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Imbalance Mechanism and Balanced Control of
Capacitor Voltage for a Hybrid Modular
Multilevel Converter
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and Lei Lin

Abstract—Due to different charging and discharging charac-
teristics of full-bridge submodules and half-bridge submodules
in hybrid modular multilevel converters (MMC), capacitor volt-
age imbalance will occur under boosted ac voltage or reduced dc
voltage conditions. To address this issue, the mechanism of ca-
pacitor voltage imbalance is carefully studied, with three main
factors—modulation index, power angle, and hybridization ratio—
summarized and their effect on capacitor voltage imbalance ana-
lyzed. Further, a control strategy based on fundamental frequency
reactive circulating current injection is proposed to keep the capac-
itor voltage balanced in the hybrid MMC. The amplitude and phase
angle of the injected circulating current are calculated and their
influence on the energy fluctuation in the submodules’ capacitors
and the semiconductors’ current stress is explored. Experimental
results under boosted ac voltage and reduced dc voltage conditions
demonstrate the feasibility and validity of the proposed scheme.

Index Terms—Capacitor voltage balance, fault ride-through,
fundamental frequency reactive circulating current (FFRCC),
hybrid modular multilevel converter (MMC), high voltage dc
(HVDC).

I. INTRODUCTION

ODULAR multilevel converters (MMC), first proposed
M in [1], are the most attractive topology for high-power,
high-voltage applications [2], [3]. Ina MMC-based high-voltage
dc (HVDC) system, the capability to handle dc short-circuit
faults is one of the main challenges, especially for overhead
line transmissions. In terms of potential dc fault management
schemes, using MMCs with dc short-circuit fault ride-through
(DC-FRT) capability has become a promising method [4]-[10],
because it can not only control ac grid-side reactive power during
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the fault period [11]-[13], but also maintain half-active power
transmission capability under pole-to-ground (PTG) fault con-
ditions [14], [15]. Among various topologies for MMC with
DC-FRT capability [5]-[7], [9], [10], [16], [17], hybrid MMC
containing half half-bridge submodules (HBSMs) and half full-
bridge submodules (FBSMs) is a promising candidate in terms
of cost, efficiency, and insulated-gate bipolar transistor (IGBT)
series operation.

To further increase power device utilization, hybrid MMCs
can also operate with a higher ac output voltage for a given dc
voltage limit by increasing the number of FBSMs in a phase leg
[10], [18]. In addition, hybrid MMC-based HVDC systems can
operate at areduced dc-link voltage to avoid flashovers under ex-
treme atmospheric conditions. Thus, operation of hybrid MMCs
can be divided into three scenarios: normal operations (i.e.,
HBSMs-based MMCs), boosted ac output voltage operations,
and reduced dc-link voltage operations. For normal operation,
the behavior of the FBSMs is identical to that of the HBSMs. For
the other two operating scenarios, FBSMs are required to out-
put a negative voltage; thus, the FBSMs and HBSMs in a hybrid
MMC function differently during the charging and discharging
periods, which may cause problems due to capacitor voltage
imbalance. For example, the FBSMs can charge or discharge
regardless of the direction of the arm current, while the HBSMs
can only charge during the positive period of the arm current and
discharge during the negative period. Under certain operational
conditions, when the net energy flowing through the HBSMs is
not zero in a fundamental frequency period, the capacitor volt-
age of the HBSMs will continue increasing (decreasing), while
the capacitor voltage of the FBSMs will correspondingly con-
tinue decreasing (increasing) after the fundamental frequency
period, creating an imbalance [10]. As a result, overcharging
these capacitors may cause their failure or accelerated fatigue,
with cascading effects on all the other components. Moreover,
running the capacitors undercharged reduces the maximum volt-
age capability of the arm, leading to instability of the whole
converter because of a loss in control of the arm currents.

A few studies have developed methods to address the issue of
capacitor voltage imbalance, including injecting reactive power,
increasing the number of FBSMs, and retrofitting the topology
of the hybrid MMC. In [10], reactive power was used to generate
a sufficient charging or discharging interval for the HBSMs, but
decreased the power factor. Increasing the number of FBSMs
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Fig. 1. Basic structure of one leg of the hybrid MMC: (a) physical circuit and
(b) equivalent circuit.

in a phase leg was suggested to ensure that only the FBSMs
were inserted to generate the required arm output voltage [18].
However, this approach increased the device cost and power loss
of the converter. An asymmetric mixed MMC was proposed in
[19], in which the upper arm consisted of HBSMs and the lower
arm of FBSMs. Although the converter could maintain capaci-
tor voltage balance during symmetric reduced dc-link voltages
caused by a pole-to-pole dc fault, the topology could not handle
asymmetric reduced dc-link voltages caused by a flexible PTG
dc fault or a boosted ac output voltage (i.e., m > 1).

This paper analyzes the mechanism of capacitor voltage im-
balance for a hybrid MMC, studying the effect of three fac-
tors (modulation index, power angle, and hybridization ratio).
Based on these analyses, a circulating current injection based on
an fundamental frequency reactive circulating current (FFRCC)
is proposed to keep the capacitor voltage balanced. Compared
with existing solutions, this method does not affect the per-
formance of the hybrid MMC. The remainder of this paper is
organized as follows. In Section II, the operating principle of
a hybrid MMC is briefly introduced, while the mechanism and
three main factors of capacitor voltage imbalance are analyzed
and summarized in Section III. In Section IV, the principles of
the FFRCC injection method are presented, and the relevant ex-
perimental results are provided in Section V. Finally, Section VI
draws some conclusions.

II. OPERATING PRINCIPLE OF A HYBRID MMC

Fig. 1(a) depicts one leg of the symmetric hybrid MMC pro-
posed in [9] and [10], where each arm consists of N submodules
(SM), i.e., H HBSMs and F FBSMs. In the figure, Vj. is the
rated dc-link voltage, L is the arm inductor, C and v, are the
capacitor and its voltage in each SM, respectively, v,, and vy,
are the total voltages generated by all the SMs in the upper and
lower arms, respectively, i, and 7, are the arm currents in the
upper and lower arms, respectively, and ¢, is the output ac phase
current. Fig. 1(b) shows the equivalent circuit of one leg of the
hybrid MMC, where the HBSMs and FBSMs are modeled as
two voltage sources.
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Taking phase A as an example, arm currents 7, and 4,, can
be expressed as follows:

{Z.pa = ia /2 + Z.cira

(H
Z‘nat - _ia /2 + Z.cira

where i.;,, 1S the circulating current flowing in phase A, and
should be one third of the dc-side current at steady state for a
three-phase system when the higher order (i.e., greater than 1)
harmonic circulating currents are properly suppressed.

According to Kirchhoff’s voltage law, the following equations
can be derived from Fig. 1:

Upa = Vie/2 — Vao — (L dipa /dt + Rip,) @

Una = Ve /2 + Vao — (L diya /dt + Riyy) .
Combining (1) and (2) yields

Upa = ‘/(10/2 — €4 — (L dicira/dt + Ricira) 3)

Una = (10/2 +e, — (L dicira/dt + Ricira)

where e, is the differential mode component of the lower and
upper arm output voltages of phase A, and can be expressed as
follows:

€a = Vo + Ldi, /(2dt) + Ri, /2. )

Due to the negative voltage output capability of the FBSMs,
each arm can output a negative arm voltage. Thus, the am-
plitude of e, (i.e., E,,) can be larger than Vj./2, such that
the hybrid MMC can provide boosted ac voltage operation or
reduced dc-link voltage operation. To satisfy the arm output
voltage requirement under these operating conditions, the num-
ber of FBSMs F and the number of HBSMs H should meet the
following conditions [10], [18], [20]:

{(H + F)‘/(’ Z ’U‘()I“IH,HI‘(lX

(5)
F‘/c 2 |’Uarm,miH|

where V. is the rated SM capacitor voltage, and Uapm max and
Uarm,min are the maximum and minimum values of the required
arm output voltage, respectively. The voltage vy max primarily
depends on the normal operation requirements, while V1 min
mainly depends on the minimum required dc voltage. If the
minimum required dc voltage is Zero, Vurm max and Varm min
can be expressed as follows [10], [20]:

Varm,max — (1 + m) ‘/d(,/2 (6)
Varm,min — _m‘/dc/2

where m is the modulation index defined as 2E,, /Vj..

III. MECHANISM OF CAPACITOR VOLTAGE IMBALANCE

When hybrid MMCs operate under boosted ac voltage or re-
duced dc-link voltage conditions, the FBSMs are required to
output a negative voltage. To maintain capacitor voltage bal-
ance, the HBSMs and the FBSMs must exchange energy when
the required output voltage is positive. The interval for energy
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exchange is determined by modified sorting and selection al-
gorithms, where capacitor voltages of the FBSMs and HBSMs
should be sorted and selected together when the arm output
voltage is positive, and only FBSMs are inserted when the arm
output voltage is negative [18]-[20]. However, due to the obvi-
ously different charging and discharging behaviors of FBSMs
and HBSMs, only using the modified sorting and selection al-
gorithms cannot guarantee the capacitor voltage balance. To
analyze this potential issue, a detailed analysis of the charging
and discharging of HBSM and FBSM capacitors in a fundamen-
tal frequency period will be conducted in this section, with the
following four assumptions:

1) any redundant design for the SMs is neglected;

2) the aforementioned modified sorting and selection algo-
rithm is adopted;

3) power losses on the SMs are neglected;

4) all HBSMs (FBSMs) are identical and assumed to be
instantaneous voltage balancing; thus, analysis of all ca-
pacitor voltage balancing can be simplified to the analysis
of the HBSMs and FBSMs.

Further, following the previous analysis, three main factors

affecting capacitor voltage imbalance are summarized and ana-
lyzed quantitatively.

A. Charging and Discharging of FBSMs and HBSMs

Assuming the converter works as an inverter, the arm output
voltage and arm current of the upper arm in phase A can be
expressed as follows:

{vpa = (1 —msinwt) Vi /2

7
ipa = [Mm cos /2 + sin(wit — ¢)] I, /2 7

where m is the modulation index defined as 2F,, /Vq. and ¢
is the difference between the phase angles of e, and i,. In
an HBSM-based MMC, m should be less than 1.0, while in a
hybrid- or FBSM-based MMC m can be larger than 1.0.

The instantaneous power flowing through the upper arm of
phase A can be determined by

Vaclm

Dpa = [2 sin(wit — @) — m? sin wt cos g

+m cos(2wit — )] ®

and the energy absorbed by all arm capacitors can be expressed

as follows:

V:lc[m
W, =
P 16(.«.)1

[—4 cos(wit — @) + 2m? cos wit cos [

+m sin(2wit — @)]. )

Note that the net energy absorbed in one fundamental period
is zero. For a HBSM-based MMC or FBSM-based MMC, the
behavior of all SMs during charging and discharging are identi-
cal, so providing an even energy distribution into each SM can
keep the capacitor voltage balanced. For a hybrid MMC, the
FBSMs and HBSMs work with different charging and discharg-
ing intervals. Thus, merely ensuring the prerequisite of zero
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Fig. 2. Qualitative analysis of the capacitor voltage imbalance problem
(in p.u.): (a) arm output voltage, (b) arm current, (c) energy absorbed by the
capacitors, and (d) capacitor voltages.

net energy absorbed in one fundamental period cannot keep the
capacitor voltage balanced.

Fig. 2 shows the normalized arm output voltage, arm current,
transferred energy, and capacitor voltages of a hybrid MMC. In
the figure, 0,1 and 6,5 are the zero crossings of the arm output
voltage, 0;1 and ;5 are the zero crossings of the arm current,
and ¢, and 0, are the points where the arm voltage equals the
maximum voltage the FBSMs can generate. These values can
be written as follows:

0,1 = arcsin(1/m); m>1

m>1
1<m<2/cosg
1 <m < 2/cosp
01 = m+ arcsin[(2FV, /Vae — 1)/m]; m>1
070 = 2w — arcsin[(2FV, /Vi. — 1)/m]; m > 1.

91,‘2 =T — aI'CSiIl(l/m);
0;1 = m + arcsin(m cos ¢/2) + ¢;
;2 = 2m — arcsin(m cos ¢/2) + ¢;

10)

As shown in Fig. 2, a fundamental period is divided into
six stages. Taking 6,, as the starting point and assuming the
capacitor voltages of the HBSMs and FBSMs are identical at
the point 6,,; yields

vc,f(e'ul) = U{:,h,(07)1) =W (11)
where v, ; and v, j, represent the capacitor voltages of the FB-
SMs and HBSMs, respectively.

The criterion for capacitor voltage balance is whether the
capacitor voltages of the HBSMs and FBSMs are again identical
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at the end of one fundamental period, expressed as follows:

Ve, (2m 4+ 0p1) = ve (27 + Oy1). (12)

1) Stage I (6,1 < wit < 6,9): In stage I, the arm voltage
Upa 1s negative and the arm current iy, is positive. The FBSMs
are discharged and the HBSMs are bypassed, and the capacitor
voltages can be expressed as follows:

Ve s (By2) = \/Vg‘ +2 [} ppadwit/FC
Ve,h (91;2) =V..

2) Stage II (0,5 < wit < 0p1): In stage II, both the arm
voltage v,,, and arm current %, are positive; thus, the inserted
SM would be charged. Since the FBSMs were discharged in the
previous stage, the FBSMs have priority to be charged. When
the arm voltage reaches the maximum voltage that the FBSMs
can generate (i.e., the point 6y, shown in Fig. 2), the HBSMs
will be inserted. The capacitor voltages can be deduced using

(13)

e (051) = \/vg +2 0 ppadwit/FC
Ve, h (9f1) = V..

(14)

3) Stage lll (01 < wit < 0;): During this stage, the HB-
SMs to be charged are inserted, and v, s and v, can be ex-
pressed as follows:

0 .
vcvf(wlt) = \/U(Q:,f(efl) + 2‘[0.“ nfvn‘fzpadwlt/FC

Ve (wit) = \/V;? + 2f€6f] N Ve hipadwi t/HC

| (15)
where ny and nj, are the number of inserted FBSMs and HB-
SMs, respectively, and are related to v, y and v, . If v, ; is
smaller than v, 5, all FBSMs (i.e., F' FBSMs) are inserted, and
the number of inserted HBSMs is derived from the remaining
arm voltage; on the other hand, if v f is equal to v, j, both FB-
SMs and HBSMs have an equal chance to be inserted, and n
should be proportional to F/N. Thus, n and n;, can be expressed
as follows:

nf = F
3 Ve, f < Ueh (16.a)
ny = round(vp, /V,) — F '
ns = round(Fv,, /NV,
! ( ’ / ) 5 Ve, f = Uc¢,h- (16b)
ny, = round(vp, /Ve) — ny h '

Since the arm voltage is positive during [0, 27 + 0,1], the
charging and discharging behaviors of the FBSMs and HBSMs
are identical. Thus, capacitor voltage imbalance [i.e., v, s (27 +
0,1) # ven (2 + 6,1)] will not occur once v, ;, (6;1) equals
Ve, (0i1), and an imbalance may only occur if v, s (#;1) and
Ve, (0i1) satisfy

Ve, (0i1) < e (0i1). )

When (17) is satisfied, the voltage generated by the HBSMs
can be expressed as v, — Fv. s according to (16.a), and the
net energy stored in the HBSMs during stages I-III can be
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expressed as follows:

0i1
AI/Vh,z'ncreasel = / (Upa - F/Uc,f)ipadwlt' (18)

011
4) Stage IV (0;1 < wit < 6;9): In this stage, the arm volt-
age v}, 1s positive and the arm current ¢, is negative, so the
HBSMs can be discharged. The discharged energy from the
HBSMs can be expressed as follows:
02
AI/Vh,dccmasc = _/ nhvc.hipadwlt (19)
i1
where ny, is the number of inserted HBSMs, 0 < n; < H.

Similar to the analysis in stage III, n; can be expressed as
follows:

Ve,f < Uc,h

np = I‘I7
(20)
ny, = round(Huvp, /NV,); e, p = Ve p-

Capacitor voltage imbalance will not occur once v, p, (6;2)
equals v, ¢ (0;2), and an imbalance may only occur if v, f (6;2)
and v, j, (0;2) satisfy

’Uc“f(eiQ) < Ve, h (922) (21)

Under this condition, AW}, qecrease Can be expressed as fol-
lows:
0o
(22)

AI/Vh,decrease = - vaﬂhipadwlt.

01

5) Stage V (05 < wit < 0f2): In stage V, both the arm
voltage vy, and arm current 4, are positive, and any inserted
SMs will be charged.

When (21) is satisfied, FBSMs have charging priority. How-
ever, since the arm output voltage reference is larger than the
maximum voltage that all the FBSMs can generate, HBSMs will
be inserted. The energy charged by all of the inserted HBSMs
can be expressed as follows:

Ofs
AVVh,,v',ncrcach = / nhvc,hipadwlt- (23)
02

Similar to the analyses in stages IIl and IV, a capacitor voltage
imbalance will not occur once v, 5 (6f2) equals v, ¢ (642), and
an imbalance may only occur if v, ¢ (6¢2) and v, j, (052 ) satisfy

Ve, (0r2) < ven(Or2). (24)

Similar to stage III, when (24) is satisfied, the increased en-
ergy stored in the capacitors of the HBSMs can be expressed as
follows:

Ofo
AI/I/'h.increanseQ = / (Upa — F'Uc,f)ipadwlt. (25)

0i2
6) Stage VI (05 < wit < 2w + 6,1): In this stage, both
the arm voltage v}, and arm current i, are positive, and the
inserted SMs will be charged.
When (24) is satisfied, FBSMs have charging priority. An
imbalance occurs once the capacitor voltages of the FBSMs and
HBSMs satisfy

Ve, f (2T 4+ 0u1) < 0o (27 + 0y1). (26)
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Since the FBSMs can generate the required arm output volt-
age, all of the HBSMs will be bypassed during this period.

Because the total net energy transferred in one fundamental
period in each arm is zero [10], we can use (11) and (26) to
deduce that the capacitor voltages of the HBSMs will increase
while the capacitor voltages of the FBSMs will decrease. Thus

AV[/vh,increasel + Awfh,increaseZ > AVVh,decrease (27)

can be further taken as the criterion for the imbalance prob-
lem. Note that an imbalance of the capacitor voltage will occur
in the hybrid MMC for the inverter when the maximum en-
ergy discharged by the HBSMs in an arm (i.e., AW}, gecrease)
is smaller than the minimum energy charged by the HBSMs
(.e., AW}, inereaselr + AW inerease2 ), which can be written as
follows:

AW/L = AVVh,increasel + AW}LJIICI'B&SGQ - AVV}LA,de(:reamse >0
(28)
where AW), is the net energy absorbed by the HBSMs in a
fundamental frequency period.
Substituting (7), (18), (22), and (25) into (28) yields

0

TV .

AW, :/ { ;C(l—msmwlt)—Fva]
9/1

ﬂ {m cos ¢
2 2

Or2 TV,
+ / [ ;(' (1 —msinwit) — Fvchf}
Bz

h {m cos ¢
2 2
0i2 1, [m cos @

+ Huv,p x — x
0i1 2 2

+ sin(wy t — gp)} dwit

+ sin(wy t — 90)} dwit

+ sin(wy t — @)]

dwit > 0. (29)

The previous analysis can also be applied to potential capaci-
tor voltage imbalance when the converter operates as a rectifier.
During this process, the arm output voltage and arm current of
the upper arm in phase A can be expressed as follows:

Upa — (1 —m banJlt)‘/;jc/Q
;o m>1. (30)
ipa = — [m cos /2 + sin(wit — )] I, /2

Comparing (7) and (30), we can see that the arm currents
will be opposite. Thus, according to the previous analysis, the
FBSMs will be charged during stage I and the HBSMs may
be discharged during stages III and V and only charged during
stage IV. Assuming the energy discharged by the HBSMs in
stages III and V is AW}, qecreaser and AWy, decrease2 and the
energy charged by the HBSMs during stage IV is AW}, increases
then AW}, decreasel 10 AW} increase can be expressed as
follows:

i1 .
AI/Vh,decreasel = — fgfll (vpa — F’Uc,f)lpadu)lt
O .
AVVh.,dec1rease2 = — fg[_fz ('Upa — F’U,;_f)lpadwlt
0o .
AI/Vh,increase = f@il ch,thadwlt.

€19}
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Similar to the previous analysis, we can see that a capacitor
voltage imbalance will also occur in a hybrid MMC operating
as a rectifier when AW}, dqeercasel 10 AW increase satisfy

AVVh = AI/Vh.,increeuse - AV[/Yh,demrrseusel - AWh.decreaseQ <0
(32)
where AW, is the net energy absorbed by the HBSMs in a
fundamental frequency period.
Substituting (30) and (31) into (32) yields

01 %]
AWy, =—/ { 2c(1—msinw1t)—Fvcyf]
01

1, [m cos

5 + sin(wq t — cp)} dunt

2
Oro V.
_/ [ dc(l—msinwlt)—Fvc,f}
6, L2
I, Tmcosp .
X 5 [ 5 + sin(wq t — cp)} dunt

0i2 I,

— Huv,j x — x {
0 2
il

m Cos ¢

+ sin(wy t — go)}

dwit < 0. (33)

Comparing (29) and (33), it is clear that a capacitor voltage
imbalance will occur when AW), is positive for the inverter, and
will occur when AW, is negative for the rectifier.

Furthermore, AW, is mainly determined by the modulation
index m, power angle ¢, the number of FBSMs F, the number of
HBSMs H, and 0, to 6, for a specific Vyc, 1,,, and V... A close
look at (10) reveals that the values of f¢; to 6, are determined
by three factors: m, ¢, and the hybridization ratio F/N.

Based on the previous analyses, some conclusions concerning
the capacitor voltage imbalance issue can be summarized.

1) Due to the different charge and discharge behaviors of a
hybrid MMC, merely ensuring that zero net energy is ab-
sorbed in one fundamental period cannot keep the capac-
itor voltage balanced. An additional prerequisite of zero
net energy absorbed in the HBSMs in one fundamental
period should also be considered.

2) The capacitor voltage imbalance problem is mainly deter-
mined by the modulation index m, power angle ¢, and the
hybridization ratio F/N.

B. Effects of Primary Factors on Capacitor Voltage Imbalance

1) Modulation Index and Power Angle: For this scenario,
the hybridization ratio F/N is set to a constant value of 2/3.
Fig. 3(a) shows the analysis results to illustrate effect of the
modulation index and power angle on capacitor voltage balance
in a hybrid MMC operating as an inverter under a boosted ac
voltage. The base value is Vj.I,, /w1, and the main parameters
of the converter are given in Table I.

The following two points can be determined:

1) the possibility of capacitor voltage imbalance (i.e.,

AW, > 0) increases as the modulation index increases;

2) the maximum value of AW with a fixed modulation

index occurs at a power factor of unity.
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Fig. 3. Analysis results demonstrating the effect of modulation index and
power angle on capacitor voltage imbalance for a hybrid MMC working as
an inverter with F'//N = 2/3: (a) boosted ac voltage and (b) reduced dc-link
voltage.

TABLE I
SIMULATION PARAMETERS

Items Values
Rated power 200 MVA
DC-link voltage 320 kV
Numbers of SMs per arm 300
Arm inductance 314 mH
SM capacitance 5 mF
Rated capacitor voltage 1.6 kV
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Fig.4.  Analysis demonstrating the effects of modulation index and hybridiza-
tion ratio on a hybrid MMC operating as an inverter with unity power factor:
(a) boosted ac voltage and (b) reduced dc-link voltage.

Fig. 3(b) shows the analysis results to illustrate how the mod-
ulation index and power angle in a hybrid MMC operating under
a reduced dc-link voltage condition affects voltage imbalance.
During normal operation, the hybrid MMC is assumed to oper-
ate withm = 1.6and ¢ = 0. The base value is E,, Iq./wi. As
the dc-link voltage decreases, the modulation index m increases
and the number of inserted SMs decreases. When m reaches 4
(i.e., Vicrea = 1.6/4 V. = 0.4Vq), the FBSMs in the hy-
brid MMC can generate the required arm output voltage and
all HBSMs are bypassed, so AW}, is set to zero and no capac-
itor voltage imbalance occurs. Note that the power factor will
also decrease following the reduction in dc-link voltage when
m < 4 so as to keep the capacitor voltage balanced.

2) Modulation Index and the Hybridization Ratio: In this
scenario, the power factor is set to a constant of 1.0. Fig. 4(a)
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shows the analysis results that illustrate the effects of the mod-
ulation index m and hybridization ratio F/N on a hybrid MMC
operating under boosted ac voltage. The base value is V. I, /w1,
with the main parameters of the converter given in Table I. From
the figure, we can see that the required hybridization ratio in-
creases along with increasing modulation index, and that the
hybrid MMC cannot operate with a modulation index of 2.0
unless the hybridization ratio F/N reaches 1 (i.e., operates as an
FBSM-based MMC).

Fig. 4(b) shows the analysis of AW}, for changes in the modu-
lation index m and the hybridization ratio /N in a hybrid MMC
operating under reduced dc-link voltage. During normal oper-
ation, hybrid MMC is assumed to operate with m = 1.6 and
¢ = 0. The base value is E,, I4./w; and AW}, is set to be zero
when the FBSMs can output the required arm output voltage
(i.e.,m > 4). Observe that the required hybridization ratio F/N
decreases along with a decreasing dc-link voltage to ensure the
capacitor voltage remains balanced. When modulation index
m equals 2 (i.e., Vi¢,rea = 0.8Vq.), the required hybridization
ratio is 0.797 to maintain a balanced capacitor voltage.

IV. ANALYSIS OF FFRCC INJECTION

Using the previous analysis, we have determined that capac-
itor voltage imbalance is highly related to three main factors:
modulation index m, power angle ¢, and hybridization ratio
F/N. Some published research efforts have attempted to solve
this issue by decreasing the power factor [10] or by increasing
the hybridization ratio [18]. However, both of these methods
have a detrimental influence on the performance of a hybrid
MMC. To enhance this performance, a new method based on
circulating current injection is proposed in this section.

A. Principle and Control Strategy

Given that the converter operates as an inverter, the arm cur-
rents without an FFRCC injection for phase A can be expressed
as follows:

ipa = [m cos /2 +sin(wit — )|, /2

s m>1. (34
Ina = [m COS @/2 - Sin("ult - @)]Im /2
We can assume the injected FFRCC is
IFFRCC = Im,rec Sin(wlt + 77/2) (35)

where I, ;¢ is the current amplitude.
Thus, the arm currents with an FFRCC injection can be writ-
ten as follows:

[~

ipa,FFRCC = 3 [5°F + sin(wit — ¢)]

+ Im,rec Sin(wlt + 7T/2)

; m>1. (36)

—sin(wy t — <,0)}7
+ Iy rec sin(wit £ 7/2)

- m COS
ina, FFRCC = 5 [Tw

[}
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Assuming the phase angle of the injected FFRCC is known
(i.e., /2 or —m/2), (36) can be rewritten as follows:

ipa,FFRCC,lead = M1y, cos /4
+ Im,p,lead Sin(wlt + @p,load)
. ;o o m>1
na,FFRCC, lead = ml,, cos 90/4
+ Im-,’”le&d Sin(wlt + @n‘lcad)
(37)
ipa,FFRCC lag = Ml cosp/4
+ Imﬁpﬁla‘g Sin(wlt + @p,la‘g)
. s om>1
na,FFRCC,lag — mIm COos 90/4
+Im.n,lag Sin(wlt + @TL,I&g)
(38)

where Im,p,lead’ Im,n,.,lead, Im‘p,lag’ Im,n‘lag’ and Pp,lead>
©n leads Pp.lag> Pn lag Can be expressed as follows:

Ly piead = \/(Im cos <,0/2)2 + (Lo rec — Im singp/2)2
Im,n,lead = \/(Im COs @/2)2 + (Im,rec + Im SiH<P/2)2
Im,p,lag = \/(Im COs 410/2)2 + (Im,re(: + Im Sin@/Q)Q

Im,,n,lag = \/(Im COs 90/2)2 + (Im,rec - Im Sin(P/2)2
(39)

I, sing)/ (I, cos )]
©On lead = T — arctan [(21,;, vec + Iy sing)/ (I, cosp)]

Pp lead = arctan [(2Im,rec —

©plag = —arctan [(21,, e + In sing)/ (I, cosp)]

I, sing)/ (I, cos)].
(40)

©On lag = T + arctan [(21;, yec —

Note that both the leading and lagging reactive currents
can improve capacitor voltage balance, as shown in the pre-
vious analysis in Fig. 3. Comparing (39) and (40), ob-
serve that Im sp,lead (Imvn,lcad) is equal to Imm,lag (Im ;p,lag),
and [sin(¢p 1ead)| ([Sin(@n 1ead)|) is equal to |sin(ey 1ag)
(|sin(@p,1ag)|). Thus, leading and lagging reactive current in-
jections have a similar influence on the operation of a hybrid
MMC.

The amplitude of the injected FFRCC should ensure that
AW, after the injection is no more than zero. Ignoring the volt-
age drops on the arm inductors, and taking the leading FFRCC
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Fig. 5. Schematic diagram of the control strategy with FFRCC injection for a
hybrid MMC-based HVDC system.

as an example, the amplitude I, ;.. should meet

i1, FFrRCC

AVVh,FFR,CC :/ (vpa - -F’Uc.f)ips:L,FFRCCdwltL

0s1,FFRCC

Of2 FrrRCC
+/ (vpa —
0i2 FFRCC

0i2 FFRCC
+/ Huve piparrrocdwit <0

Oi1 rrrRCC

Fvc,f)ipa,FFRCdelt

(41)

where the four angles 01 prrcc to 072 Frrcc can be expressed
as (42) shown at the bottom of this page.

Since the upper and lower arms operate differently after
FFRCC injection as shown in (37)—(40), the required amplitude
of FFRCC for the upper and lower arms to achieve a negative
AW}, rrrcc may be different. To avoid capacitor voltage im-
balance, the amplitude of the injected FFRCC should be larger
than the required amplitudes of the FFRCCs for both the upper
and lower arms.

The required FFRCC can be injected with a proportional reso-
nant (PR) control using either direct modulation [21]-[23] or in-
direct modulation-based control [24], [25]. The former method
is simple, but suffers from circular interactions among various
electrical quantities: arm current, capacitor voltage ripple, and
the ripple voltage across the phase leg [22], [23]. On the other
hand, the latter features good decoupling performance between
electrical parameters inside (e.g., capacitor voltage ripples) and
outside the converter (e.g., ac and dc output current) [25]. How-
ever, considering that direct modulation-based control has been
widely adopted in existing systems, FFRCC injection with direct
modulation-based control is given here.

eilﬁFFRCC =7+ arcsin[mlmcos @/(4I7n,p,lead)] — ©p,lead;
91’,2~FFRCC =27 — arcsin[m[m Ccos @/(4Im,p,lead)] — Pp.lead;
ofl.,FFRCC =T+ aI‘CSiH[(QFVC/VdC — 1)/m],

2 FrrROC = 27 — arcsin[(2F'V, / Vi, — 1)/m];

mIm COs @ < 4Im ,p,lead

mIm Cos @ < 4[m ,p,lead (42)
m>1

m>1
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Fig. 5 shows a detailed control scheme for a hybrid MMC-
based HVDC system, where the outer loop is an active/reactive
power control and the inner loop consists of current control.
For the sake of brevity, no further details concerning the vector
control are given here. The FFRCC injection is implemented
using PR control, where 0, is the phase angle of the differential
mode component of the lower and upper arm output voltages
[e.g., e, in (4)].

To present the proposed FFRCC injection clearly, four im-
portant points are noted.

1) To insure the injected FFRCCs do not flow into the ac and
dc sides, the FFRCCs are injected in the three phases
simultaneously. Their amplitudes are equal, and their
phases are positive sequence.

2) Due to the aforementioned circular interaction of pa-
rameters resulting from direct modulation-based control,
any asymmetrical ac component of the arm currents after
FFRCC injection shown in (37) will pollute the ac out-
put current with even-order harmonics where the second-
order harmonic is dominant; thus, additional PR control
is added to suppress the second-order harmonic, as shown
in the additional control in Fig. 5.

3) Considering the naturally existing circulating currents of
the even-order harmonics—particularly the second-order
harmonic—in a direct modulated converter, the second-
order harmonic is also suppressed by the PR control,
shown in the FFRCC injection control in Fig. 5. In ad-
dition, additional resonant (R) control against the three-
order harmonic should also be added to avoid the influence
of FFRCC injection on the dc-side current.

4) Considering the voltage drop on the arm inductors,
FFRCC injection will affect capacitor energy balance be-
tween the upper and lower arms. To mitigate this influ-
ence, balanced control of the arm energy [24] is added, as
shown in the additional control in Fig. 5.

B. Influence and Performance Evaluation

1) Energy Fluctuation in Arm Capacitors: Ignoring the volt-
age drops on the arm inductors, v;,, and vy, can be expressed
as follows:

Upa = (1=m sinwlt)Vdc/Q. -

; (43)

Una = (1 +m sinwy ) Vg /2

With the leading FFRCC, the change of instantaneous power
flowing in each arm can be expressed as follows:

{Appa = (1 —msin wit)Vic/2 X Iy rec €OS wit

. ;s om>1.
Apny = (1 4+ msin wit)Vae/2 X Ly, vee €OS wit

(44)
The change in energy stored in the arm capacitors can be
expressed as follows:
_ _ Vaclm rec sinwit
AW,y = [ Appadt = s rr—
mVaelm rec cOS2wyt

+ 8w .
Vaelm vee si t’
AVVna — prnddt — Ydedm 2x c S Wy

w1

m>1. (45)

mViclm rec cOs2wit
8wy
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experimental setup:

Note that an FFRCC injection causes a fundamental fre-
quency energy ripple and a double frequency energy ripple in
a hybrid MMC, which benefits the energy exchange between
FBSMs and HBSMs and ensures the capacitor voltage remains
balanced.

2) Current Stress of the Semiconductors: If the transmit-
ted power is kept constant, the ac-side current correspondingly
decreases under boosted ac-side voltage conditions. Thus, the
FFRCC injection has only a slight influence on any increase
in the current stress of the semiconductors. Similarly, under re-
duced dc-link voltage conditions, the transmitted power will cor-
respondingly decrease, resulting in a decrease of the maximum
arm current. Taking a hybrid MMC operating with m = 1.6
and ¢ = 0 as an example, if we assume F,, is increased to
0.95 Vg, (m = 1.9), then the ac-side current will decrease to
0.84 p.u. Thus, the maximum allowed FFRCC injection is 0.27
times that of the amplitude of the ac-side current under normal
operation without an increase in semiconductor current stress.
Similarly, under reduced dc voltage conditions with a 0.2 p.u.
dc-link voltage drop, the transmitted power decreases to 0.8 p.u.
Thus, the maximum allowed FFRCC injection is 0.3 times that
of the amplitude of the ac-side current under normal operation
without further increasing semiconductor current stress. Since it
is more important to ensure capacitor voltage balance, the trans-
mitted power could be relatively reduced if the required FFRCC
injection is larger than the maximum allowed value considering
the allowed current stress of the semiconductors in the SMs.

V. EXPERIMENTAL RESULTS

To verify the previous analysis and the proposed FFRCC in-
jection, a three-phase FBSM-based MMC experimental setup
is implemented, shown in Fig. 6. Each arm includes eight
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TABLE II
PARAMETERS OF THE EXPERIMENTAL SETUP

Items Values
Rated power 4 kW
DC-link voltage 200V

Numbers of SMs per arm 3

Rated capacitor voltages 100 V
Transformer inductance L7 6 mH
Arm inductance L 8 mH
SM capacitance 3.8 mF
Resistance R 13.3Q
Resistance R2 16 (100) 2
Resistance R3 100 2
Discharging resistance 12.8 kQ2
Sampling frequency 10 kHz

Switching frequency 5 kHz (PD-PWM)

FBSMs. The control system consists of one TMS320F28335
DSP and three EP3C25Q240C8N field-programmable gate ar-
ray (FPGAs). The DSP realizes station control (i.e., vector con-
trol), while the sorting algorithm for the SM capacitor voltages
for each phase is performed in each FPGA. For each SM, there
is one IGBT module (SEMIKRON/SK100 GH12T4T) and two
driving modules (SEMIKRON/SKYPE R 32 PRO R). In addi-
tion, each FBSM is configured with four control signals (two
gate-driving signals, the SM voltage signal, and the error signal)
to interact with the upper controller (i.e., the EP3C25Q240C8N
FPGA). To avoid electromagnetic interference when deliver-
ing the measured capacitor voltage and the driving signals, all
signals are received and transmitted by optical fiber.

The detected capacitor voltage is converted to a pulse signal
whose frequency is proportional to the value of the detected
voltage. An AD652 is used to implement the analog-to-digital
conversion for the capacitor voltage. Using an input clock fre-
quency for the AD652 of 2 MHz, and a sampling frequency for
the capacitor voltage of 10 kHz resulted in a quantization error
of less than 0.8 V for the analog-to-digital conversion.

In this paper, three FBSMs are adopted for each arm, with one
FBSM operating as a HBSM, i.e., a hybridization ratio F/N of
2/3. The main circuit parameters for the experiments are shown
in Table II, where R, is 100 €2 for the boosted ac output voltage
experiment and 16 (2 for the reduced dc voltage experiment.

Fig. 7 shows the experimental results for the three-phase hy-
brid MMC working as an inverter with a resistance load. In this
case, switches .S and S, are closed while S, and S5 are open.
Considering the symmetry of the three phases, and to make the
waveforms more clear, Fig. 7(A) shows the dynamic perfor-
mance of the ac-side current, arm currents, circulating current,
and capacitor voltages (lower arm) for phase A, where the mod-
ulation index increases from 1.8 to 1.9 and the transmitted active
power increases from 3.6 to 4.0 kW. Due to inductance in the
arm, the converter supplies a set amount of reactive power, so
that I,,, and ¢ are 14.22 A and 0.094 (atan(w; L/2Ry)), calcu-
lated from (7). Since || is smaller than the critical value [i.e.,
0.52 shown in Fig. 3(a)], AW}, is larger than zero. According
to the previous analysis, a capacitor voltage imbalance occurs,
verified by the results in Fig. 7(A)-d. Furthermore, v, ;, contin-
ues increasing until it reaches the protection value (120 V), at
which point the system shuts down. Fig. 7(B) shows the results
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Fig. 7. Experimental results for a hybrid MMC working as an inverter (A)
without and (B) with fundamental reactive circulating current injection, where
the power factor on the load side is unity and m increases from 1.8 to 1.9:
(a) ac-side current, (b) arm currents, (c) circulating current, and (d) capacitor
voltages.

with the proposed FFRCC scheme. When the modulation index
increases, three leading FFRCCs of 6A are is injected. From the
results, we can see that no capacitor voltage imbalance occurs.

Fig. 8 shows the experimental results for the three-phase hy-
brid MMC working as a grid-connected inverter with a unity
power factor (ac grid side) under reduced dc-link voltage con-
ditions. In this case, switches Ss and S, are closed while S
is open, and S3 is closed to emulate the dc voltage drop.
Under normal operating conditions, the ac terminal voltage
of the transformer with no load is 160 V, and the transmit-
ted active power is 2.4 kW. When the reduced dc-link volt-
age is applied to the system, I,, and ¢ become 8 A and
0.156 (atan[w;(L/2 + Lr)/(160/8)]), respectively. Accord-
ing to the previous analysis, || is smaller than the critical value
[i.e., 0.37 shown in Fig. 3(b)] and AW}, is larger than zero,
which means that a capacitor voltage imbalance occurs. The
results in Fig. 8(A)-e demonstrate this conclusion, where v, j,
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continues increasing until it reaches the protection value and the
system shuts down. Fig. 8(B) shows the results with the proposed
FFRCC scheme. Three leading FFRCCs of 4.2A are injected,
which suppresses any potential capacitor voltage imbalance.

In this paper, the mechanism underlying capacitor voltage
imbalance in a hybrid MMC is analyzed in depth. Based on this
analysis, the three main factors of modulation index, power an-
gle, and hybridization ratio are summarized, and the effects of
these three factors on capacitor voltage imbalance are analyzed.

VI. CONCLUSION

According to the theoretical findings, an improved control strat-
egy based on FFRCC injection is proposed to ensure capacitor
voltage balance in a hybrid MMC. In this approach, the am-
plitude and phase angle of the injected circulating current are
given, and their influence on the energy fluctuation in the SMs’
capacitors and the semiconductors’ current stress is explored.
Compared with conventional solutions, this method does not
increase the required number of FBSMs, reduce the power fac-
tor, or change the symmetric structure of the hybrid MMC. The
experimental results demonstrate the validity of the proposed
scheme, showing that the capacitor voltage is kept balanced by
injecting the proposed circulating current under both boosted ac
voltage conditions and the reduced dc voltage conditions when
using a hybrid MMC.
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