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The rapid advancement of power electronics technology has led to the
development of more flexible DC transmission systems, revealing the issue of
oscillations. In this paper, a novel impedance modeling approach for the DC
side of Modular Multilevel Converters (MMCs) has been introduced to overcome
the limitations of previous methods, which did not take into account the
complete control structure and internal harmonic characteristics. An accurate
impedance model has been established, integrating the types of disturbance
signal sources used in impedancemeasurement and the impact ofmeasurement
device characteristics onmodel accuracy. This approach enhances the precision
of impedance stability analysis, which is crucial for system stability. The model’s
effectiveness has been validated through simulations, demonstrating the
influence of disturbance signal types and measurement device characteristics
on the impedance stability of the MMC’s DC side.
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1 Introduction

Since the beginning of the 21st century, the growing depletion of fossil fuels and the
worsening global environment have promptedChina to pursue the accelerated development
of the new energy industry (Schuman and Lin, 2012). However, the distribution of new
energy resources across China is characterized by significant imbalances.The resource-rich
western regions have lower electricity demand, while the eastern regions, with much higher
energy needs, suffer from resource shortages (Wang et al., 2020; Liu et al., 2021; Rokicki et al.,
2022). To address this challenge, it is of the utmost importance to select an appropriate
method for long-distance power transmission. Flexible DC transmission, specifically high-
voltage direct current (HVDC) technology based on voltage source converters, has become
the primary method for long-distance transmission, particularly given its advantages in
renewable energy integration and asynchronous grid interconnection (Sun et al., 2017;
Pierri et al., 2017; Sanchis et al., 2014).

The advent of flexible DC transmission systems has brought with it a number of
challenges related to system stability. The control strategies for MMC grid-connected
systems remain imperfect, and the complex internal dynamic characteristics of MMCs
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can affect the normal operation of the system, leading to oscillations
(Yin et al., 2019; Antonopoulos et al., 2009). In recent years,
China has experienced various oscillation phenomena in its
flexible DC transmission projects, with frequencies ranging from
a few hertz to several kilohertz. For example, in 2017, the Luxi
back-to-back flexible DC transmission project encountered high-
frequency oscillations at 1.2 kHz due to changes in grid operation
(Zou et al., 2018). Similarly, in 2018, the Chongqing-Hubei back-
to-back flexible DC transmission project experienced oscillations
at frequencies of 700 Hz and 1.8 kHz. These oscillation events
indicate that the related technology of MMC-HVDC is still
immature, and it is prone to interactingwith interconnected systems,
causing oscillatory instability and posing a significant threat to
the stable and secure operation of the power grid (Dewangan and
Bahirat, 2019; Lyu et al., 2015). Therefore, it is necessary to conduct
small-signal stability analysis on the MMC based DC grid terminals
to understand their operational characteristics, identify the key
factors affecting stable operation, and ensure the safe and reliable
operation of MMC-HVDC systems.

Small-signal stability analysis is a crucial theoretical approach
for examining systemoscillations, primarily encompassing the state-
spacemethod (Yang et al., 2020) and the impedance analysismethod
(Amin et al., 2016).The state-spacemethod is aimed at time-domain
analysis, utilizing detailed state-space models to assess system
stability. Although it is highly effective in identifying oscillatory
behaviors in unstable conditions, it is less successful in determining
the underlying causes of such oscillations. Moreover, modeling for
complex systems is often difficult and computationally demanding.
In contrast, the impedance analysis method focuses on frequency-
domain analysis, relying on impedance transfer functions and the
interactions between subsystem impedances to assess the stability of
the entire system (Mu et al., 2021).

Impedance analysis is widely used in determining system
stability.Theprerequisite for thismethod is obtaining the impedance
parameters of the system under test. When system parameters or
control parameters are unavailable, theoretical analysis through
impedancemodeling becomes impractical. In such cases, impedance
measurement techniques must be employed to determine the
system’s impedance characteristics.

The measurement methods for grid impedance have a long
history and can be classified into active and passive methods based
on whether an external excitation source is applied during the
measurement process (Sun et al., 2021). The passive measurement
method directly utilizes the harmonic voltage and current signals
naturally present in the system, combined with mathematical
analysis and numerical processing, to determine the system’s
impedance characteristics. Since passive measurement does not
require injecting disturbance signals into the grid from an external
source, it does not impact the stable operation of the grid. However,
the accuracy of the passive method is difficult to guarantee, as it
is highly dependent on the parameters of the power system, and
the complex algorithms used may result in high computational
demands. Furthermore, the natural harmonics in the system
do not cover the full frequency range required for impedance
measurement, making the active measurement method more
widely adopted.

The active measurement method injects disturbance signals
into the test port through an external disturbance source, and

by capturing the disturbance components at the corresponding
frequencies of the measurement points, the voltage and current
amplitudes and phase information at various frequencies are
obtained using Fast Fourier Transform (Kamala et al., 2022).
This allows for the determination of the impedance characteristics
at the test port. Currently, active measurement methods mainly
include transient measurement and steady-state measurement
(Huang et al., 2009). The transient measurement method consists
of capacitor switching and thyristor short-circuiting techniques,
while the steady-state measurement method refers to harmonic
injection. Harmonic injection involves injecting voltage or current
harmonic disturbance signals into the system under test to measure
impedance. Unlike transient measurement methods, the frequency
and amplitude of the injected harmonic disturbance signals can
be artificially set by controlling power electronic devices or
switches, thereby avoiding errors in measurement results caused
by missing signals or insufficient disturbance signal amplitude at
certain frequency points. The harmonic injection method can be
further divided into single-frequency disturbance measurement
and wide-frequency disturbance measurement. Wide-frequency
disturbance signals mainly include binary sequence signals, third-
order sequence signals, variable frequency sine waves, and multi-
sine signals (Roinila et al., 2017).

This paper analyzes the system’s impedance stability based
on impedance analysis methods, with a specific focus on the
impact of the type of disturbance signal source and the impedance
characteristics of the measuring device on the system’s impedance
stability during the measurement process. Finally, simulations are
conducted to verify the influence of impedance measurement on
system stability.

2 MMC DC-Side impedance model

As shown in Figure 1, the MMC topology is a modular
structure composed of multiple submodules, which can be half-
bridge types, arranged in a series or parallel configuration
to form the converter arms. The average model equivalent
diagram represents the MMC as an equivalent circuit, where the
submodules are simplified into average voltage sources, and the
arm inductors and capacitors are used to model the AC and
DC side behavior of the converter. In the average model, the
MMC is depicted with an equivalent arm inductance and an
equivalent capacitance at the DC side, which helps in analyzing
the dynamic performance and control strategies of the converter.
The equivalent diagram simplifies the complex MMC structure,
allowing for easier analysis of the system’s impedance and harmonic
characteristics, which are crucial for the stability and efficiency of the
HVDC grid.

As shown in Figure 2,MMCdual closed-loop control is a control
strategy employed in Modular Multilevel Converters (MMCs)
to enhance system stability and performance. It consists of two
interconnected control loops: an inner current control loop and
an outer voltage control loop. The inner loop rapidly responds to
maintain the current flowing through submodules at the desired
level, providing stability against disturbances. The outer loop,
operating at a slower pace, regulates the overall DC voltage output to
meet system demands. This hierarchical structure allows for precise
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FIGURE 1
MMC topology and average model equivalent diagram.

FIGURE 2
Mmc dual closed-loop control diagram.

output regulation, improving the dynamic response and ensuring
long-term voltage setpoints are achieved. The dual closed-loop
system is essential for managing power flow and maintaining grid
stability in HVDC systems, particularly when integrating renewable
energy sources.

The control of MMC primarily influences its frequency-domain
characteristics through the submodule switching factor.When using
DC voltage control combined with reactive power control, the

submodule switching factor can be expressed as Equation 1:

m̂ua = (GiQGQVQ + I +C) ̂iua +GivGvv̂dc (1)

where, GiQ andGiv represent the influence of the inner current loop
control on the setpoints of the inner loop, while GQ indicates the
impact of reactive power control on reactive power disturbances.
Gv represents the effect of outer voltage loop control on DC voltage
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disturbances. I denotes the influence of inner current loop control
on the submodule switching factor, and C refers to the effect
of circulating current control on the submodule switching factor.
Additionally, ̂iua corresponds to the disturbance in the arm current,
and v̂dc represents the disturbance in the DC-side voltage.

For simplicity, the submodule switching factor is
denoted as Equation 2:

m̂ua = Si ̂iua + Svv̂dc (2)

The specific expressions for Si and Sv are as Equations 3, 4:

Si = GiQGQVQ + I +C (3)

Sv = GivGv (4)

Once the expression for the submodule switching factor is
derived, the MMC’s small-signal frequency-domain model can be
used to obtain the DC-side admittance model (Lu et al., 2018). To
simplify, the DC-side admittance model is expressed as Equation 5:

Y = 3
2
(E +Ta)X i

−1Xv (5)

where, E represents the identity matrix, Ta denotes the
transformation matrix, X i and Xv represent the impact of DC
current and voltage disturbances on the impedance model,
respectively, with the specific expressions as Equations 6, 7:

X i = E −YL(MuaZCMua + (Vua +MuaZCIua)Si) (6)

Xv = (Vua +MuaZCIua)Sv −YL (7)

where,Mua refers to the Toeplitz matrix representing the switching
coefficient of the upper-arm submodules on phase A. Vua and Iua
correspond to the Toeplitz matrices for the equivalent capacitance
voltage and the upper-arm current, respectively. YL and ZC
represent the arm inductance admittance matrix and the equivalent
capacitance matrix of the submodules, respectively.

Using the admittancematrixY , the inverse of its central element
yields the MMC DC-side impedance model.

3 Impact of impedance measurement
on impedance characteristics

3.1 Measurement methods and impedance
stability criteria

For active measurement methods, based on the form of the
disturbance signal injected into the system, they can be divided
into series voltage source disturbance injection methods and
parallel current source disturbance injection methods, as shown in
Figures 3A, B respectively. However, for the parallel current source
disturbance injection method, although its injection method is
simple and the design is relatively flexible, there is a problem of
uneven disturbance distribution. From Figure 3B, it can be seen that
the distribution of the injected current disturbance is determined
by the impedances on the source side and the load side. When
the source side impedance is much smaller than the load side

impedance, most of the injected disturbance signal will flow towards
the source side, and the disturbance signal on the load side will be
very small, which can lead to a significant error in the impedance
measurement results. Therefore, this paper adopts the series voltage
source disturbance injection method.

After conducting impedance measurements to obtain the
impedance characteristics of the system under test, the stability
of the system can be analyzed based on the obtained impedance
characteristics. Compared to stability analysis methods based on the
state-space approach, impedance-based stability analysis methods
havemore practical physical significance. Impedance-based stability
analysis methods mainly analyze the stability of the system under
test through theNyquist criterion and frequency domain impedance
criteria.TheNyquist criterion starts from the perspective of cascade,
while the frequency domain impedance criteria consider the system
under test as a whole and analyze the stability of the system
through the impedance characteristic curve of the overall system.
The stability analysis method used in this paper is the frequency
domain impedance analysis method, which analyzes the impedance
stability of the system by analyzing the amplitude-frequency and
phase-frequency curves of the impedance.

3.2 Disturbance signal source

When measuring impedance, the amplitude and peak value
of the injected disturbance signal must be constrained to ensure
normal system operation and obtain accurate measurements. The
amplitude of the disturbance signal is critical to counteract noise
interference during actual measurements. To ensure measurement
accuracy, the disturbance signal amplitude must be large enough
to maintain an adequate signal-to-noise ratio. Larger disturbance
signals also make it easier to capture the response signal. However,
if the peak value of the disturbance signal is too high, issues like
saturation and over-modulation can occur.

3.2.1 Single sine wave signal
The single sine wave signal is the most commonly used

disturbance injection signal for impedance measurement. Its
time-domain expression is shown in Equation 8. Since a single
disturbance injection only provides impedance characteristics at a
specific frequency, multiple injections are required to obtain the
broadband impedance characteristics of the test port.

x(t) = Acos(2π ft+φ) (8)

where A, f and φ represent the amplitude, frequency and phase of
the single sine wave signal, respectively.

3.2.2 Multi-sine wave signal
Themulti-sine wave, also known as a multi-tone signal, consists

of multiple sine waves with different frequencies, amplitudes, and
phases combined. Its time-domain expression is Equation 9:

x(t) =
N

∑
k=1

Ak cos(2π fkt+φk) (9)

where Ak, fk and φk are the amplitude, frequency, and phase of the
sine wave, and N is the number of sine waves composing the multi-
sine signal.
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FIGURE 3
Disturbance signal injection implementation methods. (A) Series voltage source disturbance injection (B) parallel current source disturbance injection.

FIGURE 4
Schematic diagram of the n-level MLBS signal generation method.

3.2.3 Chirp Signal
The chirp signal is a sine wave whose frequency changes

with time, resulting in a rectangular time-domain envelope with
frequency variations within it. Its time-domain expression is
Equation 10:

c(t) =
{
{
{

a(t)exp (jθ(t)),−T
2
≤ t ≤ T

2
0,else

(10)

where a(t) is the amplitude function, typically considered constant
for simplicity, T is the duration of the chirp signal, and θ(t) is the
phase function given by Equation 11:

θ(t) = 2π( f0t+
1
2
μ(t)t2) (11)

The frequency modulation function μ(t) represents the rate
of change in the chirp signal’s instantaneous frequency. By
differentiating the phase function θ(t), the instantaneous frequency
function f(t) is obtained. Differentiating f(t) further yields the
frequency modulation function μ(t). The instantaneous frequency
function f(t) is expressed as Equation 12:

f(t) = 1
2π

dθ(t)
dt
= f0 + μ(t)t (12)

Linear chirp signals can also be transformed into pulse-width
modulation (PWM) signals, known as chirp-PWM (CPWM). The
transformation expression is Equation 13:

xCPWM =
{
{
{

1,c(t) ≥ 0

0,c(t)0 <
(13)

CPWM signals, which only have two states (0 and 1), are
essentially a type of binary sequence.

3.2.4 Pseudo random binary sequence signal
Pseudo random binary sequence (PRBS) is a binary signal

that exhibits randomness within a single cycle but overall
periodicity (Sihvo et al., 2019). Maximum length binary sequence
(MLBS), a special type of PRBS, is widely used in power
supply analysis (Roinila et al., 2012).

MLBS is a two-level signal that alternates between “0”and “1”,
changing state only at specific times. It can be generated using the
shift register method, where the kth and nth elements of an n-stage
shift register undergo anXORoperation,with the result fed back into
the first position of the register.The completeMLBS signal is formed
by shifting all elements of the register to the right, as illustrated in
Figure 4.The expression for the shift register method is Equation 14:

An+1 = An+1−k ⊕An+1−n (14)

where An+1, An+1−k, and An+1−n represent the n+1-th element of
the MLBS signal, the kth element from the end of An, and the
nth element from the end of An, respectively. The XOR operation
between An+1−k and An+1−n generates An+1. This process is repeated
to form the complete MLBS cycle.

Single sine waves are preferred for disturbance signal injection
due to their minimal impact on system performance and high
measurement reliability. However, they require multiple injections
to measure broadband impedance, reducing efficiency. Multi-sine
signals provide flexibility in designing frequency, amplitude, and
phase for optimized frequency spectrum distribution, balancing
precision and speed. They are easier to generate than chirp signals
and need less complex equipment. Chirp and CPWM signals allow
for dense measurement points but may have low average amplitude.
MLBS offers more flexibility than square waves in amplitude-
frequency characteristics, though it cannot modify individual
harmonic amplitudes independently. These signals are tailored to
meet specific impedance measurement requirements for accurate
system analysis.

3.3 Measurement device impedance
characteristics

3.3.1 DC voltage Sensor
The resistive-capacitive (RC) voltage divider-type DC voltage

sensor offers advantages such as good amplitude-frequency
characteristics and fast response speed. The measurable frequency
range is broad, effectively covering the DC component, the
fundamental frequency component, and the harmonic components.

The RC voltage divider-type DC voltage sensor primarily
consists of an RC voltage divider, a secondary voltage divider
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FIGURE 5
Equivalent circuit diagram of a RC voltage divider DC voltage sensor.

module, and an electronic isolation module. The RC voltage divider
and secondary voltage divider module are composed of resistors
and capacitors used for collecting voltage signals, as shown in the
equivalent circuit diagram in Figure 5.

In the diagram, R1 and R2 are the resistors of the high-voltage
and low-voltage arms, respectively; C1 and C2 are the capacitors
of the high-voltage and low-voltage arms, respectively. R3 and R4
represent the resistors in the secondary voltage divider, whileC3 and
C4 are the corresponding capacitors. V1 is the bus voltage on the
primary side,V2 is the voltage on the low-voltage arm, andV3 is the
output voltage of the remote module.

Using the equivalent circuit in Figure 2, the transfer functions
H1(s) and H2(s) for the RC voltage divider and secondary voltage
divider module can be expressed as Equations 15, 16, respectively:

H1(s) =
V2

V1
=

(C1s+ 1/R1)
(C1 +C2)s+ (R1 +R2)/R1R2

(15)

H2(s) =
(C3s+ 1/R3)

(C3 +C4)s+ (R3 +R4)/R3R4
(16)

The structure of the remote module in the voltage sensor
is shown in Figure 6. The A/D converter and optocoupler
technologies are well-established, enabling precise signal
conversion. Therefore, when considering the transfer function of
the remote module, only the low-pass filter’s transfer function needs
to be accounted for.

The remote module typically uses a second-order Butterworth
filter for the low-pass filter, with a transfer function shown in

FIGURE 6
Schematic diagram of remote module structure.

Equation 17:

G(s) =
ω2
n

s2 + 2ξωns+ω2
n

(17)

where, ξ is the damping coefficient, which is generally set to 0.707
for a second-order filter, and ωn is the cutoff frequency. Since the
maximum impedance measurement frequency is 1 kHz, the cutoff
frequency should be at least twice this value, so a cutoff frequency of
3 kHz is selected, as shown in Equation 18:

ωn =
1

√R5R6C5C6

(18)

By combining the transfer functions of the RC voltage divider,
the secondary voltage divider, and the electronic isolation module,
the overall transfer function Hcvt(s) of the DC voltage sensor can be
expressed as Equation 19:

Hcvt(s) =H1(s)H2(s)G(s) (19)
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3.3.2 DC Current transformer
In high-voltage DC transmission systems, DC current sensors

are typically either optical current sensors or zero-flux current
sensors. Since optical current sensors are primarily used for
busbar measurements and zero-flux sensors are used to measure
current in the neutral region, this paper focuses on the impedance
characteristics of optical current sensors and their impact on system
impedance.

The optical current sensor includes both high-voltage and
low-voltage components. The high-voltage part is responsible for
measuring the signal and converting it into a digital signal, which
is transmitted to the low-voltage part. The low-voltage part then
processes the signal through signal conversion and filtering stages
to output the final signal. The structure is shown in Figure 7.

When considering the transfer function of the optical current
sensor, only the amplification circuit and filter transfer functions
need to be considered, as the precision of the shunt resistor and
signal conversion components is high enough to be regarded as ideal.

The amplification circuit uses a voltage-series negative
feedback in-phase amplifier, with its transfer function
expressed as Equation 20:

H(s) =
Uo

Us
=
R9 +R10

R9
(20)

The filter also adopts a second-order Butterworth design, with
the same transfer function as in Equation 17. Thus, the overall
transfer function for the optical current sensor is Equation 21:

Hg(s) =H(s)G(s) (21)

3.3.3 AC current transformer
Rogowski coil current transformers are widely used in

substations due to their high measurement accuracy and broad
measurement range (Mingotti et al., 2019). The Rogowski coil
current transformer consists of the Rogowski coil sensor head, signal
acquisition module, and control module, as shown in Figure 8.

Similar to DC voltage sensors, when considering the transfer
function of the AC current transformer, only the Rogowski coil
sensor head, integrative amplification module, and filtering module
are included.

The Rogowski coil sensor head converts the input current
signal into an output voltage signal. Its equivalent circuit diagram
is shown in Figure 9.

In this diagram, I(t), U(t), and e(t) represent the input current,
output voltage, and induced electromotive force, respectively. R11,
L0, and C7 represent the Rogowski coil’s internal resistance,
inductance, and distributed capacitance, respectively, and R is the
load resistance. Based on the equivalent circuit, the transfer function
of the Rogowski coil sensor head can be derived as Equation 22:

HL(s) =
RMs

RL0C7s
2 + (L0 +RR11C7)s+R+R11

(22)

Since the Rogowski coil sensor head differentiates the signal, an
integrative amplification module is required to restore the original
signal. Its transfer function is shown in Equation 23:

FIGURE 7
Schematic diagram of photocurrent sensor structure.
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FIGURE 8
Schematic diagram of Rogowski coil current transformer structure.

FIGURE 9
Equivalent circuit diagram of Rogowski coil sensor head.

FIGURE 10
Structural diagram of fast saturation-type CVT.

FIGURE 11
Equivalent circuit diagram of CVT.

Hd(s) =
R13

R12 +R12R13C8s
(23)

The filter module also adopts a second-order Butterworth
design. Combining Equations 22, 23 gives the overall transfer
function of the Rogowski coil current transformer as Equation 24:

Hct(s) =HL(s)Hd(s)G(s) (24)

3.3.4 AC voltage transformer
Capacitor Voltage Transformers (CVT) are widely used in

flexible HVDC transmission systems. In this section, a fast
saturation-type CVT is analyzed for its amplitude-frequency
characteristics. The basic structure and equivalent circuit diagrams
are shown in Figures 10, 11.

In Figure 9,C9 andC10 are the high-voltage andmedium-voltage
capacitors, respectively; Lk is the compensation inductor; T is the
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TABLE 1 MMC system parameters.

Parameter name Value

AC grid voltage/kV 6.6

DC side voltage/kV 25.2

Number of bridge arm sub-modules 36

Rated capacity/MW 3.2

Arm inductance/H 0.057

Arm equivalent resistance/Ω 1 × 10−6

Sub-module capacitance/F 1.5 × 10−3

Voltage outer loop control parameter 0.024 + 0.319/s

Current inner loop control parameter 11.7 + 117.2/s

Circulating current suppression control parameter 39 + 117.2/s

Active power control parameter 0.002 + 0.05/s

Reactive power control parameter 0.002 + 0.05/s

TABLE 2 DC measurement device parameters.

Parameter name Symbol Value

High voltage arm resistance R1 4 × 108Ω

High voltage arm capacitance C1 4 × 10−10F

Low voltage arm resistance R2 3.5 × 104Ω

Low voltage arm capacitance C2 4.5 × 10-3F

Divider resistance R3 9 × 105Ω

Divider resistance R4 6.9 × 104Ω

Divider capacitance C3 4.3 × 10−10F

Divider capacitance C4 6 × 10-9F

Amplifier resistance R9 100Ω

Amplifier resistance R10 10000Ω

intermediate transformer; and Rd is the damping resistor. u, n, du,
and dn represent the secondarywinding terminals and damping unit
terminals, respectively.

In Figure 11, Rk and Ck represent the equivalent resistance and
stray capacitance of the compensation inductor Lk, while Ls, Rs, and
Cs represent the leakage inductance, equivalent resistance, and stray
capacitance of the intermediate transformer. Lm and Rm represent
the equivalent inductance and resistance of the excitation winding,
and Ld and Rd represent the equivalent inductance and resistance
of the damping winding. For simplicity, we define: Zk(s) = (Rk +

TABLE 3 AC current transformer simulation parameters.

Parameter name Symbol Value

Coil resistance R11 2.3Ω

Coil inductance L0 1.65 × 10-4H

Coil capacitance C7 8.96 × 10−10F

Load resistance R 500Ω

Amplifier resistance R12 104Ω

Amplifier resistance R13 106Ω

Amplifier capacitance C8 10-7F

TABLE 4 AC voltage transformer simulation parameters.

Parameter name Symbol Value

High voltage capacitance C9 5.1 × 10-9F

Medium voltage capacitance C10 1.44 × 10-7F

Compensation inductance Lk 67H

Inductance equivalent resistance Rk 1300Ω

Inductance stray capacitance Ck 10-10F

Excitation winding resistance Rm 1.6 × 107Ω

Excitation winding inductance Lm 4.6 × 104H

Damping equivalent resistance Rd 25000Ω

Damping equivalent inductance Ld 3.18 × 105H

Transformer stray capacitance Cs 2 × 10−10F

Transformer leakage inductance Ls 0.766H

Transformer resistance Rs 650Ω

FIGURE 12
Schematic diagram of DC side impedance measurement.
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FIGURE 13
Impedance measurement results of single sine wave signal.

FIGURE 14
Impedance measurement results of multi-sine wave signal.

FIGURE 15
Impedance measurement results of chirp signal.

FIGURE 16
Impedance measurement results of PRBS signal.

FIGURE 17
Impact of control signal acquisition on the impedance characteristics.

sLk)||[1/(sCk)], Z1(s) = 1/(s (C9+C10)), Zs(s) = Rs + sLs, Zd(s) =
Rd + sLd, Zm(s) = RmLm/(Rm + sLm), ZCs(s) = 1/sCs. Based on
the equivalent circuit, the transfer function of the CVT can be
derived as Equation 25:

Hcvt(s) =
(Zm(s) ∥ Zd(s) +Zs(s)) ∥ ZCs(s)

Z1(s) +Zk(s) + [(Zm(s) ∥ Zd(s) +Zs(s)) ∥ ZCs(s)]

∙
Zm(s) ∥ Zd(s)

Zm(s) ∥ Zd(s) +Zs(s)
(25)

In dual-loop control systems, the inner control loop requires
the acquisition and coordinate transformation of AC voltage signals.
Therefore, when considering the impact of the measurement
stage on the impedance results, the influence of the AC voltage
transformer cannot be ignored.
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FIGURE 18
Comparison of DC voltage and AC current waveforms. (A) Without
considering measurement characteristics, (B) with considering
measurement characteristics.

4 Simulation validation

To verify the impact of disturbance signals and the
characteristics of the measurement devices on system impedance,
simulation tests were conducted in the MATLAB/Simulink
environment. The simulation parameters for the main circuit and
control loops are listed in Table 1, while the measurement device
parameters are provided in Tables 2–4. The schematic diagram of
the DC side impedance measurement is shown in Figure 12.

4.1 Impact of disturbance signals

In MATLAB, the MMC DC-side impedance model
established in Section 1 was implemented via an M function.
Different disturbance signals were injected into the DC side to

FIGURE 19
Impact of impedance measurement acquisition on impedance
characteristics.

measure the MMC DC-side impedance. The results were compared
with the theoretical impedance to assess the accuracy of impedance
measurements using different disturbance signals. The M function
results are shown as orange solid lines, while the impedance
measurement results are displayed as blue circles.

Figure 13 shows the impedance characteristics of the MMC
DC-side port when a single sinusoidal signal (1-1 kHz, 1 kV
amplitude) was used as the disturbance signal. The measurement
results accurately matched the theoretical model across the
frequency spectrum.

Figure 14 presents the results using a multi-sine wave (1 kV
amplitude). Significant deviations from the theoretical curve
are evident, particularly between 10 and 100 Hz and at higher
frequencies, indicating less accuracy compared to the single
sine signal.

Figure 15 depicts the results when a chirp signal (1-1 kHz,
1 kV amplitude) was used. The results closely aligned with the
theoretical curve, with slight discrepancies near low frequencies and
the fundamental frequency. The measurement accuracy was higher
than that of the multi-sine signal but slightly lower than that of the
single sine signal.

Figure 16 shows the results using a PRBS signal (MLBS signal
with a clock frequency of 511 Hz and 1 kV amplitude). The
results closely matched the theoretical curve, with fewer deviations
compared to the chirp signal and significantly better accuracy than
the multi-sine signal.

Overall, the single sine signal produced the most accurate
impedance measurements, but it was time-consuming. In contrast,
the other broadband disturbance signals introduced varying degrees
of error, with PRBS showing the smallest error and shortest
measurement time.

4.2 Impact of measurement devices

PRBS was selected as the disturbance signal to analyze
the influence of control loop acquisition on the impedance
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characteristics of the system. When measurement characteristics
were not considered, the bandwidths of the outer, inner, and
circulating current controllers were 25 Hz, 10 Hz, and 4 Hz,
respectively.

Figure 17 illustrates the impact of control loop acquisition on
the measured impedance characteristics. The control acquisition
primarily affected the low-frequency and fundamental frequency
regions, where amplitude increased, and phase variations weremore
pronounced.

Figure 18 compares the waveforms before and after considering
the measurement device characteristics. Significant distortion in
both DC voltage and AC current waveforms occurred when
measurement device characteristics were considered, with reduced
amplitude and extended stabilization time due to the gain reduction
in the amplitude-frequency curve of the voltage and current sensors.

Figure 19 demonstrates the impact of impedance measurement
acquisition on the impedance characteristics. The most noticeable
effect was a significant reduction in the amplitude-frequency
characteristics by over 100 dB, while the phase-frequency
characteristics remained relatively unchanged.

These results show that the characteristics ofmeasurementdevices
can introduce substantial errors into the impedance model and
interfere with system operation, affecting system stability analysis.

5 Conclusion

This study has been conducted to analyze the impact of
impedance measurement on system stability by modeling various
aspects of the measurement process. The formation and frequency
spectrum of different disturbance signals used for impedance
measurement, as well as the influence of measurement device
characteristics on system stability, have been examined. Simulation
results have validated that different disturbance signals have varying
effects on impedance measurement accuracy, and measurement
device impedance characteristics can significantly affect system
stability. The comprehensive impedance model developed in this
research contributes to a more nuanced understanding of the role
impedance measurement plays in system stability, paving the way
for further studies in this field.
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