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Abstract 

Based on the dilemma of analyzing the resonance stability of AC power grids using impedance 

models, it is demonstrated that the "negative resistance" mechanism of wideband oscillation is 

untenable. A general method for describing power electronic devices using wideband voltage source 

converter models and wideband current source converter models is proposed, thereby representing 

the nonlinear characteristics of power electronic devices with harmonic voltage sources and harmonic 

current sources. This allows the new energy power system to still be described by a linear system, 

and interprets the mechanism of wideband oscillation as a "harmonic amplification" phenomenon 

caused by network resonance, thus establishing a new framework for explaining the mechanism of 

wideband oscillation in new energy power systems. Through the analysis of two basic resonant 

circuits, the relationship between the damping ratio of resonant modes and the harmonic 

amplification factor is derived, laying a theoretical foundation for the analysis and suppression of 

wideband oscillation based on the s-domain nodal admittance matrix method and C-type damping 

filters. Based on the maximum damping criterion, a design method for C-type damping filters is 

proposed. The designed C-type damping filters exhibit strong broadband damping effects. 

Keywords: broadband oscillation; negative resistance mechanism; harmonic amplification 

mechanism; wideband converter model; resonance mode damping ratio; harmonic amplification 

factor; C-type damping filter; s-domain nodal admittance matrix method 

 

1. Introduction 

As the construction of renewable energy power systems deepens, power systems increasingly 

exhibit power electronics characteristics at the four levels of generation, grid, load, and storage, 

making the previously rare broadband oscillation problems increasingly common. A large number 

of domestic and international literature has reported cases of broadband oscillation phenomena [1–

3], including broadband oscillation phenomena in AC power grids [1,2] and broadband oscillation 

phenomena in DC power grids [3]. 

How can we explain the broadband constant-amplitude oscillation problems that have emerged 

extensively in AC power grids? The industry has proposed the following mechanism explanations 

[4–7]: (1) caused by improper design of power electronic device controllers; (2) caused by disruption 

of generalized synchronization stability; (3) caused by the "negative resistance" effect exhibited by 

power electronic devices; (4) caused by interactions between nonlinear devices. Among these, 

mechanism (3), where broadband oscillations are caused by the "negative resistance" effect of power 

electronic devices, is currently the most prevalent mechanism explanation in the industry, with 

literature on this topic being extremely abundant. This paper will demonstrate that the "negative 

resistance" mechanism lacks theoretical foundation and provide new mechanism explanations and 

suppression principles for broadband constant-amplitude oscillations. 
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2. Theoretical Basis of the "Negative Resistance" Mechanism  

The "negative resistance" mechanism refers to the fact that certain devices in AC power grids 

may exhibit negative resistance effects in specific frequency bands. For example, synchronous 

generators exhibit negative resistance effects in sub-synchronous frequency bands [8], and two-level 

converters and doubly-fed induction generators exhibit negative resistance effects in certain 

frequency bands [9,10]. When the inherent positive resistance of the AC grid itself is insufficient to 

cancel out the negative resistance exhibited by certain devices in some frequency bands, and the 

inherent resonant frequency happens to fall within these frequency bands, the free component 

oscillating at the inherent resonant frequency in the voltage and current responses after disturbance 

will not decay, thus leading to resonance instability. The simplest examples are synchronous 

generators connected to a large grid through series-compensated transmission lines or doubly-fed 

wind farms connected to a large grid through series-compensated transmission lines. 

The broadband oscillations explained by the "negative resistance" mechanism are caused by the 

divergence of free components in the network's physical quantities after disturbance, belonging to 

the category of free oscillations without excitation sources. When adopting the "negative resistance" 

mechanism, broadband oscillation stability is equivalent to resonance stability, and the criterion for 

resonance instability is the existence of resonance modes located in the right half of the complex plane 

[4–7]. 

The broadband oscillations explained by the "negative resistance" mechanism are caused by the 

divergence of free components in the network's physical quantities after disturbance, belonging to 

the category of free oscillations without excitation sources. When adopting the "negative resistance" 

mechanism, broadband oscillation stability is equivalent to resonance stability, and the criterion for 

resonance instability is the existence of resonance modes located in the right half of the complex plane 

[4–7]. 

3. Dilemma in Analyzing Resonance Stability of AC Power Grids Based on 

Impedance Models   

Reference [4] provides reasons why resonance stability analysis and control of AC power grids 

based on the impedance model of power electronic devices cannot be established. The main 

arguments are as follows. 

The impedance model belongs to the linearized model of power electronic devices. Its theoretical 

basis is not the local linearization method based on Taylor series expansion principles, but rather the 

harmonic linearization method based on harmonic balance principles. The harmonic linearization 

method, also called the describing function method, is an approximate description method for 

nonlinear devices proposed in the 1930s and developed and refined in the 1940s [11–16]. The basic 

principle of the harmonic linearization method is to make the mathematical model of the linearized 

nonlinear device satisfy a fundamental characteristic of Linear Time-Invariant (LTI) models—the 

frequency preservation property, that is, the property that a single-frequency excitation produces a 

response at the same frequency. According to this principle, the harmonic linearization method does 

not focus on whether the mathematical model of the linearized nonlinear device accurately describes 

the characteristics of the original nonlinear device. The strength of the harmonic linearization method 

is that it can establish a quasi-LTI model for general nonlinear devices, thus making it possible to 

analyze systems containing such nonlinear devices using LTI system theory. A fundamental 

difficulty in applying the harmonic linearization method is that the quasi-LTI model of the device 

established often has low accuracy, and therefore the accuracy of the stability analysis results 

obtained using LTI system theory based on the device's quasi-LTI model is difficult to guarantee. 

The reason why the harmonic linearization method (i.e., the describing function method) has 

been widely applied in classical control theory is fundamentally that the describing function method 

discards the higher-order harmonic components in the device response. When combined with the 

high-frequency attenuation characteristics typically possessed by practical engineering systems, the 
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describing function method becomes an effective linearization method for nonlinear devices. 

However, for power system resonance stability analysis, the harmonic linearization method 

establishes an incremental linearization model of the device at the AC steady-state operating point, 

using the dual-input describing function method. The derived incremental impedance model is an 

approximate model with relatively low accuracy, which the author refers to as the LTI impedance 

model. When deriving the LTI impedance model of a device based on the dual-input describing 

function method, what is discarded is not entirely the higher-order harmonic components in the 

device response. Therefore, even if the actual system has high-frequency attenuation characteristics, 

the reliability of the analysis results based on the LTI impedance model cannot be guaranteed. 

To overcome the shortcoming of low accuracy in the LTI impedance model obtained based on 

the dual-input describing function method, the industry has proposed a method of using frequency-

coupled impedance models to replace LTI impedance models for power system resonance stability 

analysis. Furthermore, frequency-coupled impedance modeling has become a major research hotspot 

in recent years. However, although the frequency-coupled impedance model has indeed achieved 

improvements in the accuracy of describing device characteristics, the frequency-coupled impedance 

model is not an LTI model, as it does not possess the fundamental characteristic of LTI models where 

a single-frequency excitation produces a response at the same frequency. Therefore, connecting the 

frequency-coupled impedance model of power electronic devices with the LTI models of other 

components and applying LTI system theory to analyze the stability of the entire system is 

theoretically and logically untenable. 

Thus, the current impedance-model-based analysis of AC power grid resonance stability faces a 

dilemma, namely the "cutting the feet to fit the shoes" predicament and the "walking into a dead-end 

path" predicament. 

The so-called "cutting the feet to fit the shoes" predicament refers to the fact that in order to 

satisfy the frequency preservation characteristic of LTI models, that is, the characteristic that a single-

frequency excitation produces a response at the same frequency, the LTI model of power electronic 

devices needs to be derived with the aid of the dual-input describing function method. In the process 

of deriving the LTI model of power electronic devices based on the dual-input describing function 

method, non-higher-order harmonic components in the incremental response of power electronic 

devices are inevitably discarded. Because the discarded non-higher-order harmonic components are 

not a higher-order small quantity compared to the fundamental component of the incremental 

response, they cause substantial damage to the accuracy of the derived LTI model of power electronic 

devices. This process can be very aptly described by the Chinese idiom "cutting the feet to fit the 

shoes." Here, "cutting the feet" refers to discarding the non-higher-order harmonic components in the 

incremental response of power electronic devices, thereby causing substantial damage to the 

accuracy of the derived LTI model; and the so-called "to fit the shoes" refers to satisfying the 

frequency preservation characteristic of LTI models so that the well-established LTI system analysis 

theory can be applied for analysis. Since the derived LTI model of power electronic devices has 

undergone "feet cutting," its description of the power electronic device response is incomplete, and 

therefore the results of analyzing power system resonance stability based on this model using LTI 

system theory are unreliable. 

The so-called "walking into a dead-end path" predicament refers to the fact that although a 

frequency-coupled impedance (or admittance) model of power electronic devices with relatively high 

accuracy can be derived, the frequency-coupled impedance (or admittance) model is not an LTI 

model, and therefore the frequency-coupled impedance model cannot be connected with the LTI 

models of other components to apply LTI system theory to analyze the stability of the entire system. 

Based on the frequency-coupled impedance (or admittance) model, there are currently no available 

mathematical tools to further analyze the resonance stability of the entire system, meaning that after 

deriving the frequency-coupled impedance (or admittance) model, there is no path forward. From a 

more macro perspective, if there existed a theory that could analyze AC power grid resonance 

stability through frequency-coupled impedance models, it would mean that the general nonlinear 
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system stability analysis problem that has troubled humanity for hundreds of years has been solved; 

because for any nonlinear device, deriving its frequency-coupled impedance model is relatively 

straightforward. The author uses the Chinese saying "walking into a dead-end path" to describe the 

practice of attempting to conduct AC power grid resonance stability analysis using frequency-

coupled impedance models, which aptly describes the predicament of this approach. 

Since the AC power grid resonance stability analysis based on the incremental small-signal 

impedance model of power electronic devices is theoretically untenable, the "negative resistance" 

mechanism developed on this basis to explain broadband oscillations is also theoretically untenable; 

similarly, the "impedance reshaping" control method developed on this basis to suppress broadband 

oscillations is also theoretically untenable. 

4. A New Framework for Analyzing the Mechanism of Wideband Oscillation in 

New Energy Power Systems    

The previous section has explained the reasons why the incremental small-signal impedance 

model of power electronic devices is not applicable to AC power grid resonance stability analysis, 

thereby negating the "negative resistance" mechanism for explaining broadband oscillations. So how 

should the broadband oscillation problems in renewable energy power systems be analyzed? 

First, the approach of describing power electronic devices according to nonlinear models 

encounters difficulties when analyzing resonance stability. This is mainly manifested in two aspects: 

First, for general nonlinear models, there is no universally applicable method to analyze their 

stability. Second, renewable energy power systems contain a massive number of power electronic 

devices; currently, there is no universally applicable method for stability analysis of a single power 

electronic device, let alone analyzing systems containing massive numbers of power electronic 

devices. 

Macroscopically, all power electronic devices can be divided into voltage source converters or 

current source converters. For voltage source converters, a broadband voltage source converter 

model can be used to describe them. The general structure of the broadband voltage source converter 

model is shown in Figure 1. In Figure 1, the instantaneous value expression of the fundamental 

voltage source is U1mcos(0t+1), where U1m is the fundamental voltage source amplitude, 0 is the 

fundamental voltage source angular frequency, 1 is the fundamental voltage source initial phase 

angle, and the corresponding phasor expression is U1m1; the instantaneous value expression of the 

h-th harmonic voltage source is Uhmcos(h0t+h), where Uhm is the harmonic voltage source amplitude, 

h is the harmonic voltage source initial phase angle, and the corresponding phasor expression is 

Uhmh. It is particularly important to note that the harmonic order h of the harmonic voltage source 

in Figure 1 is not necessarily a positive integer. This is because for converters such as MMC, the 

submodule capacitor voltage balancing control is often implemented using some sorting algorithm, 

which results in the synthesized internal electromotive force not being a strictly periodic waveform, 

and the harmonic orders it contains are not necessarily positive integers. Therefore, the harmonic 

order h in the harmonic voltage source model can be understood as a continuous variable greater 

than 1. In Figure 1, Llink and Rlink are the internal inductance and internal resistance of the voltage 

source converter, which are related to the interface transformer, interface reactor, arm reactor, etc., 

and depend on different voltage source converter types, but these two parameters are generally 

considered to be constant parameters. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 6 January 2026 doi:10.20944/preprints202601.0422.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202601.0422.v1
http://creativecommons.org/licenses/by/4.0/


 5 of 15 

 

Fundamental 

voltage source RlinkLlink

Harmonic 
voltage 

source

Viewed from the AC 

side into the converter
1m 0 1

1m 1

cos( )U t

U

 



+



m 0

m

cos( )h h

h

h h

h

U h t

U

 



+







 

Figure 1. Wideband voltage source converter model. 

For current source converters, a broadband current source converter model can be used to 

describe them. The general structure of the broadband current source converter model is shown in 

Figure 2. In Figure 2, the instantaneous value expression of the fundamental current source is 

I1mcos(0t+1), where I1m is the fundamental current source amplitude, 0 is the fundamental current 

source angular frequency, 1 is the fundamental current source initial phase angle, and the 

corresponding phasor expression is I1m1; the instantaneous value expression of the h-th harmonic 

current source is Ihmcos(h0t+h), where Ihm is the harmonic current source amplitude, h is the 

harmonic current source initial phase angle, and the corresponding phasor expression is Ihmh. It 

should also be noted that the harmonic order h of the harmonic current source in Figure 2 is not 

necessarily a positive integer; h can be understood as a continuous variable greater than 1. In Figure 

2, Lsh and Rsh are the internal inductance and internal resistance of the current source converter, which 

are related to the specific structure and parameters of the current source converter, but these two 

parameters are generally considered to be constant parameters. 
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Figure 2. Wideband current source converter model. 

If the broadband voltage source converter model and the broadband current source converter 

model are used to describe all power electronic devices in renewable energy power systems, the 

nonlinear characteristics of power electronic devices can be represented by harmonic voltage sources 

or harmonic current sources. Moreover, the series inductance and series resistance in the broadband 

voltage source converter model, as well as the parallel inductance and parallel resistance in the 

broadband current source converter model, are all linear elements. Therefore, after adding the 

broadband voltage source converter model and the broadband current source converter model to the 

power grid, the entire network remains a linear network, and thus the powerful s-domain nodal 

admittance matrix method [4–7] can be used to complete the resonance stability analysis of large-

scale power systems. 

Since power electronic devices typically eliminate zero-sequence components flowing into the 

power grid through transformer connections or control methods, only positive-sequence harmonic 

components and negative-sequence harmonic components in the power grid need to be considered 

in broadband oscillation stability analysis. Moreover, since the positive-sequence circuit model and 

negative-sequence circuit model in static components are the same, the positive-sequence network 

model can be used to uniformly analyze the harmonic components of all orders in power electronic 

devices. 

Since there are no negative resistance elements in the broadband voltage source converter model 

and the broadband current source converter model, it is impossible for broadband voltage source 
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converters and broadband current source converters to cause resonance instability problems. 

However, when the frequency of the harmonic voltage or harmonic current generated by power 

electronic devices happens to be close to a certain resonance frequency in the network, it may cause 

the harmonic voltage or harmonic current at that frequency to be amplified in a certain area of the 

power grid, thereby producing sustained constant-amplitude oscillations, that is, broadband 

oscillation phenomena. This explains the mechanism of broadband oscillations as "harmonic 

amplification" caused by network resonance, thus establishing a new framework for analyzing the 

mechanism of broadband oscillations in renewable energy power systems. 

Compared with the "negative resistance" mechanism, the new framework interprets the 

broadband oscillation mechanism as "harmonic amplification" caused by network resonance. The 

main difference between the two lies in the different nature of the oscillations. The broadband 

oscillations corresponding to the "negative resistance" mechanism belong to the divergent oscillations 

of free components in network physical quantities, while the broadband oscillations corresponding 

to the "harmonic amplification" mechanism belong to the amplification of forced components in 

network physical quantities. Both are related to network resonance modes, but the resonance modes 

obtained based on the "negative resistance" mechanism may be located in the right half of the complex 

plane; whereas the resonance modes obtained based on the "harmonic amplification" mechanism are 

all located in the left half of the complex plane. This raises the question of how to determine whether 

"harmonic amplification" will occur based on the resonance mode information located in the left half 

of the complex plane. 

5. Analysis of the Relationship Between Network Resonance Modes and 

Harmonic Amplification 

As mentioned previously, based on the s-domain nodal admittance matrix method [4–7], it is 

easy to calculate all resonance modes of large-scale power networks in the frequency band of interest, 

and further obtain the nodal voltage mode shapes and participation factors of each resonance mode, 

as well as the sensitivity of specific resonance mode damping to specific component parameters. The 

current question is how to quantitatively analyze the degree of harmonic amplification based on 

resonance mode information. In the following, the most basic RLC series resonant circuit and RLC 

parallel resonant circuit are taken as research objects to examine the relationship between resonance 

modes and harmonic amplification. 

5.1. Relationship Between Resonance Modes and Harmonic Amplification in RLC Series Resonant Circuits 

The simple system of a harmonic voltage source exciting an RLC series resonant circuit under 

consideration is shown in Figure 3. In Figure 3, the instantaneous value expression of the h-th 

harmonic voltage source is Uhmcos(h0t+h), where Uhm is the harmonic voltage source amplitude, 0 

is the fundamental angular frequency, h is the harmonic voltage source initial phase angle, and note 

that the harmonic order h is a continuous variable greater than 1; the phasor expression 

corresponding to the h-th harmonic voltage source is Uhmh; R, L, C are the resistance, inductance, 

and capacitance of the series resonant circuit, respectively; Iseries is the h-th harmonic current phasor 

flowing through the series resonant circuit. 

RLC
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m 0

m

cos( )h h h

h h h

u U h t

U U

 



= +

= 

Harmonic 
voltage 
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Figure 3. The RLC series resonant circuit 
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The s-domain nodal admittance matrix method is used to find the resonance modes of the 

system in Figure 3. The system in Figure 3 can be regarded as a single-node system, and the 

expression of the s-domain nodal admittance matrix Y(s) is 

1
( )s Cs

R Ls
= +

+
Y  .                       (1) 

Therefore, the characteristic equation of the system is 

1
det( ( )) 0s Cs

R Ls
= + =

+
Y   .                 (2) 

Rearranging equation (2), the system characteristic equation is 

2 1
0

R
s s

L LC
+ + =   .                       (3) 

Comparing equation (3) with the standard form of the second-order system characteristic 

equation (4), 
2 22 0ns s + + =  ,                       (4) 

the undamped resonant angular frequency n and damping ratio  are obtained as 

1

1

2

n

n

LC

R

L







=



 =


      .                       (5) 

The quality factor Q is defined in the RLC series circuit as 

nLQ
R


=     .                         (6) 

Thus, the damping ratio of the RLC series resonant circuit is obtained as 

1

2Q
 =   .                           (7) 

The harmonic amplification characteristics of Figure 3 are analyzed below. When the R and C 

components in the RLC series resonant circuit are removed, leaving only the inductance L, the circuit 

will not exhibit harmonic amplification. Let the current flowing through the loop when only the 

inductance L is retained in the RLC series resonant circuit at the undamped resonant angular 

frequency n be the reference current Ibase, then the expression for the reference current is 

base
j j

h hm h

n n

U U
I

L L



 


= =   ,                    (8) 

while the current flowing through the RLC series resonant circuit at the undamped resonant angular 

frequency n is 

series
h hm hU U

I
R R


= =  .                     (9) 

Thus, the harmonic current amplification factor KI can be defined as 

series
I

base

nI L
K Q

I R


= = =                     (10) 

Equations (10) and (7) establish the relationship between the harmonic current amplification 

factor KI and the resonance mode damping ratio  through the quality factor Q, as 

I

1

2
K


=                            (11) 

If the RLC series resonant circuit is required not to exhibit harmonic current amplification, then 

KI ≤ 1 is required, i.e.,  ≥ 1/2; if KI ≤ 2 is required, then  ≥ 1/4 is required; if KI ≤ 10 is required, then  

≥ 1/20 = 5% is required. This result shows that when  is greater than 5%, the harmonic amplification 

factor can be ensured to be less than 10. 
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5.2. Relationship Between Resonance Modes and Harmonic Amplification in RLC Parallel Resonant Circuits  

The simple system of a harmonic current source exciting an RLC parallel resonant circuit under 

consideration is shown in Figure 4. In Figure 4, the instantaneous value expression of the h-th 

harmonic current source is Ihmcos(h0t+h), where Ihm is the harmonic current source amplitude, 0 is 

the fundamental angular frequency, h is the harmonic current source initial phase angle, and note 

that the harmonic order h is a continuous variable greater than 1; the phasor expression 

corresponding to the h-th harmonic current source is Ihmh; R, L, C are the resistance, inductance, 

and capacitance of the parallel resonant circuit, respectively; Uparallel is the h-th harmonic voltage 

phasor of the RLC parallel resonant circuit. 

R L C
m 0

m

cos( )h h h

h h h

i I h t

I I

 



= +

= 
parallelU

Harmonic current source

 
Figure 4. The RLC parallel resonant circuit 

The s-domain nodal admittance matrix method is used to find the resonance modes of the system 

in Figure 4. The system in Figure 4 is a single-node system, and the expression of the s-domain nodal 

admittance matrix Y(s) is 

   
1 1

( )s Cs
R Ls

= + +Y   .                      (12) 

Therefore, the characteristic equation of the system is 

1 1
det( ( )) 0s Cs

R Ls
= + + =Y   .                   (13) 

Rearranging equation (13), the system characteristic equation is 

2 1 1
0s s

RC LC
+ + =   .                     (14) 

Comparing equation (14) with the standard form of the second-order system characteristic 

equation (4), the undamped resonant angular frequency n and damping ratio  are obtained as 

1

1 1

2 2

n

n

n

LC

L

RC R









=



 = =


    .                 (15) 

For the RLC parallel circuit, the definition of its quality factor has an inverse relationship with 

the quality factor of the RLC series circuit. The quality factor q of the RLC parallel circuit is defined 

as 

n

R
q

L
=   .                            (16) 

Thus, the damping ratio  of the RLC parallel resonant circuit is obtained as 
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1

2q
 =    .                           (17) 

The harmonic amplification characteristics of Figure 4 are analyzed below. When the R and C 

components in the RLC parallel resonant circuit are removed, leaving only the inductance L, the 

circuit will not exhibit harmonic amplification. Let the voltage across L when only the inductance L 

is retained in the RLC parallel resonant circuit at the undamped resonant angular frequency n be 

the reference voltage Ubase, then the expression for the reference voltage is 

base j jn h n hm hU LI LI  = =  ,          (18) 

while the voltage across the RLC parallel resonant circuit at the undamped resonant angular 

frequency n is 

parallel h hm hU I R RI = =   .             (19) 

Thus, the harmonic voltage amplification factor KV can be defined as 

parallel

V

base n

U R
K q

U L
= = =   .            (20) 

Equations (20) and (17) establish the relationship between the harmonic voltage amplification 

factor KV and the resonance mode damping ratio  through the quality factor q, as 

V

1

2
K


= .                    (21) 

If the RLC parallel resonant circuit is required not to exhibit harmonic voltage amplification, 

then KV1 is required, i.e., 1/2; if KV2 is required, then 1/4 is required; if KV10 is required, then 

1/20=5% is required. This result shows that when  is greater than 5%, the harmonic amplification 

factor can be ensured to be less than 10.  

5.3. Summary of the Relationship Between Network Resonance Modes and Harmonic Amplification   

According to the examination of the most basic RLC series resonant circuit and RLC parallel 

resonant circuit in the previous two sections, there is a definite relationship between the resonance 

mode damping ratio  and the harmonic amplification factor K: the larger the damping ratio , the 

smaller the harmonic amplification factor K. Although this result is derived for the two most basic 

types of resonant circuits, in engineering applications, it may be assumed that the above result still 

holds, i.e., the relationship between the harmonic amplification factor K and the resonance mode 

damping ratio  is K=1/(2).  

6. Harmonic Amplification Suppression Method Based on C-Type Damping 

Filter    

As mentioned previously, there is an inverse relationship between the harmonic amplification 

factor K and the resonance mode damping ratio . To reduce the harmonic amplification factor K, it 

is necessary to increase the resonance mode damping ratio . If a parallel device is used to increase 

the resonance mode damping ratio , then according to Figure 4, the purpose can be achieved simply 

by connecting a resistive element in parallel, and the smaller the resistance value of the parallel 

resistive element, the better. However, the method of using parallel resistance to increase the 

resonance mode damping ratio  inevitably leads to a large amount of power loss in the resistive 

element at the fundamental frequency, and the smaller the resistance value, the greater the loss. 

Therefore, the following question arises: is there such a device that presents high impedance at the 
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fundamental frequency and does not consume fundamental frequency power, while presenting 

resistive characteristics in a specified frequency band, thereby increasing the resonance mode 

damping ratio in the specified frequency band? The answer is yes. Among passive devices, the C-

type damping filter is the device that most closely meets the above requirements [17,18]. 

6.1. Structure and Basic Principles of C-Type Damping Filter   

The structure of the C-type damping filter is shown in Figure 5. At the fundamental frequency, 

the C-type damping filter satisfies the condition XL1=XC1, and the fundamental frequency voltage 

drops across the inductor L1 and capacitor C1 completely cancel out, resulting in zero fundamental 

frequency voltage across the resistor R and zero fundamental frequency power consumption. 

Considering that the reactive power output of the C-type damping filter at the fundamental 

frequency is entirely determined by the capacitor C, while the capacitor C1 has no effect on the reactive 

power output at the fundamental frequency, it is desirable to have the capacitor C1 as small as 

possible to minimize investment costs. However, the next section will demonstrate that the capacitor 

C1 has an approximately quadratic relationship with the tuning frequency of the C-type damping 

filter. The higher the tuning frequency of the C-type damping filter, the larger the capacitor C1. 

Therefore, C-type damping filters are generally tuned at lower frequencies. Traditionally, C-type 

damping filters have only been used as low-order harmonic filters, for example, as third harmonic 

filters. When using C-type damping filters to suppress harmonic amplification, the tuning frequency 

of the C-type damping filter can be selected at the third harmonic or lower frequencies according to 

the requirements of the resonance mode damping ratio  in the specified frequency band.  

R

C-type damping filter

C1

C

L1

 

Figure 5. Structure of C-type damping filter. 

Compared with single-tuned filters, the advantages of C-type damping filters are mainly 

manifested in two aspects. The first aspect is low fundamental frequency loss. When single-tuned 

filters are used as low-order harmonic filters, the distance between their tuning frequency and the 

fundamental frequency is very small, causing the impedance of the single-tuned filter at the 

fundamental frequency to remain at a low value, thereby causing large power losses. The second 

aspect is the impedance characteristics in the high-frequency range. C-type damping filters exhibit 

resistive-inductive characteristics in the high-frequency range, and the resistance value remains 

basically constant, providing substantial damping. Single-tuned filters, on the other hand, are 

inductive in the high-frequency range with large reactance values and do not provide damping. Due 

to the above advantages, C-type damping filters have been widely used in HVDC transmission 

projects, for example, the Sellindge station of the English Channel HVDC project, as well as the 

Longquan station of the Longquan-Zhengping HVDC project and the Deyang station of the Deyang-

Baoji HVDC project all use C-type damping filters [17–20] to eliminate the risk of third harmonic 

resonance that may occur between converter stations and the power grid. 
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6.2. Parameter Design Method for C-Type Damping Filter    

Although the C-type damping filter was proposed in 1982 and applied at the Sellindge station 

of the English Channel HVDC project [17–19], and numerous subsequent publications have discussed 

the parameter design of C-type damping filters [21–26], the overall design process is not sufficiently 

concise and involves a trial-and-error process. Based on the maximum damping criterion, this paper 

proposes a one-step C-type damping filter design method, with the derivation process as follows. 

Referring to the C-type damping filter structure shown in Figure 5, let the fundamental reactive 

power allocated to the C-type damping filter be Qf, and let the fundamental reactance of capacitor C 

be XC=1/(0C), the fundamental reactance of capacitor C1 be XC1=1/(0C1), and the fundamental 

reactance of inductor L1 be XL1= 0L1, where 0 is the fundamental angular frequency of the power 

system. According to the properties of the C-type damping filter, the L1-C1 circuit is in series 

resonance at the fundamental frequency, thus 

C1 L1

2

C 1 f

0 C

/

1/ ( )

X X

X U Q

C X

=


=
 =

   .                     (22) 

In equation (22), U1 is the fundamental effective value of the system line-to-line voltage at the C-

type damping filter connection point. The impedance expression of the C-type damping filter at the 

h-th harmonic is 

2

C L1 C1 C C1

2

L1 C1 C1

2 2 2 2 2

C1 C1 C

2 2 2 2 2 2 2 2 2 2

C1 C1

j( / ) j( 1)
( ) j j

j( / ) j( 1)

( 1) ( 1)
       j[ ]

( 1) ( 1)

X hX X h R X h RX
Z h

h R hX X h h hR h X

h RX h h R X X

h R h X h R h X h

−  −
= − + = − +

+ − + −

− −
= + −

+ − + −

 .   (23) 

Let the C-type damping filter be tuned to harmonic order n, then at the tuning frequency point 

the impedance of the C-type damping filter is purely resistive, i.e., Im[Z(n)]=0, therefore 
2 2

C1 C

2 2 2 2 2

C1

( 1)

( 1)

n n R X X

n R n X n

−
=

+ −
 .                  (24) 

Rearranging equation (24) into a quadratic equation in terms of XC1 gives 

  
2 2 2 2 2 2 2 2

C C1 C1 C[( 1) ] [ ( 1) ] 0n X X n n R X n R X− − − + =   .        (25) 

For equation (25) to have a solution, it must satisfy 

2 2 2 2 2 2 2 2

C C[ ( 1) ] 4[( 1) ][ ] 0n n R n X n R X = − − −           (26) 

Solving the above inequality yields 

C2 /R X n  .                              (27) 

According to the structure of the C-type damping filter, under the same harmonic voltage, the 

smaller R is, the greater the damping power consumed by R, and the better the damping effect of the 

C-type damping filter. Therefore, let R take the minimum value in equation (27), which is referred to 

as the maximum damping criterion in this paper. This yields 

C2 /R X n=   .                     (28) 

At this point, equation (25) has a unique solution, which is 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 6 January 2026 doi:10.20944/preprints202601.0422.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202601.0422.v1
http://creativecommons.org/licenses/by/4.0/


 12 of 15 

 

2 2 2

C
C1 2 2 2

C

2( 1)

2( 1) 1

Xn n R
X

n X n

−
= =

− −
               (29) 

Thus, the impedance of the C-type damping filter at the tuning frequency is 

2 2 2

C1 C

2 2 2 2 2

C1

( 1)
( ) j0 j0 j0

( 1) 2

n RX X R
Z n

n R n X n

−
= + = + = +

+ −
.            (30) 

According to equation (23), the impedance of the C-type damping filter at the fundamental 

frequency is 

C(1) jZ X= −  .                     (31) 

Similarly, according to equation (23), the impedance of the C-type damping filter at infinite 

frequency is 

2 2 2 2 2

C1 C1 C

2 2 2 2 2 2 2 2 2 2

C1 C1

( 1) ( 1)
( ) lim{ j[ ]}= j0

( 1) ( 1)h

h RX h h R X X
Z R

h R h X h R h X h→

− −
 = + − +

+ − + −
.   (32)  

6.3. Impedance-Frequency Characteristic Display of C-Type Damping Filter    

Let the fundamental reactive power Qf of the C-type damping filter be 200 Mvar for the high 

scheme, 150 Mvar for the medium scheme, and 100 Mvar for the low scheme. The rated frequency of 

the AC system is 50 Hz, the fundamental voltage of the AC bus is 505 kV, and the filter is tuned at 

the third harmonic frequency. Find the parameters of the C-type damping filter and plot its 

impedance-frequency characteristics. 

First, solve for the parameters of the C-type damping filter under the three schemes. According 

to equations (22), (28), and (29), the parameters of the C-type damping filter under the three schemes 

are shown in Table 1. 

Table 1. C-Type Damping Filter Parameters for Three Schemes. 

fundamental reactive power 

/Mvar 

C/F C1/F L1/H R/ 

high scheme 200 2.4963 9.9852 1.0147 850.0833 

medium scheme 150 1.8722 7.4889 1.3529 1133.4 

low scheme 100 1.2482 4.9926 2.0294 1700.2 

As can be seen from Table 1, for a C-type damping filter tuned to the third harmonic, the value 

of C1 is 4 times that of the reactive power compensation capacitor C; the larger the fundamental 

capacity of the filter, the larger the values of capacitor C and capacitor C1, and the smaller the value 

of inductor L1. 

A comparison of the impedance-frequency characteristics of the C-type damping filter under the 

three schemes is shown in Figure 6. 
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Figure 6. Comparison of impedance characteristics of C-type damped filters with different capacities: (a) 

Impedance magnitude-frequency characteristics; (b) Impedance angle-frequency characteristics. 

As can be seen from Figure 6, the C-type damping filter has the following characteristics: (1) The 

complex impedance value of the C-type damping filter at the tuning frequency point is equal to half 

the resistance value of the resistive element; (2) The minimum impedance value of the C-type 

damping filter occurs between the fundamental frequency and the tuning frequency point, and the 

minimum impedance value is less than half the resistance value of the resistive element; (3) 

Regardless of the fundamental capacity value, the characteristic of the impedance angle of the C-type 

damping filter varying with frequency remains unchanged; (4) After the tuning frequency point, the 

impedance angle of the C-type damping filter is greater than zero but close to zero, exhibiting slightly 

inductive and resistive characteristics; (5) The complex impedance value of the C-type damping filter 

is approximately equal to the resistance value R of the resistive element over a wide frequency range, 

therefore the C-type damping filter has a strong broadband damping effect; (6) The larger the 

fundamental capacity of the C-type damping filter, the smaller the resistance value in the broadband 

range, and the stronger the damping effect. 

7. Conclusions 

This paper conducts research on the mechanism of broadband oscillations and their suppression 

techniques, negates the "negative resistance" mechanism of broadband oscillations, and proposes the 

"harmonic amplification" mechanism of broadband oscillations. The main conclusions are as follows: 

(1) When using the incremental small-signal impedance model of power electronic devices 

derived based on the dual-input describing function method to analyze the resonance stability of AC 

power grids, it is impossible to escape the "cutting the feet to fit the shoes" predicament and the 

"walking into a dead-end path" predicament. Therefore, the "negative resistance" mechanism for 

explaining broadband oscillations and the "impedance reshaping" control method for suppressing 

broadband oscillations developed on this basis are theoretically untenable. 

(2) When using the broadband voltage source converter model and the broadband current 

source converter model to describe power electronic devices, the nonlinear characteristics of power 

electronic devices can be represented by harmonic voltage sources or harmonic current sources, thus 

allowing the use of linear circuit theory to analyze the broadband oscillation problems in renewable 

energy power systems. 

(3) Based on the broadband voltage source converter model or broadband current source 

converter model of power electronic devices, the mechanism of broadband oscillations can be 

explained as the "harmonic amplification" phenomenon caused by network resonance, thus 

establishing a new framework for analyzing the mechanism of broadband oscillations in renewable 

energy power systems. 
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(4) In the context of renewable energy power systems, harmonic frequencies are no longer 

discrete quantities but can be considered continuous quantities. 

(5) Based on the "harmonic amplification" mechanism of broadband oscillations, the powerful s-

domain nodal admittance matrix method can be used to calculate all resonance modes of the positive-

sequence network, and there is a definite inverse relationship between the resonance mode damping 

ratio and the harmonic amplification factor. 

(6) The method of designing C-type damping filters based on the maximum damping criterion 

is simple and clear; the complex impedance value of the designed C-type damping filter at the tuning 

frequency point is equal to half the resistance value of the resistive element; in the broadband above 

the tuning frequency point, the impedance angle of the C-type damping filter is greater than zero but 

close to zero, exhibiting slightly inductive and resistive characteristics; the complex impedance value 

of the C-type damping filter in the broadband above the tuning frequency point is approximately 

equal to the resistance value R of the resistive element; the larger the fundamental capacity of the C-

type damping filter, the smaller the resistance value in the broadband range, and the stronger the 

damping effect. 
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