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Abstract——Grid-forming (GFM) converters are recognized for 
their stabilizing effects in renewable energy systems. Integrating 
GFM converters into high-voltage direct current (HVDC) sys‐
tems requires DC voltage control. However, there can be a con‐
flict between GFM converter and DC voltage control when they 
are used in combination. This paper presents a rigorous control 
design for a GFM converter that connects the DC-link voltage 
to the power angle of the converter, thereby integrating DC 
voltage control with GFM capability. The proposed control is 
validated through small-signal and transient-stability analyses 
on a modular multilevel converter (MMC)-based HVDC system 
with a point-to-point (P2P) GFM-GFM configuration. The re‐
sults demonstrate that employing a GFM-GFM configuration 
with the proposed control enhances the stability of the AC sys‐
tem to which it is connected. The system exhibits low sensitivity 
to grid strength and can sustain islanding conditions. The high 
stability limit of the system with varying grid strength using the 
proposed control is validated using a system with four voltage 
source converters.

Index Terms——DC voltage control, grid-forming (GFM) con‐
verter, high-voltage direct current (HVDC), modular multilevel 
converter (MMC), stability analysis.

I. INTRODUCTION 

TO mitigate the effects of climate change, a substantial 
shift towards the adoption of renewable energy sources 

has occurred. This shift has led to a considerable increase in 
the use of power electronic converters for integrating renew‐
able energy sources into power transmission and distribution 
grids. The predominant method for managing these convert‐
ers is the widely known and standardized grid-following 
(GFL) control, which relies on a phase-locked loop (PLL) 
for synchronization. However, an increase in GFL-controlled 

sources contributes to the destabilization of power grids, par‐
ticularly due to their instability under weak grid conditions [1].

Recent advancements have highlighted grid-forming 
(GFM) control as a promising solution for addressing the sta‐
bility challenges that hinder the widespread adoption of con‐
verter-interfaced resources. For example, the GFM control 
exhibits more stable behavior than the GFL control, particu‐
larly in weak AC grids [2]. The concept of GFM control is 
based on “voltage behind an impedance” behavior. The di‐
rect consequence is that the active power is not controlled 
by the current (as in GFL control), but by the voltage angle. 
An active power loop must be implemented to manage the 
power flow through the converter. Thus, this loop has two 
aims: to control the active power and synchronize the con‐
verter with the grid [3].

In a point-to-point (P2P) high-voltage direct current 
(HVDC) link with voltage source converters (VSCs), as 
shown in Fig. 1, the commonly used DC voltage control em‐
ploys master-slave control, where the two stations play com‐
plementary roles. pac is the AC power; and other variables 
are defined in the following text. VSC 1 is responsible for 
the DC bus voltage control, whereas VSC 2 operates under 
power control mode, which controls the power flow. The dy‐
namics of the DC-link voltage reflect the active power bal‐
ance at the DC link, and the DC voltage control is crucial 
for maintaining the stability [4].

In addition, in a P2P HVDC link with GFM-GFL configu‐
ration, as illustrated in Fig. 1(a), one converter can operate 
under GFM control mode when connected to a very weak 
AC grid, whereas the other operates under GFL control 
mode when connected to a comparatively stronger AC grid. 
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Fig. 1.　P2P HVDC link with VSCs. (a) GFM-GFL configuration. (b) GFM-
GFM configuration.
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However, when the AC grids are weak on both sides of the 
P2P HVDC link, it is advantageous to operate both convert‐
ers with GFM control for achieving a higher system stability 
[5]. In this situation, a GFM-GFM configuration is formed, 
as depicted in Fig. 1(b). For example, as given in [5], in the 
Caprivi link project, both converters operate in GFM control 
as both sides of the AC grids are extremely weak.

DC voltage control with GFL converters is well known in 
the literature [6], [7]. Therefore, in a GFM-GFL configura‐
tion, the GFL converter (VSC 1) would control the DC volt‐
age, and a classical GFM control [8] can be implemented for 
the GFM converter (VSC 2). However, this problem would 
arise with a GFM-GFM configuration. Thus, the question 
that emerges for VSC 1 is whether it is possible to use the 
concept of GFM with DC voltage control.

The first method is to cascade an external DC bus voltage 
control loop into a classical GFM control [9]-[12]. In other 
words, the power reference is provided by the DC voltage 
controller, which is used by the power angle controller. How‐
ever, this poses challenges because the GFM control of ac‐
tive power is often slow. Consequently, the DC voltage con‐
trol response may be very slow, which potentially affects the 
DC voltage performance [13], [14]. In [15], DC voltage con‐
trol is used, followed by power synchronization control, 
which allows both inertial support and DC voltage support 
via the same converter. However, the value of DC-link 
stored energy is not clear for a multi-terminal DC (MTDC) 
system. This method would work only when the value of en‐
ergy storage is high, which would further increase the vol‐
ume and cost of the converter.

The second method is to control the dynamics of the DC-
link voltage directly using the converter angle, omitting the 
use of active power feedback control. Several studies have 
proposed solutions to this dynamic control issue. Reference 
[16] is among the first studies to propose a DC-link voltage 
control using the grid angle. Reference [17] proposes to ap‐
ply the same type of control for a static synchronous com‐
pensator (STATCOM) application. References [18] and [19] 
improve the DC bus stability by adding a feedforward action 
to the control, and [20] analyzes the transient stability of 
this type of control. Compared with these previous works, 
this paper proposes a control design based on a pole place‐
ment method that allows control of the damping and re‐
sponse time of a closed system.

The control is applied to a modular multilevel converter 
(MMC) -based HVDC system with a GFM-GFM configura‐
tion to simulate a real application. Reference [21] presents 
the operation of an HVDC link with GFM-GFM configura‐
tion using a DC voltage control. However, it manages to 
achieve a stable system with only weak grids and is found 
to be unstable with strong grids, whereas the proposed con‐
trol maintains stability for any type of grid.

These improvements can be considered extensions of pre‐
viously proposed control methods. The main novelty of this 
paper lies in showing the significant advantages of employ‐
ing this type of control for AC grids to which it is connect‐
ed. Specifically, an enhancement to small-signal stability is 
demonstrated for an AC grid with a high penetration of pow‐

er electronic converters, and the islanding capability provid‐
ed by the proposed GFM control is significantly improved.

The remainder of this paper is organized as follows. Sec‐
tion II describes the development of the proposed control 
and validation through an electromagnetic transient (EMT) 
analysis of a P2P HVDC link with GFM-GFM configura‐
tion. Section III highlights the stability advantages of the 
P2P HVDC link with GFM-GFM configuration using the 
proposed control as compared with the GFM-GFL configura‐
tion using a classical DC voltage control. Section IV extends 
the findings for a more complex four-VSC system. Finally, 
conclusions are given in Section V.

II. PROPOSED CONTROL AND VALIDATION THROUGH EMT 
ANALYSIS 

This section proposes the DC voltage control while retain‐
ing the GFM capability of the converter. Time-domain vali‐
dation of the proposed control is also conducted through 
EMT analysis.

A. System Model

To design a system that offers DC voltage control with 
GFM capabilities, it is first necessary to define a system 
model. Figure 2 shows a simplified system model with an 
AC grid, a DC grid, and a power converter, where idc1 and 
idc2 are the DC currents of the primary source and converter, 
respectively; vdc is the DC bus voltage; Cdc is the DC bus ca‐
pacitor; v*

m is the modulated voltage; ig is the grid current; vg 
is the grid voltage; and Xc is the leakage reactance. The AC 
grid is represented by a Thevenin equivalent system consist‐
ing of voltage source ve and grid reactance Xg.

1)　Static Model of Converter for Power Synchronization 
Control

The primary role of the VSC is to modulate the DC bus 
voltage to produce a set of three-phase voltage vm. Based on 
the average model, the converter can be approximated as an 
ideal three-phase voltage source, the values of which depend 
on the control system of the converter. The transformer is 
represented by a leakage reactance Xc, which maintains a 
lossless connection with the converter side.

In the steady state, each AC voltage Vx and current Ig can 
be expressed in phasor form (denoted by “

-
(⋅)”):

ì
í
î

ïï
ïï

-
V x =Vxe

jδx

-
I g = Igej(δe - ϕ)

(1)

where Vx represents different voltages such as Vg Vm and 
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Fig. 2.　Simplified system model.
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Ve, which are the steady-state values of vg vm and ve, re‐
spectively; ϕ is the phasor angle between Ig and Ve; and δx 
and δe are the corresponding phasor angles to the voltages 
Vx and Ve, respectively. In addition, the virtual inductance Xv 
is used to reduce the effects of phase shifts on power fluctua‐
tions in the converter [2]. A virtual voltage in phasor form 

-
V 

with a phasor angle δ is added to include the virtual induc‐
tance.

Thus, the system can be represented by the electrical cir‐
cuit shown in Fig. 3(a) along with the corresponding phasor 
diagram in Fig. 3(b).

With this circuit, the active power P can be derived in 
terms of the phase angle as:

P =
VmVe

Xc +Xg

sin(δm - δe ) (2)

where δm is the phasor angle of the voltage Vm. 
From this, it can be deduced that active power control can 

be designed with different angles. In the time domain, each 
angle in the phasor corresponds to a time-varying angle θx 
as:

θx = δx +ωbt (3)

where ωb is the angular frequency. 
Thus, δe and δm can be substituted with their correspond‐

ing time-domain angles θe and θm, respectively, and (2) can 
be rewritten as [2]:

P =
VmVe

Xc +Xg

sin(θm - θe ) (4)

Including the virtual inductance, the active power P can 
be defined as:

P =
VVe

Xv +Xc +Xg

sin(θ - θe ) (5)

where V is the virtual voltage; and θ is the corresponding 
time-domain angle of δ.

As this angle difference is very small, (5) can be written 
as:

P »
VVe

Xe

(θ - θe ) (6)

Xe =Xv +Xc +Xg (7)

Thus, in the steady state, using (6), a block of the convert‐
er model in the frequency domain is obtained, as shown in 
Fig. 4(a).

2)　Static Model of DC Link
For simplicity, the DC cable is represented by a capacitor. 

The dynamics of the capacitor are given by (8), as shown in 
Fig. 2. Here, Cdc is the total capacitance that includes the ca‐
pacitance of the DC cable and capacitance related to the con‐
verter, namely the capacitance of the filter in the case of the 
VSC, or the virtual capacitance in the case of the MMC if 
virtual capacitance control is implemented [22]. By trans‐
forming this equation to obtain the power dynamics, the rela‐
tionship between the DC voltage and DC power is given by 
(9). Cdc is expressed as the DC inertia Hdc in a per-unit sys‐
tem, as given in (10) [23].

idc1 - idc2 =
1

Cdc

dvdc

dt (8)

pdc1 - pdc2 =
1

Hdc

dv2
dc

dt
(9)

Hdc =
1
2

Cdc

v2
dcref

PN

(10)

where idc1 and idc2 are the DC currents of the primary source 
and converter, respectively; pdc1 is the DC power from the 
primary source; pdc2 is the DC power of the converter; and 
PN and vdcref are the nominal power and DC voltage refer‐
ence, respectively. Through (9), a block of the power dynam‐
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Fig. 4.　Model representation in frequency domain. (a) Static model of con‐
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ics of the DC link in the frequency domain is presented in 
Fig. 4(b), where Pdc1 and Pdc2 are the steady-state values of 
pdc1 and pdc2, respectively.
3)　Combined System Model

Given that there are no losses in the converter, the AC ac‐
tive power is equal to the DC power of the converter. Thus, 
when the block diagrams in Fig. 4(a) and (b) are combined, 
the system can be represented by Fig. 4(c). It can be con‐
cluded that the DC voltage vdc of the system can be con‐
trolled through the angle θ of the converter.

B. v2
dc-θ Controller and Power Synchronization

Based on the system model as shown in Fig. 4(c), the con‐
troller between the DC voltage (v2

dc) and the power angle of 
the converter (θ) is deduced as follows. An integrator must 
be added to the control to generate angle θ from frequency 
ω. This integral part of the control would result in a second-
order system. Adding a derivative effect allows the addition 
of a second parameter to the controller and effective control 
of the dynamics of the second-order system.

The structure of the v2
dc-θ controller is presented in Fig. 5, 

where Kp and Kd are the proportional and derivative gains of 
the controller, respectively; and ῶg is the estimated angular 
frequency. An angle reference θ* is generated by the control‐
ler depending on the DC voltage deviation Dv2

dc. This rela‐
tionship can be derived from the structure presented in Fig. 
5(a). Thus, θ* is expressed as:

ì

í

î

ï
ïï
ï
ï
ï

ï
ïï
ï
ï
ï

θ* =
ῶg -ω

s
ωb

ω = (Kp +Kd s)Dv2
dc

Dv2
dc = v2

dcref - v2
dc

(11)

As the real implementation of a derivative action can be 
sensitive to noise, a simple rearrangement of the control 

structure is performed to avoid the need for a derivative ac‐
tion of the signal. The modified structure of the v2

dc-θ control‐
ler is shown in Fig. 5(b), which is transformed into two pro‐
portional actions. From the structure in Fig. 5(b), the rela‐
tionship between the angle reference θ* and the DC voltage 
deviation Dv2

dc is expressed as:

θ* =[(ῶg -KpDv2
dc )/s -KdDv2

dc ]ωb (12)

The combined system and control scheme is presented in 
Fig. 6, where the angle θ originates from the control refer‐
ence angle θ*. The resulting system is a second-order sys‐
tem. The transfer function between v2

dc and v2
dcref can be ex‐

pressed as:

v2
dc

v2
dcref

=
1 +

Kd

Kp

s

1 +
Kd

Kp

s +
Hdc (Xv +Xc +Xg )

KpVVeωb

s2
(13)

The DC voltage control is achieved by controlling the an‐
gle of the converter. In addition, synchronization of the con‐
verter to the grid is achieved using the proposed control.

The generalized transfer function fT (s) of a second-order 
system without zeroes can be written as:

fT (s)=
1

s2 + 2ζωn s +ω2
n

(14)

where ωn and ζ are the oscillation frequency and damping ra‐
tio, respectively.

The control parameters are designed using the pole place‐
ment method. As the resulting system (13) is a second-order 
system, the tuning of gains Kp and Kd is performed by com‐
paring the transfer function with the generalized second-or‐

der transfer function (14) based on the chosen damping ratio 
and oscillation frequency. These values can be obtained by 
assuming the values of V and Ve to be approximate 1. In ad‐
dition, the transfer function indicates the need for the grid 
impedance value. A strong grid is assumed to tune the con‐
troller by setting Xg = 0.

The next subsection analyzes the dynamics of the system 
using the proposed control through EMT analysis.

C. Time-domain Validation of Proposed Control

To validate the proposed control, EMT analysis is per‐
formed on a P2P HVDC link with GFM-GFM configuration, 
as shown in Fig. 1(b). The parameters are listed in Table I, 
where Snom and Sb are the nominal and base apparent power, 
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respectively; Pnom is the nominal active power; Vdcnom is the 
nominal voltage of DC bus; and Unom and Ub are the nomi‐
nal and base phase-to-phase voltages on the AC grid side, re‐
spectively. The VSC 2 operates under constant power mode 
with voltage control grid-forming (VC-GFM) control [2], 
[24], providing inertial and damping effects denoted as H 
and ζ, respectively. VSC 1 controls the DC voltage with 
GFM capability. 

Accordingly, the proposed control is implemented using 
VSC 1. The parameters of the controller Kp and Kd are calcu‐
lated to correspond to the desired time response tr and damp‐
ing ratio ζ. This system is studied for several disturbance 
events.
1)　Case 1: Step on Power Reference at VSC 2 Converter 
Station

At t = 2 s, a 0.5 p.u. step on the power reference is applied at 
the VSC 2 converter station. A time response of 100 ms is cho‐
sen for the v2

dc-θ controller. The resulting DC voltage and pow‐
er at both stations are presented in Fig. 7(a)-(c). Two scenarios 
are considered with different inertia values H for VC-GFM 
control of the VSC 2, i.e., H = 0.5 s and H = 5 s. The damping 
ratio is ζ = 1 in both scenarios. Given the power imbalance in 
the system, the DC voltage starts to decrease. As a result, the 
v2

dc-θ controller operates to balance the power flow.

Figure 7 shows that the DC voltage is maintained at its 
reference value of 1 p. u.. For the scenario of H = 5 s, the 
time response of the resulting power and DC voltage is ap‐
proximately 300 ms. This is due to the high inertia value of 
the VSC 2. In addition, with a low inertia value (H = 0.5 s) 

of the VSC 2 converter control, the response time of the DC 
voltage and power is approximately 100 ms.
2)　Case 2: Phase Jump at AC Grid 1

In this case, a -10° phase jump is introduced at the volt‐
age source of the Thevenin equivalent AC grid 1 at t = 5 s. A 

TABLE I
PARAMETERS OF P2P HVDC LINK

Parameter

Snom, Sb

Pnom

Xg

Xv

Value

1.044 GVA, 1.044 GVA

1 GW

0.2 p.u.

0.15 p.u.

Parameter

Unom Ub

Vdcnom

Xg2

Hdc

Value

400 kV, 400 kV

640 kV

0.1 p.u.

100 ms
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time response of 100 ms is chosen for the v2
dc-θ controller, 

and the inertia value of H = 5 s is chosen for VC-GFM con‐
trol of the VSC 2. In Fig. 7(b), the resulting waveforms at 
VSC 1 and VSC 2 converter stations reveal that the system 
effectively restores synchronization. In addition, the DC volt‐
age is maintained at the reference value in the steady state. 
The waveform follows the response according to the time re‐
sponse intended by the v2

dc-θ controller.
3)　Case 3: Under Different Time Response Values

In this case, the response of the DC voltage is compared 
with various response time of the v2

dc-θ controller. The re‐
sponse time and their corresponding Kp and Kd values are 
given in Table II. At t = 2 s, a power variation of 0.5 p.u. is 
introduced to the power reference of the VSC 2. The result‐
ing DC voltage waveform is presented in Fig. 7(c). In all 
scenarios, given various values of Kp and Kd, the DC voltage 
is maintained at its reference value in the steady state. The 
main differences derive from the response time for returning 
to the nominal DC voltage level.

4)　Case 4: Comparison with Existing Controller
In this case, the behavior of the v2

dc-θ controller is compared 
with that of an existing controller in the literature, wherein the 
DC grid voltage is controlled via the angle of the converter, re‐
ferred to as the DC-link voltage synchronization control 
(DVSC) [19], [20]. The DVSC utilizes a proportional-integral 
(PI) controller, with the parameters detailed in [19]. A power 
step of 0.5 p.u. is introduced at the VSC 2, and the resulting 
waveforms are shown in Fig. 8. The behavior of the DC grid 
voltage is more damped under the v2

dc-θ controller than under 
the DVSC controller. Thus, the v2

dc-θ controller exhibits better 
damping and works well for both strong and weak grids. This 
is discussed in detail in the following section.

This validates the effectiveness of the proposed DC volt‐
age control, which is successfully implemented in a P2P 
HVDC link with GFM-GFM configuration, achieving sys‐
tem stability without any conflicts with DC voltage control.

III. STABILITY ADVANTAGES OF P2P HVDC LINK WITH 
GFM-GFM CONFIGURATION USING PROPOSED CONTROL

This section describes the advantages of an HVDC with 
GFM-GFM configuration with the proposed control as com‐
pared with that of the GFM-GFL configuration under the 
classical master-slave control in terms of stability, grid 
strength, and system islanding.

A. System Description

The studied system is an MMC-based HVDC system, as 
shown in Fig. 9. An energy-based control is employed to 
control the energy stored in MMCs [25].

The system includes two AC grid setups. On the AC grid 
1 side, two MMCs are used, where MMC12 operates under 
GFL control mode, whereas MMC11 alternates between GFL 
and GFM control modes. Both MMCs are connected to the 
Thevenin equivalent via an overhead line. On the AC grid 2 
side, MMC2 operates in GFM control mode with VC-GFM 
control using the virtual synchronous machine (VSM) 
scheme [24]. MMC11 and MMC2 are connected to a DC ca‐
ble to form an HVDC system.

The DC link is modeled using a DC capacitor at Hdc = 100 
ms. The MMC-based HVDC system parameters are listed in 
Table III. More detailed MMC parameters are listed in Table 
IV.

The power flow is configured such that MMC12 injects 
power, which is absorbed by the passive load and MMC11 
converter station. 
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TABLE II
PARAMETERS OF v2

dc-θ CONTROLLER IN CASE 3

tr (ms)

100

200

300

ζ

1

1

1

Kp

0.2387

0.0597

0.0265

Kd

0.0095

0.0048

0.0032
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This arrangement limits the power flowing through the im‐
pedance of AC grid 1. The grid impedance can be increased 
with limited reactive power requirements, thereby rendering 
the system suitable for sensitivity analysis.

The grid strength is expressed by the grid impedance Xg. 
The test system is studied for different grid strengths on the 
AC grid 1 side by varying the grid inductance and resistance 
parameters Lg and Rg, while maintaining an Xg /Rg ratio of 
10. The analysis is first performed through an EMT simula‐
tion in MATLAB, and then a small-signal analysis is con‐
ducted to determine the system stability limit.

B. Dynamic Behavior in the Case of a Strong Grid

The behavior of the system is next described, in which 
AC grid 1 is considered a strong grid with Xg = 0.2 p.u.. Two 
cases are analyzed. In one case, MMC11 operates in GFL 
control mode, and therefore, the P2P HVDC link has a 
GFM-GFL configuration. In the second case, MMC11 oper‐
ates in GFM control mode with the v2

dc-θ controller, creating 
a GFM-GFM configuration. Disturbances are introduced into 
the system, and the behavior of the system is analyzed in 
the two cases.

At t = 2 s, a power variation of 0.1 p.u. is applied at the 
MMC2 converter station, and at t = 4 s, a phase jump of π/18 
is introduced at AC grid 1. The resulting active power at 

each converter station and the DC voltage are obtained, as 
shown in Fig. 10. After a small transient, power flow is es‐
tablished in the steady state. Thus, in both cases, the MMC-
based HVDC system is stable under a strong grid.

C. Dynamic Behavior in the Case of a Weak Grid

Next, Xg is increased to 1 p.u. (SCR = 1) to consider AC 
grid 1 as a weak grid. When MMC11 operates in GFL con‐
trol mode, the AC system becomes unstable, as shown in 
Fig. 11(a). The resulting power and DC voltage waveforms 
oscillate with a high magnitude. By contrast, when MMC11 
operates in GFM control mode, the AC system maintains the 
stability. As Fig. 11(b) shows, the waveforms do not oscil‐
late considerably, and their behavior is considerably damped.

Thus, as expected, utilizing a GFM-GFL configuration 
makes the system more sensitive to grid strength. By con‐
trast, employing a GFM-GFM configuration with the pro‐
posed control enhances the stability of the system in terms 
of grid sensitivity.

To analyze the stability limit when employing the GFM-
GFM and GFM-GFL configurations, a parametric sensitivity 
analysis is next performed under a small-signal stability anal‐
ysis.

TABLE III
MMC-BASED HVDC SYSTEM PARAMETERS

Component

MMC

Overhead line

Grid

DC link

v2
dc-θ controller

VC-GFM controller

Parameter

Snom Sb

Unom Ub

Pnom

Vdcnom

Line impedance Xl

Line resistance Rl

Xg2

Xg /Rg

Hdc

tr

ζ

H

ζ

Value

1.044 GVA, 1.044 GVA

400 kV, 400 kV

1 GW

640 kV

0.144 p.u.

0.0072 p.u.

0.1 p.u.

10

100 ms

100 ms

1

5 s

1

TABLE IV
MMC PARAMETERS

Parameter

Arm inductance

Arm resistance

Connection impedance Xc

Connection resistance Rc

Virtual impedance Xv

Energy in converter capacitance Hc

Energy control parameters ωn, ζ

PLL parameters ωn, ζ

Value

0.18 p.u.

0.005 p.u.

0.15 p.u.

0.005 p.u.

0.06 p.u.

40 ms

3 Hz, 1

50 Hz, 1
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Fig. 10.　Dynamic response in the case of a strong grid with Xg = 0.2 p.u.. 
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voltage.
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D. Analysis of Stability Limit in Terms of Grid Strength

The small-signal stability limit is next examined for vari‐
ous grid strengths in the cases of GFM-GFL and GFM-GFM 
configurations.

To deepen the small-signal stability analysis of the sys‐
tem, a linearized state-space model is created. The state-
space model of the system is developed by associating the 
state-space models of different subsystems, which are three 
MMCs, a DC cable, and two AC grids. The methodology 
presented in [26] is adopted to obtain a linearized model of 
the components.

The system is linearized around the same operating point, 
as shown in Fig. 9. Thus, a state-space model of the com‐
plete system is developed, linearized, and validated through 
EMT analysis.

The stability limit of the system is explored by varying 
the grid impedance parameter Xg, thereby varying the grid 
strength. The stability limit is recognized as the foremost op‐
erating point, where at least one eigenvalue of the linearized 
system exhibits a positive real part.

In the first case of the GFM-GFL configuration, the grid 
inductance Xg of the system varies from 0.2 to 3 p. u., and 
the resulting eigenvalue trajectories are obtained, as shown 
in Fig. 12. Beyond a certain threshold, the two eigenvalue 

pairs (λL1L2 and λL3L4) shift towards the right-hand side of 
the imaginary plane, leading to system instability. The stabili‐
ty limit for a GFM-GFL configuration is then obtained with 
Xg = 0.5 p.u.. For example, the participation factors of differ‐
ent states contributing to the eigenvalue λL3L4 with Xg = 1 
p.u. are presented in Fig. 13. Participation factor analysis re‐
veals that the dominant states contributing to eigenvalues 
λL1L2 and λL3L4 are associated with the PLLs of MMC12 and 
MMC11, as well as the AC current of MMC11 and the line 
current of AC grid 1, indicating an interaction between the 
converters through the AC grid. Thus, the instability due to 
the converter interaction increases.
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Fig. 11.　Dynamic responses in the case of a weak grid with Xg = 1 p.u.. (a) MMC11 in GFL control mode. (b) MMC11 in GFM control mode.
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Next, the analysis of the stability limit of GFM-GFM con‐
figuration with the proposed control is conducted. The grid 
impedance Xg varies from 0.2 to 3 p.u., and the resulting ei‐
genvalues are obtained, as shown in Fig. 14. The eigenval‐
ues lie on the left-hand side of the plane for all values of Xg. 
Therefore, the system remains stable even with high values 
of Xg.

The participation factors of different states contributing to 
the most oscillatory pole/eigenvalue λM1M2 with Xg = 1 p. u. 
are presented in Fig. 15. 

As observed, the dominant states are primarily associated 
with MMC11, indicating less interaction between the convert‐
ers and grids. In fact, the GFM-GFM setup with the pro‐

posed control exhibits minimal sensitivity to grid strength 
and represents a highly stable configuration.

E. Dynamic Behavior in the Case of Islanding with Loss of 
AC Grid 1

Thus far, the stability with respect to grid strength has 
been discussed. The stability of the system is next analyzed 
in the case of an islanding situation with loss of AC grid 1. 
Both AC grid impedances are low, i.e., Xg = 0.2 p.u..

In the first case, MMC11 operates in GFL control mode. 
At t = 2 s, a power disturbance of 0.05 p.u. is applied at the 
MMC2 converter station. As a result, as shown in Fig. 16(a), 
the MMC11 converter station alters its power to compensate 
for the power variation and to return the DC voltage to its 
reference value. At t = 6 s, a sudden loss occurs in AC grid 
1. As indicated by the DC voltage and active power wave‐
forms in Fig. 16(a), the system becomes unstable. Due to 
the absence of AC grid 1, the power flow is unbalanced and 
a sudden sizable drop in power and voltage occurs, followed 
by high oscillations in the system. Thus, the GFM-GFL con‐
figuration cannot sustain itself without an AC source.

In the second case, the MMC11 operates in GFM control 
mode, resulting in a GFM-GFM configuration with the pro‐
posed control. During the same islanding event at t = 6 s, the 
behavior of the GFM control significantly differs from that 
of the GFL control. Due to the voltage source characteris‐
tics, the GFM control instantaneously adjusts its power to 
match the power required by the remaining AC grid 1. This 
leads to an imbalance in the DC bus power between the two 
stations, resulting in fast DC bus voltage variation. Once the 
DC voltage reaches its lower limit of 5%, the proposed con‐
trol is shifted to the MMC2 converter station [4], [27], and 
MMC11 operates in constant power mode. The DC voltage is 
recovered to its nominal value as soon as MMC2 operates in 
DC voltage control mode.

Therefore, we can conclude that in the event of a large 
transient loss of an AC grid, the system is stable under the 
GFM-GFM configuration with the proposed control. Thus, 
the overall stability of the system is enhanced.

IV. EXTENSION TO A FOUR-VSC SYSTEM

A. System Description

A four-VSC system is next introduced to demonstrate pre‐
vious findings. A single-line diagram of the system is pre‐
sented in Fig. 17, which consists of two wind parks (WPs), i.
e., WP 1 and WP 2, and two HVDC links, i.e., HVDC 1 and 
HVDC 2.

WP 1 and WP 2 are consolidated representations of nu‐
merous generators and are GFL-controlled. HVDC 1 con‐
sists of two VSCs connected through a DC cable. VSC 2 is 
in GFM control mode, and VSC 1 is in GFM control mode 
with the proposed control or GFL control mode with classi‐
cal master-slave control. However, the HVDC 2 is assumed 
to have a constant DC voltage with a GFL-controlled VSC.

The converter parameters are listed in Table V. The other 
detailed parameters can be found in [2].
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Both WPs are connected to the grid radially using six 225 
kV cables of 50 km in length and six parallel transformers 
to handle the maximum output of each WP. The cables repre‐
sent the AC connections of the offshore wind farms. The 

400 kV segment of the transmission grid is interconnected in 
a meshed configuration, enhancing its reliability and flexibili‐
ty. The system electrically incorporates multiple closely 
spaced VSCs to account for potential interactions.

The system is connected to an external grid via the Theve‐
nin equivalent at bus C. The Thevenin voltage source sta‐
bilizes the system frequency to its nominal value under 
steady-state conditions. In addition, the strength of the ex‐
ternal grid is adjustable in terms of short-circuit power.

B. Stability Enhancements with Proposed Control

The purpose of this paper is to examine and verify the sta‐
bilizing effects in GFM control mode with the proposed con‐

trol. The system stability is evaluated based on the minimum 

short-circuit power of the external grid. The corresponding 

Thevenin reactance can be adjusted accordingly.

400 kV overhead line; 225 kV aggregated cable; 66 kV bus
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Fig. 17.　Four-VSC system.
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Fig. 16.　Dynamic response in the case of loss of AC grid 1. (a) MMC11 in GFL control mode. (b) MMC11 in GFM control mode.

TABLE V
CONVERTER PARAMETERS OF FOUR-VSC SYSTEM

Component

WP 1

WP 2

HVDC 1

HVDC 2

Snom (MVA)

2400

2400

1200

1700

Pnom (MW)

2300

2300

1150

1630
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The operating points of the converters are listed in Table 
VI. Most of the power injected by the WPs is absorbed by 
the HVDC links, and the remaining power is taken by the 
load at bus C. Therefore, no power flows through the Theve‐
nin equivalent. Therefore, the Thevenin reactance varies 
without concern about reaching the reactive power require‐
ment limit.

When the short-circuit power from the external Thevenin 
equivalent at bus C is set to be 17.78 GVA, the system is 
found to be unstable when the VSC 1 is controlled in GFL 
control mode with the classical master-slave DC voltage con‐
trol. This is demonstrated by applying a phase jump of 
-π/40 at the Thevenin equivalent voltage source. The result‐

ing power at all the converter stations and the DC voltage of 
HVDC 1 are obtained, as shown in Fig. 18(a). It can be ob‐
served that the system becomes unstable with a small-signal 
disturbance.

TABLE VI
OPERATING POINTS OF CONVERTERS

Component

WP 1

WP 2

HVDC 1

HVDC 2

Injected power (MW)

1500
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Fig. 18.　Dynamic response of 4-VSC system after phase jump. (a) VSC 1 in GFL control mode. (b) VSC 1 in GFM control mode.
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However, under the same conditions, the system remains 
stable when VSC 1 of HVDC 1 is controlled in GFM con‐
trol mode with the v2

dc-θ controller. As Fig. 18(b) shows, the 
DC voltage of HVDC 1 is maintained at its reference value 
at a steady state, and the power at all stations returns to its 
initial value after the phase jump.

This further confirms the previous findings regarding the 
stabilizing property of GFM control mode with the proposed 
control. Thus, an HVDC link with GFM-GFM configuration 
using the proposed control enhances the stability of the sys‐
tem and offers an overall more stable system.

V. CONCLUSION 

This paper proposes a rigorous DC voltage control design 
for GFM converters and validates its performance in a P2P 
HVDC link with GFM-GFM configuration. The proposed 
control is an extension of the GFM principle. It has two 
aims: controlling the DC bus voltage and synchronizing the 
converter with the grid. Thus, both DC voltage control and 
GFM capabilities are provided. The stabilizing effects and 
additional benefits of the proposed control are demonstrated 
through a comparison of the GFM-GFM and GFL-GFM con‐
figurations under complex case studies. The results indicate 
that the GFM-GFM configuration with the proposed control 
achieves a higher stability limit in weak AC grids. In addi‐
tion, an eigenvalue analysis highlights that the proposed con‐
trol brings stability and avoids unwanted interactions be‐
tween the converter and AC power system. Furthermore, the 
system remains stable in islanded scenarios with AC grid 
loss when using a GFM-controlled converter with the pro‐
posed control.

Further analysis is required to examine the behavior of the 
system under large disturbances such as multiple fault sce‐
narios. Moreover, the proposed control for integrating the 
GFM control with DC voltage control is easily adaptable for 
MTDC systems. The proposed control can be extended to a 
master-slave MTDC system, where Hdc accounts for all the 
energy stored within the MTDC system. It is expected to en‐
hance the overall stability of MTDC system to a significant 
degree but requires further investigation.
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