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Abstract — To address the transient instability issue of 
grid-forming (GFM) control in LCC-MMC ultra-high-
voltage hybrid DC transmission systems with hierarchical 
connection at the receiving end—where current limiting 
tends to lock the converter into current-source mode during 
AC faults—this paper proposes a coordinated optimization 
control strategy based on the virtual power angle. The 
virtual power angle characteristic equation of the GFM 
converter is first established, and the evolution mechanism 
of the virtual power angle before and after current 
saturation is analyzed. Based on the equal-area criterion, the 
analytical relationship between the critical clearing angle 
and the active power setpoint is derived. On this basis, a 
dynamic power reduction control strategy based on surplus 
power is proposed, which detects the unbalanced power of 
the converter station during faults and adaptively adjusts the 
power setpoint of the P-f control, thereby actively increasing 
the critical clearing angle. Meanwhile, for scenarios where 
the virtual power angle exceeds the critical value, a 
feedforward compensation-based smooth switching control 
strategy between grid-following (GFL) and GFM modes is 
designed to ensure the continuity of the inner-loop current 
reference at the switching instant. PSCAD/EMTDC 
simulation results demonstrate that the proposed dynamic 
power reduction strategy exhibits smaller transient 
disturbances and shorter recovery time compared with the 
fixed power reduction scheme, while the smooth switching 
strategy effectively prevents the converter from being locked 
into current-source mode, significantly enhancing the 
system's transient stability under severe faults. 

Index Terms — hybrid direct current transmission, grid-
forming control,  grid-following control, virtual power 
angle,  power regulation, smooth switching. 

Ⅰ.  INTRODUCTION 

 n recent years, the share of renewable energy 
generation has continued to increase, placing higher 

demands on the stability and flexibility of long-distance, 
high-capacity transmission systems [1].Ultra-high-
voltage direct current (UHVDC) transmission 
technology, characterized by high efficiency and 

flexible power regulation, has become a core 
technology for renewable energy delivery and cross-
regional grid interconnection. Among these, the hybrid 
DC transmission system with hierarchical connection 
at the receiving end—employing a line-commutated 
converter (LCC) at the sending end and a modular 
multilevel converter (MMC) at the receiving end—
combines the cost-effectiveness of LCC with the 
flexibility of MMC, and has demonstrated broad 
application prospects in numerous projects [2–
3].However, the receiving-end grid often exhibits a 
strong-DC/weak-AC characteristic [4], posing new 
challenges to the safe and stable operation of the system. 

Currently, the control modes of MMCs at the 
receiving end of hybrid DC transmission systems are 
mainly classified as GFL control and GFM control. 
GFL control relies on a phase-locked loop (PLL) for 
synchronization and offers proven low-voltage ride-
through (LVRT) capability during faults. However, in 
weak grids with reduced system inertia and non-
negligible grid impedance, it faces the risk of degraded 
synchronization stability or even loss-of-lock [5].GFM 
control draws on the operating principles of 
synchronous generators: by emulating the rotor motion 
equations, it directly controls the amplitude and phase 
of the converter output voltage to actively support 
system voltage and frequency, thereby improving 
operational stability in weak grids [6–8].Reference [9] 
systematically compares GFM and GFL controls in 
terms of event response, synchronization strategy, and 
applicable scenarios. Reference [10] systematically 
reviews the stability of GFM converters across three 
aspects: steady-state operating point existence, small-
signal stability, and large-signal stability. 

However, GFM control faces particular transient 
instability risks under fault conditions. Reference [11] 
reveals the intrinsic connection between the transient 
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synchronization stability of grid-connected converters 
and the power-angle stability of synchronous 
generators in terms of research methodology, and 
summarizes the major forms of transient instability in 
GFM control under large disturbances. Reference [12] 
points out that VSG-based GFM control incorporates 
multiple limiters, making it a complex switching 
system. Upon triggering of the current limiter, the 
external characteristics of the GFM converter switch 
from a voltage source to a current source, weakening 
its transient voltage support capability and exposing the 
system to the risk of transient synchronization 
instability. 

To address this challenge, previous studies have 
focused on the virtual power angle characteristics. 
Reference [13] defined the virtual power angle, 
analyzed its characteristics before and after current 
saturation, and revealed the instability mechanism 
during the transition from voltage-source mode to 
current-source mode. Reference [14] derived the 
analytical expression of the critical clearing angle 
(CCA) based on the piecewise equal-area criterion, 
providing a theoretical basis for enhancing the transient 
stability of GFM control using the virtual power angle. 
Existing research has laid the foundation for transient 
stability analysis of GFM control. However, most 
studies focus on qualitative analysis of virtual power 
angle characteristics, with insufficient discussion on 
how to utilize the critical criterion to optimize control 
strategies and a lack of solutions to prevent system 
instability under severe faults. 

To this end, this paper takes a ±800 kV bipolar 
LCC-MMC hybrid hierarchically-connected DC 
transmission system as the research object and 
proposes a coordinated optimization control strategy 
based on the CCA. First, the virtual power angle 
characteristic equation of the GFM converter is 
established, the evolution mechanism of the virtual 
power angle before and after current saturation is 
analyzed, and the CCA calculation formula is derived. 
On this basis, this paper proposes a dynamic power 
reduction control strategy based on surplus power, 
which detects the unbalanced power at the converter 
station during faults and adaptively adjusts the power 

setpoint of the P-F control loop in real time to increase 
the CCA. Meanwhile, for cases where the virtual power 
angle exceeds the critical value during severe faults, a 
feedforward compensation-based smooth switching 
control from GFM to GFL is implemented to prevent 
the converter from being locked into current-source 
mode. Finally, a system model is built on the 
PSCAD/EMTDC platform, and the effectiveness of the 
proposed strategy is validated through multiple fault 
scenarios. 

Ⅱ.   TOPOLOGY AND CONTROL STRATEGY OF HYBRID 

HVDC TRANSMISSION SYSTEM 

A. System Topology 

As shown in Fig. 1, the sending-end positive-pole 

and negative-pole converter stations of this bipolar 

hybrid HVDC system each consist of two series-

connected 12-pulse LCCs. At the receiving end, each 

pole of the MMC station comprises two series-

connected MMCs, i.e., a high-end and a low-end unit, 

which are connected to AC grids of different voltage 

levels, forming a hierarchically-connected structure. 

The system has a DC voltage of ±800 kV, a DC current 

of 2.5 kA, and a rated transmission power of 4,000 MW. 

The sending-end LCC station adopts constant DC 

voltage control to establish and maintain the DC 

voltage reference of the system [15].Among the four 

MMC converters at the receiving end, converters I and 

III adopt GFM control based on virtual synchronous 

generators (VSG), while converters II and IV adopt 

constant active power control. The proposed hybrid 

control scheme has the following advantages: 

Converters I and III are connected to the high-end and 

low-end AC grids, respectively, providing active 

inertia and voltage support to two AC systems of 

different voltage levels simultaneously, thus effectively 

suppressing frequency and voltage fluctuations; 

Meanwhile, GFM converters are deployed in both the 

positive- and negative-pole series-connected 

converters. Their voltage-source external 

characteristics help maintain DC-port voltage stability 

and provide a stable voltage reference for the constant-

power converters of the same pole, thereby improving 

voltage balancing among valve groups and enhancing 



 

the overall stability of the DC system [16]
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Fig. 1. Topology of the hybrid HVDC transmission system

B. Control Strategy of Grid-Forming Converter 

The sampling, voltage/current control, and PWM 

signal generation of a GFM converter are identical to 

those of a conventional GFL converter; the difference 

lies in the power outer-loop control. GFM control 

emulates the electromechanical transient 

characteristics of a synchronous generator to directly 

control the amplitude and phase of the output voltage, 

thereby autonomously establishing the AC voltage and 

providing inertia and damping support to the system 

[17].Its power outer loop mainly consists of two 

components: P-f control and Q-V control, which 

generate the phase and amplitude of the internal 

electromotive force (emf), respectively. 

The P-f control emulates the rotor motion equation 

(i.e. the swing equation) of a synchronous generator. It 

detects the deviation between the output active power 

and the setpoint to generate the angular frequency of 

the VSG, which is then integrated to obtain the phase 

reference of the output voltage. The rotor motion 

equation is given as follows: 

 
( )ref e 0/

d
J D P P

dt

  
+  = −

 
(1) 

where J is the virtual inertia coefficient, D is the 

damping coefficient, is the output angular frequency 

of the VSG, and 0is the rated angular frequency of the 

grid. Pref denotes the active power setpoint, and Pe 

denotes the actual output active power. 

Due to differences in control parameters and 

measurement errors, DC voltage imbalance exists 

between the high-end and low-end converters. To 

address this, a voltage balancing control loop is 

introduced into the P-f control loop of the GFM control. 

The DC voltage deviation ΔUdc,pu between the high-end 

and low-end converters is detected, and together with 

the per-unit DC current Idc,pu, the power imbalance 

ΔPdc,pu is calculated, as given in Eq. (2) [18]. 

 dc,pu dc pu dc,pu ref0,puP U I P =  ，  (2) 

This correction is superimposed on the active 

power setpoint, yielding the updated power reference 

Pref,pu, as given in Eq. (3). 

 ref,pu dc,pu ref0,puP P P=  +  (3) 

Substituting the updated power reference into Eq. 

(1) enables dynamic adjustment of the GFM converter's 

power output, thereby suppressing voltage deviations 

between valve groups. The P-f control loop 

incorporating the voltage-balancing link is shown in 

Fig. 2. 



 

+

+
-

-

P-f Control
Valve Group Voltage 

Balancing Link

Idc,pu

Udch

Udcl

N/D

Udc,base

Pref0,pu
+

-

Pout

N/D

 

Fig. 2. Block diagram of active power-frequency control 

The Q-V control emulates the excitation 

regulation characteristics of a synchronous generator to 

generate the internal voltage amplitude E based on the 

reactive power deviation and terminal voltage 

deviation. The control equation is given by: 

 q ref out V ref f( ) ( ) 0K Q Q K V V− + − =  (4) 

where Qref、Qout are the reactive power setpoint and 

actual value, respectively; Vref、Vf are the AC voltage 

reference and actual value, respectively; Kq is the 

reactive power droop coefficient, with Kq=0 

corresponding to constant voltage control; KV is the 

voltage droop coefficient, with KV=0 corresponding to 

constant reactive power control [19]. When both Kq  

and KV are nonzero, it becomes reactive power–

voltage droop control. The Q-V control loop is shown 

in Fig. 3. 
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Fig. 3. Block diagram of reactive power-voltage control 

The internal voltage reference E∠0 generated by 

the P-f control and Q-V control loops is converted into 

inner-loop current references via virtual admittance 

control, enabling fast tracking of the current control 

loop. Virtual admittance control reshapes the port 

impedance characteristics of the converter by adjusting 

the virtual resistance Rv and virtual inductance Lv, 

thereby improving its interactive stability with the AC 

grid and maintaining a good phase margin under 

varying grid strengths [20]. 

In summary, the block diagram of the VSG-based 

GFM control proposed in this paper is shown in Fig. 4, 

which mainly includes P-f control, Q-V control, virtual 

admittance control, and dual-loop current control 

[13].In Fig. 4, usd、usq are the d- and q-axis components 

of the grid voltage, respectively; isd、isq are the d- and 

q-axis components of the converter output current, 

respectively; and Lf is the equivalent inductance of the 

converter.
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Fig. 4. Block diagram of VSG-based grid-forming control 

Ⅲ. TRANSIENT STABILITY ANALYSIS OF GRID-FORMING 

CONTROL 

A. Definition and Characteristic Equation of Virtual 

Power Angle 

The power angle  of an inverter is the angle 
between its output voltage V̇ and the grid voltage ܷ̇, 
while the virtual power angle δ′ is defined as the angle 
between the d-axis and the grid voltage. Under steady-

state conditions, the converter output voltage is aligned 
with the d-axis; thus, the actual power angle equals the 
virtual power angle. The vector relationship is 
illustrated in Fig. 5. 
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Fig. 5. Vector diagram of related variables 

In Fig. 5, 0̇ܫ  is the current of the equivalent 

current source of the grid, the grid-side power factor 

angle  is the angle between the grid voltage and the 

converter output current, and θ′ is the power angle 

under current saturation of the converter. Let α be the 

angle between the d-axis and V̇ , and  the angle 

between the d-axis and the converter output current İ.The following relationships can be obtained from Fig. 

6: 

 
q

d

arctan( ) '
V

V
  

−
= = −  (5) 

 
q

d

arctan( ) '
I

I
  = = − −  (6) 

where Vd and Vq are the d- and q-axis components of V̇, 

respectively, and Ud and Uq are the d- and q-axis 

components of ܷ̇ . The virtual power angle 

characteristic equation of the converter is given by Eq. 

(7): 

 
umsin sin( ' )E

U V

P P
X

  = = −



∑

 (7) 

where X∑ is the line reactance, and Pum is the amplitude 

of the unsaturated virtual power angle curve. 

Under steady-state conditions, Vd=0. From Eq. (5), 

it can be obtained that =0, and thus Eq. (7) simplifies 

to: 

 out um sin 'P P =  (8) 
Thus, the virtual power angle characteristic curve 

under unsaturated current conditions is obtained, as 

shown in Fig. 6, where A is the stable equilibrium point. 

When the inner-loop current reference reaches the 

limiting value, the converter can be considered as a 

controlled current source, and its virtual power angle 

characteristic transforms to: 

0

out smsin ' ' sin( ' 90 )

I I

P P
B

  = = + +





∑

 (9) 

where P′
sm is the amplitude of Saturated Virtual Power 

Angle Curve 3, 0̇ܫ=－jܷ̇X∑-1；B∑=X∑-1. 

Once current saturation is reached, the d-axis 

current gradually increases to imax, while the q-axis 

current decreases to zero. At this point, β=0 and  

I=imax; therefore, Eq. (9) can be simplified as: 

 out max smsin( ' 90 ) ' sin( ' 90 )P I U P = + = +


 (10) 

From Eq. (10), the virtual power angle 

characteristic curve of the converter under saturated 

conditions is obtained, as shown in Fig. 6, where D is 

the unstable equilibrium point. 

B. Transient Operating Characteristics of Virtual 

Power Angle 

As described in Section 2.1, when a fault occurs 

on the receiving-end AC bus, the inner-loop current 

reference increases. If the current limiting link is 

triggered, the converter enters the current saturation 

state and is equivalent to a current source. The 

operating point jumps from the stable equilibrium point 

A on Curve 1 to point A′ on fault Curve 3.At this point, 

since the amplitude Psm of saturated virtual power angle 

Curve 3 is less than Pref, the virtual power angle 

increases along Curve 3 [21], as shown in Fig. 6. 
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Fig. 6. Virtual power angle curves of the converter 

When the virtual power angle increases to point B, 

the fault is cleared, the grid voltage recovers to 1.0 p.u., 

and the operating point switches from point B on Curve 

3 to point B′ on Curve 2.Affected by virtual inertia, the 

power angle continues to increase until the acceleration 

area S+ equals the deceleration area S− .According to the 

equal-area criterion, the power angle begins to decrease 

along Curve 2 from point C to point O. Then the current 

withdraws from saturation, and the system gradually 

returns to point A along Curve 1, restoring stability. 

As shown in Fig. 6, if the virtual power angle 

exceeds max along Curve 2, then Pout＜Pref, and a new 

deceleration region is formed. There exists a critical 

angle cca such that, when the fault is cleared at this 

angle, the acceleration area S+ exactly equals the 

deceleration area S− enclosed from cca to point D.cca is 



 

denoted as the CCA, and the corresponding fault 

duration is the CCT. 

According to the equal-area criterion, the 

acceleration area bounded by the saturated virtual 

power angle Curve 3 from the stable equilibrium point 

A to the critical clearing angle and the rated power 

should equal the deceleration area bounded by the 

saturated virtual power angle Curve 2 from the critical 

clearing angle to the operating point D. The expression 

is given in Eq. (11). 

 

cca D

A cca

0 0cos d cos dP I U I P

 

 

      − = −   
    



(11) 

By integrating both sides of Eq. (11), CCA 

expression is obtained as 

0 A 0 D D A

cca

sin sin

arcsin( )

P P I I U

I I U

   


− + −
=

−



 (12) 

The analysis shows that when Bcca, there exists 

Cmax such that S+= S−, and the converter restores 

stable operation after a transient process. When Bcca, 

as the virtual power angle reaches point D with S+＞S−, 

the converter will undergo transient instability. 

The above analysis applies to the case where the 

outer-loop power setpoint satisfies Psm PrefPsm.If the 

virtual power angle at the instant of fault clearing is less 

than the CCA, the system can restore stability. 

However, as shown in Eq. (12), a grid voltage dip 

reduces the amplitude of the saturation curve. 

Consequently, two additional cases exist: PrefPsm and 

PrefPsm. 

When PrefPsm, the limiting link does not activate, 

the current remains unsaturated, and the system 

continues to operate along Unsaturated Curve 1, along 

which it restores stability directly after fault clearing. 

When PrefPsm, the limiting link is activated, and 

the operating point switches from Curve 1 to Curve 3, 

along which it continues to move downward. After 

fault clearing, the voltage recovers and the operating 

point transfers to Curve 2. However, due to the lack of 

a deceleration mechanism, the system continues to 

move along Curve 2, eventually resulting in transient 

instability. 

Furthermore, if the system operating point lies in 

the region on Unsaturated Curve 1 beyond point O in 

Fig. 6, where the output current would exceed imax, no 

limiting action actually occurs. The maximum active 

power output of the converter is thus given by: 

 

'

um sm

max
2 '2

um sm

P P
P

P P
=

+
 (13) 

As shown in Fig. 6, Pmax at point O is slightly less 

than Psm .It can be approximated that Pmax≈Psm. 

Therefore, considering the limiting effect, the stability 

margin range of the P-f control power setpoint is [0，

Psm]. 

The sending-end converter adopts constant DC 

voltage control to maintain the rated DC voltage. When 

a fault occurs on the receiving-end AC bus, the faulty 

converter generates DC overvoltage due to power 

surplus. Since the total DC voltage across the high-end 

and low-end converters remains constant, the voltage 

of the non-faulty converters decreases. Under the effect 

of voltage-balancing control, the active power setpoint 

of the faulty converter is forced to increase, making the 

system more susceptible to being locked in current-

source mode and ultimately leading to transient 

instability. 

Ⅳ. TRANSIENT STABILITY OPTIMIZATION STRATEGY FOR 

GRID-FORMING CONTROL 

A. Transient Instability Mechanism and 
Optimization Approach 

As discussed in Section 2.2, when current limiting 

is not activated, the external characteristic of the GFM 

converter can be regarded as voltage-source mode, with 

the operating point consistently following Curve 1 and 

eventually returning to the stable equilibrium point. 

However, when current limiting is activated, the 

external characteristic of the GFM converter switches 

to current-source mode. If the virtual power angle 

increases to the CCA and the fault persists, the system 

will operate along Curve 3, with the GFM converter 

locked in current-source mode. This will lead to 

transient instability, and the system remains difficult to 

restore even after the fault is cleared. 

The CCA characterizes the system’s ability to 

withstand fault disturbances: the larger the CCA, the 

wider the allowable swing range of the virtual power 

angle, and the longer the CCT. Therefore, under the 

same fault disturbance, increasing the CCA enables the 

system to restore stability even if the fault is cleared 

slightly later, thereby preventing the GFM converter 

from being locked in current-source mode. As shown 

in Eq. (13), the CCA is inversely proportional to the 



 

 

rated power of the system. The larger the rated power, 

the smaller the CCA, and the system may become 

unstable even under short-duration faults. However, 

since the AC voltage during the fault is determined by 

the fault severity and the system has already activated 

the current limiting, the current remains at the limit 

value. Therefore, actively reducing the power setpoint 

of the P-f control during the fault period can effectively 

increase the CCA and extend the CCT. 

However, if a fault is not cleared in a timely 
manner or a severe fault occurs, the virtual power angle 
may still exceed the critical value, even if the power 
setpoint has been reduced to its lower limit, potentially 
leading to transient instability. When the converter 
operates in GFL mode, active and reactive power can 
be independently controlled, with active power 
determined by the d-axis current and reactive power by 
the q-axis current. Meanwhile, the PLL tracks the grid 
voltage phase, thereby avoiding the instability risk 
associated with autonomous phase regulation of the 
GFM control. After fault clearing, the current limiting 
is deactivated. Active and reactive power are rapidly 
readjusted via outer-loop control according to preset 
power references, which in turn regulate the inner-loop 
current to eliminate power deviations and restore power. 
Moreover, this process effectively suppresses current 
surges and power oscillations during restoration. 
Therefore, during a fault, the converter can be switched 
from GFM to GFL control, leveraging the more mature 
LVRT capability of GFL control to accelerate system 
restoration. 
B. Dynamic Power Reduction Control Based on 

Surplus Power 

As discussed above, reducing the power setpoint 

during a fault can effectively increase the CCA and 

enhance the transient stability of GFM converters. 

However, if the reduction is too small, it cannot provide 

sufficient stability margin; if too large, it may further 

reduce the converter output power, aggravate the power 

imbalance between the sending and receiving ends, and 

even delay post-fault voltage recovery. Therefore, the 

power setpoint should be dynamically adjusted based 

on the fault severity. 

After the rated power setpoint is reduced during a 

fault, the acceleration area bounded by the saturated 

virtual power angle Curve 3 from the stable equilibrium 

point A to the original CCA and the reduced power 

setpoint decreases significantly, while the deceleration 

area remains unchanged, with the deceleration area 

now exceeding the acceleration area. The reduction in 

the acceleration area also leaves room for increasing the 

CCA, ensuring that the converter can avoid transient 

instability caused by the virtual power angle exceeding 

the limit value when subjected to faults of the same 

severity, even if fault clearing is slightly delayed. 

When a fault occurs on the receiving-end AC bus, 

the AC voltage drops rapidly, and the power output of 

the receiving-end converter is limited. However, due to 

the response delay of the sending-end converter, it 

continues to deliver power to the receiving-end side, 

causing surplus power and DC overvoltage at the 

receiving-end converter station. The more severe the 

AC-side fault, the greater the surplus power and the 

higher the DC overvoltage. Therefore, the surplus 

power of the converter station can characterize the 

severity of the AC fault, based on which the power 

setpoint can be dynamically adjusted. 

When a fault occurs on the receiving-end AC bus 

at t=0, the converter submodules begin to charge. 

Assuming that all submodule capacitor voltages in each 

arm are identical and neglecting the equivalent arm 

resistance Req, the voltage variation of the arm 

submodules can be expressed as [22]: 

  
( ) ( )

MMC in out
0

2 2 2 2

eq dc dc0 eq dc dc0=0.5 0.5

t

W P P dt

C U t U L i t i

 = −

   − + −   


 (14) 

Where ΔWMMC is the converter surplus energy, Udc(t) 

and Udc0 are the DC voltages during and before the fault, 

respectively, idc(t) and idc0are the DC currents during 

and before the fault, respectively, Ceq is the equivalent 

capacitance of the converter, and Leq is the equivalent 

arm inductance of the converter. 

Since the arm inductance is relatively small, the 

energy fluctuation on the arm inductors is negligible 

compared with the energy variation of the submodule 

capacitors. Therefore, Eq. (14) can be simplified as 

( )2 2

MMC eq dc dc00.5W C U t U  = −   (15) 

Differentiating Eq. (15) yields the unbalanced 

power ΔP of the faulty converter: 

         ( )2 2

eq dc dc0(0.5d C U t U
P

dt

 −  =
）

 (16) 

Using the unbalanced power as a dynamic 

correction term for the power setpoint enables its 

dynamic adjustment according to the fault severity. The 



 

resulting power reduction control loop is shown in Fig. 

7.In Fig. 7, G is the inertia transfer coefficient, T is the 

time constant of the low-pass filter, Pref,pu is the steady-

state active power setpoint, and Pref1,pu is the active 

power setpoint during faults. 
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Fig. 7. Additional control block diagram of the active power-frequency 

loop 

To prevent the new power setpoint from becoming 

too low under severe faults, which would make it 

impossible to operate on Curve 2 after fault clearance, 

a limiting link should be incorporated to ensure that the 

active power setpoint does not fall below the power 

limit Plim, regardless of fault severity. The expression 

for Plim is obtained from Eq. (10): 
'

lim sm sin( 90 )AP P == +   (17) 

In steady-state operation, Mode 1 is active with 

the switch at Position 1, and the MMC active power 

setpoint is Pref，pu.When a fault occurs in the receiving-

end AC system, Mode 2 is activated with the switch at 

Position 2, and the MMC power setpoint becomes Pref1，

pu. After fault clearing, Mode 1 is restored with the 

switch at Position 1. The MMC active power setpoint 

returns to Pref， pu, and the active power is rapidly 

regulated back to its steady-state value, thereby 

restoring DC system stability. 

The P-f control takes the difference between the 

original power setpoint and the unbalanced power of 

the converter during the fault as the new active power 

setpoint, yielding a revised virtual power angle curve, 

as shown in Fig. 8.Comparison of the virtual power 

angle curves before and after the power reduction 

shows that this strategy achieves smooth power 

reduction, avoiding additional disturbances to the 

system. Moreover, while increasing the CCA and 

reducing the deceleration area, it maintains the equality 

between the acceleration and deceleration areas. The 

dynamic reduction of the power setpoint also lowers 

the inner-loop current reference, which facilitates 

system recovery. 
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Fig.8. Virtual power angle curves of the converter after power 

reduction 

C. Smooth Switching Control Between GFL and GFM 

The preceding analysis indicates that GFM control 
faces the risk of instability under severe faults when the 
virtual power angle exceeds the CCA. In contrast, GFL 
control, with its PLL synchronization and fast power 
tracking capability, exhibits more reliable transient 
response during fault ride-through. To leverage the 
complementary advantages of the two control modes, a 
transition from GFM to GFL control is required when 
the fault evolves to a critical state, with the switching 
criterion being whether the virtual power angle exceeds 
the CCA. During normal operation, the converter 
operates in GFM mode. After a fault, if the virtual 
power angle remains below the CCA when the fault is 
cleared, the system restores stability and stays in GFM 
mode. If the virtual power angle exceeds the CCA and 
the fault persists, the system will experience transient 
instability and must switch from GFM to GFL control. 
Once stability is restored, the system switches back to 
GFM mode. 

When the converter operates in GFM mode, the 
inner-loop current reference is generated through 
virtual admittance control, which converts E∠δ′ 
derived from the VSG control and Q-V control. When 
the converter operates in GFL mode, the inner-loop 
current reference is generated through constant active 
power and constant reactive power control. The 
difference in outer-loop control during switching 
causes an abrupt change in the inner-loop current 
reference, affecting system stability. To address this 
issue, the continuity of the inner-loop current 
references idref and iqref must be ensured before and after 
switching. 

To this end, a smooth switching link with 
feedforward compensation is designed, which enables 
the backup controller to track the output of the main 
controller in real time, thereby ensuring that idref and 
iqref remain synchronized during transitions between 



 

 

GFL and GFM controls. Taking GFM as the main 
controller and GFL as the backup controller as an 
example, the block diagram of the d-axis control is 
shown in Fig. 9. 
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Fig. 9. Smooth switching control block diagram of the d-axis control        

During steady-state operation, the difference 
between id1 (generated by the main controller) and id2 
(generated by the backup controller) is obtained, and 
the resulting deviation idref,m is fed through a PI loop 
to generate the backup feedforward term 
P22,pu.Meanwhile, the difference between id2 and id1 
yields the deviation idref,n, which is fed through a PI 
loop to generate the main feedforward term P12，pu. 
Initially, Mode 1 is active with the switch at Position 
1: the constant active power control receives the 
measured value P21,pu, while the backup control 
receives the feedforward term P22,pu.When the virtual 
power angle of the VSG is detected to exceed the CCA, 
the converter control mode switches from GFM to 
GFL, and the switch is set to Position 2, i.e., the main 
control receives the feedforward termP12,pu, while the 
backup control receives the measured value 
P11,pu.Subsequently, the converter operates under 
constant active power control. The feedforward terms 
establish a negative feedback loop between id1 and id2, 
ensuring the continuity of the d-axis inner-loop 
current references before and after switching. 

Taking the d-axis control as an example, the 
mathematical model is given by Eq. (18): 

 

22

2 p22 22 out

i21
22 1 2 21( )

i

d

d d

k
i k P P

s

k
P i i k

s

 =

 = −
 p

（ + ）( - )

（ + ）

 (18) 

By separating id1 and id2 in Eq. (18), Eq. (19) is 
obtained: 

 

i22
p22

2 1 out

21 22

p22

1 1
d d

i i

k
k

si i P

k k
k k

s s


 

= −
 +  +


 =
 p21

（ + ）

（ + ）（ + ）

 (19) 

During steady-state operation, the active power Pe 
can be regarded as constant; thus, from Eq. (19), the 
steady-state relationship of the closed-loop control link 
is given by: 

22
p22

2 1 out 1
0

lim lim[ ]
1 1

i

d d d
t s

k
k

si i P i
→ →


= − =

 +  +

（ + ）   (20) 

From Eq. (20), under steady-state operation,   id 

=id1=id2 can be achieved, and the same holds for q-axis 
current control. The smooth switching link and 
operation of the q-axis control strategy are similar to 
those of the d-axis control. The block diagram is shown 
in Fig. 10. 
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Fig. 10. Smooth switching control block diagram of the q-axis control 

During steady-state operation, the difference 
between iq1 (generated by the main controller) and iq2 
(generated by the backup controller) is obtained, and 
the resulting deviation iqref,m is fed through a PI loop 
to generate the backup feedforward term Q22,pu.
 Meanwhile, the difference between iq2 and iq1 
yields the deviation iqref,n, which is fed through a PI 
loop to generate the main feedforward term 
Q12,pu.Initially, Mode 1 is active with the switch at 
Position 1: the constant reactive power control 
receives the measured value Q11,pu, while the backup 
control receives the feedforward term Q22,pu.When the 
virtual power angle of the VSG exceeds the CCA, the 
converter control mode switches from GFM to GFL, 
and the switch is set to Position 2, i.e., the main 
control receives the feedforward term Q12，pu, while the 
backup control receives the measured value 
Q21,pu.Subsequently, the converter operates under 
constant reactive power control. The feedforward 
terms establish a negative feedback loop between iiq1 
and iq2, ensuring the continuity of the q-axis inner-
loop current references before and after switching. 

Ⅴ.  SIMULATION VERIFICATION 

A.  Verification of Critical Instability Characteristics 

of Virtual Power Angle 

To validate the impact of the virtual power angle 

exceeding the CCA on system transient stability under 

GFM control, an electromagnetic transient simulation 

model is built in PSCAD. A three-phase short-circuit 

fault is applied to the high-end converter AC bus at t = 

5 s, causing the voltage to drop to 0.4 p.u., with fault 

clearing at t = 5.6 s and t = 5.7 s, respectively. Fig. 11 

presents the simulated electrical quantities of the 



 

converter under GFM control for fault clearing at t = 

5.6 s and t = 5.7 s, respectively. 
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Fig. 11. Comparison of electrical quantities under different fault 

clearing times 

As shown in Fig. 11(b), when the AC bus voltage 

drops to 0.4 p.u., the d-axis inner-loop current 

references exceed the limiting value, and the external 

characteristic of the faulty converter changes from a 

voltage source to a current source. As shown in Fig. 

11(a), the virtual power angle continues to rise. If the 

fault is cleared at t = 5.6 s, the virtual power angle does 

not exceed the CCA; due to inertia, it rises until t = 6.1 

s and then gradually restores stability. If the fault is 

cleared at t = 5.7 s, the virtual power angle exceeds the 

CCA and continues to increase. As observed in Figs. 

11(c) and (d), the active power drop and DC 

overvoltage during the fault are essentially identical 

under both conditions due to the activation of the 

current limiting. However, when the fault is cleared at 

t = 5.6 s, the DC voltage and active power recover to 

stable values by t = 9 s; when cleared at t = 5.7 s, they 

do not stabilize until t = 12 s. Moreover, during the 

recovery period, the overvoltage reaches as high as 1.8 

p.u., posing a potential threat to system security. 

B. Simulation Verification of Dynamic Power 

Reduction Control Strategy 

To validate the effectiveness of the proposed P-f 

supplementary control in increasing the CCA and 

extending the CCT, and to compare its advantages over 

the fixed power setpoint scheme, a three-phase short-

circuit fault is applied to the high-end converter AC bus 

at t = 5 s, causing the voltage to drop to 0.4 p.u., with 

the fault cleared at t = 5.7 s. Fig. 12 presents a 

comparison of the electrical quantities under two 

conditions: with the proposed supplementary control 

(dynamic power setpoint adjustment) and with a fixed 

power setpoint of 0.8 p.u. 
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Fig. 12. Comparison of electrical quantities with fixed/dynamic power 

setpoint adjustment when fault cleared at 5.7 s 

As shown in Fig. 12, with fault clearing at t = 5.7 

s in both cases, the system remains stable with the 

adjusted power setpoint. Both conditions restore 

stability after fault clearing. However, as shown in Fig. 

12(b), with the supplementary control, the virtual 

power angle gradually decreases and restores stability 

after t = 5.9 s due to inertia, while under the fixed power 

reduction scheme, it does not begin to recover until t = 

6.15 s. This is because the supplementary control 

dynamically adjusts the power setpoint according to the 

fault severity, resulting in a smaller acceleration area 

and thus a shorter inertia period after fault clearing.

 As observed in Figs. 12(c) and (d), with the 

supplementary control, the DC voltage and active 

power recover to stable values at t = 8 s, whereas the 

fixed power reduction scheme experiences a delay of 

about 0.5 s in recovery. 
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Fig. 13. Comparison of electrical quantities with fixed/dynamic power 

setpoint adjustment when fault cleared at 5.9 s 

As shown in Fig. 13, when the fault clearing time 

is extended to t = 5.9 s, the system becomes transiently 

unstable under the fixed power reduction scheme. As 

observed in Fig. 13(b), under the fixed power reduction 

scheme, the virtual power angle continues to increase 

after fault clearing and fails to restore stability. In 

contrast, with the supplementary dynamic power 

reduction, although the virtual power angle rises further 

due to inertia, it begins to decline at approximately t = 

6.2 s and returns to the steady-state value at t = 7.5 s. 

This is because under the fixed power reduction scheme, 

the power setpoint remains unchanged during the fault 

and does not vary with fault severity, so the 

acceleration area remains larger than the deceleration 

area, causing the virtual power angle to exceed the 

CCA. In contrast, dynamic power reduction adjusts the 

setpoint based on surplus power, effectively reducing 

the acceleration area and enabling the system to 

maintain stability even with a later fault clearing time. 

As observed in Figs. 13(c) and (d), under the dynamic 

power reduction scheme, the DC voltage peak is 

approximately 590 kV, and the active power drops to 

380 MW before recovering at t = 8.5 s. Under the fixed 

power reduction scheme, however, the DC voltage 

continues to rise to 690 kV after fault clearing, and the 

active power oscillates severely and fail to recover. 

In summary, the proposed dynamic power 

reduction strategy based on surplus power provides a 

larger transient stability margin compared with the 

fixed power reduction scheme. Even with delayed fault 



 

clearing, it can effectively prevent the GFM converter 

from being locked in current-source mode, thereby 

ensuring secure system operation. 

C. Simulation Verification of Smooth Switching 

Control Between GFL and GFM 

To verify the effectiveness of switching converters 
I and IV from GFM to GFL control via the smooth 
switching link when the virtual power angle exceeds 
the CCA during a fault is beneficial to system recovery, 
a three-phase short-circuit fault is applied to the high-
end AC bus at t = 5 s, causing the voltage to drop to 0.1 
p.u., with the fault cleared at t = 5.6 s. Fig. 14 presents 
the simulated DC voltage, active power, and inner-loop 
current reference of Converter I during the fault. 
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Fig. 14. Comparison of electrical quantities with and without smooth 

switching control during transient period 

As shown in Fig. 14, upon detecting that the 
virtual power angle exceeds the CCA, converters I and 
IV switch from GFM to GFL control. This prevents the 
converter from being locked in current-source mode 
under GFM control, thereby avoiding transient 
instability. As shown in Fig. 14(c), the system restores 
stability at t = 7.5 s. Without the smooth switching link, 

the inner-loop current reference decreases slowly, 
delaying the recovery of active power and DC voltage. 
With the smooth switching link, the transient process 
prolongation caused by control switching is 
significantly reduced, and the recovery time is 
shortened by 1 s. 

Ⅵ.  CONCLUSION 

This paper has addressed the transient instability 
issue of GFM control in an LCC-MMC UHVDC 
hybrid transmission system with hierarchical 
connection at the receiving end under AC faults, and 
proposed an optimized control strategy based on the 
virtual power angle. The main conclusions are as 
follows: 

1）The evolution mechanism of the virtual power 
angle in GFM converters before and after current 
limiting is revealed, and the transient instability 
conditions under which the converter becomes locked 
in current-source mode are identified. using the equal-
area criterion, the analytical expression of the CCA is 
derived, which shows that the CCA decreases with an 
increase in the active power setpoint. 

2）A dynamic power reduction control strategy 
based on surplus power is proposed, which uses the 
unbalanced power at the converter station during a fault 
to dynamically adjust the power setpoint of the P-f 
control loop in real time, thereby increasing the CCA. 
Simulation results show that, compared with the fixed 
power reduction scheme, this strategy exhibits smaller 
transient disturbances, shorter power recovery time, 
and a larger transient stability margin. 

3）A  smooth switching control strategy based on 
the virtual power angle criterion is proposed for 
transitions between GFL and GFM modes. A 
feedforward compensation loop ensures the continuity 
of the inner-loop current reference at the switching 
instant. When the virtual power angle exceeds the CCA, 
the system smoothly switches to GFL control, 
preventing the converter from being locked in current-
source mode and significantly enhancing the fault ride-
through capability under severe faults. 

The proposed method achieves complementary 
advantages. It combines the active voltage and 
frequency support of GFM control under steady-state 
conditions with the fault ride-through capability of GFL 
control during faults. Future work will further consider 
the interactive coupling effects between sending-end 



 

 

and receiving-end faults, as well as the adaptive 
optimization of control parameters. 
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