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Abstract—Aiming at the instability problem of traditional
power synchronization control (PSC) in a stiff grid, an advanced
PSC based on modular multilevel converter (MMC) is proposed
in this paper, which can effectively improve converter stability
in high short circuit ratio (SCR) scenarios. The key point of the
proposed PSC is to eliminate the impact of the arm inductor
voltage and capacitor voltage ripple on the converter output
voltage, which means a generalized decoupling process in the
PSC controller. Based on the decoupling correction, MMC can
be treated as a controlled voltage source regardless of the
internal impedance circuit and the power oscillation between
MMC and the stiff grid can be suppressed effectively. The
control strategy is verified and compared with traditional PSC
in time simulations.

Keywords—modular multilevel converter, grid impedance,
power synchronization control, short capacity ratio)

I. INTRODUCTION

Modular multilevel converter (MMC) is considered a
promising technology for various high-power applications
[1]-[3]. Much research has been conducted on it, such as
parameter selection [4-5], start-up analysis [6], and current
vector control [7-8]. However, with the increasing proportion
of new energy in the power system, MMC based on current
vector control cannot support the frequency of the power grid,
which inevitably decreases the stability of the power grid [9].

The power synchronous control based on the concept of a
grid-forming converter which simulates the grid-
synchronization approach of traditional generators has
become a concerning technology [9], and it can contribute to
the frequency support of the grid [11]. The authors of [12]
compared PSC and current vector control, and the results
showed that the controller instability would occur in PSC
when the converter connects to a strong grid, i.e., a system
with a large short circuit ratio (SCR).

Pan et al. [13] summarized common grid-synchronization
technologies of grid-forming converters, including power
synchronous control (PSC) [14], virtual synchronous

generator (VSG) [15-16], and power droop control (PDC) [17].

The PSC and PDC have strong robustness under large
distributions but do not provide an inertial response, while
VSG and PDC with an additional low-pass filter (LPF) can
perform frequency inertia but have the risk of instability due
to low damping [18]. In reference [14], the transfer function
of active power to power angle with PSC was derived in the
DQ coordinate system, and the existence of the power-
frequency resonance phenomenon is pointed out. Literature
[19] studied the role of virtual impedance in suppressing
power frequency resonance and the impact of inertia constant
on the converter stability.
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Fig. 1. Topology of MMC connecting to a stiff grid.

However, these studies are based on the topology of two-
level converters. Applying this technology directly to MMCS
may increase the uncertainty of their controllers because of
their complex internal structure, which is more suitable for
high-pressure applications. In [20], the LC filter was still used
at the output side of MMC which is the same as that of a two-
level converter. But usually, no extra LC filter is needed due
to the high quality of the output voltage of MMC [23].
Considering the operation of multiple VSG-based MMCs, [21]
carried out equivalent integration of multi-MMC based on the
power angle relation, which simplified the simulation
calculation. However, few pieces of literature analyze the
operation control of MMC based on PSC control. This paper
carried out theoretical derivation and analysis from this
starting point. Since the PSC can work well in a weak grid
[12], this paper will focus on the stiff grid scenario with high
SCR.

Figure 1 shows the topological structure of MMC. Each
arm contains N half-bridge sub-modules (SMs). Considering
the economy in engineering, the SM capacitance will not very
large, so the current flows through SMs will fluctuate the
capacitor voltage. It is generally considered that capacitor
voltage fluctuation is less than 10% of its average operating
voltage at rated power [23]. Inherently, the capacitor voltage
fluctuation and dynamic voltage on arm inductors will affect
the MMC’s actual output voltage. In this paper, the
relationship between the PSC output and MMC output is
analyzed precisely by considering these factors and the
correction method can also be derived to compensate for the
loss of reference voltage signal in the MMC internal circuit.
In this way, the modified modulation signal is obtained and
sent to each SM unit and the dynamic performance of MMC
connecting a high-voltage stiff grid can be improved.



The paper is divided as follows. Section II gives the
fundamentals of MMC, circulating-current suppression
control (CCSC), and the traditional PSC method. Section I1I
dedicates to revealing the precise relationship between the
PSC output voltage reference and MMC actual ac-side output
voltage. Section III shows the derivation of the proposed
correction process of the traditional PSC output. Finally,
section IV shows the simulation results of the proposed PSC
under different scenarios with varying SCR of the power grid,
and a conclusion is given in section V.

II. FUNDAMENTAL OF MMC WITH PSC

The main circuit of MMC is shown in Fig. 1, in which each
phase contains two arms, the upper arm, and the lower arm.
Each arm is composed of N submodules (SMs) and an arm
inductor L,. The power loss of each arm is represented by the
equivalent resistor R,. The MMC AC output current is formed
by the voltage difference and transmission line inductors
between MMC output voltage V26 and stiff grid voltage Vg
Z0°. Subscripts p and n indicate the upper and lower arms
respectively. Due to the symmetry of MMC, the three-phase
variables differ 120° from each other, so the formula
derivation below holds for any phase.

A. Fundamentals of MMC

The phase voltage of the power grid and the MMC ac-side
output voltage are defined as follows:

{ug (t) =V, cos(et) O

u (t)=V, cos(wt+0)

Where V, and V; are the phase voltage amplitude of the grid
and MMC output and w; denotes the fundamental angular
frequency. Note, considering all the variables in this paper are
the function of time ¢, for simplicity, the following formulas
will omit the variable #. Hence, based on Kirchhoff's voltage
law and current law, the main circuit equation can be directly
given here [4]

di di |4

. P . s _ Udc

“p+Ralp+LaE+Rgls+Lg tu, i, = 5
: (2

. l1 . s dc
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i.v = ip - in
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Where u,, and u, are the upper and lower arm output voltages,
respectively; i, and i, are the upper and lower arm currents,
respectively; u,c denotes the voltage between the ac-side
neutral point (0) and the ground (G). Note, in the balanced
system, u,g is quite small concerning line voltage[23], hence
it is ignored in this paper; V. is the dc-side voltage, and the
ac-side phase current is denoted as ;. The phase electromotive
force (EMF) (also known as the differential-mode voltage),
denoted by w4y, and the phase common-mode voltage,
denoted by u.om can be obtained by subtracting (2) from (3)

, di.
Uy = Rc,qzs_ + Leq " +u, @
di, V
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Fig. 2. MMC equivalent circuit.

Based on (4-5), the MMC equivalent circuit can be drawn
in Fig. 2, in which, it can be seen that the EMF voltage is the
actual AC output voltage of MMC regardless of arm
inductors.

From (5), the arm output voltages are controlled by uay
and ucom, 50 the MMC controller needs to generate these two
reference voltages uqy and ueom . Since the AC component of
circulating current i.; is mainly second-order harmonic [23],
which does not contribute to the power transmission and
causes power loss, hence the circulating current suppression
control (CCSC) has been designed with a PR controller [22]
to generate uem  in (6) and the corresponding controller
diagram is also shown in the orange block in Fig. 3. Note, that
to eliminate the second-order harmonics in three phases, the
common-mode voltage reference ucm  should contain a
second-order component [23].
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Where /4 is the DC bus current; k.- and a.;- are the P gain and
R gain of the PR controller of CCSC and s is the Laplace
operator.
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Fig. 3. MMC control diagram containing traditional PSC, CCSC, and
Modulation signal generation.

B. Fundamentals of traditional PSC

The power-synchronization mechanism of traditional
synchronous machines is the dynamic balance of mechanical
torque and electromagnetic torque on the rotor. When the
torque on the rotor is unbalanced, the torque difference forces
the rotor to accelerate or decelerate to achieve a larger or
smaller work angle, thus achieving a new equilibrium, on
which PSC control is based [15]. Since the reactance of the



power system is much greater than the resistance, the active
power is strongly correlated with the phase angle of the
voltage vector, and the reactive power is strongly correlated
with the amplitude of the voltage vector, thus the PSC
controller ignores the damping torque can be obtained herein
(7) and the corresponding controller diagram is also shown in
the blue block diagram in Fig. 3.

0= k—"(P* -P)+ayt
S
Lo (M
=?(Q O+,

Where k, and k, are the gain coefficients in active and reactive
power loops; P" and Q" are the reference value of P and O
Vs max 1s the nominal amplitude of the MMC phase voltage;
w;t is the fundamental voltage angle generated by the PSC
controller; V,, is the magnitude of PSC output phase voltage
and 6 is the phase voltage angle. The differential-mode
voltage reference ugy is generated by 8 and V.

C. MMC Operation with traditional PSC and CCSC

According to (5) and previous demonstration, the arm
output voltage of MMC can be controlled by differential-
mode voltage reference ugy” and common-mode voltage
reference wueom', which are provided by PSC and CCSC.
Hence, the arm output voltage reference can be calculated as

o * *
P __udiﬁ' +uc0m

. ®)

u

un* = udiﬁ'* + ucom

The terms on the left side of (8) can be normalized by
dividing the DC voltage V4 [23] and obtaining the upper and
lower arm modulation index m,, and m,. These two modulation
indexes are usually limited between 0 and 1 to avoid over-
modulation. The additional capacitor voltage balance control
is required [4], but it does not influence the analysis results.
Hence, in this paper, we assume that the capacitor voltages in
the same arm are balanced well. And the obtained modulation
index will be applied to each SM and the total arm output
voltage can be derived

# *
U, +U

_ _ diff com
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dc
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de

Where the ucqp » and ucq, » are the voltage values of capacitors
in the upper and the lower arms. As we get all control signals
for the MMC operation, the operation waveform of traditional
PSC-controlled MMC connected to a grid with SCR=10
(Lg=31.8 mH) can be obtained by simulation and the results
are shown in Fig. 4. The simulation parameters are selected
from TABLE L.

Fig. 4 shows that when SCR is 10, the traditional PSC can
track the power reference well with a short period transient
process. The capacitor voltages contain a DC component,
fundamental frequency component, and second-order
frequency component while the output currents are mainly
composed of fundamental frequency elements [21]. The phase
circulating current is almost the DC constant value when the
system enters its steady state, which means the CCSC works
well and the second harmonic in the circulating current is

suppressed effectively. It is noted that the second-harmonic
component in the voltage of submodule capacitors can not be
mitigated because the capacitor current is the coupling of the
grid frequency current and the modulation signal, but this is
acceptable and does not affect the stability and economy of the
system [23].
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Fig. 4. Simulation waveforms of traditional PSC-controlled MMC with
SCR=10. (a) P, Q, and their reference signals, (b) capacitor voltages in phase
A, (c) circulating current in phase A, and (d) three-phase output current.
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Fig. 5. Simulation waveforms of traditional PSC-controlled MMC when
SCR is increased from 10 to 14. (a) P, Q, and their reference signals, (b)
capacitor voltages in phase A, (c) circulating current in phase A, and (d)
three-phase output current.

III. OSCILLATION PHENOMENON WITH TRADITIONAL PSC
AND THE DERIVATION OF IMPROVED PSC

As the stiff grid generally has higher SCR, MMC needs to
adapt to different grid strengths to show its robustness.
However, an oscillation phenomenon occurs in the simulation
in Fig. 5 when the SCR is increased from 10 to 14. The
simulation parameters are selected from TABLE 1.

When SCR is 14, the corresponding grid equivalent
inductance L is 22.74 mH, which is smaller than the MMC



equivalent internal inductance L., (25.47mH). When the
MMC is treated as a voltage source, its internal output
impedance will be larger than the impedance of the outer
circuit, which means the source is becoming weak.

As mentioned before, there are fluctuations of the
capacitor voltage in grid frequency and second-order
frequency [23]. It's worth noting that there are also grid
frequency and second-order frequency components in the
modulation signal. The arm output voltage is determined by
both the modulation signal and the capacitor voltage, so there
would be differences between the actual differential-mode
voltage ugy and the reference voltage uqy. In addition, the
output voltage u, is formed after the electromotive force of
MMC passes through the equivalent arm inductor, which
inevitably causes the actual output voltage of MMC cannot
accurately track the output voltage of PSC. In this section, the
relationship between uqy" and u; will be derived and analyzed.

A. Relationship between traditional PSC output voltage
reference and MMC output voltage

According to (3-5) and the modulation process applied to
SMs, the MMC output equivalent circuit can be drawn in Fig.
6. The electromotive force voltage is generated by the
difference between two arm voltages in the same phase and
the arm voltages are controlled by (7). Considering the
second-order harmonics in capacitor voltage ripple and the
modulation signals, they can be rewritten as

mp = mO _mlw +m2w

mn = mO +mlw +m2(u

Udi[f =m, (10)
Vd [2]

(11)

{uc’p = Z’lc,() _uc,l(u +uc,2/o

ucin = uc,O +uc,lw + uc,la)

Where w9, uc 10, and u. 2, are the dc, first-order, and second-
order components respectively.

Substituting (10-11) to (5), (9) and (4), yield

Uy = N[(mo +m,, )”c,m + (uc,o U, )ml(o:| (12)

uS = ud[[f - Reqix - SLeqiS
_ N(uc,O + uc,Zzu) * Nuc,lm * R L . (13)
- 1% ud[[f + % Ueom _( eq +s eq )ls
dc de

Equation (13) shows the relationship between PSC output
reference voltage uqy” and real MMC output voltage us. It can
be seen that the difference between ugy" and u; is caused by
current flowing through arm inductors and voltage ripples of
all SM capacitors inherently. In particular, the even
component of the capacitor voltage interacts with the
differential mode voltage reference signal ugy", while the odd
component interacts with the work mode voltage reference
signal #.om" to form the actual differential mode voltage uay.

B. Improved PSC

From (13), it is clear about the real-time relationship of
voltage variables in MMC, so we can consider the voltage

change in the controller design. Considering the MMC output
is well tracking the traditional PSC output, and the
corresponding modified modulation signals are m," and m,".
Substitute (13) into (9), the modulation index signal can be
corrected by the reverse derivation, yield

Nu
* c_mes,n * .
2 (_udﬂf + V umm - (Req + SLeq )lsimes
* dc
mp =
N(ucimex,p + ucime,\',n)
(14)
Nu
* c_mes,p * .
2’ [udi[f + V umm + (Req + SLeq )l.\'imex
* dc
mn =
N(ucimes,p + ucimes,n)

Where ue mesp, and e mesn are the measured SM capacitor
voltages in the upper arm and the lower arm, respectively;
is mes 1 the measurement value of MMC output current. Based
on (14), the control block can be drawn in Fig. 6. The purple
block in Fig. 6 represents the process from the reference
voltage signal to the actual AC output in the MMC circuit. To
mitigate the influence of the MMC circuit, the decoupling
procedure was designed based on the measured output current
and capacitor voltages shown in the blue block in Fig.6. The
specific decoupling algorithm is based on the formulas in (14).
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Uy Vac o
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— | Generate dif ca Arm my,
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o MMC arm T SMs in
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Impedance 'p.n

MMC internal circuit

Fig. 6. The control block of the proposed PSC.

From a different perspective, if we can effectively control
the MMC output voltage, the electromotive voltage is also
directly controlled to some extent. Hence, the arm inductors
can be treated as a part of the transmission line inductors. In
this way, the increase of total equivalent grid impedance (L,
+ Lg) will decline the SCR of the grid, which is more suitable
for grid-forming converter operation based on PSC [13].

TABLE L PARAMETERS OF MMC CIRCUIT AND CONTROLLER
Items SI p-u.
Fundamental frequency f 50 Hz 1
Rated capacity Syueq 150 MVA 1
Rated line voltage (RMS) 123 kV 1
Power grid SCR - 14
Grid equivalent inductance L, 22.74 mH 0.0714
Grid equivalent resistance R, 0.71 Q 0.00714
DC-side voltage V. 220kV 1.7886
SM capacitance C, 30.99 uF 1.0271
Arm inductance L, 50.93 mH 0.16
Arm equivalent resistance R, 1.6 Q 0.016
Number of SMs per arm N 100 -
Active power loop gain &, - 1
Reactive power loop gain &, - 1
P gain of PR controller & 50 -
R gain of PR controller a.;, 200 -




IV. SIMULATION
The simulations were carried out in PLECS. The topology
of the used MMC is shown in Fig. 1, and the main circuit
parameters and control parameters are shown in TABLE I. In
TABLE I, “SI” denotes International Unit System; and “p.u.”
denotes per-unit values.

A. MMC operation with proposed PSC when SCR=14

Figure 5 shows that the traditional PSC cannot maintain
the normal operation of MMC when SCR is increased from 10
to 14, which also corresponds to the decrease of system
inductance from 31.83 mH to 22.73 mH. To show the
improvement of the proposed PSC, at t=3.5 s, the controller is
switched from the traditional PSC to the proposed PSC and
the transient waveforms are shown in Fig. 7.
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Fig. 7. Simulation waveform of proposed PSC applied at t=3.5s when
SCR=14. (a) P, Q, and their reference signals, (b) capacitor voltages in phase
A, (c) circulating current in phase A, and (d) three-phase output current.

The transient process in Fig. 7, from 3.5 s to 4.3 s, shows
that the MMC output power and internal variables, including
capacitor voltages and the circulating current in phase A are
becoming stable and maintained within the limitation by
applying the proposed PSC. Additionally, we can see that after
a short period of the transient process, the capacitor voltages
from the upper and lower arms return below the limit after
rapid convergence and the double frequency component of the
circulation is suppressed accordingly. The system power
stabilizes to the reference value after two oscillation cycles.
The results show that the proposed PSC is suitable for MMC
connecting to a strong power grid with high SCR.

B. Power step response with proposed PSC

To compare the dynamic response characteristic of the
proposed PSC to that of the traditional PSC, the power step
(the active power is increased from 0.33 p.u. to 0.66 p.u. and
the reactive power is increased from 0 to 0.27 p.u is simulated
and the results are shown in Fig. 8.

Comparing Fig. 4 and Fig. 8, we can find that during the
transient process, the proposed PSC shows a lower oscillation
frequency and higher damping and the total transient time is
similar, about 0.5 s, which shows that the proposed control
strategy improves the stability of MMC in high SCR scenarios
without reducing the control performance.

C. The robustness of proposed PSC with higher SCR

As mentioned before, PSC works well in a weak grid with
lower SCR, hence, to test the robustness of the proposed PSC,
the simulation with higher SCR is also done and the results are
shown in Fig. 9.

Before 3.5s, the MMC is operating with P=0.66 p.u. and
0=0.33 p.u. with SCR=14. At t=3.5 s, the SCR is increased to
20, which means L, is down to 15.9 mH. After 3.5s, the MMC
output power shows an oscillation with damping and
gradually reaches a steady state. The internal variables show
the same dynamic as the output power curves. After a period
of the transient process caused by the increase of SCR, the
system maintains its stability and enters a new equilibrium
point. Therefore, it proves that the proposed PSC shows strong
robustness in the face of varying system strength.
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Fig. 8. Power step response with proposed PSC when SCR=14. (a) P, Q,
and their reference signals, (b) capacitor voltages in phase A, (c) circulating
current in phase A, and (d) three-phase output current.
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Fig. 9. Transient response with proposed PSC when SCR is increased from
14 to 20. (a) P, Q, and their reference signals, (b) capacitor voltages in phase
A, (c) circulating current in phase A, and (d) three-phase output current.



V. CONCLUSION

In this paper, an investigation of the relationship between
voltage reference out of traditional PSC and MMC ac-side
output voltage is presented and the unstable phenomenon of
MMC operation connecting to the power grid with higher
SCR is reproduced with simulation. The obtained results
reveal that the voltage of arm inductors and capacitors in each
cell does adversely affect the PSC control when the grid
impedance is decreased. On this basis, an improved PSC is
derived step by step, which can eliminate the dynamic
coupling of PSC and the MMC internal caused by the arm
inductors and SM capacitors. In simulation results, the
proposed PSC exhibits a similar response speed under the
power step transient process and can maintain stability with
varying SCR of the power system.
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