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Bi-Directional Grid-Connected Modular Multilevel
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and D-2. Processes
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Abstract—This paper presents bidirectional grid-connected
modular multilevel converters (MMC) with direct digital control
and division-summation processes to achieve power-injection and
rectification functions. A direct digital control is developed to track
current references, regulate dc-bus voltage and cell voltage, and
balance the upper and lower dc-bus voltages. It can accommodate
wide filter-inductance variation and take care of source voltage
harmonics to achieve tight current tracking and low distortion
output current. Based on the power-balance principle, the com-
mands of arm currents can be determined directly. In this paper,
the MMC configuration is introduced first, and then the control
laws for current tracking and voltage regulation are derived in de-
tail. Experimental and simulated results obtained from two 50 kW
MMCs operated in power-injection and rectification modes have
verified the analysis and discussion.

Index Terms—Cell-voltage regulation, DC-bus
regulation and balancing, direct digital control,
summation (D-3X) processes, modular multilevel
(MMC), power-injection mode.
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I. INTRODUCTION

ONTINUOUS growth of electrical power systems has put
C lots of focuses on system operation and control. Moreover,
increasing penetration of renewable energy requires inverters to
fulfill bidirectional grid-connected functions, power injection,
and rectification. For high-voltage applications, the switches
in conventional converters are required to sustain high-voltage
stresses, and they become infeasible. Thus, multilevel converters
become more and more popular in high-voltage applications.
Multilevel converters have three main topologies: neutral-
point-clamped (NPC), chain-link converter (CLC), and capac-
itor clamp converter (CCC) [1], [2]. A comparison among the
three topologies was presented in [3] and [4]. In the NPC topol-
ogy, when increasing the number of NPC levels, the number of
diodes grows dramatically and their layout becomes complex;
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therefore it may limit the number of NPC levels to five or seven
[5]-[7]. A CCC topology has too many capacitors in the cir-
cuit, which leads to the limitations of switching frequency and
output power rating. Consequently, the topologies of NPC and
CCC are hard to modularize for higher voltage applications.
The CLC topology which is also called modular multilevel con-
verter (MMC) is therefore considered the most practical topol-
ogy among the three ones [8], [9]. Marquardt and Lesnicar [10]
have first proposed a configuration of MMC consisting of an
arbitrary number of identical modules. In [11], MMCs were
classified into four members and their typical applications were
narrated.

To operate MMC normally, cell-voltage regulation or arm
balancing between upper- and lower-arm cells are the important
factors in shaping a sinusoidal grid current. Several methods to
achieve either cell-voltage regulation or arm balancing control
have been presented [12]-[14]. In [12], Rong et al. proposed
proportional integral (PI) controllers combined with maximum
power point tracker, redundant module controller, voltage sta-
bility controller, and grid-connected controller to operate grid-
connected photovoltaic (PV) systems. When the MMC operates
under partial shading condition, the redundant modules are used
to compensate the fluctuation voltage of photovoltaic panels.
This control scheme is feasible for partial shading PV modules.
Jankovic et al. [13] proposed a decoupled control between ac and
dc sides to manipulate the circulating current reference to con-
trol the absorbed arm powers, which can effectively balance arm
voltage under pulsed dc load. Hagiwara et al. [14] proposed a
voltage control combining averaging, individual-balancing and
arm-balancing controls, and current-tracking control was also
conducted which was intentionally designed for grid connection
and medium-voltage power systems.

All of the aforementioned control schemes [11]-[14] are typ-
ically based on abc-to-dg frame transformation and adopting
PI controllers, which have limitations of taking into account
filter-inductance variation and grid-voltage harmonics. Or, ex-
tra sophisticated compensators are required to take care of the
inductance variation and grid-voltage distortion. Moreover, cell
voltages cannot be expressed in terms of system parameters
explicitly; thus, cell-voltage regulation speed and cell-ripple
voltage reduction have not been discussed.

With development advance of microcontrollers, such as
Renasas or TI series, this study proposes a direct digital con-
trol presented in [15] and [16] for cell-voltage regulation, dc-bus
voltage regulation and balancing, and arm-current tracking of an
MMC. With the direct digital control approach, duty-ratio con-

See http://www.ieee.org/publications_standards/publications/rights/index.html for more intormation.


https://orcid.org/0000-0002-6986-6641
https://orcid.org/0000-0002-1927-4146
https://orcid.org/0000-0002-0737-5660
https://orcid.org/0000-0003-3443-4061
mailto:tfwu@ee.nthu.edu.tw
mailto:b22235912@gmail.com
mailto:titankawa@gmail.com
mailto:sun-kai@mail.tsinghua.edu.cn

WU et al.: BI-DIRECTIONAL GRID-CONNECTED MMC WITH DIRECT DIGITAL CONTROL AND D-3 PROCESSES

+
‘ cell, ‘ cell,,,
jia,b,c ‘ cell,,, ‘ cell,,, ’ cell,,,
k: p.n vcp
i:1,2,3
‘ cell,,, ‘ cell,, | cell,,,
Lapé L. Lb,‘}i/.hp ch Iep B
. —
Lan |l[a,, Lbn |llhn LLn *
‘ cell,, ‘ cell,, ’ cell
Va va Ve \V4
v, ‘ cell, , ’cell,m2 I cell ,, o
‘cella,,3 ‘cell,m3 ‘ cell .

| |

Circuit configuration of a four-level MMC.

Fig. 1.

trol laws can be derived directly without the process of abc-to-dg
frame transformation, and the controller can accommodate wide
filter-inductance variation, which can reduce core size around
three times [17], and grid-voltage harmonics to achieve current
tracking and voltage regulation. Experimental and simulated
results obtained from two 50 kW MMCs operated in power-
injection and rectification modes are presented to confirm the
feasibility of the discussed control scheme.

II. DIRECT DIGITAL CONTROL FOR CURRENT TRACKING

A four-level MMC is shown in Fig. 1, in which j denotes
phase, k is either upper or lower arm, and i represents the num-
bering of cell modules. To derive control laws for inductor cur-
rent tracking directly, a single-phase model for the MMC is used,
as shown in Fig. 2. Since control laws of the upper and lower
arms are different, they are derived separately. From Fig. 2(a)
and with the division-summation (D-X) processes, as well as
KVL, the following relationship can be obtained.

Division (D): In the process of division, the voltage across
inductor can be divided into two modes.

For the magnetization mode

. V', y — Uq
Azzap = qLi ’ (1 - Dpi) - T (1)
ap
For the demagnetization mode
‘/(’7 - ‘/(:) - V: - ‘/(37 -
Nig,, = —2— Tl Z a2 Z Js "l p ()

Ly

where 7 in duty ratio (D,;) is an odd number and T is the
switching period.

Summation (¥): Equations (1) and (2) have been derived
based on KVL. Combining (1) and (2) together yields the total
current variation Aiy,,;, over one switching cycle

Aipap = Aif, + Aip, . (3)
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Single-phase model of the four-level MMC. (a) Upper arm. (b) Lower

Substituting (1) and (2) into (3), we can obtain the following
equation:

) Ve — g
AZLap = pLi . (1 — Dpi) . Ts
ap “)
+ Vr}77Vr]7l *‘[/:an*ch;*Ua . Dpi . 715
After rearranging (4), the duty-ratio control law can be de-
rived as follows:
1 Loy -iL
D.. — Av. — _ Hap ap 5
v chpl + Vrch + chpB ( ‘ Ve Ts > ( )

where V.1, Vip2, and V.3 denote the cell voltages. Simi-
larly, the control law for the lower arm configuration shown
in Fig. 2(b) can be derived as follows:

1 Lu,n . iLan
| Ver — |-
‘/;nl + ‘/;nQ + ‘/;nii ( Pt Ts )

(6)

The duty ratios of D)9, D)4, D)6, D)2, D,,4, and D, are just
the complementaries of their upper arm switches. With (5) and
(6), output current can be shaped sinusoidally under different
power ratings. To ensure power balance between ac side and dc
side, the inductor reference current should be the combination
of ac and dc components as shown below.

For the upper arm

Dm’ =

. )
ap = Iy + % (7N
and for the lower arm
. %
1Lan — _Id(: + 71 (8)

According to the power-balance principle, /4. and i, can be
determined as follows:
Vala

Iye =
d Vdc

(C))
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and
‘/Ech de
Ve
Moreover, the current-tracking control law and arm-current
command are needed to be modified when taking into account
power losses (parasitic components). The modifications for arm-
current commands and current-tracking control laws are pre-
sented in Appendix A and B, respectively. Additionally, for
regulating the capacitor voltage of each cell module, the duty-
ratio control laws for the cell switches are modified and shown
in the following section.

(10)

g =

III. CELL-VOLTAGE REGULATION

A. Cell-Voltage Regulation

For cell-voltage regulation, again, the principle of charge bal-
ance is adopted. Since each module has its own control signal
(duty ratio), the cell voltage can be controlled individually. If
the cell voltage is different from the reference, a small duty ratio
Ad,,; is used to compensate the voltage difference as shown in
(11). However, the directions of cell charging/discharging cur-
rent are opposite between upper and lower arms, and the control
law at the lower arm should add a minus sign. Based on the
capacitor voltage and current relationship, we have

Av o ‘/ccllrcf - ‘/;pi
pt At - Capz Ts 'Adpi (11)

In order to prevent inductor current from distortion, com-
pensation of Ad,; is distributed to every switching cycle.
The following relationships can be obtained for cell-voltage
regulation.

For the upper arm

Capi (V;ellref - chpz)

Ad i = . - .
v Te Lap |:

Z'Lap = Ca

fgrid
fow

] 12)

and for the lower arm
o CVanz’ . (‘/::ellref - chni) . |:fgrid :|
Adm Ts 1Lan fsw (13)
where fqriq is the grid frequency and f,, represents the switch-
ing frequency.

When the cell voltage is much lower than the reference, the
capacitor voltage is first pulled up to the reference voltage. Once
it reaches the reference voltage, the average cell voltage over
one-line cycle is used in the tracking control law.

B. Cell-Voltage Limitation Range

In general, each cell voltage should be regulated to the value
Viae/N, in which V. (= V., + V., ) represents the dc-bus volt-
age, and NN is the number of cell modules in the upper or lower
arm. In fact, there is no need to regulate cell voltage to V. /N,
reducing voltage stress on cell capacitors. It is possible to reg-
ulate each cell’s voltage to be greater or less than V. /N, and
they can be different values within the cell-voltage limitation
range.

According to real switching signals, a complete duty ratio is
the combination of the duty ratios of current tracking (D,; ), cell-
voltage regulation (Ad,,; ), and dead time (Dg; ). The complete
duty ratio is shown as follows:

dpi = Dpl‘ + Adpl + Dy;. (14)
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Equation (14) can be rewritten as follows:

Vep VY Ly AiLa})
NViyi NV NV,
where V,,; is the moving average value of cell voltage.

In the steady state, Aip,p /T is pretty small, and it can be
neglected. Equation (15) can be rewritten as follows:

Vep Vg
N ‘/(:pi N chp’i,
The cell-module structure adopted in this paper is a half-

bridge one with the duty ratio ranging from O to 1. Thus, it can
be expressed as follows:

d, = + Adpi + Dy (15)

dy; = + Ad,; + Dy (16)

VCP ‘Ua|
Ady; + Dy <1
NV, NV, o0t Pa s
and
Vep |va|
_ — Ady; — Dy, > 0. 17
NV, NV, i D2 a7

After rearranging (17), the cell-voltage range can be deter-

mined as follows:
ch+|va| <V, < V(3p7|va| '
N(1—=Dg —Ady) = 7"~ N(Dag + Ad,;)

According to (18), it can be observed that the range of cell
voltage is related to dc-bus voltage, grid voltage, the duty ratios
of dead time and cell-voltage regulation, and the cell number of
MMCs.

Moreover, Ad,; boundary selection is a critical issue in cell-
voltage regulation. The average charge ((Qav, ) should be greater
than the combinations of reference charge (Q..r ) and power-loss
charge (Q1oss). It can be expressed as

Qavg > Qrcf + Qloss-

Equation (19) can be expressed as

(18)

19)

AdpiTsiLap > Capi(‘/cellref - chpz) |:f;rid :|
SW
(20)

+

Ploss/-n |:.fgrid :|
‘/;pt fsw
or

Copi (Veatzer = Vaps) [ B2 ] + BipeT [ L |

T9 iLap

Adpi >

2D

With (21), boundary of Ad,,; can be determined. It is worthy
of mentioning that the boundary of Ad,; can vary with the
switching cycle.

In the simulation waveforms, a three-phase MMC under
50 kW is used to verify the analysis of (18). Specifications
for the three-phase MMC are shown in Table I. According to
Table I, cell-voltage range can be calculated as

533V <V, <2195V,

Simulations including three cases are shown in Table II.

Fig. 3 shows simulated waveforms of cell voltages under
Case 1. Because the cell voltage V,; is out of range, the grid
current is distorted, and the cell voltages cannot be regulated to
the reference value.

Fig. 4 shows simulated waveforms of cell voltages under
Case II. Because the cell voltages are also out of range, the grid

(22)
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TABLE I v, Vo Vo
SPECIFICATIONS AND DESIGNED PARAMETERS OF THE 50 kW THREE-PHASE S S, S,
FOUR-WIRE MMC § § §
S S S
00 02 025 03 02 0.25 03 0.2 0.25 03
Parameter Value ts) ts) te)
. vl:n1 vcn! vcn3
Power rating 50 kW s s ™
Grid current 70.38 A £ £, g
o o [
> > >
DC reference current command (each leg) 8.33A T T B e T
AC reference current command (each phase) | 35.19 A e e te
DC-bus voltage 2,000 V 2w [ [ ] ‘ [ [ [ ]
Cell-module voltage 66667V | i WW\M/\/WV
Arm Inductance 1 mH B ‘ ‘ ‘ ‘ / ‘ 1
Cell Capacitance 1 , 1 75 “F 0.18 0.2 0.22 024 ‘(s) 0.26 0.28 03 032
Grid voltage (line to line) 580 Vims . ) ‘
Number of cells (each le g) 6 Fig.5. Simulated waveforms of cell voltages and grid current under Case I11.
Switching frequency 20 kHz
PhaseC
TABLE II PhaseB
SIMULATION CASES Phased
Case [ V,pi =500 V e eell,, [
Case II Vipi = 2300 V N |
DC-Bus capacitor voltag 2 3
Case 11T Vi =667V rpl i 1| ——
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‘m Balancing Control gl o }
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%mssn %.,ssn :;ssn ________ Té, 120 :I
% 500 '_‘E 500 % 500 E %] el t’
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t(s) t(s) t(s) s ||
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3’550 3’550 &550
gs"“ §5°“ §5°° Fig. 6. Overall control block diagram of the four-level MMC.
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o . ‘ . ‘ ] Among the three cases, the duty ratios of Case I is greater
& 7 V ] than 1 and Case II is less than 0O, so that their grid currents are
3 A distorted. On the contrary, the duty ratio of Case III is less than
100 . L

t(s)

Simulated waveforms of cell voltages and grid current under Case I.
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Fig. 4. Simulated waveforms of cell voltages and grid current under Case 1.

current is distorted, and the cell voltages cannot be regulated to
the reference values.

Fig. 5 shows simulated waveforms of cell voltages under
Case III. The grid current can be shaped sinusoidally because
the cell voltages are located within the range of (22).

1. Thus, its grid current can be tracked sinusoidally. A control
on cell voltage to a lower value can reduce its voltage stress, but
it may increase current ripple over certain time interval. Thus, a
tradeoff will be needed, which is one of our future study topics.

Fig. 6 shows an overall control block diagram of the MMC
which is the combination of dc-bus voltage regulation and bal-
ancing, cell-voltage regulation, and grid current tracking. To
reduce inductor current ripples, carrier signals of the three cells
in an arm are interleaved.

IV. EXPERIMENTAL AND SIMULATED RESULTS

A photograph of the designed and implemented two 50 kW
MMC:s for circulating power test is shown in Fig. 7. Specifica-
tions of the 50 kW three-phase MMC are collected in Table I,
and they are used to verify the proposed control methods. Con-
trols for dc-bus voltage regulation and balancing are needed for
circulating power testing, which are presented in Appendix C.
In Fig. 7, Master inverter is used for regulating power from grid
side to generate high dc-bus voltage for Slave inverter. Slave
MMC will recycle power back to the ac grid. In a word, Master
inverter acts as a dc power source and Slave inverter acts as a
power conditioner.

Fig. 8(a) shows measured waveforms from Master converter
operated in the rectification mode from no-load to 50 kW, in
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Fig. 7. Photograph of the two 50 kW MMC:s for circulating power test.
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Fig. 8. Measured waveforms. (a) Grid current from O to 50 kW. (b) Zoom-in
of grid current under 50 kW. (Vppp of V,: 4.2%). (c) Upper arm cell voltage
after power-ON. (d) Zoom-in of grid current under 50 kW.
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Fig.9. Measured waveforms. (a) Grid current with and without consideration
of inductance variation. (b) Zoom-in of grid current under 5 kW.

which the grid current can track the reference current precisely
with total harmonic distortion, THD < 4%. With the control
law shown in (5), source grid voltage harmonics are taken into
account to prevent grid current from distortion. Fig. 8(b) shows
the zoom-in waveforms of Fig. 8(a). Phase-a, for instance, grid
voltage V,, is out of phase (180°) with grid current ¢, for buying
power from the grid to regulate the dc-bus voltage. Fig. 8(c)
shows measured waveforms of grid current with THD < 4%
from Slave MMC operated in power-injection mode with the
unity-power factor from no-load to 50 kW. With (12), the upper
arm cell voltage can be precisely regulated to the reference
regardless of step-load change from no-load to 50 kW. Fig. 8(d)
shows the zoom-in waveforms of Fig. 8(c). The cell-voltage
ripple is around 80 V.

Fig. 9(a) shows measured waveforms of grid current with
and without considering inductance variation, in which THD is
around 9.31% without considering inductance variation. On the
contrary, the THD is around 4.18%. It can be observed from
Fig. 9(a) that the grid current is oscillating after “SW” point
which means without considering inductance variation. Fig. 9(b)
shows the zoom-in waveform of Fig. 9(a). The inductance drops
from 2 mH to 570 pH, around from 100% to 28.55%.

Fig. 10(a) shows simulated grid voltage waveforms under
grid-voltage imbalance and distortion, in which V,typ = 9%,
Vorup = 5%, Verup = 5%, Vo, =310V, V, =372V, and
V. =279.2 V. Fig. 10(b) shows the simulated grid currents un-
der the unbalanced and distorted voltages shown in Fig. 10(a).
With the proposed direct digital control, grid currents (THD <
0.6%) can be shaped sinusoidally regardless of high imbalance
and distortion in grid voltage side.

Fig. 11 shows measured waveforms under a step-up change
in grid currents, in which it can be seen that the grid currents
can be also tracked sinusoidally.

Fig. 12 shows simulated grid currents with consideration of
parasitic components in the MMC with the ideal control laws
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Fig. 13. Simulated results of all cell voltages, which are regulated at 1500 V,
and grid current.

and under the same grid voltages shown in Fig. 10(a). Grid
current can be shaped sinusoidally with THD < 1%.

Fig. 13 shows the simulated waveforms of all cell voltages and
grid current. As can be seen in Fig. 13, each cell voltage can be
regulated at 1500 V and grid current can be shaped sinusoidally.

V. CONCLUSION

This paper has developed the direct digital control for current
tracking and dc-bus and cell-voltage regulation. Test results
of the MMC current tracking under 50 kW and unity power
factor have been shown in this paper. With the proposed control
method, it has the following advantages.

1) It can cover wide filter-inductance variation, grid-voltage

imbalance, and distortion.

2) Comparing to conventional control laws, such as with abc-
to-dg frame transformation method, the proposed method
can derive the control laws directly related to plant pa-
rameters, providing more physical meaning.

3) It can achieve three-phase balanced current tracking even
under unbalanced grid voltages.

Moreover, three future study topics are suggested as follows.

1) Techniques of hot swapping can be introduced to prevent
the MMC from single cell-module fault.

2) Develop readily scalable module which has its own CPU
and can determine its own control law for current tracking
and cell-voltage regulation.

3) Tradeoff between cell-voltage and current ripples can be
conducted.

APPENDIX
A. Modification of Arm-Current Command

The equivalent non-ideal single-phase MMC model is shown
in Fig. 14 in which Ry, is the dc-link capacitor resistor, o)
and Ry, are upper arm and lower arm equivalent resistor, re-
spectively, and R, represents the transformer equivalent resistor.
According to the power-balance principle, the power relation-
ship between input and output can be derived as

Pin - -Ploss - Pdc - Pa, = Pout (Al)

where P, is the input power, F,g; is the loss to the cell module,
Py, is that to the dc-link capacitor, P, is that to the transformer,
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Fig. 14.  Non-ideal single-phase MMC model.

and P, is the output power. Equation (A1) can be rewritten as

. 2 . 2
1q lq
(Idc + 2) RIOSSP - l<_IdC + 2) Rlossn

- Ig(:Rdc - iaZRa = Vglq- (A2)

Vaclae —

Assuming upper arm and lower arm losses are almost identi-
cal. That is

Rlnssp = Rlossn = Rlnss~ (A3)
After substituting (A3) into (A2), (A2) can be simplified as

Rloss

Vchdc - (2Rloss +Rdc) Igc - ( +Ra) Z'az - vaia =0.

(Ad)

Deriving I4. and ¢, includes two cases, which are presented
as follows.

Case I—Constant output power: (A4) should be rearranged

as

Rloss

(2Rloss+Rdc) Ig(: — Vaelae + < +Ra> Z.aQ + V4% = 0.

(A5)
14, can be solved by quadratic formula which is shown as

Idc

V:ic - \/Vd2c -4 (2Rloss —+ Rdc) [(Rlésh

Y Ry)ia® + vaia]
2 (2Rloss + Rdc) .

(A6)
Case II—Constant input power: (A4) should be rearranged

as

ROSS . .
(1 + Ra) 'La2 + Vala +(2Rloss + Rdc) Igc — Vielae = 0.

2
(A7)
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Fig. 15. Equivalent model for considering parasitic elements.

i, can be again solved by quadratic formula which is shown
as

lg =

—Vg+ Ua2 —4 (Rl%'i'Ra) [(2Rloss +Rdc) Igc - V;lcldc]
2 (M= + Ra) |

(A8)

Both (A6) and (A8) have been modified and have been able to
take into account non-ideal components (parasitic components).

B. Modification of Current-Tracking Control Law

The proposed direct digital control with D-X process can be
derived by considering parasitic elements in the components.
Because parasitic elements in either magnetization or demag-
netization mode are totally different, the derivation is divided
into two modes. The equivalent model for considering parasitic
elements is shown in Fig. 15. In order to simplify equations,
total resistors can be expressed as

Rewpo + Rswpt + Rewps + Rrap = Ry (A9)
and
Rgwpt + Rswps + Rswps + Rept + Repa + Reps
+ Rpap = R, ™. (A10)

Division (D): In the process of division, the voltage across
inductor can be divided into two modes.



WU et al.: BI-DIRECTIONAL GRID-CONNECTED MMC WITH DIRECT DIGITAL CONTROL AND D-3 PROCESSES

For the magnetization mode

. Iy Ry ) .
All-fap - [ch — e (va +iaRa) — ZLapRp+
(1 - Dpz) Te
- (A11)
Ly
For the demagnetization mode
- Tac Rac .
A’LLaLp = VCP _fede (Ua + ZaRa)
. _ D iTs
- ZLapRp - ‘/;pl - ‘/;pZ - chpiﬂ Izj . (A12)
ap

Summation (X): Combining (A11) and (A12) together yields
the total current variation Adp,, over one switching cycle.
It can be written as

A' a L(l’ I CR ¢ ] ;
%%gp =V, — defde (Va +iaRa) — ZLapRp+]
+ Dyi [(By" = Ry ) ivap — Vepr = Vepz — Vips] -
(A13)

After arranging above equation, current-tracking control law
considering parasitic components for the upper arm can be de-
rived as

1
Dy = T E
Vept + Vepa + Veps — (Rp - R, )ZLap
Idc Rdc A7;Lap Lap
T ’
(A14)

Vep

— (va + i Ra) —irap Ry —

Similarly, current-tracking control law for the lower arm can
be derived based on the same process. It can be expressed as

1
Dni = T -
chnl + chn? + chn3 + (Rn - Rn ) 1L an
Tgc Ry Ai ‘nLan
V;n - de T + (Ua + Z-aRa) + Z-Laan_‘— + ZLaT,:| .
(A15)

With (A14) and (A15), inductor current can be tracked si-
nusoidally regardless of considering parasitic components. In
general, parasitic components are so small values that can be
neglected.

C. DC-Bus Voltage Regulation and Balancing

For circulating power test between two MMCs, we need to
conduct dc-bus voltage regulation. The charge-balance princi-
ple is adopted. As shown in Fig. 16, the dc-bus capacitors are
charged and discharged by the dc current. To prevent the effect
of dc-bus voltage ripples, the techniques of moving-window
average and one-line period regulation method are adopted to
achieve dc-bus voltage regulation. Based on the charge-balance
principle, we have

i-dt =C - dv. (A16)
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Fig. 16. Single-phase circuit of the four-level MMC, illustrating capacitor
charging/discharging under voltage regulation.
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Fig. 17.  Control block diagram of the dc-bus voltage regulation.

The regulation control block diagram is shown in Fig. 17,
from which the dc compensation current can be obtained as

Vie, o (n) = Vae,pp (n — 1)

iA(n):iA(n—l)-i-Cdc T

V:ic.,fb (TL) - V:ic.,ref

1)
where i 4 is the dc compensation current, 7; is the line period,
and C}. is the capacitance of dc-bus capacitors. In (A17), the
second term is to prevent the voltage from drops and the third
term is to regulate the dc-bus capacitor voltage to the reference
value. To ensure power balance between ac side and dc side, the
inductor reference current should be the combination of ac and
dc components as shown below

+ Cac (A7)

iij,ref - Z‘a(’,ij,ref + Ichjk:,ref (AlS)
where
1.
Ichjk',ref = gZA (n) (Alg)
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Fig. 18. Single-phase circuit of the MMC, illustrating capacitor
charging/discharging under voltage balancing.
and
. iy . V2V
lacLjk,ref = 1A (n) S (Wt + 0]) (AZO)
3 Vj peak

where Igcrjk ret and éacr jk ref are the dc and ac components of
inductor reference currents, respectively. The 1/3 is needed for
the three-phase topology. Vic/v; peak is the transfer ratio from
dc side to ac side. In (A18), “+” is for the upper arm, and “-”
is for the lower arm.

For balancing the dc-bus capacitor voltages, the charge-
balance principle is also adopted. As shown in Fig. 18, the upper
and lower arms are separated into two current loops. When the
upper arm is operated in positive half-line cycle, the upper arm
dc-bus capacitor C), is discharging; while in the negative half-
line cycle, capacitor C), is charging. However, at the lower arm,
the operational mode is opposite to that of the upper arm. Based
on the charge-balance principle, the balancing mechanism is
illustrated in Fig. 19, from which the dc compensation current
can be obtained as
Ver (n) — Ve (n - 1)
T
where C, is the upper arm or lower arm dc-bus capacitance. The
(n + 1)st cycle current command can be determined as follows:

iij,ref (n + 1) = iij,ref (’I’L) + iij'(comp) (A22)
where iy, ; mcf(n) is the current command at the nth cycle and

i1,jk(comp) 18 the compensation current due to load variation.
According to Fig. 19, the compensation current includes two

ter = Ci (A21)
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Fig. 19.  Illustration of upper and lower arm capacitor voltage balancing.

parts: the dc-bus voltage changes from V. (n — 1) to V. (n)
at t; and the compensation current has to consider the voltage
difference between V. (n) and vs... Based on the power con-
servation principle between ac side and dc side, we can derive
the ac compensation current as follows:

V2V,
Vj,peak

Thus, the current command at (n + 1)st cycle can be rewritten
as follows:

injk = fek (A23)

' i Ver (n) = Vg (n—1
ULk, ref (1’L+1) = 1Ljk,ref (n)+c’k k( ) T k ( )
Ve Vir (n) = Vier Vo
k + Ck k (n) t k )
Vi,peak 1 Vj peak
(A24)

By subtracting iz jx ver(n) from iz i ef(n+ 1), we can
obtain

. Ch ek
LLjk,comp(10) = ?l (2‘/‘k (n) = Ver (TL B 1) B Vset) v pceak .
(A25)

In (A25), it just uses one phase to compensate the capacitor
voltage, and it can be extended to three phases, as follows:

) Cr Ver 1
UL jk.comp(30) = - (2Ver ()= Vg (n — 1) = Vier) e 3
" (A26)
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