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Abstract- Modular multilevel converter (MMC) has numerous advantages already discussed in the literature. Grid voltage
synchronization is a critical component of grid-connected power converters. Synchronous reference frame (SRF)-PLL
traditionally synchronizes MMC voltage to the grid. However, non-ideal grid circumstances induce phase angle inaccuracies
since phase angle is obtained by integrating grid frequency. The three-phase dual integration method (DIM) is used in the grid
synchronization of a three-phase MMC inverter in this study. It integrates grid phase voltage twice to generate reference signals
for the MMC grid side converter. Furthermore, it enables a smooth start during balanced and non-ideal grid conditions a) voltage
unbalance; and b) frequency unbalance, as the generated signal remains in phase with the current. The proposed process reduces
THD to almost less than (< 0.09%). The simulation results demonstrate the suggested method's efficacy in grid synchronization.

Keywords SRF-PLL, HVDC, Grid synchronization, Transmission system, Power converter.

1. Introduction

The most effective technology for high-voltage DC
transmission networks is the modular multilevel converter
(MMC) [1]. Numerous benefits include its modular design,
decreased power supply in each module, lower harmonic
content, and staircase output voltage [2]. An effective grid
synchronization technique is necessary for the integration of
renewable energy with HVDC systems [3]. A synchronously
rotating d-q reference frame (SRF-d-q) or a fixed reference
frame (SRF-d-q) is used in building GSPC (grid-side power
converter). (PCC) Point of common coupling in SRF-d-q,
phase angle of grid voltage, the frequency are retrieved by
monitoring three-phase current/voltages and converting them
into two-phase d-q current components [4-5]. In addition to
the closed loop, the open-loop, ZCD (zero crossing detection),
and artful intelligence (Al) [7] are further grid synchronization
systems.

Three-phase grid voltages are converted from SRF-PLL
to d-q rotating frame as shown in Figure 1 Park's
transformation [12] is used. Eq. (1) depicts the d-axis and -
axis components under balanced grid conditions.
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Fig. 1. SRF-PLL Basic structure.
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Where: V,0’ represent the phase and capacity for input
voltage signal, 6 is the PLL output, Vg4, and Vg is the d and q
axis components.

The voltage signal's amplitude is shown on the d-axis,
while the phase angle data is shown on the g-axis. However,
in non-ideal grid settings, phase angle tracking in SRF-PLL
deviates; a) DC-offsets, b) imbalance voltages, and c)
harmonics [13-15]. DC-offset is caused by sampling mistakes
in A/D conversion and the insertion of DC components [16-
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19]. Many solutions to the problem of DC offsets in a PLL
have been offered in the literature. In [20]. A bandpass filter
is used; however, it creates a phase shift as the frequency
changes. In [21] fundamental components are extracted at the
input of a PLL, However, exact DC component computation
is essential. SOGI-PLL is proposed for the elimination of DC
components in a single-phase system [22-26]. In order to
achieve grid synchronization in less-than-ideal grid
conditions, discretely coupled synchronous reference frame
(DDSRF-PLL) is eligible, however, the problem of the DC
offset remains unsolved [27]. proposes employing analog
circuits single phase inverter grid synchronization by double
integration. This paper suggests a three-phase grid-connected
solar PV inverter with double integration [28] that only
considered steady-state situations.

The key contribution of this paper is to implement grid
coincidence in Three phase MMC converter using a Three-
phase DIM. The DIM methods already proposed in [27-28]
have different approaches. The current amplitude is corrected
using MPPT in a single-phase Inverter based on analog circuit,
here in this work gain values of controllers are adjusted to
adjust the amplitude of current in a digital circuit. Unlike [28]
that synchronize Inverter current with a grid voltage, this
research work also considers dynamic or non-ideal conditions
in a grid. Since the generated signal remains in phase with the
current, the DIM method works well during dynamic
conditions.

Without paying attention to phase angle or frequency,
reference currents are generated by the three-phase DIM by
using phase voltage or line-to-line obtained from the grid, as
shown in Eq. (2) [29].

et = [[ ¥y @)

Where: i, are the current references, while V, denotes
grid phase voltage.

Eqg. (1) is used to represent the DIM block diagram in
Figure 2. The outputs of the first and second integrals, Y, and
Y, respectively, correspond to the input voltage of a signal.
Two PI controllers are set in the feedback path to minimize
the DC offset in each integral part.

Fig. 2. Block diagram of DIM.
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Fig. 3. Three-phase MMC structure.

This paper is systematic as Section 2 describes the Three-
phase MMC structure, Section 3 presents the digital
implementation of Three-phase DIM circuit |, Section 4
presents the simulation results in a Three-phase grid
connection using PSCAD, Section 5 concludes with a
comparison with alternative grid synchronization strategies.

2. MMC Modelling

A Three-phase MMC structure consists of two identical
arms in each phase with n the chain is connected to sub-
modules (SMs) and an inductor as shown in Figure 3. Each
SM has a single capacitor and the switches are two Linked
series (T1, T2). The control system determines whether the
SM output voltage (Vsm) is equal to the capacitor voltage (T1
on state) or zero (T2 off state) [30-31]. It can be modelled in
EMT-type programs by approximating the behaviour of
lumped passive elements based on numerical integration
methods [32]. The full specifics of various modelling
methodologies are detailed in [33]. In this paper an arm
equivalent model of MMC is developed based on the
fundamental switching frequency and switching patterns of
IGTBT are neglected as already discussed [34].

3. MMC Three-Phase Double Integration Method

The block design in Figure 2 is used to create a three-
phase DIM using PSCAD. Double integrators 180° rotate the
phase voltage signal to coincide with the grid voltages. as
shown in Egs. (3-5), the Three-phase grid voltages are input
into the DIM model.

Vo () = V2Vsin(w,t) 3)
Vo () = V2Vsin (wot - 2?11) 4
Vs (D) = V2V sin (ooot + 2?11) 5)

Where: V represents RMS value for the phase voltage,
Vm=2 V represents a peak voltage, the (0) represents the grid
frequency.
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Fig. 4. Three-phase grid synchronization using DIM.

In Eq. (6), the closed-loop transfer function can be
derived;

Output G s(s+1) 6
Input ~ 1+GH s(s*+s+k,+kiys) ©)

Where: H(s) = (1/s +1) = (k, + k;/s), ), G(s) =1/s,
feedback and forward flow for the closed-loop system are
shown. Signal input may be written as in Eq. (7);

b(t) = Csin(wyt) @)

Where: C,, and w,is the input signal's amplitude and
frequency. The outputs of the double integration can calculate
asin Eq. (8);

z(t) = Cpsin(wt + @) (8)

Where: ¢and C,,, are the capacity, The output signal's
frequency, and phase angle.

Bode plots, as illustrated in Figure 5, may be used to
derive the frequency response characteristics of double
integrals. Since the output of double integrals creates a phase
shift of -180°, the Voltage signal produced is synchronized to
the grid voltages after being multiplied by k=-1.

Bode Diagram
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Fig. 5. Double Integrals' frequency response.

A pure integrator's output signal will have issues with DC
offset and drift. [35]. Phase errors are introduced for the
removal of DC offset using a high pass filter [36].

Applying 2nd order generalized integrator into SRF-PLL
during non-ideal conditions will affect its settling time and
speed [37]. Proportional integral (Pl) based compensator
kptKi/s is designed in a non-linear feedback path to perform
two functions a) Integrator clamping and b) reject DC offset

at each integrator. The integrating constant can be reset if the
maximum or minimal integral is reached and also has no DC
component.

The effect is that it is clamped in the first half period and
the next periods, the residual DC is removed. In a steady state,
there will be no interaction of the feedback, as then the phase
is exactly 180° even if the frequency changes. A leading phase
shift occurs as a result of linear lagging feedback, which grows
as the feedback gain rises. As seen in Figure 6, any time this
repair is necessary, it can be resolved by adding a dead zone
after the low pass filter. This dead zone will make it a
nonlinear feedback system and only acts when a DC offset
occurs. The low pass filter RC value is selected as 0.0031 to
cut off frequency around 50 Hz. The frequency response of Pl
controllers is shown in Figure 7. The kp and ki values are
selected as 1.32 and 6.07 respectively to give a phase margin
of 50 degrees to make the system stable. As long as non-linear
feedback is active, DIM recovers naturally from transients.

Grid
olta

Fig. 6. Integration constant removal.
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4. Simulation Results Three-Phase DIM Grid Connected

The three-phase MMC in inverter mode is linked to the
power AC grid (Lac) with an AC filter (L1, R1) as shown in
Figure 8. In an HVDC system, the current source (l1) is used
to represent the DC grid. The frequency and phase of Three-
phase voltages are important for synchronization and control
of grid connected MMC [38].
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Fig. 8. Three-phase MMC inverter.

A direct modulation method based on an open loop
modulator is implemented in this paper to calculate insertion
indices for each arm in a three-phase MMC converter. The
inserted arm voltages are Vc=n, V.Z, where n, indicates
insertion indices and V2 is the total voltage of the capacitors
in each arm [39]. A separate controller is used to suppress the
circulating current [40]. As seen in Egs. (9-10) the reference
signal provides sinusoidally output current and voltage on the
AC side of MMC,;

V, = Vicosw,t ©)
I; = Iscosw,t (10)

Where: I;and V;are the maximum AC side current and voltage
parameters of the MMC converterw,are the fundamental
frequency in radians per second.

The MMC grid-connected inverter shown in Figure 8 is
tested under the following nonideal grid conditions:

4.1. Three-phase voltage unbalance;

Vy1 = 0.9V, sin(wt) (11)

2w
Vpz = 08 Vysin(wt — —) 12)
Vp2 = 1.2V, sin(wt + 21/3) (13)

4.2. Three-phase frequency unbalance;

V1 =V sin(2 * pi = 0.95f * t) (14)
. ) 21
Vpz2 = Vi sin (2 *pix097f xt — ?> (15)
m
Vos = Vi sin (2 pi « 103 x £ + ) (16)

Based on Eqgs. (3-5), Figure 9 (a-c) depicts the results of
emulation for the Three-phase DIM utilized in grid
synchronization of the MMC Inverter for 50 Hz Grid

frequency. Figure 9 (a) depicts three-phase balanced AC
network voltages. Figure 9 (b) shows the output of the DIM
synchronizing grid voltage input Black phase at t=0.005s
Figure 9 (c) shows the output of the DIM synchronizing grid
voltage input light blue phase at t=0.005s. DC-offset is
eliminated on each integrator. Figure 9 (d) shows the output
of DIM synchronizing grid voltage input blue phase at
t=0.005s.
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Fig. 9. DIM results for three phases (50 Hz): a) maintain
grid voltage balance, b) Output of DIM black phase, ¢)
Output DIM light blue phase, and d) Output DIM blue phase.

Figure 10 shows the results of a three-phase DIM
simulation carried out during non-ideal grid conditions in an
MMC inverter based on Eqgs. (11-13). Figure 10 (a) shows
Three-phase unbalanced voltages. Figure (b) shows the output
of DIM synchronizing grid voltage input red phase at t=0.005s
Figure 10 (c) shows the output of DIM synchronizing grid
voltage input light blue phase at t=0.005s. DC-offset is
eliminated on each integrator. Figure 10 (d) shows the output
of DIM synchronizing grid voltage input blue phase at
t=0.005s.

Figure.11 shows the simulation results of Three-phase
DIM implemented during nonideal grid conditions based on
Egs. (14-16). Figure 11 (a) shows the Three-phase unbalance
frequency voltages. Figure 11 (b) shows the output of the DIM
synchronizing grid voltage input Blue phase at t=0.005s
Figure 11 (c) shows the output of the DIM synchronizing grid
voltage input black phase at t=0.005s. Figure 11 (d) shows the
output of DIM synchronizing unbalanced frequency grid
voltage input yellow phase at t=0.005s.

208



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH
K. Hafeez et al., Vol.15, No.1, March, 2025

Voltage (V)

5
!
£
S
Time(s)
(b)

Voltage (V)
g

Time(s)
_ (c)
=
[
L
2
Time(s)
(d)

Fig. 10. Three-phase DIM results: a) voltages
unbalanced, b) Output of DIM red phase, c) Output DIM
light blue phase, and d) Output of DIM blue phase.

The Three-phase sinusoidal reference signal for the MMC
converter is shown in Figure 12(a). Whereas, Inverter output
voltage and currents synchronized at t=0.005s are also shown
in Figure 12 b.

FFT analysis is performed on the output DIM signal in
Figure 13. THD of the DIM signal is less than 0.09%.

A comparative analysis is performed with other Grid
synchronization techniques as given in Table 1. The proposed
method performs well during dynamic conditions in grid
synchronization of the MMC Inverter.
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Fig. 11. Three-phase DIM results: a) frequency

unbalanced, b) Output of DIM red phase, ¢) Output of DIM

light blue phase, and d) Output of DIM blue phase.
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Fig. 12. FFT analysis: a) Output DIM signal, and b) THD
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Table 1. Comparative analysis

Double Grid Grid
Ref. PLL | . . DC-Offset . . N
integration rejection syncthronl CDyrgjgtmlc Findings
method zation onditions
M. Jabbar Mnati Steady state
et.al [28] = v 4 v - conditions only
Time delay caused
Lou etal [13] v - v v - by filter
S. Golestan et al Loop filtering is not
. Golestan et.a _ 4 v - good for dynamic
[41]. v conditions
M. Karimi et.al Bandpass filter
. Karimi et.a _ v V4 - introduces a phase
[21]. v shift
Phase comparator is
M. Quraan [42] v - (4 (4 _ good during
dynamic conditions
MMC, dynamic
Proposed - v v v v conditions

The modelling results show that the output voltage of
DIM and the three-phase grid are synchronized and DC offset
rejection is also good as compared to other techniques given
in Table 1. The DC-offset is as evidenced by the simulation
results in Table 2, the use of nonlinear feedback was avoided.

Table 2. Simulation Results

Grid Black Light Blue Blue
Frequency Phase Phase Phase
50 Hz 0.005s 0.005s 0.005s

The Three-phase MMC parameters are given in Table 3.
The MMC is connected to an AC grid with a voltage rating of
420/380 kV.

Table 3. MMC Parameters for Three-Phase

Parameters Symbol Value
Grid side AC voltage Vg(ane) 420 kV
Converter side AC

V,

voltage c(abe) 380kV
Transformer connection T, /T, Y/A
Arm capacitor C 28 pF
Arm inductance Larm 76 mH
Arm resistance R 0.8Q
Filter inductance Ly 15mH
Filter resistance R, 0.8Q
Angular frequency W, 314 rad/s

5. Conclusion

This research paper has proposed Grid synchronization in
a Three-phase MMC grid connected Inverter using a Three-
phase double integration method. The simulation results
demonstrated the efficacy of a three-phase double integration
approach in quick grid synchronization at t=0.005s and lower
THD levels. In addition to linear delayed feedback, a circuit
was developed that eliminates DC offset at each integrator as
well as phase error reduction. The results also demonstrated
the Three-phase DIM's capacity to synchronize and recover in
a grid-connected inverter under non-ideal grid circumstances.
The proposed method will be tested with other grid
synchronization techniques in the next paper.
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