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Optimal Second-Harmonic Current Injection for
Capacitor Voltage Fluctuation Reduction in Hybrid
MMCs Under Grid-Side SLG Faults

Jianzhong Xu

Abstract—The second-harmonic injection strategy for modular
multilevel converters (MMCs) can effectively suppress the capac-
itor voltage fluctuation in steady states. However, the capacitor
voltage fluctuation under grid-side single-line-to-ground (SLG)
faults will be more severe. Moreover, there is no research on the
mitigation of capacitor voltage fluctuation under grid-side SLG
faults for the hybrid MMC with mixed half-bridge and full-bridge
sub-modules. To address this issue for hybrid MMCs, an optimal
second-harmonic current injection scheme for mitigating the ca-
pacitor voltage fluctuation in the hybrid MMC under grid-side SLG
faults is proposed in this paper. The mathematical models of arm
power fluctuations of the hybrid MMC are firstly developed under
both steady states and grid-side SL.G faults. Then, the principle
and optimal strategy of the proposed capacitor voltage fluctuation
strategy are presented. The capacitor voltage fluctuation under
grid-side SLG faults can be reduced by suppressing the three-
phase arm power fluctuations. A hybrid MMC model with the
proposed scheme has been established in PSCAD/EMTDC to verify
its effectiveness and feasibility. Simulation results show that the
average voltage fluctuation reduction rate can reach 55.77 % with
the proposed strategy.

Index Terms—Second-harmonic current injection, hybrid
MMC, HB and FB submodule, grid-side SLG faults, voltage
fluctuation.

1. INTRODUCTION

ODULAR multilevel converter (MMC) has attracted

more attention compared to line commutated converter
(LCC) for high-voltage direct-current (HVDC) transmission,
due to their advantages of low harmonics, flexible control,
modularity and no commutation failure [1], [2]. At present,
MMCs have been widely used in high voltage and large capacity
scenarios [3], [4]. However, the high volume/weight and cost of
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MMC-HVDC are still the concerns of manufacturers and market
players. Submodule (SM) capacitors of an MMC account for
about 1/2 of its volume [5], [6]. Therefore, it is necessary to
reduce the capacitance of SM capacitors so as to reduce the
overall volume/weight and cost of the MMC.

The capacitance can be reduced if the fluctuations of SM
capacitor voltages can be regulated within a minimum range.
SM voltage fluctuation suppression schemes of half-bridge (HB)
MMC have been widely investigated in the open literature. In
[7], a circulating current elimination method has been proposed
to reduce the HB-SM voltage fluctuation. It has been found in
[8] that the capacitor voltage ripple can be further reduced by
injecting a second-harmonic circulating current properly. Based
on [8], an optimal design of the injected second-harmonic circu-
lating current is carried outin [9]. In [10] and [11], mathematical
models of the capacitor voltage fluctuation and energy storage
requirements for HB-MMC have been developed. Reference
[12] investigates how to reduce the capacitor voltage fluctuation
using a third-harmonic voltage injection. The above methods all
contribute to reducing the SM voltage fluctuation of HB-MMC.

Itis known that the HB-MMC does not have DC fault blocking
capability like the full-bridge (FB) MMC [13-14]. However,
the FB-MMC exhibits the challenges of their high capital cost
and power losses. The HB-SM and FB-SM based hybrid MMC
combines the merits of the two types of MMCs [15-16]: 1) The
hybrid MMC has DC fault-ride-through capability; 2) The hy-
brid MMC has a wider modulation index range compared to HB-
MMC, which provides more space to improve the suppression
of capacitor voltage fluctuation. Under steady states, the modu-
lation index of 1.414 can significantly reduce the fundamental
frequency component of the SM capacitor voltage, and at the
same time, suppress the fluctuation of the SM capacitor voltage
[19], [20]. In [19], an optimal second-harmonic current injec-
tion of amplitude and phase has been developed based on the
defined fluctuation function of SM capacitor voltage. An optimal
circulating current injection method considering the limitation
of the current rating of semiconductor (switch) has been studied
in [20]. In addition, the hybrid MMC may experience unipolar
arm currents under reduced DC voltage conditions, which will
affect the charge/discharge balance of HB-SM capacitors in
each fundamental cycle [21-23]. A second-harmonic circulating
current injection to achieve arm currents in hybrid MMC bipolar
during reduced DC voltage conditions has been proposed in [23].
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However, the objective of [23] is not to investigate the control of
MMC under SLG faults but to achieve maximum power transfer
under a reduced DC voltage, in which case the AC side voltages
are not affected by any faults.

However, the abovementioned work only analyzes the har-
monic injection method under steady states. The impact of hy-
brid MMC'’s grid-side unbalanced faults on the capacitor voltage
fluctuation suppression schemes has been underresearched. It is
well known that the single-line-to-ground (SLG) fault is one of
the most common faults in power systems. The modeling and
control of HB-MMC subject to grid-side SLG faults have been
investigated in [24]. Following [19], [25] further investigates
the impact of FB-MMC’s modulation index on the SM capacitor
voltage fluctuation under SLG faults. However, the above studies
have not considered the impact of SLG faults on the harmonic
current injection strategy which is one of the most important
methods to suppress capacitor voltage fluctuation. Moreover,
these methods do not apply to the hybrid MMC because of
its special converter configuration of mixed HB- and FB-SMs.
A dual harmonic current injection strategy for reducing the
SM voltage fluctuation in hybrid MMCs has been proposed
in [26]. However, the work mainly focuses on SM voltage
fluctuation mitigation under steady-state operation. Although
tests under grid-side SLG faults have been conducted, there is no
further theoretical analysis and optimal design of the harmonic
current injection for the SM voltage fluctuation under SLG
faults.

This paper aims to address the abovementioned issues. The
main contributions of this work include: 1) Theoretically analyze
the impact of converter grid-side SLG faults on the second-
harmonic injection strategy in the hybrid MMC; 2) Develop
mathematical models of the arm power fluctuation under both
steady states and grid-side SLG faults; 3) Propose an optimal
second-harmonic current injection scheme to minimize arm
power ripples and therefore, reduce the SM voltage fluctuation
under grid-side SLG fault conditions. The studies reveal that,
under grid-side SLG faults, the SM voltage fluctuation with the
second-harmonic current injection strategy will be larger than
that without the injection strategy. This means that the second-
harmonic current injection strategy brings negative effects on
the hybrid MMC under grid-side SLG faults. The analysis is
verified in PSCAD/EMTDC. Simulation results indicate that
the SM capacitor voltage fluctuation under an SLG fault can be
effectively mitigated by the proposed second-harmonic current
injection scheme. In addition, the accuracy of the proposed
mathematical models of the arm power model is high.

II. MODELING OF ARM POWER FLUCTUATION IN HYBRID
MMCs

A. Structure and Arm Power Fluctuation of Hybrid MMCs

Fig. 1 gives the structure of hybrid MMCs, which consists of
six arms. Each arm consists of N SMs, including » HB-SMs and
m FB-SMs. Uy, is the DC voltage, 14 is the DC current, u,, uy,
and u. are the AC voltages and L,,, is the arm inductor.
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Fig. 1. Structure of a hybrid MMC.

As the three-phase arm power fluctuations are symmetrical
under steady states, phase A is taken as an example. The positive
directions of the voltage and current are defined in Fig. 1. Then,
the voltages u,, and u,; across the upper and lower arms can be
expressed as:

1
Uy = iUdc(l — msinwt)
) (D

1
Upl = §Udc(1 + msinwt)

where w is the fundamental angular frequency. m is the modu-
lation index of the hybrid MMC, which can be expressed as:

2U,c

U’ @)

m =

where U, is the amplitude of AC voltage. Considering the
second-harmonic circulating current, the upper and lower arm
currents i,, and i, can be expressed as:

1 1
fau=—=1Im (m cOS (o1 +sin (wt—gpl)—i—kgsin(Zwt—l—gog))

2 2
o1 1 : . ’
za1:§fm oM co8 p1 —sin (wt—p1)+kasin(2wt+¢3)

3)

where ¢ is the power factor angle, I, is the amplitude of AC
current and (s is the initial phase angle of the second-harmonic
circulating current. ko is the second-harmonic injection coeffi-
cient which is calculated by 2/5/I,,, and I5 is the amplitude of
the second-harmonic circulating current.

The instantaneous arm power can be obtained by substituting
Eq. (1) and (3) into the following expression:

Pau = Uau X fau
Pal = Uga] X 1]

“)
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Fig. 2. Control diagram of hybrid MMCs with second-harmonic current
injection.
ie.,
Ugel, 1 . .
P, = Z m —§m2 cos 1 sinwt + sin(wt — ¢1)

1
+§m cos(2wt — 1) + ko sin(2wt + ¢2)

1 1
+ 5’17”92 cos(3wt + ¢a) — §mk2 cos(wt + <p2)>

Ugelm (1 . .
= di . <2m2003<ps1nwt—s1n(wt—<p1)

Pal

1
+§m cos(2wt — 1) + ko sin(2wt + p9)

1 1
_§mk:2 cos(3wt + ¢a) + imkg cos(wt + @2))
(5

B. Mathematical Model of Arm Power Fluctuation Under
Grid-Side SLG Faults

To block the zero-sequence current, the Y/A winding config-
uration is usually used for the converter interface transformer.
Therefore, the AC voltages are only comprised of positive-
and negative-sequence components. To suppress the negative-
sequence current under grid-side faults, the negative-sequence
double-closed loop controller is applied. Fig. 2 presents the
control diagram of hybrid MMCs with the second-harmonic
current injection.

The control system consists of two parts: the AC refer-
ence voltage controller and the second-harmonic current injec-
tion controller. The AC reference voltage controller includes
positive- and negative-sequence closed loop controllers which
are typical control in MMCI27]. iq_refp, and iq_refp are the
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references of positive-sequence dg-axis currents, which generate
the positive-sequence AC reference voltage e;_rerp, (j = a, b,
¢) through dq inverse transformation. iy_rem and iq_refn are
the references of negative-sequence dg-axis currents. €j_,efn 18
negative-sequence AC reference voltage. The second-harmonic
current injection controller uses the references of the second-
harmonic currents of dg-axis iafq_rer and iagq_rer to generate the
reference of the common-mode voltage Ueirj_ref. It is noted that
i2fd_ref and iogq_rer are determined by the amplitude and phase
of the injected second-harmonic circulating current.

This part takes a solid SLG fault in phase A as an example to
analyze. After the fault, the positive- and negative-sequence AC
voltages are:

2
Uas p = gUmsinwt

2. . 2
Upbs_ p = gUmSlIl wt — gﬂ' , (6)
2 2
Ues p = gUmsinwt (wt + 371-)
1 2
Uas_n = gUmSiH (wt — 37‘r>
1. .
Ubs_n = gUmSlIlwt . (7

1 2
ucsﬁn — gUmSil’l (wt + 377)

According to (6) and (7), the three-phase upper arm voltages
can be obtained:

1 2 1 2
Uanu_f = iUdc - gUm sin wt — gUm sin (wt — 37‘(’)
1 2 2 1
Ubu_f = §Udc - gUmSin (Wt - 37T> — gUmSinwt

1
Ucu_f = 7Udc -

2
> Upnsinwt (wt + 7r>

3
®)

To avoid overcurrent during the fault, the transmission power
will be reduced to two-thirds of the rated power. Then, the upper
arm currents can be expressed as:

, 1 V3 1 1. .
lau f = (i—l—? tan @1)1mfm cos o1 + §Im sin (wt — 1)

+Isin(2wt + ¢2)

1
— — —tanp; | —ml,, cos

Tbu_f = 2 6 1
1 . 2 . 2
+§I’m sin | wt — 1 — gﬂ' + Iosin | 2wt + <p2—|—§7r

1 1 2
leu f = Zmlm cos p1 + §Im sin (wt — 1+ 37r>

2
+Iosin(2wt + o — 577)
C))
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Substituting (8) and (9) into (5), the upper arm power can be
obtained:
V3 >

Ugelp, 1(14—7’6 )
A 3l g Anvm

1/(1 3 2
5 <2+\6[ tan <p1> m2 cos (p1 sin (wt— 377)

1 1 2
—gm/ﬁ cos(wt + o) — gmkg cos | wt + o + 577

P, au_f —

COs (p1 sin wt

+sin(wt—p1)—

—l—1 2wt g —l—} k Swt+ g
6mcos wt—p1 377 6m 2 cos | 3wt+ 9 37r

Ugelm [ 1 2
Py = d4 (3k2m cos <wt + o2 — 37T>
11 V3 ¢ 9 . ; 2
—— == X2 tan m* cos g sin [ wt — =7
s\l2 6 M ! 3
—1 1 — @ tan m2 cos py sin wt
6l2 ¢ ¥ 7

2
+ sin (wt — 1 — 371')

3 3

3"
2
37T>

1 1 2
—|—§mk2 cos (3wt + p2) + éka cos <3wt + @9 + w))

3
Uch’rrL 1 2 . .. g
74 B m= CcoS @SN | w 3 ™

2 1 4
+sin <Wt -1+ 37r> + §mcos (th — 1 + 37)

1 2
—l—gm cos <2wt — 1 — 377) + ko sin <2wt + 9 +
Pcuff =

4 1
+ko sin (th + g + 371') + Emk:g cos (3wt + p3)

——mks cos wt—i—go + =
2 2 2 3

It can be observed from (5) and (10) that the power fluctuation
of phase C remains constant as pre-fault and the power fluctua-
tions of phases A and B are quite different from the pre-fault state.

C. SM Voltage Behavior Under SLG Faults

In this section, it is proved through simulation that the second-
harmonic current injection strategy used for steady states will
increase the capacitor voltage fluctuation under grid-side SLG
faults. This part takes the steady state with m = 1 and cosy;
= 0.8 as an example to analyze. Fig. 3 presents the capacitor
voltage fluctuation of hybrid MMC with the second-harmonic
current injection strategy used for steady states.

Before t = 2.0 s, the system is in the steady state. The SLG
fault occurs at # = 2.0 s. Before t = 3.0 s, the circulating current
elimination method in [7] is applied. Then, after t = 3.0 s, the
second-harmonic current injection scheme proposed in [19] is
activated. It can be seen that, after + = 3.0 s, the capacitor

1 1
“Heo sin (2wt +@o) + 3™m cos(2wt—p1)+ gmk‘g cos(3wt+3)

1 2 1
—gmkg cos | wt + o + =7 | + =mcos | 2wt — 1 + =
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time/s

Fig. 3. Capacitor Voltage Fluctuation of Hybrid MMc with the Second-
Harmonic Current Injection Strategy Used for Steady States.

voltage fluctuation becomes severer, which may damage the
semiconductor devices and capacitors.

III. PROPOSED OPTIMAL SECOND-HARMONIC CURRENT
INJECTION SCHEME

The arm power fluctuation changes along with the capac-
itor voltage ripples. A large voltage ripple would lead to a
large arm power fluctuation. The fundamental-frequency and
second-harmonic components are dominating the three-phase

arm power fluctuations, which will be derived in this section.

Based on this, an optimal second-harmonic current injection
strategy in hybrid MMCs under SLG Faults is proposed to
suppress the three-phase arm power fluctuation.

A. Extraction of the Amplitude of Arm Power Fluctuation

From (10), the fundamental-frequency and second-harmonic
components P,,_s; and P,,_s of the upper arm power fluctua-
tion in phase A can be obtained:

Udclm 1 1 \/g 2 H
1 l—g <2+6 tangol) m~ cos g1 sinwt

1 2
% <2+\6[ tangm) m? cos 1 sin (wt — 377)

1 1 )
—gmkz Cos (wt + cpz) — gmk‘g Ccos (wt + o2 + 7r>

Pau7f1 -

3
+ sin(wt — ¢1)]

Uchm

1
Pou 12 = [kg sin (2wt + @2) + 3 cos (2wt — 1)

+ ! 2wt 2
gmeos (2wt — g1 — o7
an

Using the trigonometric transformation, P,y,_g1 and Pay_go
can be rewritten as:

Pouw 1 = Aoy 1 Sinwt + Bay 11 coswt
Udc

I 1 V3 )
1 [( 4<2+6tancp1>m +1> COos 1

Aau_fl =

1 3
+ka'2 sin o + %mk‘g COS Y2
v3 1 [ tan m2 cos o1 — sin
T2 |27 v P sien

Uchm

Bau_fl == 4

1
— ka'g cos Yo + mks sin o

12

12)
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Py g2 = Aau g2 8in 2wt + Bay g2 cos 2wt

Ugelm 1 . 3
Ao 12 = d ko cos o + Zm sin 1 + ﬁm cos ¢
Ugelp, . 1 3 .
By 2 = dzi - | ko sin o + Zm cos Y1 — ﬁm sin ¢
(13)

Since the derivation processes of phases B and C are similar to
that of phase A, this part is put into the Appendix. The amplitudes
of Pyyu_g1 and Pyy_go (X = a, b, ¢) can be obtained using the
following equation:

|qu_fl‘ == \/AA)(u_fl2 + Bxu_fl2

|qu7f2‘ - \/A~xu7f22 + B)c117f22

(14)

B. Parameter Determination Method of the Proposed
Injection Strategy

According to the previous analysis, the behaviors of arm
power fluctuation of the three phases are different from each
other. For the SLG fault in phase A, the power fluctuation of
phase C remains constant as pre-fault. However, the power
fluctuations of phases A and B are quite different from the
pre-fault state. It can be seen from (11)-(14) that the factors that
affect the amplitudes of power fluctuation include the power
factor angle (1, modulation ratio m, second-harmonic injection
coefficient ko and initial phase angle of second-harmonic circu-
lating current ¢o. Therefore, the objective function to minimize
the three-phase power fluctuation can be defined as:

minPf(gO17m7k27302) = Pfl(@17m7k27§02)

+ Pra(p1,m, ka, p2)
s.t.

Pri(p1,m, k2, 02)=|Pauws1| + |Powst| + [Peuw_s1] 0s)
PfQ(@lama k27 902): |Pau_f2| + ‘Pbu_f2| + |Pcu_f2|

In order to ensure that the power fluctuation with the proposed
strategy is less than that without the proposed strategy, the
following inequality constraint should be satisfied:

Pri(p1,m, k2, 02) < Ppi(p1,m,0,0) 6)
Pyro(p1,m, k2, ¢2) < Pra(p1,m,0,0)

In order to avoid the significant increase of the maximum
arm current after activating the second harmonic injection, the
second harmonic injection coefficient should meet:

|ko| < 1. a7

The optimal process of the proposed method is shown in
Fig. 4. First, the system parameters will be uploaded, and the ini-
tial value and traversal step of each variable will be determined.
Considering that a dynamic adjustment of m may occur during
operation, the optimal process can be divided into two modes.
One mode can optimize k2 and @5 to minimize the objective
function when ¢; and m are fixed, which can obtain a local
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| Input system parameters |

| Set initial value and traversal step |

|
v v
If dynamic adjustment || If dynamic adjustment
of m is not allowed of m is_allowed

> m=my

<

r=020,ka=ka

Substituting (14), calculate
‘quifl‘a ‘qu7f2|

!

Calculate the value of the objective
function P/‘((pl,m,kz,(ﬂz)

¥

| Record data group (¢1,m,k2,02 Pr) |

pr=potds

Output data group (¢1,m,k2,02,Pr) which makes the value of
the objective function Pr(¢1,m,kz,p;) minimum

Fig. 4. Flow chart of the Optimal Process.

optimum. The other one can optimize m, ks and 5 to minimize
the objective function. The selection of the mode depends on
the user demands. Dynamic adjustment of m can be realized
by adjusting the DC voltage, which will affect the amplitude
of power fluctuation. According to (11)-(14), increasing the
modulation ratio dynamically, which means reducing the DC
voltage, is helpful to reduce the amplitude of power fluctuation.
Therefore, the optimal modulation ratio needs to be greater than
the modulation ratio m,,; in steady states.

Supposing meE[meyi,3], w2 €[-m, 7], ko €[-33], mg, w2 and
ko are the initial values of m, wsand ko (mg = meyi, Y20 = -7, kag
=-3).d1, d> and ds5 are the corresponding traversal steps. Then,
the variables are inserted to (14) to calculate the amplitude of the
fundamental frequency power fluctuation and second-harmonic
power fluctuation of each phase, i.e., |Pyu_g1| and |Pyu_go| (x
=a, b, ¢). |Pxu_rg1| and |Pyu_o| are used to calculate the value
of objective function Py which is recorded with corresponding
parameters as a data group (@1, m, ks, s, Pt). Then the values
of @9, m and ko will be updated and the producers will keep
repeating until each parameter reaches their maximum. Finally,
the optimal parameters can be obtained by finding the data group
with the minimum objective function value.
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Fig. 5. Arm Power Fluctuations Calculated Based on (10) with m = 1 and

coseq = 1. (a) The Second-Harmonic Current Injection Strategy in [19] and (b)
the Proposed Strategy.

It should be mentioned that the proposed optimal process is
an offline process. The proposed strategy can obtain the appro-
priate optimal harmonic injection parameters for all operating
conditions. Generally, the steady-state operation condition of
the converter station is known. According to the steady-state
modulation ratio and power factor, the amplitude and phase of
the second harmonic needed to be injected after the fault can be
calculated in advance and embedded in the control system. Upon
an SLG fault, the proposed strategy can be put into operation
immediately after fault detection. [28] proposed an SLG fault
detection method which takes 10 ms to detect SLG faults.

To clearly show the performance of the proposed strategy,
the arm power fluctuation calculated based on (10) with m =
1 and cosp; = 1 is illustrated in Fig. 5. The power fluctuation
is in per unit under a base of Ug./,/4. It can be seen that the
three-phase arm power fluctuations are effectively reduced with
the proposed strategy.

C. Performance Evaluation

Under steady states, the capacitor voltage fluctuation of the
three phases is symmetrical in hybrid MMCs, so the perfor-
mance of the second-harmonic current injection strategy under
steady states can be evaluated by the reduction of the capacitor
voltage fluctuation of one phase. The single-phase SM voltage
fluctuation mitigation rate (n);, where j = a, b, ¢) is defined as:

— AU

— (18)

=
where AUj, and AUj, are the amplitudes of capacitor voltage
fluctuation of phase j without and with the second-harmonic
current injection strategy. However, under SLG faults, the three-
phase capacitor voltage fluctuations are different from each
other. 7; is not enough to evaluate the performance of the
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TABLE I
PARAMETERS OF THE SIMULATION MODEL
Items Values
DC voltage 400 kV
Grid-side voltage (rms) 380 kV
Arm reactor 0.056 H
Leakage inductance 0.1 p.u.
Converter capacity 800 MW
Number of FB-SMs per arm 188
Number of HB-SMs per arm 80
Capacitance of SM 5100 pF
Capacitor voltage reference 2kV

second-harmonic current injection strategy under SLG faults.
Then, the average voltage fluctuation mitigation rate (7aye) 1S
defined:

_na+nb+77c

ave — 19
" 5 (19)

IV. SIMULATION RESULTS

In order to verify the effectiveness of the proposed optimal
second-harmonic current injection strategy, a hybrid MMC sim-
ulation model has been developed in PSCAD/EMTDC. System
parameters of the hybrid MMC are provided in Table I.

A. Operation Under Unit Power Factor Conditions

Fig. 6 presents the simulation results of hybrid MMC with the
proposed strategy under the unit power factor condition.

Before t = 2.0 s, the system is in a steady state with m = 1
and cose; = 1. The SLG fault in phase A occurs at t = 2.0 s.
Then, the proposed second-harmonic current injection strategy
is implemented with m = 1.2, ko = 0.47 and @2 =-90° at t = 3.0
s. According to Fig. 5(a), the DC voltage reduced from 400 kV to
333 kV, when the proposed strategy is applied. Fig. 5(b) shows
that the DC current decreases to 1.26 kA when the fault occurs,
while it increases to 1.48 kA with the proposed strategy. The
three-phase capacitor voltages are presented in Figs. 5(d)—(g). It
can be calculated that the voltage fluctuation mitigation rates of
phases A, B, and C are 33.14%, 29.9% and 66%. According to
(19), the average voltage fluctuation mitigation rate is 43%. It is
seen that the reduction of voltage fluctuation of phase C is the
most. It can be concluded based on the obtained results that our
scheme can effectively mitigate the capacitor voltage fluctuation
under grid-side SLG faults.

B. Impact of Modulation Ratio

To study the impact of the modulation ratio m,; in steady
states on the proposed strategy, mq; = 0.8 and my; = 1.3
are selected for simulations with cosp; = 1. The parameters
optimized by the proposed strategy are m = 1.2, ks = 0.47 and
2 = -90° with my;; = 0.8 and that are m = 1.3, ks = 0.44 and
o = -90° with my,; = 1.3. Simulation results of hybrid MMC
with different m,,; are shown in Fig. 7.

It is observed from Figs. 6 and 7 that the amplitude of voltage
fluctuation decreases with the increase of m,;. To quantify the
impact of m,, the voltage fluctuation mitigation under different
Moy are investigated. The obtained results are listed in Table II.
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TABLE I
VOLTAGE FLUCTUATION MITIGATION UNDER DIFFERENT Mg,
Voltage fluctuation mitigation ratios
Mori
Na /i3 Ne Have
0.8 47.7% 44.54% 75.12% 55.77%
1 33.14% 29.9% 66% 43%
1.3 21.74% 13.14% 13.24% 16.04%

It can be concluded that the proposed strategy can effectively
reduce the capacitor voltage fluctuation with different m,,;, The
smaller the modulation ratio in steady states is, the greater the
average voltage fluctuation reduction rate is. The average voltage
fluctuation reduction rate is 55.77% when m,,; is 0.8, which is
close to 3.5 times of that when m,; is 1.3.

C. Impact of Power Factor

To investigate the impact of the power factor on the proposed
strategy, two operating conditions are considered with m,; = 1:
cosw1 = 0.9 and cosp; = 0.8. The parameters optimized by the
proposed strategy are m = 1.3, ko = -0.53 and o = 57.78° with
cospr = 0.9 and m = 1.4, ko = 0.57 and o = -134.74° with
cosw; = 0.8. Simulation results of hybrid MMC with different
cosy are shown in Fig. 8.

Figs. 6 and 8 show that the amplitude of voltage fluctuation
is inversely proportional to cos¢;. It can be seen that when the
power factor decreases, the reactive power will increase, which
will lead to the increase of voltage fluctuation. To quantify the
impact of cos1, the voltage fluctuation mitigation results under
different cosy; are investigated. The obtained results are listed
in Table III.

According to Table III, the power factor does not affect
the effectiveness of the proposed strategy. Among the three
operating conditions, the proposed strategy with cosp; = 0.8
has the best performance in restraining voltage fluctuation, as
Nave Teaches 52.07%.
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TABLE III
VOLTAGE FLUCTUATION MITIGATION UNDER DIFFERENT COS¢1

Voltage fluctuation mitigation ratios

cosg;
Na Mo Ne Nave
1 33.14% 29.9% 66% 43%
0.9 42.56% 28.88% 73.7% 48.38%
0.8 49.53% 30.69% 76% 52.07%
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Fig.9. Results of Simulation and Calculation Under a Grid-Side SLG Fault (m

=1, cosp1 = 1). (a) Arm POWER Fluctuation without the Proposed Strategy.
(b) Arm Power Fluctuation with the Proposed Strategy.

D. Verification of Arm Power Fluctuation Model

In order to verify the effectiveness of the proposed arm power
fluctuation model under grid-side SLG faults, results of simu-
lation and calculation under a grid-side SLG fault are shown in
Fig. 9.

IEEE TRANSACTIONS ON POWER DELIVERY, VOL. 37, NO. 4, AUGUST 2022

| Proposed strategy Phase A Phase B Phase C
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time/s
Fig. 10.  Capacitor Voltage Fluctuation under the Control Strategies in [26]
and Our Paper.

Itis observed from Fig. 9 that whether the proposed strategy is
put into operation or not, the proposed arm power model shows
a good agreement with the simulation results. The results show
that the proposed model can well characterize the arm power
fluctuation characteristics during the fault.

E. Comparison of Steady-State Strategy and the Proposed
Strategy

A dual harmonic current injection strategy for reducing the
SM voltage fluctuation in hybrid MMCs has been proposed in
[26]. However, it aims to mitigate the SM voltage fluctuation
under the steady-state operation. In order to compare strategy in
[26] with the proposed strategy. Simulation results of the strategy
in [26] and the proposed strategy after an SLG fault occurs in
phase A are given in Fig. 10.

The simulation conditions in Fig. 10 are the same as those in
Fig. 6. It can be calculated that the voltage fluctuation mitigation
rates of phases A, B, and C with the strategy in [26] are 4.09%,
6.8% and 32.34%, while the proposed strategy achieves 33.14%,
29.9% and 66%. Simulation results show that the strategy in
[26] performs less effective in suppressing the capacitor voltage
fluctuation under grid-side SLG faults compared to the proposed
strategy in this paper.

V. CONCLUSION

In this paper, the mathematical models of arm power fluctua-
tions of MMC have been developed under steady states and grid-
side SL.G faults. It has been proved that the second-harmonic
current injection strategy used for steady states will increase
capacitor voltage fluctuation under grid-side SLG faults. Based
on the theoretical analysis, an optimal second-harmonic current
injection strategy is proposed for capacitor voltage fluctuation
reduction in hybrid MMCs under grid-side SLG faults. With the
proposed strategy, the three-phase power fluctuation under grid-
side SLG faults can be reduced by optimizing the modulation
ratio, second-harmonic injection coefficient and initial phase
angle of the second-harmonic circulating current. In this case,
the capacitor voltage fluctuation can be reduced at the same time.
Simulation results show that the average voltage fluctuation
mitigation rate can be 55.77% if the proposed strategy is applied.
Moreover, it is concluded that the modulation ratio in steady
states and the power factor do not affect the effectiveness of the
proposed strategy.
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APPENDIX in phase C can be obtained:
From (10), the fundamental-frequency and second-harmonic Uselm [ 1 )
components P},,,_¢; and Py, _go of the upper arm power fluctu- Peut1 = 4 T cosyrsin wt + §7T
ation in phase B can be obtained: 9 1 9
+ sin (wt — @1+ 37r> — kag cos (wt + 9 + 377)}
UgeIm 1 4
Ugely, 1(1 V3 9 Py = d —mcos | 2wt — 1 + -7
Py = —= | = —=—tanp; | m - 4 9 3
- 4 3\2 6 - 4
. 2 +ko sin (2wt + 2 + 7T>:|
cos (1 sin | wt — 577 3
11 V3 ) ) Using the trigonometric transformation, P.,_g and Pey_g2
AT tan @ | m*” cos ¢ sinwt can be rewritten as:

1 2
_gkgm cos (wt + o — 7r)

2 2
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1 2 : 2 - - 3 - 3
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6 3 3 A - Ugelp, 1, 1 I si
_ Ugel,, |1 2 cufl = fim CoS 1 + cos 1 + §m 2 sin s |,
Poy 2 = 1 |3meos 2wt — 1 + =7 o )
{ 5 Bew i = dedm {_ sin 7 — —mkso cos @2}
+6m cos (2wt — ] — 377) 4 2
. 4 4
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Using the trigonometric transformation, Ppy_g1 and Ppy_go B  Ugedy |1 b si
can be rewritten as: cuf2 = T 51 Cos P1 + K2 SIN 2
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