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For a VSC-HVDC transmission system based on a hybrid topology converter of full-bridge and half-bridge, a kind of virtual
synchronous generator (VSG) control strategy which can be applied to modular multilevel converter (MMC) grid-connected
structure was researched and proposed. First, based on the conventional VSG control strategy, the energy stored in the equivalent
capacitor of MMC power module was used to imitate the rotor inertia of synchronous generator. (e characteristics of generator
can be simulated during transient frequency fluctuations and it can help relieve the power fluctuations. Secondly, with respect to
the structural characteristics of the direct grid connection through the reactor on the AC side of the MMC, which is unlike the
microgrid inverter, there are no additional filter capacitors. So, the existing commonly used VSG control strategy of the microgrid
inverter and double-closed-loop structure composed of filter capacitor voltage and AC current cannot be directly applied. For this,
a method where the given values of inner current loop are calculated by grid impedance matrix was used. So, a double-closed-loop
control structure composed of a power outer loop based on VSG control and a current inner loop is obtained. It can effectively
improve the current control capability during the transient process. Finally, a hybrid MMC simulation model was built based on
PSCAD to verify the correctness and effectiveness of the proposed methods.

1. Introduction

With the development of microgrid technology and the
continuous expansion of new energy grid-connected ca-
pacity, the proportion of large-capacity converters repre-
sented by VSC-HVDC (Voltage Source Converter Based on
High Voltage Direct Current) in the power system is in-
creasing fast. Vector control strategy is usually adopted in
existing VSC-HVDC projects. It is easy to achieve inde-
pendent control of active and reactive power, and dynamic
response speed is fast. However, it cannot provide damping
and inertial support to the power grid. So, large-scale new
energy accessing to the power system is a threat to the stable
operation of the power grid. Especially for the weak AC
systems, the conventional vector control strategy cannot
guarantee the stability of the system.

Large-scale access to the power system will pose a threat
to the stable operation of the power grid. Especially when

connecting weak AC systems, the conventional vector
control strategy cannot guarantee system stability. In this
regard, virtual synchronous machine (VSG, virtual syn-
chronous generator) technology came into being. It im-
proves the outer loop control structure of the converter and
simulates the characteristics of rotor motion equation and
speed regulation of the synchronous generator, based on the
synchronous generator control method and operating
characteristics in the conventional power system. (is can
provide inertia and damping for the grid and can improve
the stability of VSC-HVDC system for large-scale new en-
ergy access [1–4]. (e existing VSG technology is widely
used in the control of microgrid converters and new energy
grid-connected inverters [5]. In [6], the VSG outer ring is
designed for distributed energy grid-connected inverters,
including two outer control loops of active power and re-
active power closed loop. (e outputs of the above outer
loops are the frequency and amplitude of AC voltage. (e
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inner loop is an AC filter capacitor voltage loop and current
loop in series. And a small-signal model is established for
analyzing system stability. In [7], the stability of VSG control
under various fault conditions is analyzed, when the con-
verter is connected to a weak AC system, indicating that the
system can be stabilized as long as the short-circuit ratio is
slightly larger than 1. In [8], the VSG control structure is
designed for the module multilevel converter (MMC) based
on half-bridge power unit and the stability range of the
control parameters is analyzed for accessing weak AC sys-
tem. In [9], when multiple converters are connected in
parallel to the same DC network, there is a low-frequency
oscillation risk on the DC side. For this, the weak-damping
characteristics of the loops are analyzed based on small-
signal model and an improved VSG control method is
proposed to suppress the system oscillation. In [10, 11], the
VSG control is applied to the microgrid inverter, and the
smooth switching method between islanding and grid-
connected operation mode is proposed. In the above VSG
control strategy, the grid synchronous angular velocity is
obtained by the outer loop of active power, and the syn-
chronous angular is calculated by integration. So, the
characteristics of the synchronous generator rotor motion
equation are obtained, that is, controlling the output power
by adjusting the phase difference between the output voltage
vectors of the converter valve and the grid. But for the DC
voltage control methods are less discussed. However, in
fields such as VSC-HVDC, it is necessary to have at least one
converter station to stabilize the DC voltage of network. For
this, in [12], the DC capacitor energy storage (V2

dc; Vdc is the
DC voltage) is used to provide system inertia. (e error
between capacitor energy storage actual value and the set
value is connected with PI regulator, and its output is
synchronous angular frequency of the converter voltage
vector. In addition, in order to improve the control ability of
AC current, the inner loop is designed, including internal
AC voltage closed loop with AC current closed loop in series.
It can keep the DC capacitor storage constant and suppresses
overcurrent during transients. But in this paper the AC side
of the converter is connected to the AC filter capacitor,
which is different from the MMC topology of VSC-HVDC
projects. (e grid-side filter capacitor is mainly used to
eliminate the high-order harmonics of the two-level con-
verter output and also stabilizes the grid-connected point
voltage, which also provides the necessary conditions for the
inner loop design (the inner loop is composed of a filter
capacitor voltage closed loop and AC current one in series).
For the MMC topology, the AC side is directly connected to
the grid via the transformer, no filter capacitor being used, so
the inner current loop is difficult to construct. For the direct
grid-connected structure of the MMC via the reactance
without filter capacitor, in [13, 14], the converter voltage
reference signals are calculated by VSG outer loops, and then
the reference value of inner current loop is calculated di-
rectly by grid-connected impedance ofMMC and the voltage
difference across it. In [15], the DC voltage and active power
reference will change with the frequency deviation. It can
improve damping performance of the system and emulate
the action of the speed governor of the synchronous

generator. However, the grid frequency feedback value is
dependent on the phase-locked loop (PLL) in the control
structure, where it is difficult to achieve smooth switching
between islanding and grid-connected operation modes, and
it is useful for VSC-HVDC converters. In [16], it is also
proposed that the DC side capacitor energy storage is used to
emulate the inertia of the synchronous generator. (e DC
voltage reference value is changed according to the AC
system frequency feedback value and then the conventional
double-closed-loop control (DC voltage and current loops)
is used. So, it can provide inertia for the frequency changes in
the power system. But the inner loop is designed based on
PLL and it may affect system stability when the converter is
connected to a weak AC system.

With the further development of VSC-HVDC tech-
nology and microgrid technology, DC fault clearing capa-
bility has become an essential requirement for these kinds of
engineering. For this, the Zhangbei VSC-HVDC project,
which is DC ring network and has been put into operation in
China, adopts DC circuit breaker technology. And the
Wudongde project under construction adopts full-bridge-
–half-bridge hybrid topology to realize the requirement of
DC fault crossing. (ere are few applications of this kind of
hybrid topology for engineering, and its control mode is
different from the conventional half-bridge topology. (e
VSG control for this kind of topology is rarely discussed in
the literature. In this paper, a VSG control method is
proposed for the control structure of this topology, which
can increase the inertia of the converter and improve the
stability of the system.

2. Control Method of Hybrid Topology MMC

(e power unit of full-bridge power unit can block bidi-
rectional current, so replacing a certain number of half-
bridge units in a traditional half-bridge MMC topology with
a full-bridge unit can achieve DC fault clearing with less
increasing converter losses. (e hybrid MMC is shown in
Figure 1.

In the figure, Uj (j� a, b, c) is three-phase AC voltage of
valve side, Ij is the three-phase AC current,Vdc is the DC side
voltage, Idc is the DC, and L0 is the bridge arm reactance. HB
is a full-bridge power module and FB is a half-bridge one.
Each bridge arm is composed of Nh half bridges and Nf full-
bridge power units connected in series. Since only the FB can
output a negative voltage, the ratio of the FB mainly affects
DC fault clearance and reactive power output capacity of the
converter during zero DC voltage operation, etc. Usually the
ratio of full-bridge to half-bridge is 50%. In order to achieve
fast DC fault clearing and suppress DC short-circuit current
rise, the hybrid topology usually sets a DC loop to generate
the DC component of the upper and lower bridge modu-
lation signals. When a DC fault is detected (the DC voltage is
too low and the DC is overcurrent), the DC component of
the modulation signal can be directly set to 0 or a small
negative value for DC fault clearing. Meanwhile, the DC
voltage outer loop in the conventional VSC-HVDC control
structure is usually replaced by the capacitor voltage average
control loop of power modules for keeping AC side and DC
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side power balance [17–19]. (e inner current loop is the
same as the MMC topology based on HB, and the decou-
pling control is performed under the synchronous rotation
dq frame. (e overall control structure is shown in Figure 2.

In the figure,vc avg and vrefc avg are the average value of the
six bridges arm power unit voltages and the given value.
(eir error is connected with PI regulator and its output is
active current reference value Idref. And Iqref is the reactive
current reference value. id and iq are the feedback values of
active and reactive current respectively. Idcref is the DC
reference value. (e error between Idcref and its feedback is
connected with PI regulator, which outputs the common
mode component of the modulation signal Vdc_com. And
then it is superimposed with the AC modulation signals of
the six bridge arms. (at is, it controls the DC to track the
given value by directly changing the DC component of the
bridge arm output voltage. Vcd and Vcq are the dq-axis
components of the modulation signals. Usd and Usq are the
dq-axis components of the grid voltage, respectively. Vj
(j� a, b, c) is an AC control signal of three phases. (en it is
added to the output signal Vdc_com of the DC regulator, and
finally the outputs Vju, Vjn (j� a, b, c) are the upper and
lower arm control signals, respectively. (e three-phase grid
voltage Usj is connected with the PLL to obtain the grid
synchronization angular velocity ω, which provides syn-
chronous phase for the coordinate transformation (dq
synchronous rotation frame and abc stationary frame).

3. VSG Control of Hybrid Topology MMC

3.1. VSG-Based Average Arm Voltage Control. (e syn-
chronous rotational angular velocity in the above control
strategy is given by the PLL. When the weak AC system is

connected, the phase-locked loop output fluctuates, which
may make the system unstable [20]. VSG control can
simulate synchronous generator rotor inertia and be used to
improve system stability. Rotor motion equation of syn-
chronous generator is shown as follows:

2H
dω
dt

� Pm − Pe − D ω − ω0( ,

dθ
dt

� ω.

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(1)

In equation (1), H is the inertia time constant, Pm and Pe
are mechanical power and electromagnetic power, D is the
damping coefficient, ω and ω0 are the electrical angular
frequency and the rated one, respectively, and θ is the
electrical angle. For the full-half-bridge hybrid topology
MMC, the power module capacitor is also an energy storage
link, similar to the ability of the synchronous generator rotor
to store inertial energy. (erefore, the DC capacitor can be
used as a virtual rotor to provide inertia for the system.
During steady state, the power on the AC side and the DC
side of the converter is equal, and the energy storage of the
capacitor is unchanged. It can be expressed by

CVc avg
dVc avg

dt
� Pin − Pout. (2)

In the equation, C is the equivalent capacitance of the 6
arms of the converter, Vc_avg is the average value of the
capacitor voltage, Pin and Pout are the input and output
power of the converter, respectively. From equations (1) and
(2), we can obtain

 2H
dω
dt

+ D ω − ω0(   �  CVc avg
dVc avg

dt
. (3)

In equation (3), H is the equivalent time constant of the
virtual inertia of the converter and D is the damping co-
efficient. (en, an integral expression for both ends of
equation (3) is obtained:

2Hω + Dδ �
1
2

CV
2
c + K, (4)

where K is the integral constant and δ is the phase of the
valve side AC voltage vector. (e steady-state value of δ can
be calculated by
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Figure 1: Circuit of hybrid MMC topology.
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P �
EV

X
sin δ ≈

EV

X
δ. (5)

From equation (5), δ0, being the steady-state value of δ,
can be expressed as

δ0 �
P0X

E0V0
. (6)

And the average value of the capacitor voltage is taken as
the rated value Vc_avg0. (en, K can be calculated using the
steady-state operating point of the system from equation (4):

K � 2Hω0 + Dδ0 −
1
2

CV
2
c avg0. (7)

Based on the above VSG method and Figure 2, the VSG
control structure of the hybrid MMC can be designed as
Figure 3.

In the figure, Qref and Q are the reference and feedback
value of reactive power, respectively. (e reference vrefc avg of
average value of the arm capacitor voltage varies with the
system frequency ω fluctuation, that is, buffering the power
fluctuations between AC and DC side of the converter by
increasing or reducing the submodule capacitor energy
storage and performing AC grid frequency closed-loop
control. When the converter output power to the grid is
higher than the reference value, the rotation speed of valve
side voltage vector increases and the phase difference be-
tween the grid voltage and the valve side voltage vector is
enlarged. (erefore, the output of frequency controller of
AC voltage vector increases. (at is, the reference value of
submodule capacitance voltage increases and the energy
storage increases. (e transient power is buffered by the
capacitors of submodules and fluctuation of power and
angular frequency is reduced.(is is equivalent to the inertia
and damping characteristics of the synchronous generator
rotor, which enables the frequency support of the converter
to the grid. For the selection of parameters H and D, it is
mainly affected by the allowable range of system frequency
fluctuations, maybe ±5%. Another limitation is that the
calculated reference value of submodule average voltage is
within the allowable fluctuation range of the converter.

3.2. VSG Control of Active Power. For the VSC-HVDC
system based on hybrid topology, the converter station for
constant power control is also directly connected to the grid,
without filter capacitor of AC side. So the conventional VSG
control strategy for the microgrid inverter cannot be used
directly. And, for the hybrid MMC topology, if the outer
control loop is designed with conventional VSG strategy, it is
necessary to consider how to obtain the reference value of
inner current loop. Performing a Laplace transform on
equation (1) yields

ω − ω0 �
Pm − Pe

2Hs + D
,

θ �
ω
s

,

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(8)

where s is differential operator. From equation (8), based on
swing equation of synchronous machine, the grid syn-
chronization angular frequency can be obtained. (en, the
voltage amplitude of valve side can be obtained by reactive-
voltage droop control structure:

V
ref
ac − Vac � KQ Qref − Q( . (9)

In the equation, Vref
ac andVac are the amplitude reference

and feedback value of valve side AC voltage, respectively. KQ
is the reactive-voltage droop coefficient. From the grid-
connected structure of hybrid MMC, the relationship be-
tween AC voltage and current of valve side is obtained as
shown in equation (10) based on the synchronous rotation
dq frame:

L0
d
dt

icd

icq

⎡⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎦ �

RL −ω0L0

ω0L0 RL

⎡⎢⎢⎢⎣ ⎤⎥⎥⎥⎦ ·

id

iq

⎡⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎦ �

Usd − Vcd

Usq − Vcq

⎡⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎦. (10)

In equation (10), RL is the equivalent resistance of reactor
of valve side. From it, the AC reference value can be cal-
culated by grid impedance matrix, which is composed of the
reactance and resistance of the MMC AC side:

irefd

irefq

⎡⎢⎣ ⎤⎥⎦ �
RL −ω0L0

ω0L0 RL

 

− 1

·
Usd − Vcd

Usq − Vcq

⎡⎣ ⎤⎦. (11)

(e control structure of active and reactive power is
shown in Figure 4 based on VSG strategy.

In Figure 4, the reference value of inner current loop is
calculated based on the grid-connected impedance matrix.
For the problem of strong coupling of the dq-axis control
loop when connecting weak AC systems, the decoupling
control method proposed in [11] can be used to optimize the
dynamic performance. (e parameters H and D can be
selected by the active power closed-loop transfer function.
Firstly, according to the second-order system, the appro-
priate damping ratio and control bandwidth are set for
calculation of H and D and then determined by electro-
magnetic transient simulation. A detailed calculation pro-
cess [8, 11] has been given in many literatures and will not be
described again.

4. Simulation and Analysis

In order to verify the above control method, a full-half-
bridge hybrid MMC model is built based on PSCAD. One
terminal takes the active power as the control target, and the
control structure is shown in Figure 4. (e other one takes
the average value of the arm capacitor voltage as the control
target, and the control structure is shown in Figure 3. (e
control structures at both ends can be switched between each
other: one end is set to a constant power control mode, and
the other end is a constant voltage control mode. It can use
this to maintain system power balance. Logic switches can be
used to achieve smooth switching between the two outer
loop control structures and control objectives [21]. To re-
duce the amount of calculation, each arm consists of 10
power units connected in series, including 5 half-bridge
units and 5 full-bridge ones. (e AC system voltage is 10 kV
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and DC rated voltage 20 kV, and rated power 30MW. (e
arm reactance is 5mH. (e equivalent inductance of the AC
system is set to 5.3mH, and the short-circuit capacity of the
system is about 60MW. So it is a weak AC system. It can be
verified that the VSG control algorithm can improve the
stability of the converter connected to the weak AC system.

System parameters are normalized with peaks of AC
voltage and AC in the simulation. Active and reactive power
is normalized by system rated capacity. And adjusted by
simulation, J� 0.0471 p.u. and D� 1.1 p.u. At t� 4 s, active
power step changes from 0MW to 30MW. (e simulation
results are shown in Figure 5. (e variable label “1” in the
figure is the output waveform of the conventional double-
closed-loop control method (Figure 2) for hybrid topology,
and the label “2” is the output waveform based on VSG
strategy. Figures 5(a) and 5(b) are the waveforms of DC
voltage and DC, respectively. As shown in the figure, with
conventional control strategy, there are large oscillations
when the converter is unlocked and during the power step
rising. (e oscillation attenuation is slow, so the system
characteristic is of weak damping. Figure 5(c) is the step
response of active power. It can be seen from the control
method shown in Figure 4 that the output of the active
power regulator is connected to the virtual inertia and
damping part 1/(2Hs + D) to obtain the synchronization
angular frequency adjustment Δw, that is, by adjusting the
phase of the AC output voltage of the converter side to track
the active power reference. Because of the existence of inertia
part, the power rises slowly during the step, but it can

eliminate the power oscillation of the conventional control
strategy. In this figure, the output power fluctuates greatly at
the unlocking time. (e reason is that, in order to simplify
the system simulation model, the special presynchronization
processing logic is not performed for the initial grid con-
nection time. For the presynchronization process, there have
been related literatures [8, 9].(is is beyond the scope of this
paper. (e unlocking impact here can be easily solved by
setting the relevant presynchronization logic in the practical
project [9, 19]. Figure 5(d) shows the phase-locked loop
(PLL) output w1 of the conventional control strategy and the
grid synchronization angular frequency w2 calculated by the
power loop of the VSG control strategy. It can be seen from
the simulation results that the PLL output fluctuations
during the unlocking and step response are consistent with
the oscillation characteristics of the power curve, indicating
that the PLL characteristics deteriorate during the transient
process, causing the system oscillation, if the weak AC
system connected. Figure 5(e) shows the AC voltage vector
angular frequency increment Δω and phase (angle) of valve
side, which are the outputs of VSG control part. (e power
adjustment process is similar to the characteristics of a
synchronous generator. When the power command is in-
creased, the generator will increase the output of the prime
mover, and then the rotor will accelerate. For the converter,
the rotation speed of valve side voltage vector will be in-
creased. It increases the phase difference between the valve
side and the grid-side voltage, thereby adjusting the output
power of the converter. Figure 5(f ) shows the dq-axis current
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reference and feedback values during the step process based
on VSG control strategy, and both d- and q-axis currents can
track the given values during steady-state and step processes.

Hybrid topology MMC can suppress DC short-circuit
current. For verification, DC bipolar short-circuit fault is set
as t� 8 s.(e fault is cleared after 100ms, and the simulation
result is shown in Figure 6. And Figure 6(a) shows the DC
voltage and current waveform during the DC fault.
Figure 6(b) shows the dq-axis current reference and

feedback, and there is a small fluctuation of feedback cur-
rents during the short-circuit process. Figure 6(c) shows the
sum of the capacitor voltages of the three lower arms in the
converter (Vcan, Vcbn, and Vccn). (e upper arm waveforms
are symmetrical with the lower ones. Based on the control
strategy shown in Figure 3, the increase or decrease of the
storage energy of the module equivalent capacitance is used
to buffer the system energy in the transient process, and it is
used for emulating the inertia of the generator. So, during
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the transient process, the sum of arm capacitor voltages rises
to buffer the energy. Figure 6(d) shows the three-phase
current (Ian, Ibn, and Icn) of lower arms of the converter.
During DC fault, the output of DC control module rapidly
reduces, which is the DC component of the modulation
signals.(is canmake the DC voltage close to 0, suppress the
DC short-circuit current from rising, and realize the tran-
sient DC fault clearing.

5. Conclusion

First of all, VSC-HVDC system based on VSG control can
emulate synchronous generator characteristics. Capacitor
voltage average of arms and active power can be controlled by
adjusting the angular frequency of voltage vector of converter
side. (e grid synchronization angle is generated by the VSG
control loop. It can eliminate the system oscillation caused by
the PLL during transient and effectively improve system
stability, when the converter valve is connected to the weak
AC system. Second, PLL is needed for VSG strategy to track
grid phase before it is connected to the grid. (e control
system needs to perform the presynchronization processing
of the output voltage amplitude and the phase with grid.
Otherwise, the grid connection will cause a large current
surge. Finally, for DC faults, the DC output voltage of hybrid
topology MMC can be reduced quickly by using the DC

control part and the short-circuit current rising can be
suppressed. In summary, VSG control technology applied to
hybrid topology MMC can effectively improve the DC access
capability of weak AC systems and clear DC fault. And there
is broad application prospect in the fields of VSC-HVDC
system, new energy access, microgrid, and so on.
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