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Coefficient Filter and Full-order Capacitor Current
Observer for Three-phase Grid-connected Inverters
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Abstract—This article proposes a new grid impedance detec-
tion method incorporating the complex coefficient filter (CCF)
with full-order capacitor current observer for a T-type three-level
grid-connected inverter controlled by the inverter output current
feedback. Compared with conventional CCF impedance detection
algorithms, the proposed method reduces the number of current
sensors and detects the grid impedance accurately. First, based on
the sampled inverter output current and grid-connected voltage
signals, the grid-connected current is estimated. Then, the CCF
method is used to extract harmonics from the grid-connected cur-
rent and voltage signals to calculate the grid impedance. Finally, the
correctness of the full-order capacitor current observer is verified
by simulation and the feasibility and effectiveness of the proposed
algorithm are verified experimentally based on a laboratory pro-
totype.

Index Terms—Complex coefficient filters (CCFs), full-order
capacitor current observer, grid impedance detection.

I. INTRODUCTION

HE massive use of renewable energy sources such as
T solar and wind power has drawn widespread attention to
distributed generation. As an important interface between power
sources and the distributed generation systems, the high effi-
ciency and stability of grid-connected inverters have become a
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research hotspot [1], [2], [3], [4], [5]. With increasing penetration
of such distributed energy resources, the impedance value of
the electricity grid will change greatly at the point of common
connection (PCC), leading to a weak grid situation, which will
adversely affect the waveform quality and stable operation of
the grid-connected inverters [1], [2], [3], [4], [5], [6], [7], [8],
[9].

GB38755-2019 “Guidelines for Safety and Stability of Power
System” defines the short-circuit ratio (SCR) for the first time.
The smaller the SCR is, the weaker the power grid will be,
which in turn, brings in more difficulties in controlling the
grid-connected inverters. Therefore, it is very necessary to ac-
curately detect the grid impedance. Under weak grid conditions,
the control structure of the grid-connected inverter needs to be
adjusted adaptively according to the grid impedance value to
ensure the stable and efficient operation of the system.

Existing grid-connected inverter grid impedance detection
methods are mainly divided into active detection and passive
detection. Passive detection methods do not need to inject dis-
turbances into the system as they detect grid impedance based
on the inherent characteristics of the system. Passive detection
methods mainly include excitation of LCL resonance techniques
[10], recursive least squares schemes [11], successive itera-
tive approximation strategies [12], extended Kalman filter [13],
etc. Furthermore, Xiangchen et al. [14] propose an impedance
detection method based on ripple analysis and the structural
characteristics of the dc microgrid system and Liang et al. [15]
present a new method of tracking impedance using channel
frequency response. Although these methods do not affect the
stable operation of the system, they are dependent on existing
background distortion signals, and the inherent signal-to-noise
ratio of the system is low, resulting in low detection accuracy
[16]. Besides, passive detection methods are generally computa-
tionally complex and difficult to implement in practical systems.

To overcome the above-mentioned problems for the passive
detection methods, different active grid impedance detection al-
gorithms have been presented. Active detection methods need to
inject disturbances into the system and extract the corresponding
disturbance signals at the PCC to calculate the grid impedance.
The types of disturbance injection for grid active detection
mainly include PQ power disturbance injection, wideband pulse
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injection, single harmonic injection and so on. Ciobotaru et al.
[17] and Fang et al. [18] detect the grid impedance according
to the disturbance variation of PQ power, but this method is
only suitable for PQ-controlled grid-connected inverter systems.
Neshvad et al. [19] use wideband pulse injection to detect the
grid impedance. The advantage of this method is that it can
detect the grid impedance value over a wide spectrum rather
than a certain frequency point, but its detection accuracy is low
and computational burden is heavy. At present, the most com-
monly used disturbance injection method is the single harmonic
injection [20], [21], [22], [23], [24], [27], [28]. In order to reduce
the impact of disturbance injection on the system, Asiminoaei
et al. [20] conducted a study on the amplitude, duration and
frequency of the injected noncharacteristic harmonic.

Most of the above active detection methods use discrete
Fourier transform (DFT) to extract harmonics [20], [21], [22].
However, the mutual interference between the spectrums in
practical engineering will affect the detection accuracy. To
overcome the limitations of DFT, Alves et al. [23] and [24]
propose a transient grid impedance detection method based on
continuous wavelet transform (CWT). Nevertheless, this method
is not applied in practice due to the complexity of CWT and the
high redundancy of information. In recent years, the complex
coefficient filter (CCF) method has been applied to electrical
engineering gradually. Guo et al. [25] combines CCF with phase-
locked loop (PLL) to estimate the fundamental positive and
negative sequence information and other harmonic components
accurately and rapidly under unbalanced grid voltage conditions.
Wau et al. [26] presents a dead-time compensation method based
on a modified multiple CCF to optimize the control performance
of a permanent magnet synchronous motor. Yang et al. [27]
and Guo et al. [28] applied the CCF method to grid impedance
detection to extract the noncharacteristic harmonics, which can
detect accurately in both ideal and unbalanced grids.

All the above-mentioned grid impedance detection algorithms
are required to measure voltage and current at the PCC. Since
most inverter control strategies in practical engineering are
designed based on the inverter output current rather than the
grid current, which means that inverter output current sensors,
grid voltage sensors and grid current sensors are all needed if
the above-mentioned grid impedance detection algorithms are
integrated into the inverter controller. Obviously, the use of addi-
tional sensors will increase the volume, cost, and even introduce
noise [29]. Therefore, current estimation techniques have been
adopted to avoid grid current sensors. According to Kirchhoff’s
law, the key is to estimate the grid current by subtracting the
filter capacitor current from the inverter output current. Now the
remaining problem that needs to be answered is how to obtain
the capacitor current. Indeed, the direct discrete technique is
simple and easy to find the capacitor current. Nevertheless, the
differential term will affect the stability of the system. Guzman
et al. [30] and Kanieski et al. [31] use Kalman filter method for
estimation with good robustness. However, Kalman filter gain
is complicated to calculate. Xiao et al. [32] and Yang et al. [33]
adopt the sliding-mode estimation method to estimate capacitor
currents. Cortes et al. [34] and Miskovic et al. [35] use the
Luenberger observer to estimate the capacitor current. Although
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Fig. 1. Conventional control for T-type three-level grid-connected inverters.

the current can be estimated, the corresponding sliding-mode
parameters and Luenberger matrix are not easy to determine.
Zheng et al. [36] use a full-order observer to estimate the capac-
itor current. This method can achieve high estimation accuracy
without degrading system stability or increasing calculation
complexity.

To overcome the abovementioned problems, this article pro-
poses a grid impedance detection method incorporating the CCF
method with full-order capacitor current observer. Compared
with the conventional CCF impedance detection method, it can
reduce a capacitor current sensor and accurately detect the grid
impedance, reduce the system volume and save cost. Section II
introduces the system model of grid-connected inverter and
the basic principle of impedance detection based on CCFs;
Section T introduces the CCF grid impedance detection method
based on the full-order capacitor current observer; the effective-
ness of the proposed method is verified by MATLAB/Simulink
simulation and experiments in Section IV.

II. SYSTEM MODELING AND PRINCIPLE OF IMPEDANCE
DETECTION

A. System Modeling

The block diagram of the control system is shown in Fig. 1
for a T-type three-level grid-connected inverter with LCL filter.
The control strategy includes current loop PR control and grid-
connected voltage feedforward control. In order to suppress LCL
resonance caused by high impedance, voltage feedforward Lead
compensation algorithm is used. The specific control parame-
ters are determined by stability analysis, which is performed
by impedance analysis method or small signal model method
[371, [38], [39]. When grid impedance detection is required,
noncharacteristic current harmonics are injected at the given
current.

As shown in Fig. 1, uq. is the dc voltage. C,,; and C,,» are
the bus capacitors. Z, is the grid impedance. u, denotes the grid
voltage. iy, represents the inverter output current. i o represents
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Fig. 2. Simplified model of the grid-connected inverter.

the capacitor current and u,.. represents the grid-connected
voltage.

B. Principle of Impedance Detection

The simplified model of the grid-connected inverter is shown
in Fig. 2. By injecting noncharacteristic current harmonic distur-
bance at the given current, the corresponding harmonic response
signals upcc(h) and ipcc(h) are extracted for grid impedance
detection, where h is the ratio of noncharacteristic harmonic
frequency to fundamental frequency (50 Hz).

The specific detection formula is as follows:

Zg/\(h) _ Au Ah) _ Upee (h)A— ug (h) 0
Ai(h) ipee ()

A
where uy(h) is the noncharacteristic voltage harmonic signal

in the power grid, which can be ignored due to its small value
A

compared with . (7). Consequently, (1) can be simplified as

A

A CCh/
7, () = teee (1) )
ipec (h)
A

Zy (h) = Ry + jwL,. 3)

In this article, the correctness of the proposed method is
verified under normal grid conditions. It is worth mentioning that
when the power grid is polluted, the estimated grid impedance
will present fluctuations. To mitigate this problem, we can
adjust the amplitude and frequency of the injected harmonics
appropriately.

C. Complex Coefficient Filter Harmonic Extraction Method

In this article, the CCF method is used to extract the harmonics
of the sampled signals. The first-order complex filter can be
expressed as

We

H =
(5) S — Jjwo + we

“

The Bode diagram of the first-order CCF is shown in Fig. 3
withwy=314.16rad/s and w. =221 rad/s. It can be seen that the
first-order CCF can suppress harmonics with w, as the cut-off
frequency. Compared with a band-pass filter, the complex filter
can combine the in-phase and quadrature signals for observation,
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Fig. 3. Bode diagram of first-order CCF.

Fig. 4. Schematic illustration of CCF.

suppress the negative frequency signals, and retain the positive
frequency signals.

Based on the harmonic extraction requirement for grid
impedance detection, it is necessary to suppress the positive
and negative sequence components of the fundamental fre-
quency signal (there is a negative sequence component when the
three-phase grid voltage is unbalanced) and extract the injected
noncharacteristic harmonic signal. To meet this requirement, this
article adopts the CCF structure diagram designed in Fig. 4.

As shown in Fig. 4, x represents the grid-connected voltage
and current signals extracted for grid impedance detection. The
CCF control structure includes three parts: block A extracts
noncharacteristic signals zg 3> block B extracts the positive
sequence component of the signals xl‘é, while block C extracts

the negative sequence component of the signals 1;}3
According to Fig. 4, the transfer function of the noncharac-
teristic signals extraction can be calculated as

Whe (52 —+ wg)
s3 + As? + Bs Jerg

Hecr (s) = 5
where A = 2w -jwp+whe, B = wi-2wpwe., and C = wpe-jwh.
wy is the fundamental wave angular frequency; w.. is the funda-
mental wave cut-off angular frequency; wy, is the noncharacter-
istic harmonic angular frequency; wj, is the noncharacteristic
harmonic cutoff angular frequency.
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Fig. 6.  Coordination transformation for CCF.

Fig. 5 shows the CCF amplitude-frequency characteristic
curve and closed-loop pole distribution diagram with wy =
314.16 rad/s, w, = 221 rad/s and w;, = 1728 rad/s when wy,.
is different. It can be seen from Fig. 5 that the smaller wy, is, the
higher the detection accuracy will be at the cost of compromising
dynamic performance. From this perspective, the parameters
should be selected by considering both detection accuracy and
dynamic performance comprehensively.

In order to change the complex number j in Fig. 4 into
a realizable form, the above principle is implemented in the
af coordinate system, where j represents the phase difference
between « and . The transformation process is depicted in
Fig. 6.
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In practical digital implementation, the control algorithm will
be realized and executed in a digital signal processor (DSP).
Thus, system models and control signals need to be discretized
by Tustin. Taking the o phase noncharacteristic signal as an
example, the discretization extraction formula is

Tel+ 271 h

errac (k) whe — l’g (k) wp] 21T =% (k) (6)
ah (k) =2 (k1) +%M (k)
M (k) = (errac (k) + erra (k — 1)) wpe

— (@ (k) + 2 (k — 1)) wh. (7

D. Stability Analysis

In order to determine the control parameters of the system, the
stability of the current loop is analyzed by impedance analysis
method, the specific structural block diagram is shown in Fig. 7.

Gy is the transfer function of the PLL [40], [41]

1 kp—pu (s — jwo) + ki—pu
2 (s — jwo)? + U (kp—pu(s — jwo) + ki—pu)

Gpu = (8)

where k.11 and k;_11 is PI parameter of the PLL, wy = 314.16
rad/s.
Ge is the current loop PR controller

ZkTwis

Go = hy + ——ori®
TP 82 4 2w + w

©

where k, and k. is PR parameter of the current loop, wj is related
to the bandwidth of the cut-off frequency.
T, is the lead phase compensation

sTy+1

Ty =kg——
2 dsaTd—i—l

(10)

where kg4, o, and T; determine the gain, angle and frequency of
compensation.

G is the delay link Gy = e 15755, k1, is the modulation
factor, H; and H, is the sampling coefficient.

The output impedance is summarized as formula (11) shown
at the bottom of the next page [40]

Bode diagram of the output impedance when PR parameter
varies is shown in Fig. 8.

It can be seen from the Fig. 8 that when k,, increases, the
amplitude-frequency suppression effect is better and the stability
margin increases at high frequencies. Considering the cross-cut
frequency and the phase margin at low frequencies, k, is also
going to be large. However, after experimental testing, when k,
is particularly large, LCL resonant overcurrent will occur, and
active damping cannot suppress the problem. Compared with
k,, the change of k. has little influence on the stability at high
frequencies, so k, only needs to vary reasonably with k,,.

Based on the above analysis, increasing the k,, and k, values
reasonably is beneficial to the stable operation of the system.
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Fig. 7. Structural block diagram of current loop.
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III. GRID IMPEDANCE DETECTION METHOD COMBINING CCF
AND FULL-ORDER CAPACITOR CURRENT OBSERVER

A. Full-order Capacitor Current Observer

According to the analysis in Section II, noncharacteristic grid-
connected voltage signal upc.(h) and grid-connected current
signal ipcc(h) need to be extracted for grid impedance detection.
In order to reduce the use of grid-connected current sensors, the
full-order capacitor current observer is employed to observe the
capacitor current. Subsequently, the grid current is calculated by

the sampled inverter output current and the observed capacitor
current.

Since the voltage of the filter inductor Ls is particularly small
compared with the grid-connection voltage, it can be approxi-
mated that the sampled grid-connected voltage is equal to the
capacitor voltage, namely up.. ~ uc, the capacitor current is
estimated according to the grid-connected voltage.

Also, since the sampling period is very small compared with
the fundamental wave period, it can be assumed that the grid-
connected current is constant between two adjacent sampling
instants, namely dipe./dt = 0.

According to the control block diagram in Fig. 1, the following
formulas can be obtained:

dupcc o i .
it °
dic  di,  dipee 1
dt— dt  dt Ly
where u; is the output voltage of the inverter, which is replaced
by the modulated wave.

The full-order capacitor current observer based on this model

structure can be described mathematically as:

12)

13)

(ui — U CC)
P

A
du CcC 1 /\ A
=== etk (Upcc - upcc)

O (14)

A
di, 1 A A
dt = fl (uz - upcc) + ko (upcc - upcc)

where A represents the observed value, and k; and ko are the
observation coefficients.

Formula (14) and (15) is discretized to obtain the observed
capacitor current:

15)

1 A
Upee (k+1) = tpee (k) + T (c i (k) + ke (k)) (16)
1
A A 1 A
fo(k+1) = io (k)+T, ( (s () — g (k) ) +hze (k))
Ly
(17)
where e(k) = tpec — u;,\CC is the voltage observation error, u;(k)

is the voltage modulation wave at the last moment, and the above
formula is applicable in the o coordinate system.

83L101L2 + SQOlLQGCkpmedHi + s (L1 + Lg) + GckpmedHi

(1)

Zo_pil =

s2L,C1 + SCIGckpmedHi +1- kpmedeT2 - GckpmedeIreprll '
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B. Determine the Observation Coefficients

In order to determine the observation coefficients k1 and ko,
the stability analysis of the observer is carried out using the pole
placement method. Formula (16) and (17) can be arranged into
the following form:

A T A
k+1 1 == k 0
tpee (K + 1) :l " cll lﬁpmﬂ ] k)
ic (k+1) —r L] i (k) yy
——
A A A B
z(k+1) (k)
k1Ts 0 A
+ [kgTs 0} {a: (k) —x(k)]
| —
c

(A= O)a (W) +Bu (b) + Co (k) (18)

where A, B, and C are the observer coefficient matrices
T
A A
andz (k) = [upec (k) ic (k)]
In order to ensure that the discrete observer is in a stable state,
all the eigenvalues of the observer coefficient matrix (A—C) in the

z-plane are required to be in the unit circle, and the characteristic
polynomial expression is arranged as follows:

det (21 —A+C) =2+ (b1Ts — 2) 2 + 1 — k1 T,

T, T,
koT,
01(2 +L)

Second, in order to achieve a fast dynamic response of the pro-
posed full-order capacitor current observer, the two characteris-
tic values are set to zero to obtain the dead-beat characteristic,
namely

19)

det (2 — A+ C) = 22 (20)

Comparing formulas (19) and (20), the observation coeffi-
cients k1 and k- can be calculated as

kiTs—2=0
b= 2

22
{@=%—; .

The observed value of capacitor current can be obtained by
substituting the observation coefficients into (16) and (17).

C. Grid Impedance Detection Method Combining CCF and
Full-order Capacitor Current Observer

In order to save cost and reduce power consumption, this
article proposes a grid impedance detection method combining
CCF and full-order capacitor current observer. Compared with
the conventional CCF impedance detection algorithm, the pro-
posed method reduces the number of current sensors and detects
the grid impedance value accurately. The overall control block
diagram is shown in Fig. 9.

The overall control system is based on T-type three-level
grid-connected inverter with LCL filter, and the control system
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detection technique.

includes inverter control strategy and grid impedance detection.
The grid-connected inverter model and control strategy are the
same as those introduced in Section II, the grid impedance detec-
tion is divided into harmonic injection and harmonic extraction.

Firstly, noncharacteristic harmonic signals are injected at
the given current; second, the method proposed in this arti-
cle calculates the grid-connected current through the sampled
inverter output current and the capacitor current estimated by
full-order capacitor current observer; then, the grid-connected
current signal and the sampled grid-connected voltage signal go
through a CCF to extract harmonics; finally, the grid impedance
and inductive reactance values are calculated as

Upee (h) = ult + jug
ipce (h) = ify + jif (23)
) e (B0 _ vt
g ipee (h) il + ihzh
h uhzh — uhzh 1
Ly (h) =Im (“"“( )> )
ipee () ZLZL—FZB’LB wn

IV. SIMULATION AND EXPERIMENTAL EVALUATIONS

In order to verify the feasibility of the proposed impedance
detection method, tests are carried out on MATLAB/Simulink
simulation platform and experimental platform. The experi-
mental platform is shown in Fig. 10, which consists of an
experimental prototype controlled by a TMS320F28335 DSP,
an inductor cabinet, a dc power supply and an ac Source.

The specific experimental parameters are given in Table 1.

Appropriate LCL filter parameters are selected according to
Jiao and Lee [42]. If the injected harmonic amplitude is too
large or the injected harmonic frequency is near the fundamental
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TABLE I
EXPERIMENTAL PARAMETERS
Variable Description Unit Value
Ude DC-Bus voltage A4 800
f Base frequency Hz 50
fs Sampling frequency Hz 16k
L Filter inductance mH 0.8
Ci Filter capacitor uF 7.3
L> Filter inductance mH 0.05
Cn2 Cui Balance capacitor pF 350
Ug Grid voltage \% 220
- The e_m_gular frequepcy of rad/s 1728
inject harmonic
Ohe The f:u.t—off frequepcy of rad/s 500
inject harmonic
A Injected harmonic amplitude A 3

frequency, the system stability will deteriorate. By contrast, if
the injected harmonic amplitude is too small and the injected
harmonic frequency is too high, the detection accuracy will
be affected. Usually, the amplitude of the injected harmonic
should be 5-15% of the reference current amplitude, and the
frequency of the injected harmonic should be 5-15 times of
the fundamental frequency [20]. By considering the tradeoff
between detection accuracy and system stability, the injected
harmonic amplitude and the injected harmonic frequency are
set to 3 A and 275 Hz, respectively.

A. Full-Order Capacitor Current Observation

To verify the effectiveness of the full-order capacitor current
observer, the simulation is carried out on MATLAB/Simulink
platform. It is worth noting that LCL filter parameters will
change during system operation, which may affect the accuracy
of capacitor current prediction and impedance detection. Fig. 11
shows the comparison results of the phase-a sampled capacitor
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Fig. 11. The results of capacitor current estimation and grid impedance

detection. (a) L1 = 0.8 mH C; = 7.3 uF Ly = 0.05 mH. (b) L; = 0.5 mH
C1 =73 uF Ly =0.05mH. (¢c) L; = 0.8 mH C; = 5.3uF Ly = 0.05 mH.

current, observed capacitor current and grid impedance detec-
tion Lgeg in different LCL filter parameters when the real grid
impedance is Lg = 10 mH.

It can be seen from Fig. 11 that the following.

1) The observed value of capacitor current basically coin-
cides with the sampled value, which verifies the effective-
ness of the capacitor current observation method.

2) The parameter variation of filter capacitor C; has an
impact on the accuracy of capacitor current estimation
and power grid impedance detection, while the parameter
variation of filter inductors L; and Ly basically has no
impact (the value of Ly is too small to be ignored).

3) The error of capacitor current estimation has a slight
influence on the grid impedance detection result, but it
is within the allowable error range.

B. Simulation Results Under the Polluted Power Grid

To verify the effectiveness of the proposed grid impedance
detection method when the power grid is polluted, the simu-
lation is carried out on MATLAB/Simulink platform. Taking
Lg = 10 mH as an example, Fig. 12 shows the grid-connected
voltage THD and impedance detection results when the different
harmonics are injected to the grid.

Through the above tests, it can be seen that when 1% of the
fifth and seventh harmonics are injected into the power grid,
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Fig.12.  Impedance detection results when the different harmonics are injected
to the grid. (a) Normal grid. (b) 1% of the fifth and seventh harmonics injected
to the grid. (c) 1% of the fifth and ninth harmonics are injected to the grid.

the measured impedance values fluctuate slightly around the
reference value. When 1% of the seventh and ninth harmonics are
injected into the power grid, the measured impedance values do
not change obviously. Thus, it is revealed that a polluted power
grid can actually deteriorate the impedance detection results
to some extent, depending on harmonic distortion frequency.
This problem can be alleviated by appropriately adjusting the
frequency and amplitude of the injected harmonics.

C. Steady-State Performance

To verify the effectiveness of the proposed grid impedance
detection method, steady-state experimental results have been
evaluated. The test conditions are set as follows.
1) Case Al: The reference of the inverter output current
amplitude is set to 2.14 A.

2) Case A2: The reference of the inverter output current
amplitude is set to 10.7 A.

3) Case A3: The reference of the inverter output current
amplitude is set to 21.4 A.

Fig. 13 shows experimental results of phase-a grid voltage
Upq, phase-a grid current ip,, phase-b grid current i, and
grid impedance detection Lges; in case Al. The detected grid
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Fig. 14.  Steady-state experimental results in case A2. (a) Lg =2 mH. (b) Lg

=10 mH. (c) Lg = 20 mH.
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Fig. 15.  Steady-state experimental results in case A3. (a) Lg = 2 mH. (b) Lg
= 10 mH. (c) Lg = 20 mH.

impedance Lgest can be drawn in MATLAB according to the
value recorded by the software oscilloscope. As shownin Fig. 13,
it can be clearly observed as follows.

1) The detection result is stable at 1.92 mH and the detection

error is 4% when the real grid impedance is Lg = 2 mH.

2) The detection result is stable at 9.5 mH and the detection

error is 5% when the real grid impedance is Lg = 10 mH.

3) The detection result is stable at 19.7 mH and the detection

error is 1.5% when the real grid impedance is Lg =
20 mH. Through the above experiments, it can be seen
that the proposed method can accurately detect different
impedance values when the three-phase grid-connected
inverter is operating at low power, and the detection error
is less than 5%.

Fig. 14 shows experimental results of phase-a grid voltage
Upq, Phase-a grid current i,,, phase-b grid current i,;, and grid
impedance detection Lges; in Case A2. As shown in Fig. 14, it
can be clearly observed as

1) Thedetection resultis stable at 1.985 mH and the detection

error is 0.75% when the real grid impedance is Lg =2 mH.

2) The detection result is stable at 9.92 mH and the detection

error is 0.8% when the real grid impedance is Lg = 10mH.

3) The detection result is stable at 20.7 mH and the detection

error is 3.5% when the real grid impedance is Lg =
20 mH. Through the above experiments, it can be seen
that the proposed method can accurately detect different
impedance values when the three-phase grid-connected
inverter is operating at high power, and the detection error
is less than 3.5%.
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Fig. 17. Impedance detection experimental waveform when the power sud-
denly increases from 5 to 10 kw. (a) Lg =2 mH. (b) Lg = 10 mH. (c) Lg = 20
mH.

D. Results of Dynamic Impedance Variations

To verify the effectiveness of the proposed grid impedance
detection method, the impedance mutation dynamic experimen-
tal is carried out on MATLAB/Simulink platform. The test
conditions are set as follows.

1) Case B1: The grid impedance value is set from 10 to 5 mh

at0.4s.
2) Case B2: The grid impedance value is set from 5 to 10
mH at 0.4 s.

Fig. 16(a) shows the experimental results in case B1, the
detection result is changed from 9.9 to 5.02 mH and the detection
error is less than 1%.

Fig. 16(b) shows the experimental results in case B2, the
detection result is changed from 5.02 to 9.9 mH and the detection
error is less than 1%.

Based on the above two groups of experiments, it is validated
that the grid impedance can be accurately estimated when the
impedance is changed suddenly, the detection errors are less than
1% and the change times are 0.15 s.
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Fig. 18. Impedance detection experimental waveform when the power sud-

denly drops from 10 to 5 kw. (a) Lg = 2 mH. (b) Lg = 10 mH. (¢) Lg = 20
mH.

E. Results of Dynamic Power Output Variations

To verify the effectiveness of the proposed grid impedance
detection method, the power mutation dynamic experimental
results have been evaluated. The test conditions are set as fol-
lows.

1) Case C1: The amplitude reference of output currents of

three-phase grid-connected inverters is set from 10.7 to
214 A.

2) Case C2: The amplitude reference of output currents of
three-phase grid-connected inverters is set from 21.4 to
10.7 A.

Fig. 17 shows experimental results of phase-a grid voltage
Upq, phase-a grid current i,,,, phase-b grid current 7,,; and grid
impedance detection Lges; in case C1. As shown in Fig. 17, it
can be clearly observed the following.

1) The detection result is changed from 1.99 mH to 2.02 mH
and the detection error is 1% when the real grid impedance
is Lg = 2 mH.

2) The detection result is changed from 9.92 mH to 10.1 mH
and the detection error is 1% when the real grid impedance
is Lg = 10 mH.

3) The detection result is changed from 20.5 mH to 21 mH
and the detection error is 5% when the real grid impedance
is Lg = 20 mH.

Through the above experiments, it can be seen that the pro-
posed method can accurately detect different impedance values
when the power varies from 5 to 10 kw and the detection error
is less than 5%.

Fig. 18 shows experimental results of phase-a grid voltage
Upq, Phase-a grid current i,,, phase-b grid current i,; and grid
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Fig. 19. THD analysis of voltage and current signals in case Al. (a) Lg =2
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Fig. 20. THD analysis of voltage and current signals in case A2. (a) Lg = 2
mH. (b) Lg = 10 mH. (¢) Lg = 20 mH.

impedance detection Lgeg; in Case C2. As shown in Fig. 18, it
can be clearly observed as follows.
1) The detection result is changed from 2.02 to 1.99 mH and
the detection error is 1% when the real grid impedance is
Lg =2 mH.
2) The detection result is changed from 10.1 t0 9.92 mH and
the detection error is 1% when the real grid impedance is
Lg = 10 mH.
3) The detection result is changed from 21 to 20.5 mH and
the detection error is 5% when the real grid impedance is
Lg =20 mH.
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Fig. 21.  THD analysis of voltage and current signals in case A3. (a) Lg =2
mH. (b) Lg = 10 mH. (¢) Lg = 20 mH.

Through the above experiments, it can be seen that the pro-
posed method can accurately detect different impedance values
when the power is changed from 10 to 5 kw and the detection
error is less than 5%.

Based on the above two groups of experiments, it is demon-
strated that the grid impedance can be accurately estimated when
the inverter output power varies, and detection errors are less
than 5%.

It can be seen from the above experimental figure that the
greater the power becomes, the greater the estimated grid
impedance will be. This may be caused by experimental sam-
pling error, noncharacteristic harmonics content in power grid,
LCL filter parameter drift and etc.

FE. Total Harmonic Distortion (THD )Analysis of Output
Signals

Active detection requires to inject the noncharacteristic har-
monics into the system, which will cause distortion of the output
signals. Fig. 19 shows the THD analysis of output current and
voltage signals in case Al. As shown in Fig. 19, it can be clearly
observed that output current THD decreases and output voltage
THD increases with the increase of grid impedance under the
same power condition.

Fig. 20 shows the THD analysis of output current and voltage
signals in case A2. Fig. 21 shows the THD analysis of output cur-
rent and voltage signals in case A3. Comparing the three groups
of figures, it can be seen that the output current THD decreases
and the output voltage THD increases with the increase of power
under the same impedance condition.

V. CONCLUSION

In this article, a grid impedance detection method incorporat-
ing the complex filter method with full-order capacitor current
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observer is proposed for T-type three-level grid-connected in-
verter with inverter output current feedback control. The correct-
ness of the full-order current observer is verified in simulations,
and then the overall proposed control method is demonstrated
in experiments. The results prove that the proposed method can
accurately detect the grid impedance with less than 5% detection
error under different working conditions. Compared with con-
ventional CCF impedance detection approaches, the proposed
method presents distinct advantages such as high accuracy, less
number of current sensors required, reduced system cost and
volume, as well as reliability against external noises. Since the
structure of T-type and pi-type impedance grid is different, the
corresponding Kirchhoff law is also different, so the current
observation part needs to be remodeled and calculated.
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