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Optimal Suppression Strategy for Capacitor
\oltage Ripples of Hybrid MMCs Under
Unbalanced Grid Voltages

Jianzhong Xu, Senior Member, IEEE, Junxin Wang, Yukun Yang, Jinan Wang, Gen Li*, Member, IEEE

Abstract—Submodule (SM) capacitor voltage ripples in
modular multilevel converters (MMCs) can be suppressed by
harmonic injection strategy, which can reduce the volume and
cost of MMCs. The existing methods using the dual harmonic
injection strategy for hybrid MMCs only consider steady-state
conditions. Harmonic injection strategies for unbalanced grid
voltage conditions only use single harmonic injection and can be
applied for single-phase faults. To address the above issues, this
paper proposes an optimal dual harmonic injection of
second-order harmonic current and third-order harmonic voltage
strategy for hybrid MMCs. Firstly, the mathematical model of
MMC under unbalanced grid voltages is established. Then the
ripple characteristics of SM capacitor voltage are analyzed to
reveal the relationship between the capacitor voltage and the arm
power ripples. Based on the developed instantaneous arm power
model, optimal harmonic injection parameters are calculated. A
hybrid MMC simulation model is built in PSCAD/EMTDC to
verify the effectiveness of the proposed strategy. The results show
the excellent performance of the proposed strategy in suppressing
the voltage ripples under unbalanced voltage conditions.

Index Terms — Hybrid MMC; capacitor voltage ripples;
harmonic injection; unbalanced voltage conditions; instantaneous
power of the arm.

l. INTRODUCTION

ODULAR multi-level converters (MMCs) have become
the preferred option for voltage-source-converter based
high-voltage  direct-current (VSC-HVDC) transmission
systems [1], thanks to their merits of modularity, scalability,
flexible control capability and low harmonics [2]-[4]. However,
MMCs’ weight, capital costs and power losses are still higher
than their counterpart line commutated converter [5].
Submodule (SM) capacitors of MMCs account for more than
50% of the volume and about 40% of the cost [6], [7].
Suppressing the capacitor voltage ripples of SMs can reduce the
capacitance and therefore, reduce the cost and volume/weight
of MMCs. Thus, the research on the suppression strategy of
MMC capacitor voltage fluctuation is of great significance [8],
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For half-bridge MMC (HB-MMC), due to the freewheeling
diodes in HB-SMs, DC faults cannot be blocked like the
full-bridge MMC (FB-MMC). However, FB-MMC requires
more semiconductor devices and therefore, results in higher
costs and power losses [10], [11]. The hybrid MMC consisting
of HB-SMs and FB-SMs achieves a trade-off between the
economy and technical performance [12], [13]. Hybrid MMC
features in its flexible range of modulation index and DC fault
handling capability [14], [15]. It has been deployed in the
Kun-Liu-Long three-terminal £800 kV ultra HVDC project in
China [16]. The capital costs and weight of hybrid MMC can be
further reduced if capacitor voltage ripples can be effectively
suppressed.

New MMC topologies have been proposed to reduce the SM
voltage ripples [17], [18]. However, the cost is still too high.
Instead, control strategies for suppressing the ripples are
cost-effective alternatives. For instance, the second-order
harmonic current injection (SHCI), third-order harmonic
voltage injection (THVI), and dual harmonic injection (DHI) of
second-order harmonic current and third-order harmonic
voltage [19]-[26].

For SHCI, by suppressing the unbalanced three-phase
voltages, a circulating current suppressing controller has been
proposed in [19], which can effectively suppress the capacitor
voltage ripples. An SHCI is proposed in [20], wherein the
injection reference is obtained by offline optimization to
minimize the voltage ripples. Reference [21] proposes an
online method to calculate the reference of SHCI, which avoids
the use of a look-up table to determine the reference value. In
[22], based on the mathematical model of hybrid MMC’s
capacitor voltage ripples, an optimized SHCI strategy is
proposed.

The effect of THVI on regulating the capacitor voltage
ripples has been analyzed in [23]. The study also shows that the
MMC modulation index can be improved by injecting
third-order harmonic voltage, which can reduce SM voltage
ripples. However, the amplitude and phase of the injected
third-order harmonic voltage are fixed and the adaptability to
other operating conditions is not considered [24].

Reference [25] considers the DHI parameters determined in
[20] and [24]. However, the coupling between the two
parameter design methods is ignored. From the perspective of
arm power, a DHI strategy is proposed in [26]. However, the
method ignores the second-order harmonic voltage generated
by arm inductors.



The above underpinning studies provide solid foundations
for suppressing SM capacitor voltage ripples in hybrid MMCs.
However, they only consider the control strategies for
steady-state operation. The applicability of the strategies under
unbalanced grid faults, which may lead to more severe SM
voltage ripples, have not been analyzed.

Few research investigates the characteristics of SM voltage
ripples of hybrid MMCs and DHI strategies under unbalanced
grid voltages. Reference [27] analyzes the effect of MMC'’s
circulating current on DC voltage oscillation under unbalanced
grid voltages. In [28], the model of arm instantaneous power
under grid-side single-line-to-ground (SLG) faults is developed
and an SHCI method suitable for SLG faults is proposed.
However, the work ignores the influence of the arm inductor
voltage and THVI. [29] designs the MMC modulation index
under SLG faults. However, this method will require a wide
range of modulation index if it is applied in hybrid MMC
because the negative voltage output capability of FB-SMs in
hybrid MMC is limited. The studies in [20] and [21] only
consider the single-phase voltage dip. Two-phase and
three-phase voltage dips are not investigated. In addition, the
studies in [28] show that the steady-state harmonic injection
strategy may not be able to effectively suppress capacitor
voltage ripples under unbalanced grid voltages, and even may
aggravate the fluctuation of capacitor voltages. Therefore,
capacitor voltage ripple suppression strategies for hybrid
MMCs under unbalanced grid voltages considering the above
issues should be proposed.

To bridge the above research gaps, this paper proposes an
optimal DHI strategy to suppress capacitor voltage ripples
under unbalanced grid voltages, which considers the
second-order harmonic voltage generated on the arm inductor.
By applying the strategy with optimized injection parameters,
the instantaneous power fluctuations of three-phase arms can
be suppressed, and the capacitor voltage ripples are reduced.
Therefore, the SM capacitance can be greatly decreased. In
addition, the overvoltage of the SMs under unbalanced voltage
conditions is mitigated. The proposed methods are verified
through simulations.

Il. BAsIC PRINCIPLES OF MMC

A. Mathematical Model of MMC under Unbalanced Grid
Voltages

A hybrid MMC is shown in Fig. 1. There are N SMs (p
HB-SMs and g FB-SMs) in the upper and lower arms. u; (i=a,
b, c) is the AC side phase voltage, upi and un; are the upper and
lower arm voltages, iy and iy are the upper and lower arm
currents, Ugc is the DC voltage, lqc is the DC current, Lam is the
arm inductor. The three-phase voltages on the grid-side can be
expressed as:

Uy, = X-tU, sin(at + 5)
o =Y tU, sin(et+5-120"), @)
Uy =2-tU, sin(ot+6+120")
where x, y and z are the three-phase voltage dip coefficients
ranging from 0 to 1 and t is the transformer ratio. U, is the

amplitude of valve-side AC phase voltage under steady-state, »
is the fundamental angular frequency and ¢ is the shift angle
due to the transformer wind configuration.
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Fig. 1. Topology of the hybrid MMC.

Under steady-state conditions, the three-phase voltage dip
coefficients are equal to 1. However, there will be
negative-sequence voltages and currents under unbalanced grid
voltages. The severity and modes of unbalanced voltages affect
the dip coefficients and sequence components of the
three-phase voltages.

The three-phase voltage can be decomposed by the
symmetrical component method, which gives the positive,
negative and zero sequence components of phase A:

T

Uga 1 a a ||u,

S1 2
uga = 5 l «a (24 ugb ’ (2)
Ug, 1 1 1]u,

where ug, Uy and ug, are the positive, negative and zero
sequence voltage components of the grid-side phase A and a =
eleO"_

Due to the use of the Star-Delta (Y-A) transformer, there is
no zero-sequence voltage on the converter valve-side, namely
us. is zero. Considering that there is a shift angle § on the
primary and secondary sides of the transformer, the three-phase
AC voltage on the valve side can be calculated as follows:

u, =U_ sin(et+a™)+U_, sin(et + o)
u, =U,, sin(et+ ) +U,, sin(wt+ 7)), 3)
U, —U+ sin(wt+ ") +U_, sin(wt+y7)
where Ui, and U;, (i=a, b, c) are the amplitudes of three-phase
positive and negative sequence voltage on the valve side. a* &

o, Bt & f and y* & y are the phase angles of the positive and
negative sequence voltages in phases A, B, C.

B. Analysis of Unbalanced Voltage Conditions

The general expression of MMC valve-side AC voltages is
provided in (3). This subsection takes the SLG fault as an
example for analysis, and the calculation process for other
operating conditions can be analyzed similarly.

The shift angle 6 of the Y-A connected transformer is 30°. If
a solid SLG fault occurs in phase A, its voltage will drop to 0
and B-phase and C-phase voltages remain unchanged, that is,



x=0, y=z=1, so the three-phase voltages on the grid-side can
be expressed as:

u, =0
Ug, =tU, sin(wt +30" 1207, (4)
Uy =tU,, sin(et +30"+120°)
Using equation (2) to decompose the voltage sequence
components, the positive, negative and zero-sequence

components of phase A on the grid-side can be obtained as
follows:

+ _2 1 °

Uga-gtum sin(wt +30)

__ 1 : ’
uga__gtumsm(athrSO) . ®)

U, =— ltUm sin(et +307)
3

The positive and negative sequence components of the other
two phase voltages can be calculated using the rotation factor a.
The three-phase AC voltages on the valve-side can be
expressed as:

u, :%Um sin a)t+%Um sin(wt —1207)

ubzgumsin(a)t—120°)+%Umsinwt . ®)

uczgum sin(et +120°) + %um sin(et +1207)

The above analysis is based on the SLG fault in phase A. If
two- or three-phase voltage dips occur in the grid side, the
analysis is similar to the SLG fault in phase A. The three-phase
voltages on the valve-side of two- or three-phase voltage dips
conditions can be obtained by rewriting the grid-side voltages
of (4), and then using (2) to decompose the voltage sequence
components.

I1l. ANALYSIS OF SMS CAPACITOR VOLTAGE RIPPLES

The arm power fluctuation is positively correlated with the
amplitude of capacitor voltage ripples. The second-order
harmonic voltage on the arm inductor will affect the arm power.
However, the existing harmonic injection algorithm mainly
considers the fundamental-frequency and the double-frequency
fluctuations of the arm power. Ignoring the inductor voltage
will affect the effect of the harmonic injection strategy, and
cannot fully use its advantages. In addition, for using DHI,
when the amplitude of the THVI is small, the deviation caused
by ignoring the inductor voltage will be more obvious.
Therefore, this section will firstly establish the arm power
model considering the DHI and second-order harmonic
voltage.

A. Arm Power Model Considering Dual Harmonic Injection
and Second-order Harmonic Voltage

The DHI strategy refers to the injection of a second-order
harmonic current into the arm and a third-order harmonic
voltage into the AC voltage. The injection will reshape the
waveforms of arm currents and voltages. According to the
hybrid MMC topology illustrated in Fig. I, with the direction

labelled in the diagram as the positive direction and considering
the injection of the second-order harmonic current, the upper
and lower arm currents ipa and ina in phase A can be expressed
as:

i=1

pa dca

+ I?msin(cut —-@)+ 1,8inQRet + ¢,)
, ()

I . .
=1 ?mSIn(a)t—go)+ 1sinQat + @,)

lha dea

where iga and ins are the upper and lower arm currents of phase
A, ¢ and ¢, are the power factor angle and the second-order
harmonic current phase angle, lqca is the DC current component
of phase A, I is the amplitude of AC current under steady state
and I, is the amplitude of the second-order harmonic current.
The modulation index m is defined as 2Un/Uqc, and the
relationship between the AC and DC currents under
steady-state conditions can be obtained as follows:

|dC:%mCOS¢)|m- @)

According to equation (3), taking into account the THVI and
the second-order harmonic voltage generated by the circulating
current on the arm inductor, the upper and lower arm voltages
Upa @nd Una can be expressed as:

1

U, = Eudc -U, sin(et+a")-U_, sin(et +a")

-U,sin(Bat + ;) + L, %
(9

Uy =3y +Usinot +a') + Uy sin(ot +a)

. dig
+U,sin(Bat + ¢;) + L, (;°t"

where Uz is the amplitude of the third-order harmonic voltage,
@3 is the phase angle of third-order harmonic voltage and i is
the injection of second-order harmonic current. It should be
mentioned that as the amplitude of the fundamental-frequency
component of the inductor voltage is much smaller than the AC
voltage the voltage drop across the inductance caused by the
fundamental-frequency current is ignored in (9).

In order to simplify the expression, making the following
definitions:

=2
Im
k3—l% , (10)
Ba)Lardec
:3mc03¢ch
where k. and ks are the SHCI and THVI coefficients

respectively. c is a constant, determined by the DC power Pgc
and the DC voltage Ugc.

Taking the upper arm of phase A as an example, the arm
voltage and current can be simplified as follows:



. : ;
e :?m[ldc_a +sin(wt — @) + k,sin(2et + ¢,)]

Uy :%[1—@ sin(wt+a")-m; sin(wt+a)’ (11)

—k, sin(3mt + ¢,) + ck, cos(2at + ¢,)]
where lgc s is the DC component of the A-phase arm current, m;
and m; are the positive and negative sequence voltage
modulation index of phase A.
According to the expression of the arm current and voltage in
equation (11), the instantaneous power Py, of the upper arm in
phase A can be obtained:

— Udc I m >
Ppa - 4 Z kpa,i : (12)
i=0

The specific expressions for each component of the above
equation are given below:
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Since the energy on the SMs cannot accumulate infinitely,
the DC component should be zero. The DC component in the
arm of phase A can be obtained as:
as m, cos(a, + @) Z m, cos(a, + @) . (14)

The above expressions are all based on phase A. If the values
of three-phase voltage dips are not the same, the instantaneous
arm power of the three phases will also be unbalanced.
However, the calculation process of other two phases is similar.
The expressions of phases B and C can be obtained by
modifying the modulation index and phase angle of the positive
and negative sequence voltages in equations (11)-(13).

B. Relationship Between the Arm Instantaneous Power and
Capacitor Voltage Ripples

Due to the symmetry of the upper and lower arms of the
MMC, it is reasonable to analyze the energy fluctuations only
in the upper arm [26]. The relationship between the
instantaneous power and the capacitor voltage ripples of the
upper arm of phase A is as follows:

%co(uO Y. —%co(uO N I L

where U is the average value of the SM capacitor voltage, Co is
the SM capacitance, N is the number of SMs in the arm and ¢ is
the amplitude of capacitor voltage fluctuation. The SM
capacitor voltage ripples can be changed by varying the arm
instantaneous power which is obtained by multiplying upa and
ipa. Therefore, the SM capacitor voltage ripples can be changed
by varying the arm voltages and currents. The capacitance Cq
can be solved by (15) [26]:

3
RN UL
3mNwnU,) 2
where Ps is the apparent power of the converter, # is the
percentage of capacitor voltage fluctuation and Uc is the SM
capacitor voltage.

As can be seen from equation (16), the SM capacitance is
closely related to capacitor voltage ripples. The smaller the
capacitor voltage ripples, the smaller the SM capacitance is
needed.

(16)

C. Influence of the Second-order Harmonic Voltage

To illustrate the influence of the second-order harmonic
voltage, this subsection takes the steady-state condition as an
example. The waveforms of the harmonic voltage and arm
power are shown in Fig. 2. (Note: The simulations are carried
out based on the parameters in Section V.A. The parameters of
(k2, k3, @2, @3, m) are (0.6, 0.1, -90°, 0, 0.85) and the power
factor cose is 1). The harmonic voltage and arm power are in
per unit with the base of Ugc/2 and Ps.

According to Fig. 2, the amplitude of the second-order
harmonic voltage under these injection parameters is larger
than the third-order harmonic voltage. In this case, ignoring the
second-order harmonic voltage will lead to a large deviation
between the theoretical and actual arm power. However,
considering the second-order harmonic voltage can effectively
compensate for the deviation. It also indicates that the second
harmonic voltage cannot be ignored when the SHCI parameter
is not small.
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Fig. 2. Waveforms of harmonic voltage and arm power. (a) Harmonic voltage,
(b) arm power.

IV. OPTIMAL SM CAPACITOR VOLTAGE RIPPLES SUPPRESSION
STRATEGY WITH DHI

As can be seen from the analysis in Section 111, the harmonic
components of the arm instantaneous power are related to the
capacitor voltage ripples. As shown in (13), due to the injection
of dual harmonics, the third-order harmonic component of the
arm power is generated. Therefore, to effectively suppress the
power fluctuations of the arm, not only the
fundamental-frequency and the double-frequency components
will be considered, but also the triple-frequency component. In
this section, the DHI parameter optimization process is
analyzed based on the arm instantaneous power.

A. Extraction of Arm Instantaneous Power Fluctuations

In (13), the fundamental-frequency, double-frequency and
triple-frequency components Ppa 1, Ppa2 and Ppys of
instantaneous power can be obtained. According to the
orthogonal transformation, Ppa 1, Ppa2 and Ppis can be
rewritten as follows:

Pe1=A. Sinwt+ B, cosat

pa_1

m, cosa™

dc_a'''a

+ +
A, =cosp—I, ,m cosa” -1

n m, K, sin(p, —a") + m,k, sin(p, —a”)

2 2
i koK, sin(p; — ¢,) _ ck, cos(p + ¢,)

2 2 , A7)
B, =-sing-1, . msina’ —1, .m sina”

Mk, cos(p, —a”) m.k,cos(p, —a’)
2 2
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2 2
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2 2 (19)
k,m, cos(a" +¢,) .
Bpaj = % - Idcﬁaks SN,
" k,m_ cos(a” +¢,) + ck, sin(ep, — @)
2 2
Based on (17)-(19), the amplitudes of the

fundamental-frequency, double-frequency and triple-frequency
fluctuations of the arm instantaneous power of phase A can be
obtained as follows:

Ppa71 =4 p&aJZ + Bpale
Ppa_z = \/ Aﬁ)a_Zz + Bpa_z2 . (20)
Ppa_3 = Ana_sz + Bpa_32

Similarly, the fundamental-frequency, double-frequency and
triple-frequency components of the instantaneous power of
phases B and C can be obtained similarly. Finally, the
amplitudes Ppb 1, Ppb 2, Ppbs and Ppc 1, Ppc 2, Ppc s can be

expressed as:
‘Ppbil‘ =4 Albjz + prf

IPa| =+ - (21)
P3| = Ans + By s
Pt/ =yAcs + Bt
P = A +B, (22)
IPes| = As” + By

B. Optimal DHI

If the grid voltages are unbalanced, the instantaneous power
of the three-phase arm will no longer be symmetrical.
Therefore, it is necessary to consider the three-phase arm power
at the same time. To minimize the amplitude of the three-phase
power fluctuations, the objective function can be defined as:

P(k21¢2'k3’¢3'm) ZZ|pr71 ’ (23)

+ Z| P2

+Y | P




where |Ppx 1|, |Ppx 2| and |Ppx 3| are the amplitudes of the
fundamental, double and triple-frequency fluctuations of the
three-phase upper arm, where x=a, b, c.

The minimization of equation (23) is used as the objective to
obtain the optimal amplitude and phase of the DHI. The optimal
values of m, kz, @2, ks and @3 are determined according to
different positive-sequence and negative-sequence modulation
indexes and power factors. In this paper, the method of
traversal parameters is taken as an example to explain how to
determine the injection parameters in detail.

| Input parameters |

| Set the initial values of variables |

| m=mo,po=p20.ko=ka0,p3=pa0,ks=kan |
e
According to (20-22), calculate
|pr_1|a |pr_2| and |pr_3|

|

According to (23), calculate
P(m1k2|€021k31§03)

|

| Record data (mkz.p2kapsP) |

(OUtpUt data group (Kamin, @2min, K2min, @2min, mopt)j

End
Fig. 3. Flow chart of the optimal process.

The optimization process of injection parameters is shown in
Fig. 3. Firstly, system parameters will be input, including the
positive-sequence and negative-sequence modulation index
and phase angles of the three-phase voltages and the power
factor, and the initial values of the variables and the traversal
steps are determined. Set ¢, € [-x, n], ko€ [-1,1], ps € [-n, 7], k3
€[-0.5,0.5], m&[1, 1.5], @20, Koo, 30, Ksoand moare the initial

values of ®2, kz, ¥3, |(3 and m (gozozo, kzo:-l, gogoZO, k302-0.5,
me=1). di, dz, ds, ds and ds are the traversal steps of
corresponding variables. The variables are then substituted into
(20)-(22) to calculate the amplitudes of the fluctuations of the
three-phase arm power. The value of the objective function P is
calculated by substituting [Ppx 1, [Ppx_2| and |Ppx_3| into equation
(23), and the values are recorded as a data group (kz, g2, ks, @3,
m, P) with the corresponding variables. Then the values of k»,
02, K3, p3 and m are updated and the above process is repeated to
obtain the optimal injection parameters (Kamin, @2min, K2min, @2min)
and the optimal modulation index mgg by finding the data group
that makes the minimum value of the objective function P.

Fig. 4 shows the control diagram of DHI within the control
system of the hybrid MMC. Using the DHI parameter
optimization in Fig. 3, the optimal amplitude k, and phase ¢, of
the SHCI can be obtained. Then, reference signals iz _rer and
i2q_ref Can be generated by the reference signal generator, where
i2rd_ref IS the reference of the d-axis SHCI controller. iz ref iS the
reference signal of the g-axis SHCI controller. The reference is
injected into the controller to obtain the voltage signal Ucir_rer.
Using the obtained optimal ks and ¢s, the THVI modulation
signal Us; ref is obtained by THVI controller. Finally, the DHI is
accomplished by altering the modulation wave of the
modulation algorithm.

It should be noted that if the optimized modulation index mep
> 1, the arm voltages of three phases may need to generate the
negative voltages. At this time, only FBSMs participate in the
process of modulation, and all HBSMs are bypassed [30], thus
resulting in difference between the capacitor voltages of
FBSMs and HBSMs. However, it does not affect the
performance of the DHI strategy for the capacitor voltage
ripples suppression effect of the two types of SMs.
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Fig. 4. Control diagram of the DHI.

The dashed block in Fig. 4 shows the reference signal
generator and the SHCI controller. icira, icib and icirc are the
measured values of the circulating current of phases A, B and C.
ixrg and ixq are the d-axis and g-axis double-frequency
circulating currents. iarg_rer and i2fq_rer are their references. Ucirg_ref
and Ucirq ref are the d-axis and g-axis modulation voltage
references. The modulation voltage reference signal Ucisj ref IS



generated by the d-q inverse transformation of Ucirg_rer and
Ucirq_ref-

V. SIMULATION RESULTS

A. System Parameters

To verify the effectiveness of the proposed DHI strategy,
simulations have been conducted in PSCAD. Parameters of the
hybrid MMC model are shown in Table I.

TABLE |
PARAMETERS
Items Values
Grid-side voltage (rms) 380 kV
Valve-side voltage (rms) 245 kV
Modulation index 1
Rated power 800 MW
DC voltage 400 kV
Arm inductor 0.133H
Transformer leakage inductance 0.1p.u.
Number of FB-SMs 120
Number of HB-SMs 120
Capacitance of SM 5500 pF
Rated capacitor voltage 2 kv

B. Analysis of Multi-Condition Simulation Results

This subsection will analyze two forms of voltage dips: the
voltage of phase A drops to 0 (solid SLG fault) and the voltages
of phases A and B drop to 0.5 p.u.

1) SLG faultin Phase A

When an SLG fault occurs in phase A, the three-phase
voltages will be unbalanced. From the analysis in Section Il, the
positive-sequence voltage modulation index is m; =m; =m;
=2m/3, the negative-sequence voltage modulation index is m,
=m,=m.=m/3, the angles a* & o~ of phase A are 0° and 120°,
the angles f* & S of phase B are -120° and 0° and the angles y*
& y of phase C are both 120°. The optimal parameters for DHI
under this condition are obtained by calculation in Fig.3, where
the parameters kz and ¢, of the SHCI are 0.3 and -85.46°, and
the parameters k3 and @3 of THVI are -0.3 and 175.23°, and the
optimum modulation index mepy is 1.3. The simulation results
are shown in Fig. 5.
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Fig. 5. Simulation results under SLG fault. (a) Grid-side AC voltage, (b)
valve-side AC voltage, (c) DC voltage, (d) capacitor voltage of phase A, (e)
capacitor voltage of phase B, (f) capacitor voltage of phase C.

Fig. 5(a) shows the three-phase AC voltage on the grid side,
and the SLG fault occurs in phase A att = 2 s. Fig. 5(b) shows
the three-phase AC voltage on the valve side. The simulation
results are consistent with the theoretical analysis in Section 1.
To avoid the arm overcurrent during the SLG fault, the rated
transmission power is reduced by one-third. In Fig. 5(c), the
strategy proposed is triggered at t = 3 s, while the DC voltage
decreases from 400 kV to 308 kV to achieve the optimal
modulation index. Figs. 5(d), (e) and (f) show the capacitor
voltage of the three-phase SMs, from which it can be seen that
the voltage ripples of thethree-phase increase significantly after
the SLG fault. Compared with the period of SLG fault, after
applying the proposed strategy, the amplitudes of capacitor
voltage ripples of phases A, B and C are reduced from 655 V to
459 V, 620 V to 430 V and 470 V to 120 V, and the reduction
rates of phases A, B and C are 29.92%, 30.65% and 74.47%. It
indicates that the proposed strategy has an excellent
suppression effect on the capacitor voltage ripples of the
three-phase SMs under SLG fault.



2) Voltage Dips on Phases A and B

The voltages of phases A and B drop to 0.5 p.u. and the grid
voltage is unbalanced. According to analysis, the positive
sequence voltage modulation index is m; =m, =m; =2m/3, the
negative-sequence voltage modulation index is m,=m;=-m/6
and m,=m/6, the angles a* & o of phase A are 0° and 120°,
the angle f* & f of phase B are -120° and 60° and the angle y*
& y of phase C are 120° and 0°. The optimal parameters for
DHI under this condition are obtained by calculation in Fig.3,
where the parameters kz and ¢; of the SHCI are -0.3 and 89.29°,
and the parameters ks and @3 of THVI are -0.3 and -180°, and
the optimum modulation index mey is 1.5. The simulation
results are shown in Fig. 6.
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Fig. 6. Simulation results under two-phase voltage dips. (a) Grid-side AC
voltage, (b) valve-side AC voltage, (c) DC voltage, (d) capacitor voltage of
phase A, (e) capacitor voltage of phase B, (f) capacitor voltage of phase C.

Fig. 6(a) shows the three-phase AC voltage on the grid side,
and the two-phase voltage dips occurs in phase Aand Batt=2
s, the three-phase voltages are unbalanced. Fig. 6(b) shows the
three-phase AC voltage on the valve side. Similarly, to avoid
overcurrent in the arm during the voltage dips, so the rated
transmission power is reduced by one-third. In Fig. 6(c), the
strategy proposed is activated at t = 3 s, while the DC voltage
decreases from 400 kV to 267 kV to achieve the optimal
modulation index. Figs. 6(d), (e) and (f) show the capacitor
voltages of the three-phase SMs, from which it can be seen that
the voltage ripples of the three phases increase significantly
after the voltage dips. Compared with the period of voltage dips,
after applying the proposed strategy, the amplitudes of
capacitor voltage ripples of phases A, B and C are reduced from
580 V to 240 V, 655 V to 350 V and 585 V to 180 V, and the
reduction rates of phases A, B and C are 58.62%, 46.56% and
69.23%. It indicates that the proposed strategy has good
suppression performance on the capacitor voltage ripples of the
three-phase SMs under two-phase voltage dips.
3) Three-Phase Voltage Dips

When the three-phase voltages drop to 0.8 p.u., the grid
voltage will remain balanced. There will be no
negative-sequence component on the valve-side of MMC, the
three-phase positive sequence voltage modulation index m* is
0.8m, and the rest of the parameters are consistent with the
steady-state condition. The optimal parameters for DHI under
this condition are obtained by calculation in Fig.3, where the
parameters ko and @2 of the SHCI are -0.4 and 86.42°, and the
parameters ks and @3 of THVI are 0.4 and -8.11°, and the
optimum modulation index mep is 1.5 The simulation results
are shown in Fig. 7.
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Fig. 7.

Figs. 7(a) and (b) show the three-phase AC voltages on
the grid-side and valve-side of the MMC. The three-phase
voltage drops to 0.8 p.u. att = 2 s. In Fig. 7(c), the proposed
strategy is applied at t = 3 s, while the optimal modulation
index mopt is achieved by reducing the DC voltage from 400
kV to 267 kV. As can be seen from Fig. 6(d), compared with
the period of voltage dips, the amplitude of the SM capacitor
voltage ripples drops from 710 V to 270 V after the proposed
strategy is applied, which is a 61.97% reduction. It indicates
that the proposed strategy is effective under three-phase voltage
dips.

VI. COMPARISON WITH OTHER STRATEGIES

The proposed strategy in this paper and the one in [26] are
both DHI strategies, and the differences between them are
mainly in two aspects. First, the proposed strategy considers the
second-order harmonic voltage on the arm inductor, therefore,
the arm voltage model is more accurate. Second, the strategy in

[26] only considers the steady-state condition, the strategy
proposed in this paper is suitable for both the steady-state
condition and various unbalanced voltage conditions. To make
a comparison between the two methods, simulations have been
conducted and are shown in Figs. 8 and 9. The strategy in [26]

is defined as the traditional strategy.
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Fig. 8. SM capacitor voltages under steady-state condition. (a) m=0.85, cosp=1,
(b) m=1.2, cosp=1.

In Fig. 8(a), the optimization of parameter (o, ks, g2, @3, Mopt)
with proposed strategy is (0.4, 0.1, 270.44°, 292.21°, 0.85) and
that with traditional strategy is (1.426, 0, -90°, 0, 0.85). In Fig.
8(b), the optimization of parameter with proposed strategy is
(-0.5, 0.2, 91.67°, 311.69°, 1.2) and that with traditional
strategy is (-0.5272, -0.1379, 89.86°, 178.67°, 1.2). According
to Fig. 8(a), under stead-state condition, the amplitude of
capacitor voltage ripples applying the traditional strategy is 265
V, while the proposed strategy is 222 V, the capacitor voltage
ripple is suppressed by 16.23%. It can be seen from Fig. 8(b)
that the amplitude of capacitor voltage ripples applying the
traditional strategy is 51 V, while the proposed strategy is 44 V,
the capacitor voltage ripple is suppressed by 13.73%.
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Fig. 9. SM capacitor voltages under an SLG fault(m=1, cosp=1).

In Fig. 9, the optimization of parameter with the proposed
strategy is (0.3, -0.3, -85.46°, 175.23° 1.3) and that with
traditional strategy is (0.7087, 0.4111, -89.47°, 179.24°, 1).
According to Fig. 9, after applying the traditional strategy, the
voltage ripple reduction rates of phases A, B, and C under SLG
fault in phase A are 9.23%, 8.46% and 19.15%, while the
proposed strategy are 29.92%, 30.65% and 74.47%.

The strategy in [28] is an SHCI strategy for grid-side SLG
faults, and the differences between it and the proposed strategy
are in three aspects. First, the proposed strategy considers the
second-order harmonic voltage on the arm inductor, therefore,




the arm voltage model is more accurate. Second, the proposed
strategy is a DHI strategy and the one in [28] is an SHCI
strategy. Third, the strategy in [28] only considers the SLG
fault condition, other unbalanced voltage conditions are not
investigated. To make a comparison between the two methods,
simulations have been conducted and are shown in Fig. 10. The
strategy in [28] is defined as the SLG strategy.

In Fig. 10, the optimization of parameter with the proposed
strategy is (-0.3, 0.3, 103.61°, 29.13°, 1.3) and that with SLG
strategy is (0.5, 0, 270.44°, 0, 1.2). According to Fig. 10, after
applying the SLG strategy, the voltage ripple reduction rates of
phases A, B, and C under an SLG fault in phase A are 10.57%,
13.46% and 59.09%, while the proposed strategy are 17.31%,
19.23% and 66.67%. The results show that the proposed
strategy is more effective in suppressing the capacitor voltage
ripples under SLG faults compared to the SLG strategy.
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Fig. 10. SM capacitor voltages under an SLG fault(m=1.2, cosp=1).

Through the above comparisons, it can be seen that the
proposed strategy in this paper is more effective in suppressing
the capacitor voltage ripples under steady-state condition and
SLG faults compared to the traditional strategy and the SLG
strategy. Besides, the proposed strategy can be applied to more
unbalanced voltage conditions, such as two-phase and
three-phase voltage dips conditions, which have not been
studied.

3.84 3.85 3.86

VII.

To reduce the cost and volume/weight of hybrid MMCs and
mitigate SM overvoltage of under unbalanced voltages, this
paper proposes a dual harmonic injection strategy. By injecting
the second-order harmonic current and the third-order
harmonic voltage, the waveforms of the arm current and AC
voltage are reshaped. The proposed strategy can effectively
reduce the fundamental-frequency and double-frequency
components of the arm power by optimizing the modulation
index and the injection parameters, and therefore suppress SM
capacitor voltage ripples.

Simulation results show that the unbalanced grid voltage will
aggravate the capacitor voltage fluctuations of the SMs.
However, the proposed strategy can greatly reduce the
capacitor voltage ripples under typical unbalanced grid voltage
conditions. Compared with the classical circulating current
suppression strategy, it can further suppress more than 50% of
capacitor voltage fluctuations, which can reduce the demand
for SM capacitance and can also effectively avoid SM
overvoltage under unbalanced voltage conditions.

CONCLUSION
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