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Asymmetric Sampling Disturbance-Based Universal Impedance
Measurement Method for Converters

Quansen Rong *“, Pengfei Hu

Dong Wang

Abstract—This letter proposes a universal impedance measure-
ment method for grid-connected converter (GCC) where asymmet-
ric disturbances are injected in the sampling process. The goal is to
provide a low-cost and easy-implemented impedance measurement
technique that does not rely on actual disturbance sources or prior
controller knowledge. In this method, only two-phase sampling
channels are needed to measure positive- and negative-sequence
impedances of GCC at the same time. This method works well
with converters employing various control strategies, and its uni-
versality is proved by theoretical analysis. The effectiveness of the
proposed method is verified by the results of hardware-in-the-loop
experiment and the testing of real prototype.

Index Terms—Asymmetric sampling disturbance, converter
impedance, grid-connected converter (GCC), harmonic lineariza-
tion, impedance measurement.

NOMENCLATURE
Vi Grid voltage.
Vg Voltage at the point of common coupling (PCC).
To Output current of GCC.
P*, Q" Reference values of active and reactive power.
D, J  Damping and inertial coefficients of VSG.
wo Angular frequency that is equal to 314 rad/s.
0 Phase angle produced by PLL or VSG.
An Reference amplitude of ac voltage.
Ug, Uy D- and g-axis components of modulation voltage.

I. INTRODUCTION

HE impedance of grid-connected converter (GCC) is ap-
plied to analyze the small-signal stability of renewable-
energy dominated power systems. Currently, there are three
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Block diagrams of (a) PQ and (b) HSC controllers of GCC.

Fig. 1.

primary methods employed to acquire the impedance of GCC:
theoretical model, main-circuit disturbance [1], [2], [3], [4], and
controller disturbance [6], [7]. The method based on theoretical
models heavily relies on the information regarding controllers
provided by manufacturers, which may present practical limita-
tions due to confidentiality reasons. Meanwhile, the main-circuit
disturbance-based approach carries with it the burdens of high-
cost disturbance sources and complex operations [2], [3]. In
an attempt to generate the multioperating-point admittance of
converters, artificial neural network has been utilized [4], while
the requisite training datasets are sourced from the main-circuit
disturbance-based impedance measurement method. Moreover,
a variable-operating-point impedance model of the voltage
source converter has been obtained in [5], as per impedances
obtained by main-circuit disturbance at several preset operating
points. To avoid the use of actual disturbance sources, the method
that disturbances are directly injected into the controller of GCC,
specifically in the modulation signal, has been proposed for
measuring the sequence admittance, while only the admittance
in the sub/supersynchronous frequency area is implemented [6].
By injecting disturbances along specific control loops within
the controller, the admittance of the ac—dc power converter in
the full frequency band has been procured [7]. However, the
positions and times of disturbance injection are variable for
different controllers. Therefore, such methods may encounter
limitations and even become impracticable when the controller’s
information is not available or disturbances cannot be injected
within the controller.

To address the limitations of existing impedance
measurement methods, this letter proposes a universal


https://orcid.org/0009-0002-1515-7396
https://orcid.org/0000-0002-0603-2201
https://orcid.org/0000-0003-1174-6812
https://orcid.org/0000-0003-0232-0246
https://orcid.org/0009-0000-3771-7433
mailto:12310093@zju.edu.cn
mailto:hpf@zju.edu.cn
mailto:22210020@zju.edu.cn
mailto:12410012@zju.edu.cn
mailto:yay@zju.edu.cn
mailto:d.wang@zju.edu.cn
mailto:d.wang@zju.edu.cn
mailto:22110017@zju.edu.cn
https://doi.org/10.1109/TPEL.2024.3451403

15458

Vaul )1+ AV [ 1]
L1+ AL L] A/BNC ¢/ B \A
A ) AK A
symmetric: _ ALTFT Soni AV
Y ¥ disturbance | T | | AK e
Controller | injection § ALLAI-¥ ST
}? ?(—
: Sampling
- LFlltei 7.65) v,
(A | 5 LA | Vel £ g
ar ; AT 22 &
A .
! Rf-[l]— L, Vg

Fig. 2. Asymmetric disturbance injection into sampling values of GCC.

impedance measurement technique for GCC. In this method,
asymmetric disturbances are orderly injected into the voltage
and current sampling values instead of the controller. We only
disturb two-phase sampling values to let the system generate
asymmetric disturbance responses, and then obtain positive-
and negative-sequence impedances of GCC at the same time.
This approach eliminates the need to adjust the positions and
times of disturbance injection as per different control strategies,
such as grid-following and grid-forming control, irrespective
of the presence of additional control loops. Consequently, it
enables complete black-box impedance measurement without
real disturbance sources. Hardware-in-the-loop (HIL)-based
experiment and the testing of real prototype confirm the
effectiveness of the proposed method.

II. UNIVERSAL IMPEDANCE MEASUREMENT METHOD FOR
GCC WITH VARIOUS CONTROLLERS

This section presents and proves a generalized expression of
GCC employing different control strategies. Subsequently, we
give the measurement method with asymmetric disturbances
injection and impedance calculation. Finally, the analysis of the
universality of the proposed method is conducted.

A. Generalized Expression of GCC Controllers Under
Disturbance Injection

Two types of control strategies of GCC are given in Fig. 1. The
PQ controller, as shown in Fig. 1(a), is composed of the power
loop, the current loop, and the phase-locked loop (PLL). As
shown in Fig. 1(b), virtual synchronous generator control-based
hybrid synchronization control (HSC) [8], [9] is adopted as
the grid-forming controller, including active and reactive power
loops, and PLL.

The theoretical impedance models of GCC employing grid-
following and grid-forming control have been previously estab-
lished as in [10] and [11]. Utilizing the harmonic linearization
modeling theory, it is inferred that the modulation voltages,
output by different controllers of GCC, possess a shared char-
acteristic. This finding has led to the innovative presentation of
a lemma, substantiated by the following proof.

Lemma 1: For GCC employing any control strategy, the
expression of the positive-sequence voltage at the midpoints of
three-phase bridge arms, as shown in Fig. 2, Uym|f,], which is
generated by modulation voltages through a pulsewidth modula-
tion (PWM) process, is always in the form of (1) after harmonic
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linearization modeling

Uarm [fp] = A(s)Vp[fp] + B(s) 1 [ fp] (1

where s = j2mf,, f, is the disturbance frequency, A(s) and
B(s) are polynomial fractions in the s-domain related to spe-
cific control loops, V;[f] is the positive-sequence disturbance
voltage at PCC in frequency domain, and I,[f,] is the output
positive-sequence disturbance current of GCC.

Proof by contradiction is given. First, it is assumed that the
voltage at PCC has a small disturbance at f,, and Uym|[fp] is in
the form of (2), as

Uam|fp] = A(8)Volfp) + B(s) L[ fp] + M (s)Vy[fo] ™ I, [fp](nz)
where M (s) is a polynomial fraction in the s-domain. In other
words, the expression of Uym| fp] includes terms related to V[ ;]
and I, [f].

Then, based on circuit principles, the expression of the main
circuit is derived, that is

Uarm[fp} = Pl(s)vp[fp] + PZ(S)[p[fp] 3)

where P (s) and P;(s) are expressions in the s-domain related to
the filter. The parameters of the filter are considered to be known
through the nameplates of circuit elements. By combining (2)
and (3), we obtain the following expression:

W] _ Pols) = Bs) - MEIIAM BRI
L] Pu(s) — A(s) :

Pi(s) — A(s)

As we all know, the positive-sequence impedance of GCC
Zp[fp] is defined as the opposite number of the ratio of V;[f;]
to I, fp], where the reference direction of the output current is
defined positive when flowing toward the grid. Thus, the left-
hand side of the equal sign of (4) is Z,[ ], and it can be seen that
Zp[fo] is related to V,[ fp] and I,[ f,]. Namely, if we increase the
size of injected disturbances, V; [ f,] and I, [ f,] will get larger and
then Z,[f;] changes. This is explicitly contradictory to the fact
that Z,,[f,] at f, is a constant complex number under a specific
stable operating point. Therefore, the assumption above is not
valid and Lemma 1 is proved.

Lemma 1 reveals an essential mechanism that the relational
expression between the input values of GCC controllers, V}[f;],
I,[fy], and the output voltage, Uym|[fp], is consistent with (1), no
matter what kind of control strategy is adopted. The same con-
clusion can also be reached in the negative-sequence coordinate
system and the proof process is similar.

B. Impedance Measurement Method Based on Asymmetric
Sampling Disturbance

Traditionally, the real impedance of GCC can be obtained
by measuring the disturbance responses of the system under
main-circuit disturbance. Therefore, by combining (1) and (3),
the theoretical positive-sequence impedance model, Z,(s), is
derived. The negative-sequence impedance Z,(s) also has the
similar expression, as

Pa(s)=B(s)

_ Zp(S) _ | Pi(s)=A(s)
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where A(s), B(s), C(s), and D(s) are unknown that need to be
measured.

The voltage and current disturbances, AV{[f,] and AL[fp],
are injected in the sampling values of phase-B and phase-C,
respectively, as shown in Fig. 2, where V. is the dc voltage,
Ly, Ct, Ry, and Ly are parameters of the filter, and Z(s) is
the equivalent grid impedance. The disturbances injected into
phase-B and phase-C with a phase difference of 180° to avoid
the influence of zero-sequence disturbance component, that is

AXyp 1 1 a da? 0
AXm = g 1 a,2 a AXt (6)
AX 11 1] |-ax

where AX, is the injected voltage or current disturbance,
a = ei?7/3_ The subscripts p, n, and 0 represent the positive-,
negative-, and zero-sequence components, respectively. Thus,
the injected zero-sequence disturbance is zero. Due to the lack
of real disturbance sources in the main circuit, V[ f,] is equal to
the positive-sequence disturbance voltage of Z(s), as

Vp[fp} = Zg(s)lp[fp]- @)

It is interesting that the ratio of V,[f,] to I,[f,] is the grid
impedance when disturbances are injected into the sampling
values, rather than impedances of GCC under main-circuit dis-
turbance. Substitute (7) into (3), and then the equation of the
main circuit under sampling disturbance is obtained

Uamfp] = P (8)1p[ 1] ®)

where P, (s) = P1(s)Zy(s) + P»(s). The value of Z,(s) can be
calculated by (7).

According to Lemma 1, when the current disturbance is
injected, the disturbance current input into controllers equals
the sum of I, f,] and Al [f,]. Thus, (1) is changed into

Uarm[fp] = A(S)Vp[fp] + B(S)(Ip[fp] + AItp[fp])- )

Based on (8) and (9), the expression of GCC under positive-
sequence current disturbance is obtained. Furthermore, the
negative-sequence components are considered simultaneously

{Ip[fp}] =Yx(s) {Vp[qu + Gy (s) [Aftp[fp]] (10)

In[fp} V;l[fp] AItn[fp]
where
A(s) 0
Yo(s) = Pw<s>0—B(S> o(s) (11)
P, (s)-D(s)
B(s) 0
Gxls) = | P07 b | (12)
P, (s)-D(s)

Similarly, the input disturbance voltage value of the controller
is the sum of Vju)[fp] and AViym[f,] when the voltage distur-
bance is injected. Thus, the expression of GCC under voltage
disturbance is also derived, that is

[BbI] v, o [13000 + A15L1)

L T Va'lfy] + AVanlfy) (13)
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By solving (10) and (13), Y(s) and Gx(s) at f;, are calcu-
lated. Then, another part of the impedance of GCC is defined as
Yo(s), that is

Yo(s) = Eo OB (14)
N R

Through some derivations, Yo(s) at f, is acquired by the
calculated value of matrix G« (s)

_ Pi(s)
Yo(s) = B (s) I+ Gx(s)]. (15)
Therefore, Zpn (s) is finally achieved by
Zpn(s) = K(s)[Yo(s) — Yx(s)] ' (16)
where the expression of matrix K(s) is
K(s) = 22y (s) - Guls). (17)

~ Pi(s)

K(s) describes the effect of the grid impedance. When the grid
is ideal such that Z,(s) = 0, it can be seen that P,(s) = P5(s)
by (8). Thus, K(s) = I, according to (12), (14), and (17).
Then, Zpn (s) is correctly calculated by (16). For the coupling
impedances in the off-diagonal positions, they could be mea-
sured and calculated as (13). The difference is that the current
responses at the coupling frequency are needed to be extracted,
and only once voltage sampling disturbance is required.

C. Discussion for the Universality of the Proposed Method

In practice, the manufacturers generally do not disclose the
internal information of their control loops, which renders the
controller of GCC a black box. Consequently, impedance mea-
surement operators will face significant challenges in introduc-
ing disturbances inside the GCC controller, barring an instance
of obtaining explicit permission and cooperation from manu-
facturers. In addition, a variety of existing control strategies
are combined with various additional control loops, such as
virtual impedance loop, voltage feedforward loop, and current
feedback loop, which makes the controllers diverse. Therefore,
it inevitably becomes an arduous task to adjust the positions
and times of disturbance injection according to the specific
controllers of GCC as [7].

The proposed method is universal for GCC with various
controllers and only the parameters of the filter are needed,
making it possible to realize low-cost and black-box impedance
measurement. In this approach, the effect of the grid impedance
is described as (17) so that it is applicable under different grid
strength. No matter which control strategy is adopted, the output
positive-sequence voltage of the GCC controller, Uym|[fp], is
always in the form of (1). The things that change are A(s) and
B(s) determined by the specific controller of GCC. It still holds
for the negative-sequence impedance. Thus, the impedance of
GCC will be achieved once A(s), B(s), C(s), and D(s) have
been obtained. Based on (10) and (13), Yx(s) and Gx(s)
can be calculated. B(s) is then obtained since it is the only
unknown variable in (12). Substitute the value of B(s) into (11),
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Fig. 3. RT-BOX-based HIL experiment platform.
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Fig. 5. Real prototype based on two-level power converter.
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Fig. 6. Positive- and negative-sequence impedance measurement results of
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Fig. 4. Impedance measurement results of GCC with (a) PQ and (b) HSC
controllers. Solid lines: theoretical models; Black dots: results by main-circuit
disturbance; Red and purple dots: results by asymmetric sampling disturbance
with Lg equals 0.05 and 0.15 mH, respectively.

A(s) is finally calculated. The above calculation process is also
applicable to C'(s) and D(s).

Compared to the conventional main-circuit disturbance-based
measurement method, the expensive large-capacity disturbance
sources are not needed. The asymmetric disturbances are in-
jected into the sampling values of two phases, which can be
implemented by digital chips with lower measurement cost
and more simple operations. This method can be utilized for
small-signal stability analysis of renewable-energy systems by
its potential of real-time impedance measurement.

III. EXPERIMENTAL VERIFICATION OF THE PROPOSED
IMPEDANCE MEASUREMENT METHOD

A. HIL-Based Experimental Verification

The effectiveness of the proposed asymmetric sampling
disturbance-based impedance measurement method for GCC
is verified through the HIL experiment as follows. The HIL
experiment platform is shown in Fig. 3, including RT-BOX,
TMS320F28335, and a host computer.

the prototype testing. Solid lines: theoretical models; Red dots: results by
asymmetric sampling disturbance.

TABLE 1
PARAMETERS OF THE MAIN CIRCUIT

Parameter Value Parameter Value
Vi 311V Lo 0 mH
Vie 800 V Ct 990 uF
Ly 0.16 mH Ry 0.033

TABLE 11

PARAMETERS OF THE CONTROLLERS

PQ Controller HSC Controller
P*, Q" 250 kW, O kvar | P*, @* 250 kW, 0 kVar
PQ: kp, k; 0.2, 40 J, D 10, 160
I kp, ki 0.1, 50 Koy 0.067
PLL: kp, ki 0.28, 12 K,y 0.4

Two control strategies, as shown in Fig. 1, are employed to
test the performance and universality of the proposed method.
The parameters are listed in Tables I and II, where L, is the
equivalent inductance of the grid and it is set to possess two
values, respectively, 0.05 and 0.15 mH, to validate the accuracy
of the proposed method under different grid conditions, and &,
and k; are the proportional and integral coefficients of different
control loops, respectively. PQ, I and PLL represent the power
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TABLE III
PARAMETERS OF THE POWER CONVERTER

Parameter Value Parameter Value
i 326.6 V Lo 0 mH
Ve 750 V PQ: kp, ki 0.2, 10
Ct 628 uF I: kp, ki 0.1, 50
Ry 0.143 m§2 | PLL: kyp, ki 0.28, 12
Ly 0.125 mH P*, Q* 10 kW, 0 kVar

loop, the current loop, and the PLL, respectively. The switching
frequency of PWM is 5 kHz.

The sine wave at a certain frequency is set as the injected
disturbance signal. Two measurement processes are included
that disturbance signals are superimposed with the sampling
values of the output current of GCC, and then the voltage at
PCC, as shown in Fig. 2. After each disturbance injection,
waveforms of the voltage at PCC, the output current of GCC, and
corresponding injected disturbances are recorded. The sampling
frequency of the waveforms is 10 kHz. It is worth noting that the
amplitudes of injected disturbances are set to be around 5% of the
steady-state voltage and current values to avoid huge disturbance
responses of the system.

Given the wide-ranging applicability of the proposed method,
the procedures of impedance measurement remain unchanged
when the controller of GCC changes. Based on the analysis
above, the impedance measurement results are presented in
Fig. 4, where the blue lines are impedance theoretical models,
the black dots show the results of main-circuit disturbance-based
method, and the red and purple dots represent those of the pro-
posed method under different grid conditions. The impedance
measurement results of the proposed method are generally the
same as those of main-circuit disturbance-based method and
theoretical models, although there is a slight measurement error
in the low-frequency range around 10-20 Hz. Therefore, the uni-
versality and effectiveness of the proposed method are verified
by HIL experimental results.

B. Experimental Testing of Real Prototype

In order to verify the validity of the proposed method in
practice, a real prototype based on the two-level power converter
with FF600R12ME4 IGBT is established, as in Fig. 5, where
the converter is connected to the grid through a SGB-60KVA
transformer. The ac-side impedance of the converter is to be
measured and its dc-side voltage is generated by an uncontrolled
rectifier circuit. In Fig. 5, TMS320F28335 DSP is adopted as the
controller, which is used to inject sampling disturbances and re-
alize real-time calculation of the impedance of the converter. The
converter adopts the control strategy, as shown in Fig. 1(a), and
the parameters are listed in Table III. The switching frequency
of PWM is 2.7 kHz and the sampling frequency is 10 kHz.

Disturbances are injected into the current and voltage sam-
pling values in turn, and the output voltage and current wave-
forms of the converter are recorded. The output disturbance
responses of the converter at the disturbance frequency and the
corresponding injected disturbances are extracted to calculate
the converter’s positive- and negative-sequence impedances.
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The impedance measurement results of the proposed method
are shown in Fig. 6. Compared with the theoretical impedance
models, the trend and accuracy of the results of the proposed
method are satisfactory and can meet the requirements of prac-
tical engineering.

IV. CONCLUSION

In this letter, we propose a novel and easy-implemented black-
box impedance measurement method. This approach is univer-
sally applicable to GCC with various control loops, achieved
by injecting asymmetric disturbances into two-phase sampling
values. Notably, there is no need to be informed of the internal
information of the controller in advance, and the controller is
not mandatory for internal disturbance injection. It indicates
that the functions and applications of this proposed method are
almost the same as those of the main-circuit disturbance-based
impedance measurement method, while the cost of real distur-
bance sources is eliminated and operations are simplified. The
HIL experiment and prototype testing verify the effectiveness of
the proposed method.
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