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Abstract——Innovative dynamic models for the DC modular 
multilevel converter (DC-MMC) in rotating dq frame are pre‐
sented in this paper, which are specifically designed to enhance 
converter design and stability analysis. Open-loop and closed-
loop models are developed using three dq frames, providing a 
detailed examination of the impact of 2nd and 3rd harmonic com‐
ponents on the model accuracy. A novel contribution of this pa‐
per is the integration of a　2nd harmonic current suppression con‐
troller (SHCSC) within the closed-loop model, offering new in‐
sights into its effects on system stability. The DC-MMC model 
is further extended by coupling it with high-voltage direct cur‐
rent (HVDC) cables on each side, forming an interconnected 
system model that accurately represents a more authentic sce‐
nario for future DC grids. The proposed model is rigorously val‐
idated against PSCAD benchmark model, confirming their pre‐
cision and reliability. The interconnected system model is then 
utilized to analyze the influence of cable length on system stabil‐
ity, demonstrating practical applications. The closed-loop model 
is subsequently employed for stability assessment of the inter‐
connected system, showcasing its applicability in real-world sce‐
narios. Additionally, a damping controller is designed using par‐
ticipation factor and residue approaches, offering a refined ap‐
proach to oscillation damping and stability optimization. The ef‐
fectiveness of the controller is evaluated through eigenvalue 
analysis, supported by simulation results, underscoring its po‐
tential for enhancing system stability.

Index Terms——High-voltage direct current, dynamic model‐
ling, modular multilevel converter, stability, eigenvalue analysis, 
damping controller.

I. INTRODUCTION

DC/DC converters are poised to play a crucial role in the 
development of multi-terminal high-voltage direct cur‐

rent (HVDC) and DC grids. These converters facilitate key 
functionalities such as enabling power trading between DC 
systems with varying or equal voltage levels, ensuring in‐

teroperability, supporting bidirectional power flow control, 
and providing stabilization and DC fault isolation capabili‐
ties [1] - [5]. CIGRE has recognized the importance of DC/
DC converters, exploring their applications through various 
working groups, including WG B4.52 on the feasibility of 
DC grids [6], WG B4.58 on power flow controllers in 
meshed HVDC grids [7], and WG B4.76 on DC/DC convert‐
er applications in HVDC and DC grids [8].

There are two primary families of HVDC DC/DC convert‐
ers: isolated converters, typically employing the dual active 
bridge topology with a two-stage DC/AC/DC conversion pro‐
cess; and non-isolated converters based on modular multilev‐
el converter (MMC) technology, referred to as DC modular 
multilevel converters (DC-MMCs), which utilizes a single-
stage conversion approach.

DC-MMCs are emerging as a potential cost-effective solu‐
tion for interconnecting HVDC systems, particularly due to 
their lower capital costs and reduced power losses compared 
with isolated DC/DC converters, resulting from the elimina‐
tion of the additional conversion step. This advantage is es‐
pecially significant when the DC voltage step ratio is low, 
and the HVDC systems share similar configurations. Most 
HVDC systems operate at a few hundred kilovolts, leading 
to a low DC voltage step ratio in HVDC-HVDC interconnec‐
tions. This low ratio ensures high component utilization with‐
in the DC-MMC. Furthermore, since the majority of current 
and planned HVDC systems are configured as monopole 
symmetrical or bipole voltage source converter based HVDC 
(VSC-HVDC) links, the DC-MMC presents itself as a high‐
ly suitable option for interconnecting these HVDC systems.

The concept, design, and control principles of DC-MMC 
have been discussed extensively in [1]-[3], with comparisons 
to isolated dual active bridge DC/DC converters for HVDC 
and medium-voltage DC (MVDC) applications provided in 
[9]. A phasor-domain steady-state model for DC-MMC is in‐
troduced in [10], which serves as the foundation for subse‐
quent converter and control design in [11]. However, this 
model only accounts for DC and fundamental frequency 
components, overlooking the 2nd harmonic components and 
their interaction with other coordinate frames, thus reducing 
the model accuracy. Similar oversimplifications are found in 
the linearized model presented in [12]. Although a more de‐
tailed analytical phasor model is provided in [13], it remains 
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focused on the steady-state analysis of converter currents, 
voltages, and power flow, neglecting the dynamic behavior 
of the converter. These oversights highlight the need for 
more comprehensive models that incorporate dynamic fac‐
tors to improve the accuracy and reliability of DC-MMC in 
future DC grid applications.

A significant gap in the existing literature is the assump‐
tion that DC-MMCs are connected to rigid DC sources on 
both ends. This simplification ignores the dynamic interac‐
tions between the DC-MMC and other interconnected DC 
subsystems, which is crucial for understanding the stability 
and control of future DC grids. In the anticipated future con‐
figuration of DC grids, each side of a DC-MMC will be con‐
nected to other DC systems through HVDC cables or lines. 
These interconnections introduce additional complexities that 
have not been fully addressed in previous research [14]. The 
dynamic interactions among multiple DC systems, mediated 
by HVDC cables, could significantly influence the overall 
stability and control of the DC grid, necessitating a more 
thorough investigation into these aspects.

This paper seeks to address these knowledge gaps by in‐
vestigating the impact of the 2nd and higher harmonics on 
the accuracy of the DC-MMC model. This paper reveals the 
critical importance of the 2nd harmonic in the model, while 
demonstrating that higher harmonics have a negligible im‐
pact and can be safely ignored.

The proposed model is then applied to evaluate the influ‐
ence of HVDC cables connected to both sides of the DC-
MMC on its control and stability. HVDC cables are meticu‐
lously modeled using cascaded proportional-integral (PI) sec‐
tions with parallel RL branches [15], [16]. The parameters of 
the parallel RL branches are estimated via the vector-fitting 
approach [17]. The study shows that long HVDC cables in‐
troduce oscillations and potential instability into the intercon‐
nected system, which is analyzed using eigenvalue analysis 
techniques [18]. The proposed model is further employed to 
design a damping controller to suppress these oscillations 
and stabilize the system, utilizing participation factor (PF) 
and residue approaches [19], [20]. Notably, the study identi‐
fies the 2nd harmonic component of the upper-arm sum volt‐
age as the most effective feedback signal, underscoring the 
significance of the 2nd harmonic components in the modeling 
and control of DC-MMC. The key contributions of this pa‐
per can be summarized as follows.

1) Accurate dynamic phasor model: this paper introduces 
a novel closed-loop dynamic phasor model for DC-MMC, in‐
corporating the 2nd harmonic dynamics and evaluating the im‐
pact of higher harmonics on model accuracy. Additionally, 
the dynamics of the 2nd harmonic current suppression control‐
ler (SHCSC) is modeled and integrated into the closed-loop 
DC-MMC model.

2) Realistic test case: this paper presents a realistic test 
case where DC-MMC is connected to HVDC cables on both 
sides, allowing for an in-depth analysis of DC voltage dy‐
namics and the effects on the stability and control of the DC-
MMC and broader interconnected system.

3) Application example and controller design: the pro‐
posed model is used to examine the impact of HVDC cables 

of varying lengths on system performance and stability, fol‐
lowed by the design of a damping controller to mitigate os‐
cillations.

This comprehensive approach aims to enhance the under‐
standing of DC-MMC performance, positioning it as a poten‐
tially cost-effective single-stage DC/DC converter for future 
DC grid applications, particularly in the interconnection of 
HVDC links and systems.

II. DC-MMC

A. Converter Structure

Figure 1 illustrates the structure of a unipolar p-phase DC-
MMC [3], where V1 and V2 are the high voltage (HV) and low 
voltage (LV) side voltages of DC-MMC, respectively; I1 and 
I2 are the HV and LV side DC currents of DC-MMC, respec‐
tively; iarmU and iarmL are the upper- and lower-arm currents, re‐
spectively; V å

U  and V å
L  are the upper- and lower- arm sum volt‐

ages, respectively; RarmU and RarmL are the upper- and lower-
arm equivalent resistances, respectively; CsmU and CsmL are the 
upper and lower submodule capacitances, respectively; LarmU 
and LarmL are the upper- and lower-arm inductances, respective‐
ly; VarmU and VarmL are the upper- and lower-arm voltages, re‐
spectively; and L2 is the line inductance. In each lower arm, 
there are NL half-bridge submodules (HBSMs). The upper 
arms consist of full-bridge submodules (FBSMs) to provide 
fault-blocking capabilities [2]. It is worth mentioning that 
the fault-blocking capability can be achieved by incorporat‐
ing a specific number of submodules only in the upper arm, 
denoted as NUFBSM. This reduces the capital cost and power 
losses while maintaining fault isolation between the two 
sides of the DC-MMC by generating voltage -V2 in the up‐
per arm to prevent the HV fault propagation to the LV side 
[21]. However, for simplicity, all the submodules in the up‐
per arm in Fig. 1 are shown as FBSMs.

B. Dynamic Equations of DC-MMC

The dynamic equations of the DC-MMC are given in [3], 
and a summary is included here for completeness. The con‐
stituent dynamic equations for arm currents and arm sum 
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Fig. 1.　Structure of a unipolar p-phase DC-MMC.
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voltages are:
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where mU and mL are the upper- and lower-arm control signals, 
respectively; and CarmU and CarmL are the upper- and lower- 
arm submodule capacitances, respectively.

III. DYNAMIC OPEN-LOOP dq MODEL

A. Assumptions and Definitions

The assumptions are made as follows.
1) The DC-MMC operates in the balanced mode, where 

all phases exhibit uniformity, characterized by the same DC 
component and sinusoidal AC components with a 120° 
phase shift in the case of a three-phase DC-MMC.

2) The upper- and lower-arm currents for one phase-leg 
are composed of DC, fundamental frequency, and higher har‐
monics components given by:
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where the subscripts U0  and  L0 denote the DC components 
of the upper and lower arms, respectively; the subscripts 
Ui  and  Li denote the ith harmonic amplitudes of the upper- 
and lower-arm currents, respectively; ωi = 2πfi, and f is the 
arbitrarily selected internal operating frequency of the DC-
MMC; θIUi  and  θILi are the phase shifts of the upper- and 
lower-arm currents, respectively; and the subscripts Udi Uqi 
and Ldi Lqi denote the ith harmonic dq components of up‐
per- and lower-arm currents, respectively. At the outset, we 
assume that the arm currents encompass all harmonics. How‐
ever, it will be demonstrated later in this paper that harmon‐
ics of order 3 and above exert negligible influence on the 

model accuracy and can thus be disregarded. The arm cur‐
rents of the other phase-legs can be analogously represented, 
incorporating a phase shift of 360/p, where p denotes the 
number of phases.

3) Similarly, the upper- and lower-arm sum voltages for 
one phase-leg can be represented as:
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where θVUi and θVLi are the phase shifts of the upper- and 
lower-arm voltages, respectively.

4) The control signals may or may not include a 2nd har‐
monic component, depending on whether the control incorpo‐
rates SHCSC. Initially, this paper addresses control without 
SHCSC, followed by its addition. Consequently, at this 
stage, the control signals for both upper and lower arms are 
considered to contain only DC and fundamental compo‐
nents [11]:

ì
í
î

mU (t)=MU0 +MU cos(ωt)

mL (t)=ML0 +MLcos(ωt + θmL )=ML0 +MLd cos(ωt)+MLqsin(ωt)

(6)

It is worth noting that the upper control signal has only 
MU0 and MUd components (MUd=MU), and the lower control 
signal has only ML0, MLd, and MLq components.

B. 2nd-order Open-loop dq Model

The dynamic equations for the DC component, fundamen‐
tal frequency, and 2nd harmonics of the DC-MMC are formu‐
lated in [22]. These equations can be expressed as a 2nd-or‐
der open-loop dq model for the DC-MMC in the matrix 
form as:

ẋOL2 = fOL2 (xOL2uOL ) (7)

where xOL2, uOL, and fOL2 are defined in Supplementary Mate‐
rial A.

C. 3rd and Higher Harmonics

The 3rd and higher harmonics can be modelled in a similar 
way to the 2nd harmonic [22]. However, as it is investigated 
in this paper, the 3rd and higher harmonics have negligible 
impact on the model accuracy, and therefore they have not 
been presented here for space brevity.

IV. DYNAMIC CLOSED-LOOP dq MODEL 

A. Controller Model

There are various options available for the DC-MMC con‐
troller, and Fig. 2 illustrates a DC-MMC control block [13], 
as considered in [2], where the subscript ref represents the 
reference value. This controller incorporates five PI control 
loops (kpjkij ) j = 125. Specifically, the control signals 
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MU0 and ML0 are responsible for ensuring energy balancing 
in the converter arms by regulating the arm sum voltages. 
The inner current control loops play a crucial role in improv‐
ing the system response and restricting the upper- and lower- 
arm currents under abnormal operating conditions. The 
phase shift ϕmL

 of the lower-arm fundamental component is 

employed to regulate the DC power flow Pdc towards the ref‐
erence value Pdcref. Typically, the reference values for the 
arm sum voltages V å

U0ref  and  V å
L0ref are chosen to be constant 

and equal to the rated voltage of the HV side, i.e., V rated
1  [13].

The controller, in conjunction with the following equation, 
generates the control signals mU (t) and mL (t) as expressed in 
(6), or equivalently the five control signals MU0, ML0, MU, 
MLd, and MLq in dq frame [13]:
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The controller dynamic equations can be derived from the 
control block as:
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where kp1 = kp3; ki1 = ki3; kp2 = kp4; and ki2 = ki4.

B. SHCSC

While the 2nd harmonic arm currents in DC-MMC are typi‐
cally lower compared with those in conventional AC/DC 
MMC, a similar SHCSC can be implemented to mitigate 
them [23]. Each of the four variables associated with the 2nd 
harmonic arm currents (IUd2, ILd2, IUq2, and ILq2) requires an 
individual PI control loop. Consequently, the implementation 
of SHCSC necessitates the use of four PI loops.

The control signals (6) for the DC-MMC with SHCSC are 

then modified as:
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(10)

This modification means that the 2nd harmonic dq compo‐
nents MUd2/MUq2 and MLd2/MLq2 are added to the control sig‐
nals in dq frame. The dynamic equations of these four con‐
trol signals can be written as [23]:
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It is important to note that an effective SHCSC successful‐
ly suppresses the 2nd harmonic components of the upper- and 
lower-arm currents in steady states. However, it is crucial to 
recognize that the dynamic terms of these currents still per‐
sist.

C. DC-MMC Closed-loop Nonlinear Model Without SHCSC

In this paper, the investigation reveals that the 2nd harmon‐
ic exerts a significant impact on the model accuracy, where‐
as the influence of 3rd and higher order harmonics is negligi‐
ble. Consequently, the closed-loop model is exclusively de‐
veloped for the open-loop model featuring the 2nd harmonics, 
as detailed in Supplementary Material A.

The DC-MMC closed-loop nonlinear model without SHC‐
SC is obtained by combining the open-loop model (7) and 
the controller model (9) as:

ì

í

î

ï

ï

ï

ï
ïïï
ï

ï

ï

ï

ï

ï

ï

ï
ïï
ï

ï

ï

ï

ï

ẋCL2 = fCL2( )xCL2uCL

xCL2 =
é
ë
êêêê ù

û
úúúúxOL2

xctrl2 25 ´ 1

uCL =
é

ë

ê

ê
êê
ê

ê ù

û

ú

ú
úú
ú

úV1

V2

Pdcref

fCL2 (xCL2uCL )=
é

ë
ê
êê
ê ù

û
ú
úú
úfOL2 (xOL2uOL )

fctrl (xOL2uCL )
25 ´ 1

(12)

The 2nd-order closed-loop nonlinear model without SHC‐
SC has 25 states and 3 inputs.

D. DC-MMC Closed-loop Nonlinear Model with SHCSC

The DC-MMC closed-loop nonlinear model with SHCSC 
is obtained by combining (11) and (12) as:
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where the input vector U SHCSC is defined in Supplementary 
Material B. The 2nd-order closed-loop nonlinear model with 
SHCSC has 29 states and 3 inputs.

Figure 3 illustrates the block diagram of the DC-MMC 
closed-loop nonlinear model with SHCSC. The DC-MMC 
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Fig. 2.　DC-MMC control block.
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parameters encompass the cell capacitances of the converter, 
arm and line inductances, and arm resistance. The model out‐
put consists of any of the 29 states or a combination. This is 
dependent on the input of the component that is intended to 
be connected to this converter.

V. DC-MMC WITH HVDC CABLES 

In this section, the inclusion of one HVDC cable on each 
side of the DC-MMC is contemplated to introduce dynamic 
behavior to the DC voltage on both sides in the event of any 
disturbance. This augmentation serves to enhance the study 
of the performance of the converter in a more realistic envi‐
ronment, akin to potential real-world DC systems in the fu‐
ture.

A. HVDC Cable Model

The HVDC cable model, as introduced in [16], is em‐
ployed for the HVDC cables connected to both sides of the 
DC-MMC. Figure 4 presents the circuit of this model, featur‐
ing one PI section and parallel RL branches. This configura‐
tion is designed to enhance the accuracy of the HVDC cable 
model across a broader range of frequencies, as detailed in 
[16], [24], and [25].

To enhance model accuracy, incorporating multiple cascad‐
ed PI sections is advantageous, particularly for long HVDC 
cables, although this comes at the expense of increasing the 
order of both the HVDC cable and the overall system. The 
parallel RL values are determined using the vector fitting ap‐
proach [17] while generation G and capacitance C can be de‐
rived from the cable data. The cable model can be succinctly 
represented in the standard state-space form provided below 
with the states xcable be the voltages and the inductor currents 
of the capacitors. The output ycable and inputs u1 and u2 can 
be selected as a combination of voltage and current on each 

side of the HVDC cable depending on what is connected to 
the HVDC cable.

ì
í
î

ẋcable =Ac xcable +B1
c u1 +B2

c u2

ycable =Cc xcable

(14)

where Ac is the state matrix; B1
c and B2

c are the input matri‐
ces; and Cc is the output matrix.

B. Interconnection of DC-MMC and HVDC Cable Models

The interconnected system, composed of a DC-MMC 
closed-loop nonlinear model without SHCSC and two 
HVDC cables, is shown in Fig. 5, where VH and VL are the 
DC voltages on HV and LV sides, respectively.

The interconnected system model can be given as:
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(15)

where I1 = 3IU0 and I2 = 3(IU0 - IL0 ) are the outputs of the DC-
MMC that used as the inputs to the cables. uCL2 can be writ‐
ten as:

uCL2 =
é
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úCc1 xcable1

Cc2 xcable2

Pdcref

(16)

VI. MODEL VERIFICATION 

A. PSCAD Benchmark Model

The PSCAD benchmark model comprises a three-phase 
DC-MMC, as depicted in Fig. 1, connected to DC sources 
on both sides, either directly (Section VI-B to Section VI-E) 
or via HVDC cables (Section VI-F). The DC-MMC open-
loop linear and closed-loop nonlinear models (7), (12), (13), 
and the interconnected system model (15) are implemented 
in MATLAB, and their accuracies are systematically evaluat‐
ed against the PSCAD benchmark model.

Each DC-MMC arm valve is modelled using a type 5 
model and an equivalent series resistor [26]. The key param‐
eters of the DC-MMC are outlined in Table I. The internal 
operating frequency of the converter, as a crucial design pa‐
rameter influencing size and power loss [21], is set to be 
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150 Hz in this paper.

B. Verification of DC-MMC Open-loop Linear Model

The accuracy of the DC-MMC open-loop linear model (7) 
is validated against the PSCAD benchmark model under vari‐
ous disturbances. For brevity, only the results depicting the 
upper-arm current in response to a 5% step-down on the LV 
side voltage are presented, as shown in Fig. 6. The control 
modulation indices for this test case are: MU0 = 0.217 ML0 =
0.777,MU = 0.217 MLd = 0.219  and  MLq = 0.042.

The observed good matching indicates that the proposed 
DC-MMC open-loop linear model is highly accurate.

C. Impact of 2nd and 3rd Harmonics on Model Accuracy

The study examines the influence of the 2nd and 3rd har‐
monics on model accuracy. To conduct this investigation, 
two additional models are developed: ① a 1st-order model 
comprising only zero sequence and fundamental frequency, 
and ② a 3rd-order model encompassing zero sequence, funda‐
mental frequency, and 2nd and 3rd harmonics. The respective 
orders of the 1st- , 2nd- , and 3rd-order open-loop models are 
12, 20, and 28, respectively.

The model accuracy is validated against the PSCAD 
benchmark model, and the errors of the upper-arm current 
for a 5% step-down on the LV side voltage at t = 1.5 s are 
depicted, as shown in Fig. 7, where IU0err, IUqerr, and IUderr 
refer to the errors of IU0, IUq, and IUd, respectively. Notably, 
the error of the 1st-order open-loop model is considerably 
higher than those of the other two models, while the errors 
of the 2nd- and 3rd-order open-loop models are very small 

and nearly identical. This suggests that the impact of the 2nd 
harmonics on model accuracy is significant and should be 
considered in many applications. Conversely, the 3rd harmon‐
ics (and higher harmonics) have a negligible impact and can 
be safely ignored. Consequently, the 2nd-order open-loop 
model, which includes zero sequence, fundamental frequen‐
cy, and 2nd harmonics, is adopted in this paper.

D. Verification of DC-MMC Closed-loop Nonlinear Model

The accuracy of the DC-MMC closed-loop nonlinear mod‐
el (12) is validated against the PSCAD benchmark model un‐
der various step inputs. Figure 8 illustrates the results for the 
upper-arm sum voltage in response to a 5% step-up on the 
HV side voltage at t = 1.5 s. The good matching observed in 
the results verifies that the proposed DC-MMC closed-loop 
nonlinear model is highly accurate.

E. Impact of SHCSC on Accuracy of DC-MMC Closed-loop 
Nonlinear Model 

This subsection examines the impact of SHCSC on the ac‐
curacy of the DC-MMC closed-loop nonlinear model. In 
Fig. 9, the results illustrate the response of the upper-arm 
voltage VarmU (t)=mU (t)V å

U (t) to a 5% step-up on the HV side 
voltage. It is observed that the DC-MMC closed-loop nonlin‐
ear model with SHCSC (13) demonstrates an insignificant 
improvement compared with the DC-MMC closed-loop non‐
linear model without SHCSC (12). Nevertheless, considering 
the adequate accuracy and lower-order of the DC-MMC 
closed-loop nonlinear model without SHCSC, it is employed 
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TABLE I
DC-MMC PARAMETERS

Parameter

Prated (MW)

VH (kV)

VL (kV)

NUNL

CSMU (mF)

CSML (mF)

Value

600

320

250

160, 160

4.4

12.2

Parameter

RarmU (Ω)

RarmL (Ω)

V å
U0ref (kV)

V å
L0ref (kV)

Larm (mH)

L2 (mH)

Value

1.44

0.96

320

320
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Fig. 6.　Results for upper-arm current in response to 5% step-down on LV 
side voltage.
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in the subsequent section to assess the impact of HVDC ca‐
ble on the DC-MMC.

F. Verification of Interconnected System Model

The proposed interconnected system (15) integrates one 
DC-MMC and two 100 km HVDC cables. Initially, the 
HVDC cable model is developed using a single PI section 
with multiple parallel RL branches, as shown in Fig. 4. The 
accuracy of the HVDC cable model is verified against a 
wide-band cable model (PSCAD) across a frequency spec‐
trum ranging from 0.001 Hz to 5000 Hz. Figure 10 shows 
the magnitude and phase of 100 km HVDC cable models 
with 3, 5, and 7 parallel RL branches against wide-band ca‐
ble model. It is observed that the HVDC cable model utiliz‐
ing 5 parallel RL branches achieves a high degree of accuracy. 
A higher-order cable model, either with additional PI sections 
or more parallel RL branches, slightly improves the accuracy 
but also increases the order and complexity of the model.

Figure 11 illustrates the results for the lower-arm sum volt‐
age in response to a 5% step-up on the HV side voltage at 
t=1.5 s. The observed good matching indicates that the pro‐
posed model is accurate and well-suited for design and anal‐
ysis purposes.

Figure 12 shows the impact of cable length on DC-MMC 
DC voltage dynamic in response to a 5% step-up on LV side 
voltage. The introduction of HVDC cables imparts dynamics 
to the DC voltages on both sides of the DC-MMC. The 

lengthening of HVDC cables amplifies this dynamic effect, 
potentially leading to system instability, a topic that will be 
explored in the subsequent section.

VII. STABILITY ANALYSIS AND DAMPING CONTROL DESIGN

The proposed interconnected system models are versatile 
tools applicable for stability analysis and controller design. 
In this section, the interconnected system model is employed 
to conduct a thorough analysis of system stability. Subse‐
quently, a damping controller is designed to mitigate oscilla‐
tions and stabilize the system.

A. Impact of Cable Length on Interconnected System Stabili‐
ty

Table II provides the most sensitive eigenvalues of the in‐
terconnected system for varying cable lengths. As observed, 
the eigenvalues shift towards the right half-plane with in‐
creasing cable length, indicating a growing oscillatory ten‐
dency. Notably, the interconnected system reaches instability 
for HVDC cables longer than 190 km.
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TABLE II
MOST SENSITIVE EIGENVALUES OF INTERCONNECTED SYSTEM FOR 

VARYING CABLE LENGTH

Cable length (km)

50

100

150

190

Most sensitive eigenvalue

-20.35 ± 69.46i

-13.15 ± 69.84i

-5.95 ± 65.21i

0.0046 ± 61.42i
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B. Damping Control Design

The stability analysis of the interconnected system reveals 
that the generic control structure illustrated in Fig. 2 is insuf‐
ficient for effectively damping oscillations and stabilizing 
the system. Consequently, the introduction of a suitable 
damping controller becomes imperative.

The damping controller is designed to monitor one or 
more states within the interconnected system and adjust one 
of the outputs of the generic controller presented in Fig. 2. 
To identify the optimal states for feedback, the approach is 
employed [27]. PFs are computed by element-wise multipli‐
cation of the right and left eigenvectors associated with the 
matrix A of the linearized system in (15).

These PFs are calculated and normalized across various 
cable lengths, and the states with the highest PF are selected 
as the most suitable candidates for the feedback signals [18]. 
As an example, in a system with 100 km cable length, the 
highest PF is 0.192, corresponding to the 2nd harmonic com‐
ponents of V å

Ud2 and V å
Uq2.

To determine the best control inputs to pair with the se‐
lected feedback signals V å

Ud2 or V å
Uq2, the residue approach is 

employed [20]. In Table III, the calculated residue values are 
presented for the 5 generic control signals to pair with V å

Ud2 
or V å

Uq2 for the interconnected system with 100 km cable 
length. The pair (ϕmL

, V å
Ud2) exhibits the highest magnitude 

and is thus selected for the damping control.

Figure 13 depicts the revised control block diagram with 
the integrated damping controller. The signal V å

Ud2 is filtered 
and added, with gain Kdamp, to the control signal ϕmL

. The 

band pass filter (BPF) has a resonant frequency of 4 Hz and 
a damping ratio of 0.707, where the resonant frequency is 
determined based on the oscillation frequency of V å

Ud2 after 
applying a step disturbance. Notably, after applying this dis‐
turbance step, an oscillation frequency between 3.5 Hz and 7 
Hz becomes apparent in V å

Ud2 without the damping controller. 
Subsequent fine-tuning reveals that a resonant frequency of 
4 Hz significantly enhances system performance. Here, the 
damping gain Kdamp =-0.15 is selected.
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+ +

+
�
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Fig. 13.　Revised control block diagram with integrated damping controller.

C. Verification of Damping Controller

The effect of the damping controller on the performance 
of the interconnected system is scrutinized for varying cable 
lengths. Table IV provides the most sensitive eigenvalues of 
the interconnected system for different cable lengths, both 
with and without the damping controller. Notably, the pro‐
posed damping controller induces a shift of the eigenvalues 
towards the left, indicative of a more stable system. Remark‐
ably, the proposed damping controller demonstrates the capa‐
bility to stabilize the system for HVDC cables with up to 
337 km cable length.

Figure 14 shows the upper-arm sum voltage results for a 5% 
step-up on LV side voltage with and without the damping con‐
troller while the cable length is 100 km. It is evident that the 
damping controller significantly diminishes the oscillations. In 
Fig. 15, the results are represented with the cable length ex‐
tended to 190 km. Notably, the system exhibits instability 
without the damping controller, but the stability is restored by 
including the damping controller. The simulation results are 
consistent with the eigenvalue analysis given in Table IV.

TABLE III
RESIDUE VALUES OF SELECTED FEEDBACK SIGNALS AND

GENERIC CONTROL SIGNALS

Generic control 
signal

IUref

ILref

MU0

ML0

ϕmL

Residue value

V å
Ud2

2.140

0.005

0.016

0.010

2.150

V å
Uq2

2.140

0.005

0.016

0.010

2.140

TABLE IV
MOST SENSITIVE EIGENVALUES OF INTERCONNECTED SYSTEM FOR 

DIFFERENT CABLE LENGTHS WITH AND WITHOUT DAMPING CONTROLLER

Cable length 
(km)

50

100

150

190

250

300

337

Most sensitive eigenvalue 
without damping controller

-20.35 ± 69.46i

-13.15 ± 69.84i

-5.95 ± 65.21i

0.0046 ± 61.42i

5.64 ± 56.74i

8.80 ± 53.02i

10.28 ± 50.01i

Most sensitive eigenvalue 
with damping controller

-28.83 ± 51.92i

-26.97 ± 49.94i

-10.71 ± 59.55i

-2.90 ± 59.62i

-1.63 ± 61.47i

-0.32 ± 55.18i

0.0017 ± 55.19i
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VIII. CONCLUSION

This paper presents a robust and comprehensive modeling 
approach for DC-MMC systems, introducing a 20th-order 
open-loop linear model and a 25th-order closed-loop nonlin‐
ear model. These models meticulously account for converter 
variables across three dq frames, effectively addressing sig‐
nificant coupling effects. Validation against PSCAD bench‐
mark models demonstrates the high accuracy of the pro‐
posed model.

A critical investigation into the impact of harmonics re‐
veals that while the 2nd harmonic notably affects the model 
accuracy, higher order harmonics are largely negligible, 
streamlining the analysis process. Efforts to enhance the DC-
MMC closed-loop nonlinear model through the integration 
of SHCSC model provide limited improvements, reinforcing 
the robustness of the original model structure. Expanding the 
application of the model, the DC-MMC closed-loop nonlin‐
ear model is integrated with two HVDC cables modeled us‐
ing the vector fitting approach, creating an interconnected 
system model. This advanced interconnected system model 
enables a detailed analysis of the influence of cable length 
on system performance. To ensure stability in the intercon‐
nected systems with extended cable lengths, a damping con‐
troller is successfully designed and implemented. The in‐
sights gained here provide valuable guidance for practical 
implementation of interconnected systems, particularly in en‐
hancing system stability under varying cable lengths.
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