obtain the
admittance amplitude of the HCMM. The experimental proce-
dures are as follows. The first step is to record the harmonic
current at each frequency for the ideal grid condition. In the
second step, the (6k &= 1)th background harmonic voltage of a
single frequency is added to the sinusoidal supply voltage one
by one, and the measured harmonic current at each frequency is
also recorded in six groups. According to the IEEE standard
for harmonic ranges in 380 V distribution systems [23], the
percentage of fifth and seventh background harmonics is con-
figured as 5%, and the percentage of remaining frequencies is
2%. The experimental results in the two steps are subtracted
to express the harmonic current due to additional background
harmonic voltage, and the assumption in this section is that
the two harmonic components are linearly calculated. The third
step makes admittance calculations of a column in HCMM
by dividing the harmonic current after subtraction with the
corresponding harmonic voltage. Since the harmonic currents of
the PVCinideal operation are considered, the admittance results
obtained in this way are more accurate compared with the direct
calculations with the grid-connected voltage and current. Fig. 4
shows the harmonic admittance results within 20th harmonics.
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Admittance (27"

Fig. 4. Experimental results of harmonic admittance.

TABLE II
CONDITIONS WITH DIFFERENT CONTROLLER PARAMETERS

Case Parameter Case Parameter
I 0.5K,v \Y 0.5K)i
11 15K, VI 15K,
11 0.5Kiv VII 0.5K;;
IV 1.5K;, VIII 1.5K;i

Generally, high-frequency harmonics are suppressed by the
LCL filter located on the PVC terminal, stronger harmonic cou-
pling characteristics exist in the low pass band of the PVC filter.
The experimental results show that the coupling admittance
between (6k — 1)th and (6k + 1)th harmonics are larger than
other frequencies, whereas k should take the same value. Among
them, the percentage of coupled harmonics is 31.7% (k = 1),
25.2% (k = 2) and 19.2% (k = 3), respectively. Therefore,
this article is more focused on the coupling and mitigation
characterization within 20th harmonics. However, not strong
coupling phenomena exist in all frequencies, especially the
coupling degree between non-diagonal frequencies is relatively
small and can almost be neglected.

Furthermore, harmonic coupling characteristics are influ-
enced by control parameters. Therefore, this section sets sev-
eral groups of comparative experiments with different control
parameters to analyze their coupling harmonic contribution.
Experimental conditions are given in Table II, whose variation
is based on the basic cases in Table I.

The variation of the harmonic admittance with different con-
trol parameters is defined in (18). The superscripts “I” and
“II” denote the results measured in Tables I and II conditions,
respectively,

YI I

I v
HCE = w x 100%

z,y

(18)

The metric in (13) characterizes the proportion of harmonic
admittance change due to control parameter variation. A larger
HCE means the corresponding control parameter has a higher
degree of influence on the harmonic admittance. Fig. 5 shows the
detailed experimental results for harmonic admittance in differ-
ent frequencies. The relatively large range of HCE fluctuations is
gathered in the conditions where K ; is changed. The other three
parameters have almost no effect on the harmonic admittance,
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Fig. 6.  Harmonic admittance under different values of K;. (a) 5th and 7th
admittance (b) 11th and 13th admittance.

with HCE fluctuations less than 10%. Meanwhile, the neglected
harmonics do not change significantly due to the variation of the
control parameters.

Choosing the proper controller parameters is critical in dis-
tribution systems containing background harmonic voltages to
reduce the harmonics during PVC operation. To analyze the
more detailed relationship between the current-loop proportion-
ality coefficient K,; and the harmonic admittance, additional
experiments have been done. With other parameters constant,
Kp; in these experiments varies from 0.25 to 1.5 with a step of
0.25 under the basic parameters in Table 1. Fig. 6 shows the
(6k £ 1)th harmonic admittance under these cases.

Generally, the purpose of the current loop design is to pro-
vide sufficient bandwidth to ensure the current control response
quickly and accurately. In addition, a more significant propor-
tional gain means that the current loop has a higher bandwidth
to track the reference signal faster. Therefore, under the premise
of maintaining stable system operation, K,,; should be chosen as
high as possible in the traditional perspective.

However, Fig. 6 shows that PVC presents different character-
istics in diverse frequency bands. The remaining six admittance
increase to various degrees with the increment of K,; except
for Y55 and Y7 7. Therefore, there are two entirely distinct
choices for parameter tuning under the perspective of harmonic
mitigation. A higher K,; remains suitable for the conditions that
the supply voltage contains low-frequency harmonic compo-
nents. However, since the high-frequency admittance of PVC is
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high enough to create a significant harmonic current even under
1% corresponding harmonic voltage. Therefore, decreasing the
bandwidth is a more reasonable choice when the grid voltage
contains a certain percentage of high-frequency harmonics. The
different harmonic characteristics increase the difficulty of pa-
rameter tuning.

IV. HARMONIC COUPLING ANALYSIS FOR VIRTUAL
IMPEDANCE CONTROL OF PVC

Virtual impedance control is an effective method to suppress
the low-frequency harmonic currents of the PVC. In this section,
the influence of the (6k = 1)th virtual impedance on the harmonic
admittance in the coupled frequency band is analyzed through
multiple experiments with background harmonic voltage. Af-
ter adding virtual impedance at the selective frequency, the
measurement steps of harmonic admittance are consistent with
Section III.

In previous research, proportional resonance, quasi-
proportional resonance, or vector resonance (VR) controllers
are used to extract the expected harmonic components [15].
The VR controller with better selectivity and harmonic tracking
performance is used in this article. After adding the current
feedback signal of the selected frequency to the modulating
voltage reference signal, an equivalent selective series virtual
impedance is constructed to the external characteristic of the
PVC. Fig. 7 shows the control diagram of virtual impedance.

Generally, the influence of virtual impedance control on the
PVC is to establish an approximate ideal equivalent series
harmonic impedance. However, it must be emphasized that the
constructed virtual impedance not only changes the harmonic
characteristic at the selected frequency but also affects the cou-
pling frequency, which has been neglected in previous studies.
Asillustrated in Section III, the percentage of harmonic coupling
reaches 20%-30%, which should be emphasized in the miti-
gation work. Comparative experiments are designed to analyze
the synchronous change of coupling harmonic admittance due to
virtual impedance control. The amplitude of the selective virtual
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Fig. 9. Harmonic admittance between 11th and 13th harmonics.

impedance is determined by setting the virtual gain Z;, gain of
feedback current.

Fig. 8(a) and (b) shows the measured harmonic admittance
with fifth or seventh virtual impedance, respectively. The virtual
gain of this section is set from O to 300 to ensure the stability
of the PVC. The experimental results show that the fifth virtual
impedance decreases Y5 5 and Y7 5 butincreases Y7 7 and Y5 7. In
contrast, the seventh virtual impedance suppresses Y, ,, (m, n =
57) without generating extra fifth and seventh harmonic currents.
Due to the harmonic admittance increasing with frequency,
the 11th and 13th harmonic impedances are verified with 2%
harmonic voltage. Fig. 9(a) and (b) are the harmonic admittance
results with the 11th or 13th virtual impedance, respectively.
A similar phenomenon can be obtained that Yy 13 and Y1313
are increased due to the 11th virtual impedance. However, the
harmonic admittance amplitude of other coupling frequencies
decreases to different degrees.

In conclusion, the virtual impedance control does not simply
change the self-harmonic admittance (SHA) of the PVC but
has different contributions to the negative sequence coupled
harmonic admittance (NSCHA), positive sequence coupled har-
monic admittance (PSCHA), and coupled self-harmonic admit-
tance (CSHA) simultaneously. Among them, the negative or
positive sequence coupled harmonic admittance is separated by
the frequency of the affected harmonic current. For example,
Y7 5 belongs to the negative sequence, and Y5 7 belongs to the
positive sequence. When Y5 5 or Y7 7 is defined as SHA, the
other is the corresponding CSHA.

Fig. 10 shows the equivalent harmonic model considering
the influence of virtual impedance on harmonic coupling. In
this figure, “Z” donates the coupling characteristic due to a
virtual impedance at the same frequency as the background
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Fig. 10.  Virtual impedance model considering coupling.

harmonic voltage, and the subscript means the affected admit-
tance order. Furthermore, the impedance magnitude of the solid
part is negative, which increases the corresponding harmonic
admittance, resulting in more harmonic current in this supply
condition. On the contrary, the hollow harmonic impedance
magnitude is positive, which decreases the harmonic current.
It can be seen from Fig. 10 that the amplitude of SHA is reduced
by virtual impedance for the corresponding frequency, and the
difference is reflected in the performance between the other
three admittances. The (6k — 1)th virtual impedance improves
the PSCHA and CSHA, while the NSCHA is significantly de-
creased. However, the (6k + 1)th virtual impedance suppresses
all three harmonic admittance to different degrees.

In summary, constructing a virtual impedance at any selected
frequency has an effect on four harmonic admittance in the
coupling range. Therefore, the HCMM of PVC with virtual
impedance control can be expressed in (19) with the premise
that other frequencies are ignored, “Y” donates the coupled
admittance submatrix when k takes a fixed value. Meanwhile,
Y, m can be expressed in (20), and the subscript “m” or “n”
means the affected harmonic admittance order, the superscript
“m” or “n” is used to separate the contributions caused by virtual
impedance at different frequencies

’L'g’5 Ugy5
?9»7 Y577 0 0 Ug,7
tg,11| = 0 Y11713 0 Ug,11 (19)
0 0 Yi719 :
1g,19 Ug 19
Yo ,n You,m
WY n (Z8ia+Z8us)  1HYnm (~ZfcuatZicna)
Ym.n Yom,m (20)

1Yo n ( Zscua+ Ziecua)

14+Yin,m (— Z8ua+Z8in)
neN,m=n+2

V. COORDINATED CONTROL OF ADAPTIVE PARAMETER
TUNING AND VIRTUAL IMPEDANCE INJECTION

In the previous sections, the effect of control parameters and
virtual impedance control on the coupled harmonic admittance
are analyzed. To suppress harmonic currents in a nonideal power
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Fig. 11.  Simplified inner loop controller model of the PVC.

supply environment with random background harmonic volt-
ages, a coordinated control method of adaptive parameter tuning
and virtual impedance injection is proposed in this section.
The proposed method requires fast and accurate separation of
the harmonic voltage and current components. Therefore, the
discrete Fourier transform (DFT) algorithm is used to obtain
harmonic amplitudes with a sliding window whose length is
0.02 s. Furthermore, the adaptive control is divided into two
steps as follows.

1) Current-Loop Proportionality Coefficient Tuning. Com-

pared with the coefficient K,;, the effect of the remaining
parameters on the harmonic admittance can be almost
neglected. Therefore, a parameter optimization method is
applied to decrease the total harmonic distortion (THD)
rate of the PVC in Section V-A. The coefficient K,; is
iteratively calibrated based on the DFT result with the
closed-loop system stable.
Virtual Gain Tuning and Antisaturation Control: Section
V-B determines the virtual gain Zj qain corresponding
to the virtual impedance at each frequency. The delayed
injection method of multiple frequency virtual impedance
signals is used to avoid the instability of the system.

2)

A. Step I: Current-Loop Proportionality Coefficient Tuning

Compared with the outer voltage loop, the inner current loop
controller plays a more significant role in stability [24]. It is
simplified as the model shown in Fig. 11 under the stable tracking
of the dc voltage.

This section considers the current feedback and PWM calcu-
lation delays to make the final adjustment domain more accurate.
The open-loop transfer function G;,(s) and closed-loop transfer
function G;.(s) in the S-domain are shown in (21) and (22),
separately. In order to maintain the characterization accuracy
while reducing the difficulty in modeling computational delays
of digital controllers, an inertial segment is used to express the
equivalent characteristics of delay. In this section, T = le™ s
is the control cycle, and the inertia factor can be approximated
as T

_ (KpitKii/5)Grwm(s)
Gio(s) = s(s2L1ch+Lf¥rMLz) 2D
Gewm(s) = e T = 7=
— _ Gio(s) _ _ Gio(s)(Tis+1)
Giel) = Tran, (e = Tost1+G) (22)

_ (Kpis+Kii)(Tss+1)
82(Tss+1)?(s2L1 LoC+L1+Lo)+(Kpis+Ki;)
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Fig. 12.  Closed-loop dominate pole diagram of the G;. (s).

To quantify the adjustment domain of controller parameters,
this section uses the root trajectory curve to determine the
stabilization parameter boundaries. The closed-loop dominate
pole diagram of the G,.(s) is shown in Fig. 12.

Six poles are classified into three categories based on their
trajectories change with parameters. The first category contains
a pair of conjugate poles indicated by the green line. They move
to the right half plane as K,,; increases, and the critical value
of its intersection with the imaginary axis determines the upper
limit of the adjustment domain. The second category includes
a pole of the blue line close to the real axis, it determines
the lower limit of the adjustment domain because its real part
will be larger than zero when K),; is sufficiently small. The
third category shows a pair of poles represented by the orange
curve and a single pole shown by the red curve, which does
not affect stability because they are both in the left half-plane.
Therefore, the entire adjustment domain of the current loop
proportionality coefficient in this section ranges from 0.024 to
15.838 after substituting the other parameters in Table I into
consideration.

To reduce the harmonic content of PVC before adding a
harmonic suppression strategy, the optimal current loop pro-
portionality coefficient should be selected from the adjustment
domain. The DFT results are used as a criterion for parameter
adjustment and iterated every ten complete cycles until the
constraints shown in (23) were satisfied

KM = Kk + AK,;, THD; = />0 _,i2 /i1
s.t. THD; = min

(23)

It is appropriate to choose K;,; = 10 as the initial value in
the stabilization range. Superscript “k” or “k 4+ 1” means the
number of iterations, and the iteration step size AKmis set to
0.1 in this section. The controller parameter designed in this
procedure results in the lowest output harmonics of PVC for
the current power supply scenario, which somewhat reduces the
proportion of subsequent virtual impedance injection.

B. Step II: Virtual Gain Tuning and Anti-Saturation Control

Obviously, the goal of virtual impedance injection is to
achieve effective mitigation of harmonics at all frequencies. It
is clear that the (6k — 1)th virtual impedance causes the coupled
harmonic increase instead of the (6k + 1)th signals. Therefore,

I: Gain Tuning O, 7~ 11: Anti-saturation
L I

Aug,b,c—w DFT 5,G: 1 } dg, serie: H

; L il !

%Al’ga,b,c—»Eq.( 19)

Fig. 13.  Schematic diagram of the proposed method.

the sequences from (6k — 1)th to (6k + 1)th virtual impedance
injection should be obeyed in the coupled harmonic mitigation
process. It is divided into the following two steps.

1) (6k — 1)th Virtual Impedance Design: To improve the
efficiency of virtual impedance design, a suitable initial
value is necessary in the optimization process. The results
of Figs. 8 and 9 show that the harmonic suppression
efficiency is higher when the virtual gain takes the value
from zero to fifty, so fifty is the initial value set in this
section. Then, the virtual gain grows flowing (24) until
the percentage of the negative sequence harmonic current
is less than 0.5%. Every time the gain increases, it should
ensure the relative error in the harmonic amplitude of the
corresponding frequency is less than 5% for at least three
continuous waves. Where AZg.in = 10 is the step size

for virtual gain iteration, and the superscript “n” or “0” is
used to characterize the number of iterations
1 _ n—1 .
{Z}g,Gain - Zh,Gai11 + AZC‘am . (24)
Z h,Gain =50

2) (6k + 1)th Virtual Impedance Design. Similar to the (6k —
1)th virtual impedance design, the (6k 4 1)th virtual gain
also grows with the same span in (19) until the percentage
of target positive sequence harmonic current is less than
0.5% equally.

Unlike closed-loop control methods, such as PI controllers,
the series virtual impedance algorithm used in this article is
open-loop control, which means the constructed signals directly
change the final modulating voltage. A current fluctuation within
a specific range will occur at the beginning of the open-loop
control signal action, the relevant waveforms will be shown
in Section VI. However, if the summation of the harmonic
and fundamental modulation voltages reaches the limit of the
modulation ratio of PVC, the grid-connected currents will enter
an unstable state or may even destabilize the system due to
receiving an erroneous modulation signal. Therefore, a multiple-
frequency signals delayed injection method is adopted in this
section to avoid the instability problem caused by the entrance
of signals simultaneously. Fig. 13 shows the schematic diagram
of the proposed method.

The multiple impedance signals are injected flowing (25) after
the virtual gain tuning. Where 7, is the delay for uth virtual
impedance injection after the previous signal. It should be longer
than the time to reach a new steady state after the action of the
previous loop signals, which is recognized by a relative error of
5% for five continuous cycles in this section. The superscript “~”



170

: Virtual Gain Tuning and Anti-saturation Control

5'. Set Set
K,i=10 H Zek+1,Gain =50 I = T,
H neM <u
7 TIterative Vest | Tterative Injection
Through (18) Through (19) Through (20)

Z
5

é

:
‘<PSH/NSH<0.5%=>-"

v
I: Current-Loop Proportionality Coefficient Tuning End
Fig. 14.  Flow chart of the proposed method.
ADC Signal

DC Power

i it

. ety

Tektronix Monitor

S\

. LCL Filter

Programmable
Pow

= o)

PWM Signal

Fig. 15.

Experimental platform.

means a previous state before multiple virtual impedance signals
injection, and the superscript “u” represents the harmonic order
to be injected. Since the probability of the PVC overmodulation
state is greatly reduced, the virtual impedance delay injection
method can effectively improve the mitigation performance with
minimal fluctuations. The flowchart of the proposed adaptive
parameter tuning and virtual impedance injection method is

shown in Fig. 14

Ts= Y T

i _ 12 —sTs
qu,serles - Z qu,seriese ’
neM,n<p

peM
M= {z=6k+1|ke Z}

~ T
Ama,g = Zagseries + Atiaq © (=4, %

(25)

VI. EXPERIMENTAL CONDITIONS

Fig. 15 shows the PVC experimental platform and hardware
in this paper with productized drivers carrying single-core dig-
ital signal processing (DSP) (TMS320F28335), its control and
sampling frequency are both 10 kHz. PV is simulated by a
programmable dc power, and the programmable ac power is used
to provide the grid voltage and background harmonic conditions.
The monitor PC reflects the variable status in real time, and data
storage is accomplished by an oscilloscope whose bandwidth
is 1 GHz. The RMS value of the grid-connected voltage in the
following experiments is 110 V, and the PV power is 2 kW.
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A. Current-Loop Parameter Optimization Experiments

Section VI-A compares the harmonic performance of the
PVC after parameter tuning and the original data in different
conditions. Fig. 16 shows the comparative results with 5%
fifth background harmonic voltage, and Fig. 17 shows the case
with the same percentage of seventh background harmonic. The
experiments certify that it is reasonable to ignore the interaction
between the weaker coupled frequencies in Fig. 4.

From Fig. 16, the fifth harmonic current decreases from
6.366% to 4.784%, while the seventh harmonic rises from
2.655% to 3.109%. The little amplitude error in fundamental
frequency is ignored, and the THD rate after parameter tuning is
reduced by 13% under the same cases. For the seventh harmonic,
its rate decreases from 9.232% to 6.905% after parameter opti-
mization, while the fifth harmonic rises from 2.148% to0 2.415%.
The THD rate is reduced by 19% after adopting the parameter
iterative method proposed in this article. Therefore, parameter
tuning can reduce harmonics to some extent, but it is difficult
to achieve the desired harmonic mitigation. Under the supply
conditions with 2% or 5% background harmonic voltage, the
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Fig. 18.  Simultaneous signals injection experiment. Fig. 19. Delayed signals injection experiment.

harmonic component in the grid-connected current of the PVC
still exceeds the specified range. Additional virtual impedance
is required for such nonideal conditions, and these experiments
are shown in Section VI-B.

B. Antisaturation Experiments

In Section VI-B, the virtual impedance signals adjusted ac-
cording to Section V will be injected into the controller at the
same time or in segments to demonstrate the superiority of the
delayed injection method proposed before. The same virtual
gains are used to control the variables, and the supply voltage
contains 5% fifth background harmonics.

The bandpass property of the VR controller determines that
the small virtual gain works invalid. So when the open-loop
control signals representing multiple virtual impedances are
injected and overlayed with the modulating voltage reference
signal simultaneously, the limit + uq./2 of the PWM may be
reached. The following result is that the initially stable funda-
mental frequency control is broken. The grid-connected current
of the PVC generates severe distortion in this undesirable state.
This kind of signal injection mode makes harmonic suppression
fail or even causes equipment to be removed in some grids with
poor supply conditions.

As shown in Fig. 18, the amplitude of the grid-connected
current increases significantly and oscillates due to multiple
virtual harmonic impedance signals injection together. It should
be emphasized that the PVC will not reach a new steady-state
independently if the supply conditions and the control method
are unchanged. In addition, impedance injection does not cause
the current to go out of control. Instead, it puts the PVC in a state
of distorted modulation where the fundamental and impedance
frequency signals are constrained by each other. The stable state
will eventually be broken due to the continuous increment of
virtual impedance amplitude.

However, this problem of modulation voltage saturation can
be significantly solved by adopting multiple virtual impedance

signals delayed injection method proposed in Section V. Fig. 19
shows the antisaturation comparison experiment.

Although the disturbance over several control cycles due
to open-loop signal injection remains unavoidable, the system
quickly reaches a new steady state due to the existence of closed-
loop control. The delayed injection method proposed in this arti-
cle reduces the current fluctuation due to virtual impedance and
avoids the risk of the system being over-modulated. Therefore,
the advantage of the proposed method is avoiding multiple sig-
nals changing the modulation voltage resources segment, which
in turn ensures the robustness of the fundamental frequency
control. It should be mentioned that Section VI-B only verifies
the transient stability characteristics of the control method. The
influence on THD will be shown in Section VI-C.

C. Harmonic Mitigation Experiments

Section VI-C shows the coupled harmonic mitigation perfor-
mances of the virtual impedance injection method proposed in
Section V. Another purpose of these experiments is to verify
the analysis of the virtual impedance algorithm on the coupled
harmonic admittance in Section IV.

Figs. 20 and 21 show the waveforms of grid voltage and
PVC current, fast Fourier transform results after the fifth and
seventh virtual impedance signals injection. Compared with the
parameter tuning results in Fig. 16, the fifth impedance injection
increases the seventh harmonic current, and the percentage of
coupled harmonics are both below 0.5% after injection of the
seventh impedance continually.

The same conclusion can be obtained by comparing Figs. 22
with 17. The seventh harmonic in the grid-connected current of
the PVC increases due to the fifth virtual impedance injection.
This problem is effectively solved with the seventh virtual
impedance injection. The mitigation rate of target harmonics
is above 95%, and the proposed method has little influence on
other components.
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(b) Proposed method. (c) Original data. (d) Proposed method.

The following experiments in Figs. 22 and 23 are shown to
verify the harmonic suppression performance of the adaptive vir-
tual impedance injection method at higher frequencies, which is
higher than 500 Hz. From Fig. 4, the harmonic equivalent admit-
tance increases with the frequency. In other words, PVC makes

(b) Proposed method. (c) Original data. (d) Proposed method.

more significant harmonic currents in cases with high-frequency
background harmonic voltage, and the experimental results in
this section also confirm this conclusion. In the supply condition
shown in Fig. 22, the component of the 11th harmonic current
grows to 4.58% due to only 2% voltage distortion. Even worse,
the 13th harmonic rate reaches 16.12% in the next case with the
same percentage of background harmonic voltage. Obviously,
the excitation ratio is significantly larger than the low-frequency
harmonics, which is lower than 500 Hz. The coupled harmonic
contents can still be controlled within the desired range after
the virtual impedance injection of the coupling frequency. Even
the heavily distorted waveforms due to the existence of the 13th
harmonic achieve a huge improvement in their sinusoidal degree.

From the comparative experiments in Section VI-C, the cor-
rectness of the coupled harmonic analysis is verified, and the
conclusion can be drawn that the constructed virtual impedance
can effectively suppress the coupled harmonics of PVC. The
proposed injection method from (6k — 1)th to (6k + 1)th vir-
tual impedance improves the efficiency of suppressing coupled
harmonics without any negative impact on other frequencies.
Meanwhile, it also avoids the problem of increasing nontarget
frequency harmonics due to unreasonable virtual impedance
injection. Therefore, the optimum harmonic mitigation perfor-
mance can be obtained by injecting the smallest coupled virtual
impedance signals, maximizing the ability of the system to
operate stably.

D. Dynamic Harmonic Mitigation Experiments

Section VI-D shows the dynamic harmonic mitigation per-
formance under different power conditions. Fig. 24 shows the
comparative results with 5% fifth background harmonic voltage,
and the experimental power conditions are 1.5, 2, and 2.5 kW
separately.

The dynamic progress in Fig. 24 can be divided into five
stages. The first one is the original grid-connected current
waveform under supply condition with voltage distortion, the
same experimental results have been shown in Fig. 16. The
second and third stages separately represent step I and step II
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conditions.

of the virtual impedance tunning and injection method which
is shown in Fig. 13. The fourth and fifth stages represent the
dynamic harmonic mitigation performance in power fluctuation
conditions, respectively.

Since the grid supply condition is stable and the harmonic
impedance of PVC does not change due to power fluctuations,
the grid-connected current can maintain a sinusoidal waveform
in a variable PV generation system due to the mitigation method
proposed in this article. Furthermore, the experiments shown
in Fig. 25 validate the dynamic mitigation performance under
conditions of background harmonic changes. In case I, the RMS
value of the grid-connected voltage is 110V, and the PV power is

2 kW. Case II and case III add 5% fifth harmonic or 5% seventh
harmonic to the grid voltage separately.

The experimental results show that if the background har-
monic condition changes, the PVC can still guarantee a low
current THD by executing once again the virtual impedance
tuning and adjustment process shown in Fig. 13. Furthermore,
Fig. 26 shows the dynamic harmonic mitigation performance
under conditions of grid fundamental voltage changes. The grid
condition contains 2.5% fifth and seventh harmonic voltages,
and the RMS values of fundamental voltage in case I, case
II, and case III are separately 106, 110, and 100 V. These
experimental results show that the method proposed in this
article can guarantee a high-quality current of PVC, whether
the grid fundamental or harmonic voltage dynamic changed.

Generally, the power system supply conditions fluctuate over
long time scales, and the system state can be seen as stable in
several minutes or even a few hours, so frequent PVC harmonic
impedance reshaping is not required for practical scenario ap-
plications. Adjustment only needs to occur where the system
background harmonic state changes significantly from the orig-
inal condition, which also avoids frequent operation of the PVC.

VII. CONCLUSION

Based on the HCMM, the harmonic coupling phenomenon
and the coupled mitigation behavior of virtual impedance are
discussed. The discoveries and innovations are as follows.

1) There is a significant harmonic coupling between the
(6k = 1)th voltages and currents of PVC. The harmonic
admittance increases, but the coupling severity decreases
significantly with increasing k. The percentage of coupling
components is 31.7% (k = 1), 25.2% (k = 2), and 19.2%
(k = 3), respectively.

2) The proportionality coefficient K,; has the most significant
effect on harmonic admittance. A higher bandwidth of the
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3)

4)

inner loop is more suitable for the grid with low rather
than high-frequency background harmonics.

Virtual impedance control does not exhibit a desirable
SHA characteristic. The (6k — 1)th virtual impedance
signals decrease mitigation behavior in the (6k + 1)th
harmonic currents, but the (6k + 1)th control will not
aggravate the (6k — 1)th harmonic currents.

The proposed method guarantees coupled harmonic cur-
rents less than 0.5% under nonideal conditions with com-
plex background harmonic voltage. Moreover, the robust-
ness of the control system can be ensured by multiple
impedance signals delayed injection.

The adaptive parameter tuning and virtual impedance injec-

tion

control for coupled harmonic mitigation proposed in this

article helps improve the ability of PVC to consistently provide

high

-quality power under nonideal conditions. Furthermore, it

can also be widely extended to the grid containing a high percent-
age of new energy to improve the power quality. Future research

will

focus on the influence analysis on the coupled harmonic

interactions with multiple PVCs and harmonic suppression
methods according to the harmonic coupling characteristic of

the s

(1]

[2]

(3]

[4]

(5]

(6]

(71

(8]

[9]

[10]

[11]

[12]

ingle PVC.
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