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A Novel Fault Ride-Through Strategy Based on
Capacitor Energy Storage Inside MMC

Yuntao Xiao

Abstract—Once modular multilevel converter (MMC) dc-side
short-circuit fault occurs, the conventional fault ride-through
(FRT) strategy indeed eliminates dc fault current quickly with
the utilization of full-bridge submodules. Thereupon, ac-side active
power declines sharply. However, instantaneous high power outage
will cause ac-grid power and frequency oscillation and voltage
instability, especially in MMC-based high-voltage direct-current
transmission system. In order to solve this problem, a novel FRT
strategy based on capacitor energy storage (CES) inside MMC
(FRT-CES) is proposed, which can accomplish the clearance of dc
fault current, ac-side grid support, and stable operation of MMC
simultaneously. Through theoretical analysis and mathematical
derivation, the prerequisite of CES utilization and universal design
of improving ac-side transient characteristics are proposed and
quantified. Based on the quantified results, the potential capability
of MMC inner CES can be excavated to attenuate the transient
change of ac-side active power after dc fault. Also, the proposed
universal design is applicable to other MMCs with different capac-
ity ratings. Finally, the threat of dc fault and its negative impact
propagating into ac grid are both suppressed. Simulation and
experimental results are provided to demonstrate the validity of
the proposed FRT-CES strategy.

Index Terms—AC-side transient characteristics, capacitor
energy storage (CES), controller parameter optimization, dc-side
short-circuit fault, fault ride-through (FRT), modular multilevel
converter (MMC).

I. INTRODUCTION

ODULAR multilevel converter (MMC) has become
Ma promising candidate in high-voltage direct-current
(HVdc) transmission system for large-scale renewable gener-
ations over long distances, due to its superiority of modularity,
scalability, high efficiency, superior harmonic performance, and
low switching frequency. [1]-[4]. During power transmission
through overhead lines, dc short-circuit faults, like pole-to-pole
(PTP) short-circuit fault, may be caused by lightning strikes,
pollution, and broken tree branches because of insulation break-
down [5], [6]. Nowadays, half-bridge submodule (HBSM)-
based MMC is widely employed in applications, such as Trans
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TABLE I
FAULT HANDLING TIME IN SOME LITERATURE

Fault handling Handling time (ms)

manner [2] [17]  [18] [15] [19] [20]
Fault blocking <3 <04 0.5 — — 3
FRT — — — Several  Several 0.4

Bay Cable project [7] and Zhoushan five-terminal MMC-HVdc
project in China [8]. A large inrush current will be induced
once dc-side short-circuit fault occurs, but HBSM-based MMC
cannot stop ac grid feeding the dc fault current due to its lack
of dc fault handling capability. The power semiconductors of
MMC suffer from overcurrent stress and will be damaged. What
is worse, the security and reliability of the entire HVdc grid are
threatened, especially in multiterminal MMC-HVdc system.

Gradually, dc fault handling methods attract more attention.
Li et al. [S] employ double thyristors paralleling with HBSMs to
convert the dc fault to ac short-circuit fault. However, the large dc
fault current will take a long time to be extinguished naturally
due to the small dc line impedance. In order to cope with dc
fault, other submodule (SM) topologies have been put forward,
such as full-bridge submodule (FBSM) [9], [10], clamp double
SMs [11], self-blocking SM [12], [13], etc. The evolution and
variation of these SM topologies are analyzed in detail in [14].
The dc fault current can be cleared by blocking MMC because
SM capacitor voltages can generate adequate back electromotive
force to stop ac grid feeding the fault current. This fault handling
manner is called as dc fault blocking [15]. Although the dc fault
current can be cleared, the disconnection of the converter will
threaten the stability of the adjacent ac network.

Another fault handling manner, called as dc fault ride-through
(FRT), is also proposed in [15]. That is, dc fault current can be
eliminated quickly by utilizing the negative-level output capabil-
ity of FBSMs to control MMC dc-side terminal voltage to zero
[9], [10]. Meanwhile, reactive power can be still provided to sup-
port ac grid voltage by MMC, which operates like a STATCOM.
Obviously, the FRT manner is better than the fault blocking
manner. However, the number of devices, cost, and power loss
are almost doubled in FBSM-based MMC. Therefore, hybrid
SMs-based MMC (half HBSMs and half FBSMs) is thought as
an optimal solution, which possesses FRT capability as well [6],
[15], [16].

The existing studies mainly focus on the dc-side characteristic
during the fault, i.e., fault current should be eliminated quickly.
Table I provides the fault handling durations in [2], [15] and
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[17]-[20]. The accurate handling durations are not considered
and provided in [15] and [19], but they are about several mil-
liseconds (ms). Although the specific configurations of MMCs
in these studies are different, their fault handling durations are
less than 3 ms in general. Nevertheless, the ac-side transient
characteristics caused by dc fault are not considered in these
literature.

After dc fault, ac-side active power will decline rapidly.
Unfortunately, the instantaneous high power outage will lead to
power and frequency oscillation and voltage instability, which
seriously threatens the security and stability of ac grid. But few
literatures take into consideration the negative impact caused
by dc short-circuit fault. In ac grid system, when power mis-
matching occurs, battery energy storage systems (BESSs) are
usually used to fill up the power shortage for providing enhanced
frequency response [21]-[23]. For example, frequency oscilla-
tion will be caused by power mismatching in grid-connected
photovoltaic generation system [24]. After a BESS is plunged
to regulate active and reactive power for improving system
damping, the frequency response is significantly improved.
Noticeably, different from other converters, there is capacitive
energy stored in MMC itself.

Therefore, in order to ride through the dc fault and suppress
its negative impact propagating into ac grid system, a novel FRT
strategy based on the capacitor energy storage inside MMC
(FRT-CES) is proposed in this article. The main advantages
and contributions of this article are to accomplish the clearance
of dc fault, ac grid support, and the stable operation of MMC
simultaneously. The potential capability of MMC inner CES is
excavated to provide short-term frequency support for ac grid
after dc fault. This can even gain time for ac-grid primary and
secondary reserve sources providing frequency support in larger
time scales due to the slow response of these reserve sources. The
proposed prerequisite of the CES utilization and universal design
of improving ac-side transient characteristics are both quantified
through mathematical analysis, which can be applicable to other
MMCs with different capacity ratings. As a result, the threat of
dc-side short-circuit fault to the security and stability of MMC
and ac grid system will be suppressed.

II. FAULT RIDE-THROUGH STRATEGY BASED ON INNER
CAPACITOR ENERGY STORAGE

The main-circuit configuration of three-phase hybrid SMs-
based MMC is depicted in Fig. 1. Each arm is composed of
N/2 HBSMs and N/2 FBSMs in series with an arm inductor
L. Based on the previous studies upon MMC modeling and
control [6], [25], MMC ac-side and dc-side terminal behaviors as
well as internal characteristics can be decoupled and controlled
independently. In normal operation, dc supply power Pq. pro-
vides the demand of ac-side transmission power P,. and also
provides the absorbing power of MMC Pypvic to compensate
power dissipation Pg;s. Therefore, the dc power is given as

Pdc: ac+PMMC (1)

in which PMMC = Pdis-
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Fig. 1. Main circuit configuration of three-phase hybrid SMs-based MMC.

Once the worst PTP fault occurs in MMC dc side, ac-side
transmission power loses abruptly. Usually, grid frequency char-
acteristic is closely related to active power in ac grid. The
instantaneous high power outage leads to power mismatching,
which will further cause ac-grid frequency oscillation and volt-
age instability. From (1), it is clear that two control variables of
the three are free variables. Since the dc power Py is zero after
dc fault, only the power Pyivic can be utilized and extracted tem-
porarily from MMC to attenuate the transient change of ac-side
active power P,., due to the stored energy in SM capacitors. In
order to provide a new thought for realizing frequency support,
a novel FRT-CES is proposed in this article, which considers
both dc-side and ac-side transient characteristics after dc fault.
When dc fault is detected, MMC dc-side terminal voltage will be
controlled to zero with the negative-level insertion of FBSMs,
which can eliminate dc fault current quickly. And reactive power
is also provided to support ac grid voltage. Furthermore, MMC
inner CES is utilized to attenuate the transient change of ac-
side active power P,., which can provide short-term frequency
support to ac grid. Therefore, the threat of ac-grid power and
frequency oscillation and voltage instability can be suppressed.
The comprehensive control schematic based on the proposed
FRT-CES strategy is presented in Fig. 2, which is applicable in
both normal operation and postfault operation.

Since MMC inner CES contributes to active power regulation
with the proposed strategy, the main control framework is com-
posed of ac-side active power control, dc-side power control, and
MMC inner CES control, which are distinguished with different
underpaintings in Fig. 2. Both ac-side and dc-side power control
employ proportional-integral (PI) controllers to act on their
plants. AC-side power control is realized in the dg-reference
frame, and the rated transmission power is P,,t. The modulation
process is brought by digital control and usually equivalent to
an inertial link with the time constant equaling to 1.5 times
of sampling periods (79 = 1.57%) [26]. Remarkably, in normal
operation, the red switch sw is open (sw = 0) so that the capacitor
energy storage deviation controller (CESDC) can maintain the
CES deviation AE to zero by absorbing power from dc source
to compensate the power dissipation Pg;s. AE is the difference
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Fig. 2. Comprehensive control schematic based on FRT-CES strategy.
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Fig. 3.  Simple sketch of ac-side active power regulation after dc fault.

of the total stored energy in all SMs from its nominal value
Eyivic. During power transmission, there is no low-frequency
fluctuation in AE due to three-phase symmetry, so only a PI
controller is used in CESDC. In normal operation, the output
P,q; of CESDC equals to the value of power dissipation Pgjs
(Pagj = Pumvc = Pais)-

When dc-side PTP fault occurs, dc power Pg. drops to zero
instantly. In the effect of dc fault current limiter, dc-side fault
current is cleared quickly by controlling MMC dc-side voltage
to zero. And the red switch sw will be closed (sw = 1) once
the fault is detected. In the new control pathway, the adjusting
variable P,q; is utilized to regulate the ac-side active power
reference (P}, — P,q4;). And then ac-side active power
P, follows its reference instruction P;,. In this situation, the
actual power of MMC is changed to Pyivic = —Pac. As Pag;
increases gradually, ac-side active power P,. will be gradually
reduced to zero. Its transient change is attenuated, so the short-
term frequency support will be provided. A simple sketch of
power regulation is depicted in Fig. 3.

Therefore, with the proposed strategy, MMC does not shut
down to be off-grid only for its self-protection after dc fault,
but adjusts its operating mode to actively cope with the dc
fault. Besides, ac grid voltage support is achieved by a reactive
power/grid voltage (Q/V) closed-loop control, as depicted in
Fig. 2. Interarm and interleg capacitor energy balancing and
circulating current control can be referred to [27]-[29]. Inter-SM

rate

energy balancing each arm can be realized by the usual capacitor
voltage sorting algorithm [30].

III. MMC INTERNAL AND AC-SIDE TRANSIENT
CHARACTERISTICS WITH FRT-CES STRATEGY

The dc-side fault current has been eliminated as mentioned
above, and then both MMC internal and ac-side transient char-
acteristics are taken into consideration in this section.

According to the postfault control pathway with the red switch
closed (sw = 1) in Fig. 2, the closed-loop transfer function of
MMC inner CES deviation AE can be derived.

Pdc(s) - Gacprate(s) - Pdis(s)
s+ GerspeGac

AE(s) = 2

where dc power Py is zero after dc fault and G,. represents
the closed-loop transfer function of ac-side active power, G, =
P,.(s)/P;.(s). The transfer function of CESDC is given as

3

Based on the ac-side plant, the parameters of the active
power controller are usually selected as kp4 = Lac/Tac and
kia = Rac/Tac, S0 Gac can be derived as

1
(14 708) Tacs + 1

Gcrspe = kpe + kig/s.

Gac - (4)
where 7, is usually chosen as 1—5 ms [31] and 7 is much
smaller. Also, the dynamic performance of ac-side power control
is much faster than that of CESDC, so the impact of ac-side
power control on the CES deviation AE(s) can be neglected.
Hence, G, can be assumed as a unity gain link (G,. = 1), and
the power dissipation Pg;s(s) is also negligible. Based on (2)—(4),
AE(s) can be deduced as

S
52+ka'5+kiE

AE(s) = (Pac(s) — Prate(8)) . (5)
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The CES deviation AE(s) reflects the MMC internal char-
acteristic. The ac-side active power, reflecting ac-side transient
characteristic, can also be derived easily from Fig. 2

ka-S+kiE
S2+ka-S+kiE

PaC(S) = Prate(s) + (Pdc(s) - Prate(S)) .

(6)

From (5) and (6), it is clear that MMC inner CES can indeed
be utilized to regulate ac-side active power with the proposed
strategy. Therefore, ac-side transient characteristics can be im-
proved by designing the parameter pair (k, g, kig).

Taking inverse Laplace transformation of (5) and (6), their
time-domain responses can be derived under three scenar-
ios: kg > kz%E/él7 kig = kz%E/él7 and k;g < sz/AL, which
are shown in (7) and (8) at the bottom of this page. Without
loss of generality, the CES deviation AE(I) and ac-side active
power 15ac(t) are given in per-unit values with respect to the
base value of MMC capacity Py,¢.. The following variable Z is
defined as & = x/Pratc.

In (7) and (8), AP, indicates the instantaneous power outage
after dc short-circuit fault. It is clearly demonstrated that MMC
inner CES deviation AE(t) and ac-side active power 15ac(t)
are only dependent on the controller parameter pair (k, g, kig),
whatever the capacity rating of MMC is

APdc = (Pdc - Prate)/Prate =—-1pu )

IV. IMPROVEMENT OF AC-SIDE TRANSIENT CHARACTERISTICS

Since MMC inner CES is utilized to regulate ac-side active
power, the inner CES must be sufficient to maintain terminal
voltage characteristics during the regulating process. In this
section, the prerequisite of inner CES utilization is derived first
for guaranteeing CES sufficiency. And then universal design of
improving ac-side transient characteristics is proposed, which
can be applicable to other MMCs with different capacity ratings.

A. Prerequisite of Inner CES Utilization

When MMC inner CES provides short-term power output
to ac grid after dc fault, the CES becomes discharging until
ac-side active power is reduced to zero. However, the energy
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Fig. 4. General view of HBSMs and FBSMs discharging in one arm.

stored in SMs each arm should be large enough to sustain
terminal voltages during the discharging process. Otherwise,
arm voltages will be deteriorated, which causes dc fault current
unextinguished and ac-side currents distorted.

After the PTP fault occurs, MMC dc-side voltage and fault
current are controlled to zero instantly, and ac-side active power
decreases slowly with the proposed strategy. Arm voltages and
arm currents will exclude dc components, and then every arm
will discharge at the same rate due to three-phase symmetry.
Therefore, the real-time energy deviation every arm is AE®)/6.
The common operating principle of HBSMs and FBSMs is
employed here for keeping voltage balance in normal operation
[32]. Namely, HBSMs and FBSMs synthesize the positive arm
voltage together, while only FBSMs synthesize the negative
arm voltage. During the postfault transient process, the energy
discharging will lead to larger voltage variation in FBSMs.
Therefore, the energy deviation in FBSMs every arm should
be critically analyzed.

It is assumed that the PTP fault occurs at an instant when arm
voltage is about to enter a negative half-wave period, and the
power factor is unity. The FBSMs will only discharge as soon as
the dc fault occurs, so the energy discharging of FBSMs in this
situation is the most serious. The discharging process is depicted
in Fig. 4. During the first negative half-wave period (Stage I),
FBSMs are negatively inserted and become discharging until
arm voltage v,,,;, moves into Stage II, a positive half-wave
period. Along with the decrease of ac-side active power P, the

(ZAPdC N kgE) ce~kvEt/2 . gin (1 [Akip — k2, t/2> ,

ABE(t) = AP -t-eFvet/?,

kip =k /4 @)
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1— e kret/2. cos (, [dkip — k2 - t/2) + (ka/ 4kip — kf)E) e ke t/2 . gin (, [4kip — k2p 't/2) s kig > k) p /4
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discharging rate in Stage II is slowed down. Therefore, HBSMs
will discharge during the entire Stage II due to their larger
capacitor voltages than FBSMs. The two stages mentioned above
will be repeated until ac-side active power I:’ac decreases to zero.
As aresult, FBSMs discharge during odd half-wave periods and
HBSMs discharge during even half-wave periods within one
arm. MMC inner CES deviation A E will reach its nadir AE
at the moment ¢, when ac-side active power IBaC is reduced to
zero, as depicted in Fig. 4. It is assumed that the dc short-circuit
fault occurs at ry) = 0, and the time ¢, called as transient time in
this article, locates in the Ky, half-wave period (T /o = 7/wp).
During the transient process, the energy deviation of FBSMs
in one arm will also reach its nadir, denoted as AEFBJMm.
When £ is even, AEFBjrm remains unchanged during the
current half-wave period because FBSMs are bypassed; when k
is odd, AEFB_M,H is varied with ¢, and A F,;, because FBSMs
are discharging in the current half-wave period. In conclusion,
when k is even, the energy deviation nadir AENFBfarm is the
sum of the discharged energy of FBSMs in the previous odd
half-wave periods. When k is odd, AEFBJHHl is also determined
by the discharged energy of FBSMs in the current k), half-wave
period in addition to the discharged energy in the previous odd
half-wave periods. The discharged energy of FBSMs in the ki,
(k is odd) half-wave period is calculated by subtracting the value
AE((ke, — 1)T} 2) at the beginning of the k¢, half-wave period
from the value AEmin/6. As aresult, the energy deviation nadir
AEFBJ”HI in one arm can be derived as

AEFB_arm
(AEmin + Zf:l (—1)1

AE ((i— 1)Tf/2)) /6, k is odd
Zf:l (-1)"-AE ((i —1)Ty)2) /6, kis even.

(10)

Besides, MMC inner CES deviation nadir AEmin can be
derived with letting the derivative of (7) equal to zero. First,
the corresponding moment ¢, can be solved out.

Substituting (11), shown at the bottom of this page, into (7),
the CES deviation nadir AEmin can be calculated out as

Aljjl’nin - Aﬁdc/\/kz: . eikPE‘tz/Q.

Because of only FBSMs generating the negative arm voltage
after dc fault, the capacitor voltages of N/2 FBSMs each arm
must be large enough to sustain the negative-level output of
ac-side terminal voltage, which yields

—NVe pu(t)/2 < —+/2/3V, (13)

where Vo pp(t) is the capacitor voltage of an FBSM, assuming
that the capacitor voltages of FBSMs each arm are equal. V; is ac

12)
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TABLE II
SIMULATION PARAMETERS
Items Values

Rated power P 1000 MVA
DC voltage Vi 640 kV
AC grid voltage (phase-phase rms) V. 310 kV
Short-circuit ratio SCR 7
Number of HBSMs N/2 10
Number of FBSMs N/2 10
Capacitor voltage Ve 32 kV
SM capacitor C 1.3 mF
Arm inductance L 0.05H,1Q
AC-link impedance L, 0.05H, 1.6 Q
Sampling period 7. lets

grid voltage (phase-to-phase rms). The actual energy deviation
of FBSMs in one arm A Epp_,rm can be expressed as

AE‘F‘B_arm - N/2 : CVC2_FB (t) /2 - EFB_arm

where Epp_arm = CVZ,/(4N) is the rated energy of FBSMs
within one arm. V. is the rated dc voltage, which is divided
equally by N SMs in one arm. Combining (13) with (14), the
energy deviation AEFB_arm derived in (10) must satisfy

(14)

AEwﬂFB_arm Z - (1 - M2) EFB_arm é AEwllim (15)

where M is the ratio of rated ac voltage and dc voltage, given as
M = AV 2/3‘/;(Vdc/2) EFB_arrn = EFB_arm/Prate and Alylim
is defined as the lowest limit.

Fig. 5(a) presents the 3-D graph of AEFB_arm and the lowest
limit AEHm along with the change of parameter pair (k, g, ki g).
The main parameters of MMC are listed in Table II of Section VI.
The condition (15) will be satisfied when surface AEFBﬁrm is
higher than plane AE}in,. The data points of their intersections
are collected and then replotted in Fig. 5(b) with utilizing the
curve-fitting method. The blue fitting curve is the borderline
of the condition (15), and the corresponding parameter pair
(kpE, kig) should meet the relationship of

kig > 0.01579k) 5 — 0.6089k> 5 — 35.66k,x + 1395. (16)

2arctan ( dkip — sz/ka) [\ 4kie =k,

t, = 2/ka7

kie = kpp/4 (11)

W ((kps = \JK2p = 4hi ) / (kpp + \ K25 = 4hin ) ) [\ W2 = Ahim, Kim < K2p/4
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Fig. 6. (a) 3-D graph. (b) Intersecting line of ¢, and 40 ms.

When (16) is satisfied, i.e., AEpp_arm > AEjim, arm volt-
ages are generated without distortion to safeguard MMC dc-side
and ac-side terminal voltage characteristics, which is beneficial
for eliminating dc fault current and improving ac-side transient
characteristics with the proposed strategy. Therefore, the condi-
tion (16) is the prerequisite of MMC inner CES utilization. And
AFE);,, indicates the available utilization of MMC inner CES.
The larger the absolute value of AE‘Um is, the better the ac-side
transient characteristics can be designed.

B. Universal Design of Improving Transient Characteristics

When the prerequisite is satisfied, MMC internal and dc-side
characteristics will be controlled as expected. In order to improve
ac-side transient characteristics, universal design based on FRT-
CES strategy is proposed here to excavate the potential capability
of MMC inner CES to achieve short-term frequency support after
dc fault.

The moment ¢,, zero-crossing point of Pac, reflects the
transient response time of ac-side active power after dc fault.
Different from usual control strategies, the transient time ¢,
should be longer possibly here so that the transient change of
ac-side active power will be slower. Then, the threat of frequency
oscillation and voltage instability caused by dc fault will be
milder for ac grid.

According to (11), the 3-D graph of ¢, can be plotted in
Fig. 6(a). Supposing that the acceptable transient time is longer
than two fundamental periods (40 ms) in terms of ac-grid
security and stability, surface ¢, needs to be designed higher
than the plane 40 ms. Similarly, with the curve-fitting method,
the intersecting line can be obtained, as drawn in Fig. 6(b).
The boundary condition is derived as (17). Compared with the
transient time in Table I, the transient change of ac-side active
power is attenuated a lot with the proposed strategy. Therefore,
the short-term frequency support will be achieved by MMC inner
CES providing power regulation

kip < —0.00030891{72,5 + 0.1451k127E —24.67k,E + 1533.
a7

Remarkably, the transient time ¢, derived in (11) is just
dependent on the parameter pair (k,, g, k;g). On the prerequisite
of (16),1i.e., AEFB_mm > AFE}in, the boundary condition (17)
is applicable to other MMCs with different capacity ratings when
the transient time is desired longer than 40 ms. Therefore, the
proposed design of transient time ¢, is universal.
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Fig. 7. (a) 3-D graph. (b) Intersecting line of Poyer and 5%.

After MMC inner CES deviation arrives at the nadir AEmin,
the CES becomes charged to its nominal value Eyivic gradually
in the effect of CESDC, as depicted in Fig. 3, which is beneficial
for postfault stable operation and fast recovery after dc fault
cleared. However, the charging power of inner CES comes from
ac grid, so there exists an overshoot in ac-side active power. The
power overshoot P oyer can be calculated by letting the derivative
of (8) equal to zero, so the corresponding moment ¢, can be
derived

tp,=2t,. (18)
Substituting (18) into (8), pover will be calculated out
Pover:1+Apdc' <1+€_ka'tp/2). (19)

During the regulating process, the power overshoot should
be small. Otherwise, ac-side dynamic characteristics may be
deteriorated. When Py, is designed to be no more than 5%,
the 3-D graph and intersecting line are depicted in Fig. 7. When
the boundary condition (20) is satisfied, the overshoot Pover will
be less than 5% so that the impact of the ac-side power overshoot
on ac grid is suppressed

kip < 0.06546k  + 0.07044k, 5 — 1.169. (20)

From (11), (18), and (19), the power overshoot Pover is only
dependenton (k, g, k; ) as well, so the universal design of Pover
is also applicable to other MMCs with different capacity ratings
on the prerequisite of (16), i.e., AEFB_arm > AEBjim.

C. Optimized Value Region

Summing up the value range consistent with the quantified
results in Figs. 5-7, an optimal region marked with underpaint-
ing is determined, as depicted in Fig. 8. When the parameter
pair (k,g, kip) locates within the optimal region, the desired
transient characteristics,i.e.,AEFBjrm > AE“m, t, > 40 ms,
and 1’50\,6r < 5%, are satisfied. Compared with the results in
Table I, the transient time of ac-side active power is extended
over ten times with limited overshoot.

Furthermore, if ac-side transient characteristics are required
stricter for the security and stability of ac grid system, the
parameter region can be optimized again with above-mentioned
universal design. The boundary conditions of £, > 60 ms and
Pover < 3% are also added in Fig. 8, which are marked with
Curve (5) and (7), respectively. As a result, the optimized region
is further divided into four regions. Region a represents the
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Fig. 8.  Optimized value region based on the derived prerequisite and universal
design of ac-side transient characteristics.

region that satisfies AEFB arm > AEhm, 40 ms < t, < 60 ms,

and 3% < POvcr < 5%, while Region d represents the region
that satisfies A Epp arm > AEjim, t, > 60ms, and Poyer < 3%.

Similarly, the meanings of other regions can also be known. The
parameters (kp g, ki) can be adjusted according to the desired
transient characteristics. Besides, the boundary condition of
2AFElim equipped in MMC is also provided in Fig. 8, which is
denoted with Curve @ Clearly, when MMC inner CES is larger,
e.g., larger SM capacitance or MMC integrated with batteries,
more energy can be utilized to provide short-term frequency
support to ac grid. The threat of power and frequency oscillation
can be suppressed further.

When inner CES is reduced to 35 kJ/MVA (35 ms) [33],
the performance of the proposed strategy is also analyzed and
evaluated. The corresponding energy lowest limit is AElim,usu,
which is depicted with Curve (3) in Fig. 8. Although MMC inner
CES is reduced, there is still an optimized region that satisfies
AEFB arm > AFEim _usus bz > 60ms, and Poyer < 3%. And
Pover will be further reduced. In this case, the short-term fre-
quency support can also be provided with the proposed strategy
after the dc fault.

V. SMALL-SIGNAL STABILITY ANALYSIS

Since the parameter pair (kyg, ki) is adjusted based on the
desired ac-side transient characteristics, the influence of the
variation of (k,g, k;r) on the stability of the control system
should be carefully evaluated.

The postfault control loop (sw = 1) is considered here. The
state-space model of the control system can be established
according to CESDC, active power controller, ac-side plant, the
plant of CES, and their input—output relationships in Fig. 2. Two
state variables of them are defined as follows:

dz,

=0—-AF 21
7 (21
dzo Prare — Padj
Lt Al g 22
dt 15V ¢ @2)

Neglecting the impact of modulation process, a four-order
state-space model of the control system is established and then
linearized around a given steady-state operation point to obtain
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Fig. 9. Closed-loop eigenvalues of the small-signal state-space model with
the change of (a) ki and (b) k; .

the small-signal model according to [34]
Ad = A(zg,ug)Ax + B(zo, up)Au (23)
where Ax = [Axy, Axs, Aig, A(AE)]T, Au = [AP;ate, APdc,

APgi]T, and A(xg,uo) and B(xg,up) are given as
[ 0 0 0 -1
kig 0 -1 kpe
15V, 15V,
A(zo, uo) = binkus s  kpatRae kpak
1 5Vdeac Lac Lac 1~5‘/deac
0 0 —15Vyg 0
24
[ 0 0 0
1/(1.5Vj 0 O
B(zg,u0) = / (1:5Vea) (25)
kpa/ (1.5ViaLac) 0
i 0 1 -1

Based on (23), the closed-loop eigenvalues of the small-signal
state-space model with the change of controller parameters
(kpE, kig) can be obtained, as shown in Fig. 9. The parameters
of the active power controller are selected as kpa = Lac/Tac
and k; 4 = Rac/Tac, S0 the order of the small-signal model will
be reduced to three due to zero-pole cancelation. In Fig. 9,
there are three trend lines of the closed-loop eigenvalues with
the change of (k, g, k;g). When k,g is increased gradually,
two eigenvalues are approaching to the line with a real part of
—500, and another one is approaching to the origin. All poles
will be located in the left-half s-plane, so the control system is
stable with the change of &, . Similarly, all poles are located in
the left-half s-plane with the change of k; 5. Merely, one pole is
close to the origin when the value of k;g is very small, but the
control system is still stable.

Considering the finite CES inside MMC, the prerequisite
of inner CES utilization should be satisfied first. As a result,
when (k, g, k;ig) are adjusted based on the proposed quantified
analysis in Section IV, the stability of the control system can be
guaranteed.

VI. SIMULATION RESULTS

In order to verify the validity of the proposed FRT-
CES strategy, simulation is carried out by establishing a
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Fig. 10.  Simulation results of Case I: AEFB?arm > AFELm, t. > 60 ms,
Poyver < 3%.

1000 MVA/640 kV three-phase hybrid SMs-based MMC model
in MATLAB/imulink platform. The simulation diagram is de-
picted in Fig. 1, and the main parameters are listed in Table II. In
order to enhance the simulation efficiency, 20 SMs per arm are
used instead of hundreds of SMs, so the equivalent SM capacitor
voltage is 32 kV. SM capacitance is chosen so that the capacitor
voltage fluctuation is limited about 5% of its nominal voltage.

A. Case I: (kyg, kig) Locates in Region d

First, the performance of the proposed FRT-CES strategy with
(kpe = 45, k;p = 45) located in Region d of Fig. 8 during
dc-side PTP fault is investigated. The corresponding transient
characteristics are AEFB arm > AFLim, £, > 60 ms, and Poyer
< 3%. The detailed simulation results are presented in Fig. 10.
During normal operation, MMC delivers 1000 MW of active
power to ac grid. At ¢ = 0.3 s, dc-side PTP fault occurs and dc
voltage drops to zero instantly, as shown in Fig. 10(a). Under
the control of FRT-CES strategy, dc fault current is eliminated
quickly by controlling the dc components of arm voltages to
zero, as seen in Fig. 10(b) and (j). In Fig. 10(d), the output
P,q; of CESDC gradually increases and is utilized to reduce the
reference of ac-side active power P,., which will contribute
to attenuating the transient change of P,. after the dc fault.
From Fig. 10(c) and (e), it is clearly shown that the simulation
results of inner CES deviation A F;,,, and ac-side active power
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Fig. 12.  Frequency of PCC with (a) conventional FRT strategy and (b) pro-

posed FRT-CES strategy.

P, sim are highly consistent with the calculation results of
AFEc, and P, ., based on (7) and (8), which proves the
theoretical analysis and mathematical derivation in Section III.
Besides, the transient time ¢, of ac-side active power P, is
extended to 89 ms, which is over 60 ms. The power overshoot
Pover is 2.23% (<3%). Also, 165 MVar of reactive power is
provided to support PCC voltages, as depicted in Fig. 10(e)
and (f).

In order to present the waveforms clearly, Fig. 10(f)-(j)
provide the results within the period of 0.3 ~ 0.5 s. Fig. 10(i)
shows that FBSMs and HBSMs (in phase A upper arm) discharge
alternatively after the dc fault, and the sum of capacitor voltages
in FBSMs is lower than that in HBSMs, but larger than the
phase peak voltage V,,, of PCC. From Fig. 10(h), the sum of
FBSM capacitor voltages each arm is always larger than V,,,
so the negative-level output capability of FBSMs is sufficient
to meet the demand of negative arm voltage, which can also be
proved in Fig. 10(j) with enough capacitor voltages > — Vo pp
of FBSMs. This implies that the prerequisite AEFB_MIH >
AEy,, is satisfied. The waveform quality of arm voltages is
guaranteed, so the dc fault current is eliminated and ac-side
currents in Fig. 10(g) are controlled well. Since the prerequisite
has been satisfied, a little longer time of the CES deviation
AE returning to zero after reaching its nadir AE,;,, as seen
in Fig. 10(c), will not bring any adverse influence. These
simulation results coincide with the desired performance in
Region d.

In comparison, the simulation results of conventional FRT
strategy without utilizing MMC inner CES [15], [19], [20] are
provided in Fig. 11. Similarly, dc fault current is eliminated
quickly, but ac-side active power declines to zero sharply within
3 ms, which causes a severe drop in the grid frequency, as
shown in Fig. 12(a). The grid frequency of PCC is detected
by phase-locked loop [35], and the frequency nadir is 43.4 Hz.
However, when the proposed FRT-CES strategy is employed,
the short-term frequency support is provided so that the tran-
sient characteristic of grid frequency is greatly improved. The
frequency nadir is increased to 48.9 Hz, as seen in Fig. 12(b).
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Fig. 13.  Simulation results of Case II: AEFB_arm < AEjim.

B. Case ll: (kyE, kig) Locates Where AEFB_arm < AEum

Fig. 13 presents the simulation results of the proposed strategy
with (k,p = 22, k;g = 5) located below the Curve (1) in Fig. 8.
Similarly, dc fault occurs at t = 0.3 s. More energy is released to
attenuate the transient change of ac-side active power, as shown
in Fig. 13(c) and (e). However, Fig. 13(h) clearly shows that
the sum of FBSM capacitor voltages each arm is lower than the
phase peak voltage V,,, after dc fault, which means AEFB,arm
< AEhm. Therefore, the negative-level output capability of
FBSMs will be insufficient to synthesize the desired negative
arm voltages, which causes negative arm voltages flat-topped,
as seen in Fig. 13(j). The distorted arm voltages cause dc
fault current unextinguished and ac-side currents distorted, as
presented in Fig. 13(b) and (g). Therefore, the dc fault is not
ridden through. Notably, positive arm voltages are generated
normally in Fig. 13(j). Although the sum of capacitor voltages
in HBSMs is also lower than V,,, in Fig. 13(i), both HBSMs
and FBSMs can synthesize positive arm voltages together. This
sufficiently declares that the capacitor voltages of FBSMs should
be concerned first.

In consequence, the prerequisite AE‘FB_arm > AFE};y, should
be satisfied first, and then the improvement of ac-side transient
characteristics can be considered. Otherwise, dc fault current
cannot be eliminated, and ac grid currents will be deteriorated.

C. Case IlIl: 2AEy;,, in MMC

The performance of FRT-CES strategy with two times of
CES inside MMC is also investigated during dc-side PTP fault.
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Fig. 14.  Simulation results of Case III: ZAEhm in MMC.

Double CES is achieved with SM capacitance doubled here
(C = 2.6 mF). The lowest limit of CES deviation is increased to
ZAEHH,, so more energy can be utilized to provide short-term
frequency support to ac grid. The parameter pair is selected as
(kpe = 18, k;p = 3), and Fig. 14 presents the corresponding
simulation results. Similarly, the dc fault current is eliminated
quickly, and 167 M Var of reactive power is generated to support
ac grid voltage after dc fault. Besides, the transient time ¢, of
ac-side active power is extended to 258 ms, and power overshoot
pover is limited to 1.63%, as shown in Fig. 14(e). Although more
energy is released to attenuate the transient change of ac-side
active power in Fig. 14(c) compared with the two cases above,
Fig. 14(h) shows that the sum of FBSM capacitor voltages each
arm is still larger than phase peak voltage V,,, of ac grid due
to ZAElim in MMC. Therefore, the waveform quality of arm
voltages and ac-side currents can be guaranteed, as presented in
Fig. 14(j) and (g).

The simulation results of conventional FRT strategy with
2AEnm inside MMC are almost the same as those in Fig. 11
(AE), in MMCO). Fig. 15 presents the frequency responses
with conventional FRT strategy and the proposed FRT-CES
strategy under the condition of 2AFjim equipped in MMC.
Clearly, the amount of stored energy has little impact on the
frequency response with conventional FRT strategy. However,
when the proposed FRT-CES strategy is applied, the frequency is
scarcely affected by the dc fault because more energy is utilized
to attenuate the transient change of ac-side active power. The
frequency nadir is 49.4 Hz.
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D. Case IV: AEjy, usu in MMC

The performance of FRT-CES strategy under the condition
of the CES reduced to 35 kJ/MVA [33] is also investigated.
The corresponding SM capacitance is C = 0.57 mF, and the
controller parameters are designed as (k,g = 120, k;g = 1).
From Fig. 16, the transient time ¢, is 65 ms and the power over-
shoot Py is limited to 0.59%, which still satisfy A Epp_arm >
AEnm_usu, t. > 60ms,and Pover < 3%. The optimized region
in Fig. 8 is reduced along with the reduction of inner CES, and
the power overshoot is greatly reduced. Because lesser active
power is absorbed from ac grid to charge MMC inner CES, the
time to obtain AE = 0 again will be long. Since the prerequisite
(AEFBﬁrm > AElim) has been satisfied to guarantee stable
operation, the longer recovery time will not bring negative
impacts.

Compared with conventional FRT strategy, the frequency
characteristic has also improved a lot, and the frequency nadir
has increased from 43.5 to 48 Hz, as depicted in Fig. 17. The
short-term frequency support can also be provided with the
proposed strategy.

VII. EXPERIMENTAL RESULTS

The proposed strategy is also experimentally validated on a
single-phase hybrid SMs-based MMC prototype, as shown in
Fig. 18. And its layout is depicted in Fig. 19. In order to verify
the universal design that is applicable to MMCs of different
capacity ratings, AEyy, of the MMC prototype is designed same
as three-phase MMC in simulation. Therefore, the experiments
under the same controller parameters (k, g, k; ) as Case I-III
in simulation are carried out. The experimental parameters are
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TABLE III
SINGLE-PHASE MMC EXPERIMENTAL PARAMETERS

Items Values
Rated power Pue 560 W
DC voltage Vio 300 V
AC grid voltage (rms) V. 84V
Number of HBSMs N/2 2
Number of FBSMs N/2 2
Capacitor voltage Ve 75V
SM capacitor C 2 mF
Arm inductance L 3 mH
AC-link impedance L, 3 mH
Sampling frequency /' 7500 Hz

provided in Table III. The control system is implemented with
using a TMS320F28335 DSP and an EPACE10E22C8 FPGA.
Active and reactive power (P,., Qac), CES deviation (AE), and
adjusting variable (P,q;) are output by a 12-bit digital-to-analog
chip MAXS5742. The others are gathered by voltage or current
probes, and all experimental waveforms are acquired by a scope
recorder YOKOGAWA DLS850E. Noticeably, the switch S3 is
closed to emulate dc line PTP fault, and switch Sy is open
subsequently for protecting dc source.

First, the experimental results with the same parameters
as simulation in Case I, (k g = 45, k;p = 45), are shown in
Fig. 20. In normal operation, MMC delivers 550 W of active
power to ac grid. It is clear that the dc-side fault current is
eliminated immediately once dc-side PTP fault occurs. And
137 Var of reactive power is output to support ac grid voltage.
Meanwhile, MMC inner CES is utilized to attenuate the change
rate of ac-side active power. The transient time ¢, is extended
to 90 ms with power overshoot pover limited to 2.14%. And the
sum of capacitor voltages in FBSMs each arm is always larger
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Fig. 21. Experimental results in Case II.

than the phase peak voltage, which indicates the prerequisite
AEFB arm > AEhm is satisfied.

In single-phase MMC, inner CES is just the total stored energy
in the leg. There exists a second-order harmonic ripple in the
CES deviation AE as analyzed in [36] and [37], which causes
a second-order harmonic (27¢) component in the leg circulating
current i, In the effect of CESDC, its output P,q; will include
284 component. Because Paq; is utilized to regulate ac-side
active power reference P}, after dc fault, the 2°¢ component
will be introduced into P.,.. Furthermore, a third-order harmonic
component will be introduced into ac-side current i,. However,
in three-phase MMC, the 2"¢ components of leg CES deviations
cancel with each other. Therefore, the total CES deviation AE
in MMC excludes harmonic components so that the proposed
strategy will not introduce harmonic components into ac-side
currents in three-phase MMC, which can be verified in the
simulation results.

Fig. 21 presents the experimental results in Case II,
AErp amm < AFE)m, with (k,z = 22, ki = 5). After dc fault,
the sum of capacitor voltages in FBSMs each arm is not sufficient
to synthesize the negative arm voltage, which causes both dc-
side and ac-side terminal voltages distorted. As a result, dc fault
current ¢.;, cannot be extinguished, and ac-side current ¢, is also
distorted. Therefore, in order to acquire better MMC internal,
dc-side, and ac-side transient characteristics, the prerequisite
AEFB_arm > AF};m should be satisfied at first.

Fig. 22 presents the experimental results under Case III,
2AFEjiy, in MMC with (kpr = 18, kig = 3). Similarly, the SM
capacitance is doubled (C = 4 mF). Once PTP fault occurs,
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Fig. 22.  Experimental results in Case III.

the dc-side fault current is eliminated quickly, and 134 Var
of reactive power is provided to support ac grid voltage. The
transient time ¢, of P,. is extended to 251 ms, and power
overshoot P is limited to 1.25%. Meanwhile, the prerequisite
AEFB arm > AEhm is always satisfied during the regulating
process.

These experimental results are highly consistent with the
simulation results in Case I-III. The validity of the proposed
FRT-CES strategy and universal design has been well verified.

VIII. CONCLUSION

A novel FRT-CES has been proposed in this article. With the
proposed strategy, the clearance of dc fault current, ac-side grid
support, and stable operation of the converter (MMC) can be
accomplished simultaneously. After dc fault, MMC is not off-
grid only for its self-protection, but actively adjusts its operation
to cope with the dc fault. MMC inner CES is utilized to attenuate
the transient change of ac-side active power after dc fault, as a
result of which an additional function of the stored energy in
MMC is developed to provide short-term frequency support to
ac grid. Besides, the prerequisite of inner CES utilization and
universal design of improving ac-side transient characteristics
are also proposed and quantified through mathematical analysis,
which can not only guide the design of controller parameters
to acquire the desired ac-side transient characteristics, but also
guide the design of the CES requirement in MMC. As long
as the prerequisite is satisfied, the proposed universal design
is applicable to other MMCs with different capacity ratings.
Compared with conventional FRT strategy, the transient time
of ac-side active power can be extended to tens to hundreds of
milliseconds with the proposed strategy. Better ac-side transient
characteristics can be acquired with larger CES in MMC. As a
result, the threat of dc fault to the security and stability of MMC
and ac grid system will be suppressed with the proposed strategy.
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